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Abstract
Since the discovery of immunoglobulin E (IgE) as a mediator of allergic diseases in 
1967, our knowledge about the immunological mechanisms of IgE-mediated allergies 
has remarkably increased. In addition to understanding the immune response and 
clinical symptoms, allergy diagnosis and management depend strongly on the precise 
identification of the elicitors of the IgE-mediated allergic reaction. In the past four 
decades, innovations in bioscience and technology have facilitated the identification 
and production of well-defined, highly pure molecules for component-resolved diag-
nosis (CRD), allowing a personalized diagnosis and management of the allergic disease 
for individual patients. The first edition of the “EAACI Molecular Allergology User's 
Guide” (MAUG) in 2016 rapidly became a key reference for clinicians, scientists, 
and interested readers with a background in allergology, immunology, biology, and 
medicine. Nevertheless, the field of molecular allergology is moving fast, and after 
6 years, a new EAACI Taskforce was established to provide an updated document. 
The Molecular Allergology User's Guide 2.0 summarizes state-of-the-art information 
on allergen molecules, their clinical relevance, and their application in diagnostic al-
gorithms for clinical practice. It is designed for both, clinicians and scientists, guiding 
health care professionals through the overwhelming list of different allergen mole-
cules available for testing. Further, it provides diagnostic algorithms on the clinical 
relevance of allergenic molecules and gives an overview of their biology, the basic 
mechanisms of test formats, and the application of tests to measure allergen exposure.

K E Y W O R D S
allergy, allergy diagnosis, anaphylaxis, asthma, atopic dermatitis, basophil activation test, 
component-resolved diagnosis, cross-reactive carbohydrates, diagnostic algorithms, food 
allergy, gibberellin-regulated proteins, pollen allergy, IgE, IgE cross-reactivity, lipocalins, 
microarray, molecular allergology, non-specific lipid transfer proteins, oleosins, pan-allergens, 
parvalbumins, pathogenesis-related protein family 10, precision medicine, polcalcins, profilins, 
seed storage proteins, serum albumins, tropomyosins
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Preface from the E A ACI President

Allergies are on the rise with significant burden both on affected 
individuals and on the societies. Despite representing a major public 
health issue and constant public awareness campaigns, allergic dis-
eases are still under-recognized.

There is a need to (a) improve the care of allergic patients, (b) 
provide up-to-date education of healthcare professionals, (c) in-
crease awareness of the public, and (d) raise a voice for patients. All 
these goals are in line with the Mission of the European Academy of 
Allergy and Immunology – EAACI. The translation of best knowl-
edge into best practice is one of the key aims of EAACI. Atlases, 
Guidelines, and books published by EAACI represent a reference for 
physicians, scientific and health care organizations, as well as health 
policy makers, and are highly cited.

The Molecular Allergology User's Guide, published in 2016, was 
a good example of a well-received overview on new technologies 
that facilitated Molecular Allergology and took allergy diagnostics 
and patient care to the next level.

However, since 2016, a lot of new evidence has been accu-
mulated, and new allergen sources and allergenic molecules have 
been identified. Diagnostic methods have subsequently been 
developed and adopted. Cohort studies were performed docu-
menting polymolecular sensitization patterns and methods were 
developed to help assessing the risk of allergen exposure. With 
such methods, detailed studies on allergen-specific immune re-
sponses leading to an allergic reaction became feasible. Also, new 
findings on allergen families and their relevance for immune re-
sponses told us to challenge the previously developed diagnostic 
algorithms.

Therefore, EAACI identified the need for an updated version and 
a dedicated Task Force on “The Molecular Allergology User's Guide 
2.0” was set by the EAACI Executive Committee in 2021.

This undertaking could not have been accomplished without 
dedication, commitment, and the spirit of team work in close in-
teraction between clinicians and scientists with the support of the 
EAACI leadership and the EAACI Family. Within this Task Force, 
100 contributors provided their expertise and data to get the work 
finalized.

I would like to express special thanks go to the Editorial team, 
Karin Hoffmann-Sommergruber, Christiane Hilger, Stephanie 
Dramburg, Alexandra Santos, Leticia de las Villas, and all the 
Authors, both the ones that were part of the first edition and the 
“newcomers” for the current edition. Among all contributors the 
support from Paolo Matricardi, who was the driving force behind the 
first edition and also actively engaged in the second edition, needs 
to be specifically mentioned.

This Molecular Allergology User's Guide 2.0 provides state-of-
the-art information on allergen molecules, their clinical relevance, 
and their application in diagnostic algorithms for clinical practice. 
It is designed for both, clinicians and scientists, guiding health care 

professionals through the overwhelming list of different allergen 
molecules identified available for testing. Further, it provides di-
agnostic algorithms based on current knowledge about the clinical 
relevance of allergen molecules and gives an overview on the basic 
mechanisms of test formats, the biology of allergen molecules and 
the application of tests to measure allergen exposure.

It is with pride that I endorse this EAACI Publication, hoping 
that it will serve as the very useful resource to the whole Allergy 
community.

Marek Jutel
President of the European Academy of Allergy and Clinical 
Immunology-EAACI

Preface from Dr.  Paolo Matr icardi ,  in it iator 
of  the f i rs t  E A ACI Task Force leading to 
the produc t ion of  the f i rs t  edit ion of  the 
“Molecular  A l lergolog y User 's  Guide”

In its six years (since 2016), the first edition of this book has re-
ceived enormous attention from researchers, allergists, doc-
tors, and other readers. Over 400 citations in ISI and over 700 in 
Google-Scholar demonstrate how urgent the need of systematic 
information on allergen molecules is as a basis to develop clinical 
and biological research and improve the diagnostics and therapy 
of the allergic patient in routine clinical practice. Thanks to the 
EAACI Molecular Allergology User's Guide, the concepts, tech-
nologies, and algorithms published years ago have been more 
and more integrated into clinical practice of allergists all over the 
world.

Nevertheless, the field of Molecular Allergology is moving fast 
and the first edition of the book was quickly becoming “old.” New 
molecules have been discovered, characterized, cloned and their 
clinical relevance demonstrated. Under the pressure of clinical ques-
tions and readers' comments, new chapters have been added, such 
as the one on Cross-reactive Carbohydrate Determinants (CCDs), 
edible insects, and new types of cross-reactive molecules (e.g., 
gibberellin-regulated proteins, oleosins). In addition, the growth of 
the team and inclusion of new and younger authors, testifies that 
Molecular Allergology is “young” and future-oriented.

I welcome therefore the great effort of the new Editors of 
the book, who prepared this second Edition in a short “record” 
time. I am especially grateful to Dr. Stephanie Dramburg and Dr. 
Christiane Hilger, who played a central role already in the prepara-
tion of the first edition and represent the continuity of the original 
spirit of the editorial team for a coherent update and progression 
of the text.

I am also very thankful to EAACI for the continuous sup-
port and particularly to the Vice President Communications and 
Membership, Prof. Dr. Karin Hoffmann-Sommergruber, who not 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 386  |     DRAMBURG et al.

only directed the Editorial Team of this Second Edition but also 
guaranteed a continuous link between the authors and the EAACI 
Leadership.

The seeds that over 60 experts planted, together with my co-
editors Markus Ollert, Jörg Kleine-Tebbe, Hans Jürgen Hoffmann 
and Rudolf Valenta, in 2016, flourished and produced a beautifully 

growing plant. Given the trend towards precision medicine, includ-
ing “precision allergology,” it is easy to predict the success of this 
second edition and to foresee a third edition before 2030!

Paolo Maria Matricardi - Berlin, 25 May 2022
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A01 – Molecular  a l lergolog y coming 
of  age—an introduction to the second 
edit ion of  the EA ACI User 's  Guide 
(MAUG 2 .0)

Since the discovery of immunoglobulin E (IgE) as mediator of allergic 
diseases in 1967,1 our knowledge about the immunological mecha-
nisms of IgE-mediated allergic diseases has remarkably increased. In 
addition to understanding the immune response and clinical symp-
toms, allergy diagnosis and management depend strongly on the 
precise identification of the elicitors of the IgE-mediated allergic re-
action. Currently, 1080 molecules from different animals, fungi, and 
plants have been identified as allergens and are listed in the IUIS/
WHO database.2,3

In the past four decades, innovations in bioscience and tech-
nology have facilitated the identification and production of well-
defined, highly pure molecules for component-resolved diagnosis 
(CRD), allowing a personalized diagnosis and management of allergic 
diseases for individual patients. In addition to individual molecules, 
chip-based test systems have evolved, enabling the simultaneous 
detection of specific IgE antibodies directed towards more than 100 
allergenic molecules within one test run.

The identification of IgE antibodies to specific molecules can, not 
only improve diagnosis but also have additional applications, such as 
the risk assessment of sensitized individuals, monitoring of environ-
mental exposure, and detection of specific allergens in foods. Novel 
allergens are constantly being described and new allergen sources, 
such as edible insects, for example. The role of immunoactive sub-
stances, such as ligands, can contribute to an accurate diagnosis. 
This ever-changing multitude of new developments and research 
requires updated literature and shared perspectives from experts in 
the Molecular Allergology field.

The First Edition of the “EAACI Molecular Allergology User's 
Guide” (MAUG) was launched in 2016 and rapidly became a key 
reference for clinicians, scientists, and interested readers with a 
background in allergology, immunology, biology, and medicine, 
more broadly. From the beginning, the content has been freely 
available to the community as an e-book at www.eaaci.org and 
as a supplement of the journal Pediatric Allergy and Immunology, 
where it quickly became one of the most cited articles.4 As science 
and knowledge keep evolving rapidly, the editors and authors of 
the first book agreed on the need of an updated edition. A team of 
five colleagues (Karin Hoffmann-Sommergruber, Christiane Hilger, 
Stephanie Dramburg (formerly Hofmaier), Alexandra Santos, and 
Leticia de las Vecillas) came together to coordinate the process 
and applied for an EAACI Task Force in order to secure the indis-
pensable support of the EAACI family. This new editorial team, 
led by Karin Hoffmann-Sommergruber, benefited from the sup-
port from Paolo Matricardi, chair of the first task force on CRD in 
Allergology, both as an advisor and author of several chapters of 
MAUG 2.0. All authors of the first edition were invited to actively 

contribute to the update and expert junior members were also 
included as authors for most chapters. The new edition of the 
“EAACI Molecular Allergology User's Guide” (MAUG 2.0) kept the 
basic structure of the first book with three sections focussing on: 
general aspects (Section A: General aspects), specific allergens/
allergies (Section B: Molecular Allergology In clinical practice), and 
cross-reactive allergens (Section C: Cross-reactive molecules and 
their clinical relevance).

A: Molecular allergology: General concepts

Section A combines chapters on basic and general aspects of 
molecular allergology. This includes important information on al-
lergens, their sources and superordinate families (Chapters A02, 
A07, A08), the role of molecular IgE testing in clinical practice 
(Chapter A03), methodological aspects of singleplex vs. multiplex 
testing (Chapter A04), and the role of allergenic molecules within 
in vivo diagnostics (Chapter A06) and basophil activation tests 
(Chapter 5 -A05). New chapters discuss the role of molecular al-
lergology for allergen immunotherapy (AIT) (Chapter A09) and 
explain the importance of cross-reactive carbohydrate determi-
nants (Chapter A10) for the correct interpretation of test results. 
A chapter sets a focus on small molecules and introduces “harm-
less” molecules, such as lipids, glycosylated flavonoids (and deriv-
atives), steroids, fatty acids, or cytokinins as potential modifiers 
of the innate and adaptive immune response towards allergens 
A11. Finally, section A concludes with a comprehensive overview 
on molecular allergen exposure, sampling, and testing devices, 
and how our knowledge contributes to improved allergenic risk 
assessment A12.

B: Molecular allergology in clinical practice

Section B offers updated information regarding specific allergies 
with a clinical focus. This includes not only new information in the 
previously established chapters but also completely new contents, 
such as Chapter B09 on the role of edible insects. Within existing 
chapters, new insights are reported, for example, a larger section 
on the alpha-gal syndrome and a diagnostic algorithm for different 
types of meat allergy in Chapter B14, acknowledging the novelty 
that carbohydrate epitopes recognized by IgE antibodies are now 
included in the WHO/IUIS allergen nomenclature database. Another 
innovative chapter provides guidance on the diagnosis and manage-
ment of allergies to moulds (Chapter B07), including comprehensive 
information on a large set of allergenic molecules. Further exam-
ples of enriched chapters are the integration of Anisakis simplex in 
Chapter B12 on fish allergy and new content on buckwheat allergy 
within Chapter B16 (Wheat and Buckwheat Allergy). These innova-
tions are only a small foretaste of the new content in 22 specific 
chapters.
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C: Cross-reactive molecules

Section C summarizes significant knowledge and latest findings 
on cross-reactive allergens. While updates are available for profil-
ins (Chapter C01), PR-10 proteins (Chapter C02), non-specific lipid 
transfer proteins (Chapter C03) (nsLTP), serum albumins (Chapter 
C04), tropomyosins (Chapter C05), polcalcins (Chapter C06), lipoca-
lins (Chapter C07), and parvalbumins (Chapter C11), new chapters 
have been integrated on the role of seed storage proteins (Chapter 
C08), gibberellin-regulated proteins (GRPs) (Chapter C09), and oleo-
sins (Chapter C10). All in all, 45 chapters have been updated or newly 
written and carefully reviewed by a 100 authors from four conti-
nents—a truly international team effort. What started with a first 
online kick-off meeting in April 2021, evolved over several consen-
sus and production stages including regular meetings of the editors 
and authors up to weekly meetings with the design team during the 
final phase, resulting in the launch of a comprehensive update on 
Molecular Allergology: MAUG 2.0 at the EAACI Annual Congress 
2022 in Prague.

The editors would like to thank all the authors and contributors to 
MAUG 2.0 for their continuous efforts, professional contributions, 

and team spirit. The editors would like to thank Marcela Ataíde and 
Olivia Matni for their outstanding artwork in illustrating and type-
setting the book, as well as Hoang Yen Do for her excellent work on 
the references. Finally, the editors are grateful to the EAACI for sup-
porting the initiative and large collaboration of almost 100 experts 
that allowed updating this valuable resource, the 2nd edition of the 
Molecular Allergology User's Guide.

We hope the readers enjoy this updated edition and that it 
proves useful in both clinical practice and continued research on 
Molecular Allergology!

We thank from the bottom of our hearts our esteemed colleague 
and co-author Prof. Dr. med. Jörg Kleine-Tebbe, who passed away 
on 5.1.2023. He contributed significantly to the creation of both 
editions of the EAACI Molecular Allergology User's Fuide and made 
an extraordinary contribution to the advancement of molecular 
allergology.

Stephanie Dramburg, Karin Hoffmann-Sommergruber, Christiane 
Hilger, Alexandra F. Santos, Leticia de las Vecillas.
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A02 – Al lergens and the al lergenic 
composit ion of  source materials

Ronald van Ree, Rob C. Aalberse

Highlights

•	 Many different types of proteins are allergenic.
•	 The context of a protein may be a major determinant for its 

allergenicity.
•	 Some IgE inducers are not really allergens at all because they do 

not induce symptoms. This negatively impacts specificity of diag-
nostic tests, certainly of extract-based tests but also still of mo-
lecular tests.

•	 Allergen extracts are imperfect but not yet obsolete.
•	 Molecular sensitization profiles are potential biomarkers for dis-

ease phenotypes and progression.
•	 The initial response to an allergen source is possibly characterized 

by IgE antibodies to one or two “initiator” allergens.

Allergenic sources can vary from biologic sources with very com-
plex composition such as pollen, house dust mites (inhalant allergy), 
or foods (food allergy), to single molecules such as chemicals (occupa-
tional allergy) or drugs (drug allergy). In this chapter, we will focus on 
the molecular composition of more complex biologic allergen sources 
that are implicated in causing hay fever, allergic asthma, and food al-
lergy. Around the late sixties and early seventies of last century, first 
reports were published in which individual molecules were identified 
that were responsible for binding IgE within different allergen sources 
such as grass pollen,5 ragweed, pollen,6 cod fish allergen,7 and house 
dust mite.8 By now probably the most important allergens of the 
most relevant allergen sources have been identified (www.aller​gen.
org; www.compa​redat​abase.org; www.aller​genon​line.org; www.aller​
gome.org). Before we can discuss the allergens, we have to introduce 
the nomenclature of molecularly defined allergens (see Textbox 1).

1 – What is an allergen?

The broadest definition of an allergen is that it is any molecule-
binding IgE antibodies.13 Allergens can differ in several ways (see 
also Textboxes 2 and 3). In this introduction, the practical conse-
quences of four of these differences will be discussed.

2 – Sensitizing versus nonsensitizing allergens

Most, but not all, allergens are sensitizing, which is defined as the 
ability to induce allergen-specific IgE antibodies. Nonsensitizing 
allergens can only cause allergic symptoms if previous contact 
with a related (cross-reactive) allergen has caused sensitization. 
A prototypic example of a sensitizer is birch allergen Bet v 1 and 

a cross-reactive nonsensitizer is the homologous apple allergen 
Mal d 1.14

3 – Airborne versus food allergens: crossing 
different barriers

The two most common sites of entry into the body are the mucosal 
surfaces of the airways in which the allergen is delivered as part of 
an airborne particle or aerosol droplet and the digestive tract, which 
includes the oral cavity where it is introduced as part of a food or 
drink (see Textbox 4). Also, the skin has been proposed as a route for 
sensitization, a hypothesis that gained significance since the discov-
ery of filaggrin SNPs associated with the development of allergy. A 
prototypic example of true food allergens (primary sensitizers) is the 
shrimp muscle protein tropomyosin that varies in nomenclature de-
pending on the type of shrimp (Pen a 1, Cra c 1, Met e 1, Lit v 1, etc.), 
or other crustaceans and molluscs, such as lobster (Hom a 1) and 
crayfish (Pro c 1). All these are highly cross-reactive allergens (see 
the official IUIS website www.aller​gen.org) or the Allergome website 
(www.aller​gome.org); other invertebrate allergens, such as hemocy-
anin and hemoglobin, are more likely to sensitize via the airways or 
via skin contact in an occupational setting (seafood preparation, fish 
food production).15 Examples of true food allergens in plants are the 

Textbox 1 Allergen nomenclature

Allergen names are based on the scientific (Latin) name of 
the plant or animal species from which the allergen origi-
nates.9,10 For example, the major allergen from birch pol-
len Bet v 1 is named after the scientific name of the tree 
Betula verrucosa, in which Betula is the genus and verru-
cosa the species. The first three letters of the genus (Bet) 
and the first letter of the species (v) together form the basis 
of the allergen name, followed by a number. In principle 
the number is given in order of discovery, so Bet v 1 was 
the first allergen from birch pollen that was discovered. 
Related (often cross-reactive) allergens from different spe-
cies, genus, family or even order, get the same number, if 
still available. So, the homologue of Bet v 1 in hazel is Cor 
a 1 and in apple is Mal d 1 but in peanut is Ara h 8 because 
numbers 1–7 were already occupied by peanut allergens 
described earlier. Many allergens have molecular variants 
(isoforms). One example is Cor a 1. One isoform is mainly 
found in hazel pollen (Cor a 1.01), the other mainly in ha-
zelnut (Cor a 1.04). Some isoforms are so closely related 
(>90% sequence identity) that they can usually be consid-
ered identical. If they need to be distinguished, two more 
digits are added to the name, for example, Cor a 1.0101 
and Cor a 1.0102.

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.allergen.org
https://www.allergen.org
https://www.comparedatabase.org
https://www.allergenonline.org
https://www.allergome.org
https://www.allergome.org
https://www.allergen.org
https://www.allergome.org


10 of 386  |     DRAMBURG et al.

2S albumins from legumes (e.g., Ara h 2), tree nuts (e.g., Cor a 14, Jug 
r 1, and Ana o 3), and seeds (e.g., Ses i 1). Although these allergens 
share clear structural features based on a common disulphide-bond 
pattern, their primary sequences are quite diverse resulting in lim-
ited cross-reactivity.

4 – Initiator allergens versus secondary 
responding allergens

The initial response to an allergen source is possibly characterized 
by IgE antibodies to one or two “initiator” allergens, which tend to 
dominate the subsequent more complex IgE response to the allergen 
source in question. It is therefore an attractive hypothesis that within 
an allergen source some allergens are more important than others. 
It might be tempting to call these “major” allergens, but traditionally, 
an allergen is referred to as “major” if it is recognized by >50% of 
the patients that are sensitized to the source (see Textbox 5). Not all 
these “major” allergens seem to act as “initiator” allergens.

5 – Innocent versus dangerous allergens

As expected, a close association is often found between allergen ex-
posure and allergic symptoms. However, for some sensitizers this 
association is very weak. Several factors may explain the position 
of an allergen in the allergenicity risk spectrum. In addition to all 
the three above-mentioned features, it is presumably relevant that 
some relatively innocuous sensitizers are associated with relatively 
high IgG/IgE ratios. A prototypic example is tetanus toxoid.23 The 
allergenic risk spectrum is further discussed below.

6 – What makes an antigen an allergen?

Some, but not all, antigens that pass through our epithelial barrier 
trigger an IgE response (see Textbox 6). There is an ongoing debate 
on the features of allergenic proteins (if any) that distinguish these 
from the more mundane, only IgG-inducing, antigens. It has been 
proposed that there are few restrictions on the properties of an-
tigens that can induce IgE antibodies9,19. On the other hand, it has 
been argued that only a very restricted set of antigens has been 
found to induce IgE antibodies. This view has been promoted among 
others by Breiteneder et al.25 Many different types of proteins are 
allergenic. Some features are not intrinsic to the protein itself but 
rather a consequence of an extrinsic feature: the context of the pro-
tein. One such extrinsic feature is the introduction of the protein in 
the presence of bacterial cell wall components. If a protein enters 
our body in the context of a bacterial infection, the innate immune 
response-induced cytokines (such as Il-12) usually skew the adaptive 
immune response towards the production of Th1-type cytokines 
(such as gamma-interferon) that are needed to efficiently fight the 
infection. Gamma-interferon prevents the production of Th2-type 
cytokines (particularly IL-4) that are needed for the switch to IgE. 
Regarding intrinsic features, the situation is not so clear-cut. While 
there is good evidence to support the claim that proteolytic activ-
ity may enhance the allergenicity of a protein (example: the mite al-
lergen Der p 1), most allergens are not proteases. Some allergens 
have enzymatic activities that are unlikely to have an effect on 
human pathophysiology (example: pectinase activity of pollen aller-
gens). Similarly, many allergens can bind small ligands, but the type 
of ligand varies considerably. It is not uncommon to find more than 
10 different allergenic proteins in a single allergen source material 
(mite, pollen, peanut, shrimp, etc.). Although it seems contradictory 
to a basic function of the immune system, i.e., to react to non-self-
proteins, it has been suggested that proteins having close homo-
logues to human proteins are intrinsically more likely to be allergenic. 
Proteins of the lipocalin family are taken as an example.26 It is clear 
that some proteins are more allergenic than others. Many factors are 
known to contribute to these differences, but prediction of the al-
lergenicity (i.e., sensitization risk of a protein not cross-reactive with 
a known allergen) of a novel protein has thus far proven to be an 

Textbox 2 The long road from allergen-coding 
DNA to a molecule interacting with IgE on the mast 
cell surface

Much of our information on allergen structure comes 
from proteins that are produced with recombinant DNA 
technologies (conveniently, but scientifically incorrectly, 
referred to as “recombinant allergens”). Most currently 
available recombinant allergens are prepared based on 
a direct translation of their genomic information. In the 
real world, the allergen that is knocking at the mast cell's 
door is often modified. Some of the modifications are well-
characterized intracellular biochemical processes known as 
co-translational or post-translational modifications, such 
as homo- and hetero-oligomerization, glycosylation, cleav-
age of a leader peptide, pro-peptide, and other proteolytic 
events, binding of metallic cofactors or organic ligands, and 
oxidation of proline to hydroxyproline. Others are due to 
more random extracellular processes often influenced by 
environmental conditions (humidity, UV, ozone). Examples 
are nitration, methionine oxidation, deamidation, and 
cross-linking by transglutaminases and glycation (a nonen-
zymatic process also known as the Maillard reaction). Upon 
water loss, excreted proteins attach to various substrates, 
both on a nano-scale (homo- and heteroaggregation) and 
on a microscale (attachment to fibers and dusty parti-
cles). The effect of these modifications of the structure 
of the allergen on allergenicity has only just started to be 
investigated.11,12
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unsurmountable challenge. With the advent of algorithms based on 
machine learning and artificial intelligence, new potentially promis-
ing avenues may open up.27 The allergenicity debate will undoubt-
edly go on (See also the Chapter on “Basic and theoretical aspects 
of allergens”). From a practical point of view, it is relevant that some 
source materials are more allergenic than others. Illustrative exam-
ples include allergens from cooked legumes that are less allergenic 
than those from roasted peanuts and the lipocalins from dogs (Can 
f 1, Can f 2 and Can f 4 as major allergens) being less allergenic than 
the major allergen from cats (Fel d 1), which is a NOT a lipocalin.

7 – Clinical relevance of individual allergenic proteins

Some inhalant allergen sources contain a single dominant major al-
lergen. The clearest example is Bet v 1 in birch pollen, which is re-
sponsible for most of the IgE binding to the allergen source. For tree 
pollen-allergic patients in North-western and Central Europe, Bet v 

1 is of decisive clinical importance because there is no “competing” 
major allergen. By contrast, multiple major allergens have been de-
scribed for grass pollen (i.e., group 1 (e.g., Phl p 1) and group 5 (e.g., 
Phl p 5) and house dust mite group 1 (e.g., Der p 1) and group 2 (e.g., 
Der p 2)). Currently, it is assumed that allergens from both groups 
are of great clinical importance. Whether they play an individual role 
in determining clinical phenotypes is still largely unknown. In recent 
studies, first indications were found that specific individual (minor) 
house dust mite allergens (e.g., Der p 23 and Der p 20) are asso-
ciated with more severe respiratory clinical presentations such as 
asthma.28,29 It has, however, also been proposed that such associa-
tions are not necessarily explained by the molecular properties of 
these allergens but by a high degree of sensitization characterized by 
broad recognition of a multitude of major and minor allergens.30 For 
food allergy, individual allergen molecules have more clearly been 
associated with both defined clinical phenotypes and the severity of 
allergic symptoms.31 There are three ways one can become allergic 
to a specific food, (a) by direct exposure to that food via the oral 

Textbox 3 The exception: some allergens are NOT proteins

Examples of nonprotein allergens are drugs such as penicillin, chlorhexidine, and other pharmacological compounds such as rocu-
ronium. It is generally assumed that these compounds depend for their allergenicity on a strong (covalent) interaction with a carrier 
protein, but this has not always been demonstrated convincingly. In fact, some smaller molecules, such as chlorhexidine or polyeth-
ylene glycols (PEGs), have two or more epitopes, which will allow for cross-linking of two or more receptor-bound IgE molecules on 
the surface of effector cells without help from an endogenous protein. How the IgE immune response to such small molecules may 
develop, has been much less studied, however. One explanation might be that a metabolite is the allergologically active substance. 
The above-mentioned allergic drug-protein complexes are often referred to as hapten-carrier complexes. Substances other than 
pharmacological compounds can also act as hapten. An important category of hapten-like structures are naturally occurring chains 
of simple sugars, referred to as glycans. The role of glycans as IgE-reactive structure is a source of some confusion. It is generally 
assumed that pure glycans are unable to induce IgE antibodies. This fits with the general scheme of IgE antibody production as a 
process that depends on signals provided by Th2 cells, as described above. Classical MHC-II molecules are very efficient at inter-
acting with peptides but are unable to combine with pure glycans. However, for glycans coupled to a protein carrier, the situation 
is different. The cell-anchored antibody on some B cells can interact with the glycan. These B cells bind the glycoprotein via the 
antibody–glycan interaction. Next, the B cell ingests and digests the glycoprotein and presents the peptides in its MHC-II to the T 
cell. The T-cell receptor interacts with the peptide-MHC-II complex on the B cell, which results in activation of the T cell. The T cell 
activates the B cell, which results in differentiation of the B cell to an antibody-secreting plasma cell. The important point is that the 
conventional Th2 cell does not recognize the glycan and yet it can induce the B cell to produce antiglycan antibodies. It is possible 
that glycans can be allergenic not only as glycoprotein but also as glycolipid, potentially via sources of IL-4 other than Th2 cells. This 
is presumably mostly relevant for immune responses to invertebrate parasites such as helminths and ticks. Two prototypic glycans 
with well-established IgE-binding activity are known as CCD16,17 and the α-Gal epitope.17,18 CCD (cross-reactive carbohydrate deter-
minant) refers to a group of related glycans that are characterized by a fucose and/or a xylose that are linked in a specific way to the 
core of the glycan. Such glycans are produced by invertebrates and plants but not by vertebrates. Because of the widespread pres-
ence of such structures in plant foods, patients with such IgE antibodies demonstrate cross-reactivity to virtually all plant foods.19 By 
contrast, α-Gal (in full: the Gal-α1-3Gal-ß1-3GlcNAc epitope) is produced by nonprimate mammals but not by humans. This structure, 
now commonly referred to as α-Gal, has been associated with allergy to red meat.20 For yet unknown reasons, the onset of systemic 
(skin) symptoms observed upon consumption of meat is not immediate but delayed. Where induction of IgE antibodies against CCD is 
thought to be driven by pollen exposure and/or insect stings, IgE antibodies against α-Gal most likely occur in response to tick bites or 
helminth infections.21 A convenient way to distinguish peptide-based epitopes from glycan-based epitopes is the use of proteolytic 
enzymes or glycan-destroying chemicals (periodate). Some IgE antibodies show dual recognition towards a glycoprotein allergen: 
their epitope consists of a combination of part of the glycan and part of the protein.22
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route, or increasingly likely (also) via the skin, (b) by cross-reactivity 
between foods, and (c) by cross-reactivity between respiratory al-
lergen sources and foods. The best-known example of the latter is 
fruit and tree nut allergy as comorbidity with birch pollen allergy.32 

The mechanism behind this association is cross-reactivity of Bet v 
1-specific IgE with structurally homologous allergens in foods like 
apple, peach, hazelnut and peanut (see Textbox 7). The clinical 
phenotype observed in such patients is characterized by mild-to-
moderate symptoms restricted to the oral cavity. The explanation 
for the lack of (severe) systemic symptoms is thought to reside in 
the protease-sensitive nature of the Bet v 1-related food allergens 
that are readily digested in the gastrointestinal tract.33 This charac-
teristic also explains why sensitization to these Bet v 1-related food 
allergens is never seen in patients without birch pollen allergy. Apple 
Mal d 1 or peach Pru p 1, the Bet v 1 homologues of these fruits, are 
completely digested before they can directly sensitize. Moreover, 
Bet v 1-like allergens are not abundantly expressed in fruits, making 
the chance of exposure to sufficient protein in the digestive tract 
or on the skin even more unlikely. This does not mean that a fruit 
like peach cannot directly sensitize atopic subjects. Until recently, 
this is mainly reported for patients living around the Mediterranean 
Sea, but it is increasingly also observed beyond those areas.34,35 The 
implicated allergen for peach allergy, originally mostly reported in 
countries like Spain, Italy, and Greece, is the non-specific lipid trans-
fer protein (LTP), that is, Pru p 3. IgE antibodies against Pru p 3 are 
associated with an increased risk for severe systemic reactions,36 
and they can cross-react quite broadly to other fruits, as well as to 
tree nuts, legumes, and some vegetables.37 This more “dangerous” 
profile of LTPs has been attributed to their high degree of protease 
(and food-processing) resistance. Another factor that may contrib-
ute to their higher risk profile is that they go into solution effec-
tively at low pH only, i.e., in the stomach, resulting in the absence of 
an early oral warning signal. In addition to Bet v 1-related allergens 
and LTPs, tree nuts, legumes, and seeds contain far more abundant 
seed storage proteins, such as 2S albumins, and 7S and 11S globu-
lins. These proteins are involved in direct sensitization, which often 
occurs at younger ages. As reported for LTPs, these seed storage 

Textbox 4 Allergens have to get into our body to 
sensitize and to do harm

Allergenic proteins have to be in solution in order to get 
into our tissues, both for the sensitization phase (the in-
teraction reaction with a professional antigen-presenting 
cell, T cell and B cell) and for elicitation phase (the interac-
tion with the IgE antibody on the surface of the mast cell 
or basophilic leukocyte). For inhaled allergens, the allergen 
will be contained in or attached to a particle (pollen grain, 
mould spore, mite faecal particle, a skin flake, hair, a tex-
tile fibre, or a fluid droplet) from which it is extracted upon 
deposition on the mucous membranes. The size of the 
allergen-carrying particle (typically 5–20 μm) is important, 
because this determines the most likely site of deposition 
(upper or lower airways). The allergen has to be released 
into the mucosal fluid to pass through the airway epithelial 
barrier. For this passage also a size limit exists. The diam-
eter of a typical globular allergen molecule is some 1000 
times smaller than the allergen-carrying particle (2–10 nm, 
in molecular mass units: 5–50 kDa). It cannot be ruled out 
that sensitization to inhaled allergens can also occur via the 
skin, in particular when the skin barrier is impaired, but also 
in that case, moisture is needed to solubilize the allergen, 
and size limits to allow it to cross the skin barrier will be 
similar. For food allergens the biophysical requirements 
for allergenicityaredifferent in atleast 2 ways. Firstly, 
food processing can substantially change the solubility of 
some proteins and in some cases also change allergenic-
ity. In addition to the destructive effects of cooking on 
many allergens, another well-known example is the loss of 
allergenicity following the mincing of apples, due to oxi-
dative browning of apple polyphenols. This results in de-
naturation of apple proteins by the tannin-like structures. 
Secondly, the digestive system could increase allergenicity 
by releasing small soluble allergenic fragments from poorly 
soluble conglomerates, or decrease allergenicity by more 
extensive fragmentation. In addition to proteases, also the 
low pH in the stomach and the detergent action of bile salts 
are important in modifying the allergenicity of ingested 
proteins. The resistance to proteolytic digestion is obvi-
ously of no relevance if sensitization to food occurs via the 
skin. The question why 2S albumins are excellent primary 
sensitizers while Bet v 1-like allergens are not, will most 
likely be explained by the abundance of the respective pro-
teins in the environment.

Textbox 5 What are major and minor allergens?

Officially, a major allergen is an allergen that is recognized 
by IgE antibodies of >50% of patients allergic to the al-
lergen source, and a minor by < 50% of patients. This old 
definition has increasingly been challenged as being too 
simplistic24 In most cases, major allergens also bind a large 
fraction of the allergen source-specific IgE and are there-
fore (most likely) of dominant clinical importance. Similarly, 
minor allergens usually bind only a small fraction of the 
overall IgE response against the allergen source. The des-
ignation major allergen should therefore most likely take 
the importance of the allergen in the overall IgE response 
against the source into account. Most major allergens oc-
cupy the lower numbers in the nomenclature system, 
simply because researchers tended to identify the most 
dominant allergens first.
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proteins, in particular the 2S albumins, are remarkably stable and 
IgE antibodies against them proved to be better markers for pre-
dicting a positive double-blind placebo-controlled food challenge, 
that is, for clinical allergy. They are also associated with more severe 
symptoms. This was first demonstrated convincingly for peanut Ara 
h 2,31 but hazelnut 2S (Cor a 14) and 11S (Cor a 9) play such a role as 
well43,44; however, for hazelnut allergy as a whole, they would not 
qualify as major allergens because birch pollen-associated hazelnut 
allergy is the dominant phenotype.45 This illustrates that minor aller-
gens can be of major clinical relevance. Based on these and other ob-
servations, molecular diagnosis is increasingly used for attempts to 
reliably assess the risk of patients to experience severe symptoms. In 

some more recent papers, models combining molecular recognition 
profiles and clinical and demographic background have been pro-
posed to improve severity risk assessments.45,46

8 – The allergenic risk spectrum

Some allergens are considered more dangerous than others in that 
they elicit more severe allergic symptoms. By contrast, some IgE 
inducers are not really allergens at all because they do not induce 
symptoms. The prevalence of such cases has often been underesti-
mated because they are rarely detected in the doctor's office. They 
used to be identified mostly in population surveys and birth cohort 
studies. This situation is changing, particularly since the introduc-
tion of the large allergen microarrays, as discussed in Chapter A04. 
Peanut is a prototypic example of an allergenic source material to 
which many people have IgE antibodies, but they can often freely 
consume peanuts. Finding IgE to peanuts in peanut-tolerant sub-
jects is particularly common among pollen-sensitized patients.51 
This association is due to IgE cross-reactivity between allergens 
from pollen and (glyco-) proteins in peanut and many other vegetable 
sources. Bet v 1-related cross-reactivity has been discussed above. 
Peanut contains a cross-reactive homologue, Ara h 8. However, 
cross-reactivity has also been evident between peanut and grasses, 
which do not have a cross-reactive Bet v 1 homologue. Profilin and 
CCD have been found to be the most likely additional cross-reactive 
substances.17,52 It has been convincingly demonstrated that CCD-
specific IgE antibodies are of limited if any clinical relevance.53 It is 
tempting to assume that all nonsensitizing cross-reactive allergens 
are relatively safe. While this is true in many cases, severe reactions 
caused by exposure to such presumed nonsensitizing cross-reactive 
allergens have been reported. A more recent addition to the spec-
trum of highly cross-reactive structures that clearly demonstrates 
this are the nonprimate mammalian α-Gal sugar moieties present 
in red meat that are associated with delayed severe reactions.20 
In general, however, the relatively low biologic activity of cross-
reacting allergens may reflect lower epitope density and lower af-
finity of the IgE-allergen interaction, but it has been disappointingly 
difficult to predict biologic activity on the basis of immunochemi-
cal characteristics in individual cases. The use of a bioassay such as 
the basophil activation test is a promising alternative.54 In addition, 
other experimental assays will further help to define the biologi-
cal activity of individual IgE-binding molecules.55 Allergen sources 
are complex, heterogeneous mixtures of proteins. They contain 
harmless IgE-binding structures such as CCD, molecules that induce 
mild symptoms only and molecules that are associated with severe 
symptoms including food or insect venom-induced anaphylaxis. 
Moreover, molecules can inform us about the origin and route of 
sensitization, sometimes reflected in clear geographic differences. 
Dissection of these molecular characteristics of allergen sources is 
of the utmost importance to improve allergy diagnosis, prevention, 
and therapy.

Textbox 6 Short introduction on the production 
of IgE antibodies to conventional protein allergens

A cardinal feature of an allergen is the ability to induce the 
production of IgE antibodies. The first step to initial IgE an-
tibody production is the activation and expansion of naıve 
allergen-reactive IgM-producing B cells. This process de-
pends on the interaction between various cells (in particu-
lar dendritic antigen presenting cells and T helper cells) and 
the production of many cytokines. IgE antibody production 
is a process that depends on signals provided by T-helper 
cells that are skewed by innate signals to become Th2 cells. 
Properties of allergen molecules can contribute to the in-
nate process driving towards Th2 immune responses.38–40 
Major Histocompatibility Complex-II (MHC-II) molecules 
present peptides derived from the protein to Th2 cells. The 
T cell receptor interacts with the peptide-MHC-II complex, 
which results in activation of the T cell. This activated T cell 
can activate B cells, but only if these B cells have the same 
peptide in their surface-anchored MHC-II. In contrast to 
the antigen-presenting cell, the B cell can only ingest an-
tigens if the antigen binds to the surface-anchored unique 
antibody of that B cell. These B cells ingest and digest the 
protein and present the peptides in its MHC-II to the T cell. 
The B cell further activates the T cell, which results in the 
production of cytokines by the T cell. The T cell activates 
the B cell, which results in differentiation of the B cell to 
an antibody-secreting plasma cell. The activated IgM-
producing B cells can differentiate to change their isotype 
by a process called class-switch recombination (which re-
sults in a change in isotype production from IgM to IgG1, 
IgG4, IgA1, etc., and sometimes to IgE) and to increase 
their affinity by a process called somatic hypermutation. 
Both processes result in irreversible changes in the DNA 
of the B cell. The discovery of the crucial role of IL-4 pro-
duced by Th2-cells (and other cells) in the generation of IgE 
responses is a milestone in the history of allergy.41,42
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9 – Molecular sensitization profiles: biomarkers for 
disease progression?

A relatively unexplored area is whether IgE recognition profiles have 
predictive value for disease progression. This field will most likely 
develop rapidly in the near future. Some evidence from the field of 
food allergy suggests that recognition profiles of specific epitopes 
on major food allergens, using short synthetic peptides, can pre-
dict outgrowth or persistence.56 Another study reported that per-
sistence of peanut allergy is associated with the number of peanut 
allergens recognized.57 More recently, IgE against Der p 1 and in 
particular Der p 23 at young age was shown to be predictive for de-
velopment of asthma later in life28. These studies are just the begin-
ning and illustrate the importance of carefully dissecting molecular 
composition of allergen sources.

10 – Allergen extracts: imperfect but not yet obsolete

Both allergy diagnostics and allergen immunotherapy (AIT) still heavily 
depend on extracts of the allergen sources. In particular in diagnos-
tics, molecular approaches are gaining ground58 rapidly, but extracts 
can certainly not be dismissed.59 Usually, allergen extracts are simple 
aqueous extracts of the crude allergen source. In most cases, extrac-
tion is carried out at neutral or close to neutral pH, followed by a defat-
ting step, and dialysis. In the case of food extracts, the source material 
may sometimes be partially processed before extraction, for example, 
peanut meal of mildly roasted peanuts. What are the potential short-
comings of allergen extracts? Allergen sources are biologic products 
with inherent variability of composition. Extraction with aqueous buff-
ers at neutral pH may not optimally extract all possible allergens, espe-
cially those that are lipid-soluble. This is particularly relevant for food 
extracts because the natural route of exposure through the stomach 
includes exposure to low pH. A good example of a food allergen that 
is not optimally extracted at neutral pH is LTP from legumes such as 
peanut and lentils.60 This phenomenon may also be the explanation 
for the huge variability in LTP content reported for a series of com-
mercially available skin test reagents for hazelnut allergy.61 Extraction 
at low pH has proven to be the solution. Another problem encountered 
when preparing diagnostic food extracts, in particular of fruits and 
vegetables, is that enzymatic oxidative processes are initiated when 
the food tissue is disrupted. In particular, Bet v 1-related food allergens 
such as Mal d 1 in apple, Pru p 1 in peach, or Cor a 1 in hazelnut are 
sensitive to these processes and they lose their IgE-binding capacity. 
Finally, the defatting step has been implicated in loss of lipophilic al-
lergens such as oleosins in legumes, nuts, and seeds.62 Together, these 

Textbox 7 Allergen cross-reactivity and its 
assessment

Two allergens are cross-reactive if antibodies exist that 
recognize both allergens. The antibody will usually have a 
preference for one allergen over the other. This preferen-
tial recognition provides a clue as to identify of the more 
relevant of the two allergens. A single allergen molecule 
has several IgE-binding regions (called epitopes). Among 
IgE antibodies to the birch allergen, Bet v 1, that are in-
duced by inhaling birch pollen, two types of antibody 
populations can be distinguished based on their reactivity 
with Mal d 1, the homologous protein of apple. Some IgE 
anti-Bet v 1 antibodies will not react with Mal d 1, because 
they are directed to a nonconserved part of Bet v 1. Other 
IgE antibodies will react not only with Bet v 1 but also with 
Mal d 1. The latter reaction will usually be of lower affin-
ity. In this example, Bet v 1 can be shown to be a more 
complete allergen than Mal d 1. Grass pollen extract does 
not at all inhibit the binding between IgE anti Bet v 1 and 
Mal d 1 (because grass pollen extract does not contain a 
cross-reactive Bet v 1 homologue). In this way, it is possible 
to rank allergen source materials (such as birch, apple, cel-
ery, and peanut) in a cross-reactivity hierarchy. This is most 
reliably done by using a quantitative bi-directional cross-
inhibition protocol,47 but less demanding protocols may 
also be informative. Some cross-reactions are relatively re-
stricted (example: cross-reactivity among grasses). Others 
are broader (example: Bet v 1/Mal d 1, with much lower 
cross-reactivity to the homologous protein in peanut, 
celery and potato and no cross-reactivity with grasses). 
Others cross wider phylogenetic barriers (examples: 
cross-reactivity between pollen from birch and grass due 
to profilin48a,48b and cross-reactivity between shrimp and 
mites due to tropomyosin)49. Among the glycan epitopes, 
CCDs tend to be even more cross-reactive (example: cross-
reactivity between bee venom and potato).16 Glycan-
based cross-reactivity is different from protein-based 
cross-reactivity because the degree and fine structure of 
glycosylation is variable among glycoproteins, even at the 
single-cell level.50a It is not unusual to find that 2 allergen 
source materials share several distinct cross-reactive mol-
ecules. An example is the cross-reactivity among birch pol-
len, vegetables and fruits, which was found to be due to at 
least 3 cross-reactive structures.50b
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shortcomings are probably the main reason that skin testing for many 
foods is performed using the poorly standardized but more sensitive 
prick-to-prick method with fresh foods. To overcome the loss of sen-
sitivity for detecting IgE antibodies against hazelnut Cor a 1, the ex-
tract can effectively be improved by spiking with recombinant Cor a 1. 
Although Good Manufacturing Practices (GMP) requirements do not 
facilitate broad in vivo application of recombinant allergens, for exam-
ple, recombinant Mal d 1 has been successfully used in skin testing, 
oral challenges and sublingual immunotherapy.63–65

11 – Conclusion

Overall, one can conclude that the multitude of factors influenc-
ing extract composition results in batch-to-batch and company-to-
company differences, which may lead to differences in the diagnostic 
and therapeutic management of patients. For several reasons, this is 

particularly true for skin test reagents. Traditionally, these products 
are provided for free by allergen manufacturers to support the selec-
tion and subsequent sales of immunotherapy products. Regulatory 
pressure now requires skin test reagents to be registered. This de-
velopment has resulted in many “less important” allergen specifici-
ties being removed from the market, because they would require too 
big an investment in documentation of their clinical performance. 
Potential solutions such as spiking with recombinant allergens are 
not really an option either, because recombinant allergens used in 
vivo need to be produced under GMP conditions and tested in toxic-
ity studies. Again, this is too large an investment. In the future the 
number of skin test reagents available will therefore be rather limited, 
and extracts for in vitro diagnosis will continue to be improved by the 
use of different extraction methods and/or spiking. Increasingly, mo-
lecular diagnostics will supplement and partly replace extract-based 
tests, to overcome the imperfections of extracts and facilitate im-
proved risk assessment and subsequent advice to patients.
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A03 – Molecular  a l lerg y diagnostics 
in cl inical  practice

Thilo Jakob, Paolo M Matricardi, Olga Luengo and 
Jörg Kleine-Tebbe

Highlights

•	 Diagnostic work-up for IgE-mediated allergic reactions/diseases 
starts with the history, followed by sensitization tests (skin, IgE, 
and basophil tests) and optional challenge tests.

•	 Molecular allergens for IgE testing provide additional information, 
particularly in polysensitized patients and with allergens of low 
abundance, low stability, or associated risks.

•	 IgE-reactivity to members of the same allergen family reflects the 
degree of protein homology and IgE cross-reactivity. If it is high, the 
relevance needs to be sorted out. In case it is low, selected IgE test-
ing of other family members can provide additional information.

•	 Proper interpretation should complete diagnostic testing: positive 
sensitizations to allergen extracts or molecules are only clinically 
relevant in case of corresponding symptoms.

Conventional allergy diagnostics are based on detecting specific 
IgE antibodies in the blood or skin with reactivity for allergen ex-
tracts obtained from various allergen sources such as pollen grains, 
house dust mite, or cat dander. These extracts contain many com-
ponents (glycosylated and nonglycosylated proteins, lipids, etc.), the 
majority of which are irrelevant for the allergic reaction and allergy 
diagnostics. Progress in molecular biology over the last 3 decades has 
allowed us to identify and characterize single allergens in detail at a 
molecular level. Large allergen data banks have been established (e.g., 
www.aller​gen.org, www.aller​gome.org) in which information on iden-
tified allergens is accessible for the scientific and medical community. 
Currently as of December 2022, more than 4900 different allergens 
(plus approx. 1500 isoforms) have been described (www.aller​gome.
org), almost 1500 of which have been expressed as recombinant pro-
teins. Many of these allergens have already and will become available 
for in vitro allergy diagnostics, either as highly purified native or re-
combinant proteins. The use of single allergenic molecules (instead of 
extracts) has introduced a new area of high-resolution molecular al-
lergy diagnostics (also designated “component resolved diagnostics,” 
CRD66) and changed our understanding of sensitization profiles and 
cross-reactivity.67 Daily routine molecular allergy diagnostics offers 
a number of benefits that give us a higher diagnostic precision and 
allow for better management of the patient. To utilize the full poten-
tial in clinical practice, an in-depth general knowledge of molecular 
allergology and a clear rationale for their use are needed as it relates 
to when and how allergenic molecules are to be used for diagnostic 
purposes (“always think molecular—use molecules, when needed”).
This section
•	 summarizes general considerations for the diagnostic workup of 

our allergy patients in the age of molecular allergology,
•	 provides a number of universal reasons to utilize molecular diag-

nostics, and

•	 describes the rationale behind different approaches (“from symp-
toms to molecules”; “from molecules to symptoms”) that allow us 
to make the optimal use of molecular allergy diagnostics in clinical 
practice.

1 – General considerations for the diagnostic work-
up of allergy patients

In patients with suspected IgE-mediated reactions and/or diseases, 
the diagnostic algorithm should include the following sequential 
steps (Figures 1 and 2):

A. Clinical evaluation and examination
a.	 allergy-related history including information on comorbidities, 

differential diagnoses.
b.	 clinical examination.

B. sensitization test(s) with allergen extracts, i.e., skin prick tests 
SPT,68 sIgE tests,69 basophil activation tests,156 providing informa-
tion on allergic sensitization, i.e., the “risk for allergy.”

B1. indirect or direct evidence of allergen-specific IgE
B3. interpretation of sensitization test result(s) (clinical relevance 
or not?).

B2. Sensitization test with allergenic molecules (applying allergen-
specific IgE tests).

B2. direct evidence of present or absent  allergen-specific IgE to 
defined allergens? *(sIgE to the complete extract is needed to 
interpret the result of sIgE to single allergenic molecules).

B3. interpretation of sensitisation test result(s) (clinical relevance 
or not?)

C. Challenge test (optional, depending on the allergen source in 
question).
a.	 demonstration of clinical symptoms upon allergen exposure.
b.	 interpretation (qualitative conclusion: positive or negative?
quantitative conclusion: ratio component sIgE/whole extract-

sIgE allows to determine the extent to which a given allergenic com-
ponent is responsible for sensitization to a whole extract70).

For each of these steps certain general considerations may be 
helpful to make the best out of our expanding knowledge of the 
molecular nature of allergens. These considerations are listed below 
and combined with examples from clinical practice (small italic font).

A. Some history-related information might immediately suggest 
certain underlying allergenic molecules (“think molecular”), due to

•	 temporal relationship of symptoms with particular exposures (i.e., 
pollen, furry animals, house dust, certain foods).

•	 patient's observation of certain triggers representing particular 
pattern (related triggers, i.e., indicative selection of foods),

•	 degree and variety of symptoms indicating involvement of cer-
tain molecules (either mild oropharyngeal or severe systemic 
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symptoms to, i.e., legumes, tree nuts or seeds) (potential marker 
allergens).

Examples:
Oropharyngeal symptoms after eating raw apples, hazelnuts, car-

rots and/or soy and/or symptoms of allergic rhinoconjunctivitis during 
the birch pollen season: Suggestive for the presence of IgE to major birch 
pollen allergen Bet v 1-specific with subsequent serological (and clini-
cal) cross-reactions (primary inhalant sensitization, but due to structural 
similarity of Bet v 1 and its homologues secondary symptoms in the oral 
cavity upon exposure).

Oropharyngeal symptoms after eating various (nonrelated) fruits and 
vegetables such as melon, citrus fruits, banana, avocado AND symptoms 
of allergic rhinoconjunctivitis during the grass pollen season: Suggestive for 
IgE to minor (grass) pollen allergen profilin (i.e., timothy grass profilin Phl p 
12) with subsequent serological (and clinical?) cross-reactions. (nota bene: 
profilin sensitization is variable depending on the geographical region and 
more prevalent in Central and Southern Europe or other geographical areas 
with similar climate and vegetation)

Anaphylaxis in the context of exercise after consumption of wheat-
containing food, which is suggestive for IgE to omega-5 gliadin Tri a 19.

B1. Some sensitization test results with extracts, either by SPT 
or serology, might immediately suggest certain underlying allergenic 
molecules, i.e.:

•	 particular pattern of sensitization, pointing to cross-reactive 
molecules

•	 unusual pattern or magnitude of sensitization test results (i.e. to 
non-related allergen sources)

Examples:
Positive reactions to fagales tree (hazel, alder, birch, beech, oak) pol-

len, potentially with symptoms during the tree pollen season:
Suggestive for the presence of IgE to the major birch pollen aller-

gen Bet v 1 with subsequent serological (and potential clinical) cross-
reactions to related fagales trees.

Positive reactions to nonrelated pollen plants, sometimes all pollen 
sources, with various, not necessarily corresponding symptoms: Suggestive 
for the presence of IgE to pan-pollen allergens (profilins, i.e., Bet v 2 or Phl 
p 12 and/or polcalcins, i.e., Bet v 4 or Phl p 7) with subsequent serological 
(and clinical?) cross-reactions to profilin-containing pollen and plant foods 
as well as polcalcin-containing pollen. In case of double sensitization to 

F I G U R E  1 General diagnostic work-up of IgE-mediated allergic reactions and diseases. After collecting the allergy history and performing 
a physical examination (A) appropriate sensitization tests are applied (B1). IgE sensitizations are directly demonstrated by serological 
allergen-specific IgE determination69 and/or indirectly by skin prick tests (SPT)68 or basophil activation tests (BAT),156 if indicated. 
Sensitization tests should be completed by careful interpretation (B1), validating the agreement with the history to ultimately evaluate the 
clinical relevance of the obtained results. In case of uncertainty (B1), i.e., due to a nonconclusive history, challenge tests are applied (C) to 
induce allergic symptoms under controlled conditions.70,71 A clear outcome will support the decision on the clinical relevance of suspected 
allergen triggers and provide the basis for potential therapeutic consequences (D). 
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profilin AND polcalcin: commonly positive reactions to ALL pollen species 
can be expected, and it is not possible to define the precise sensitization 
specificity with allergen extracts.

Multiple sensitizations to different furry animals, which is suggestive 
of IgE reactivity to the animal pan allergen serum albumin or certain 
lipocalins.

B2. Tests for allergen-specific IgE to molecules (Figure 2) can be 
applied with one reagent as single test (singleplex)69 or with many 
reagents (multiplex)71 for, i.e., screening purposes (see chapter A04 
for more technical information). Reasons for molecular IgE testing, 
either singleplex or multiplex, will be summarized below (see also 
paragraph 5 of this chapter). Following options will be extensively 
discussed in the following sections:

•	 “Classical” diagnostic work-up (Figure 1) with extract-based sen-
sitization test(s), before employing allergen-specific IgE testing 
with molecules (Figure 2) (“top-down approach,” paragraph 3 of 
this chapter).

•	 Novel diagnostic work-up with primarily allergen molecule-
related information, i.e., allergen-specific IgE to a panel of related 
molecules to explain diverse clinical reactions or diseases (“bot-
tom-up approach,” paragraph 4 of this chapter).

•	 Integrated use of both approaches, first working from the history, 
applying extract-based sensitization tests (SPT, IgE) before explor-
ing the entire individual IgE repertoire with an extended panel of al-
lergen molecules (“U-shape approach,” paragraph 5 of this chapter).

C. Finally, if the information provided by the patient's history 
and/or the sensitization test results is inconclusive and does not 
allow for a clear decision on the clinical relevance of the suspected 
allergen source, additional challenge tests should be applied. They 
should ultimately demonstrate or rule out clinical symptoms follow-
ing allergen exposure.

In case of inhalants (pollen, mites, molds, furry animals) stan-
dardized extracts of the suspected allergen source are applied on 
the mucosal surface (i.e., conjunctiva, nose).72 In case of food al-
lergy (plant foods, i.e., fruits, vegetables, legumes) increasing doses 
of the suspected allergen are given orally, ideally in a double-blind, 
placebo-controlled fashion.73,74

Subsequent immediate or delayed (i.e., exacerbation of an atopic 
eczema) type allergic symptoms would prove current clinical rele-
vance; by contrast, a lack of any objective clinical reaction would 
rule out a previously suspected allergy (provided that no additional 
co-factors are required to elicit the allergic reaction, as exemplified 
by all forms of food-dependent, exercise induced anaphylaxis.75 

F I G U R E  2 Diagnostic work-up with targeted (singleplex) molecular-based IgE testing. After sensitization testing (B1) with allergen 
extracts, more detailed information regarding the IgE repertoire is obtained with molecular-based testing (B2). This diagnostic approach, 
coined “top-down” is followed by a thorough interpretation (B3) including challenge tests (C), if needed. 
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Subsequently, interpretation needs to be integral part of any sus-
pected sensitization (i.e., demonstrated by SPT, IgE, BAT) as well of a 
challenge test outcome (Figure 1).

•	 A positive test result is only clinically relevant in the case of corre-
sponding allergic symptoms that are temporally associated with a 
defined allergen exposure.

•	 A negative test (i.e., allergen-specific IgE) result against one re-
combinant allergen molecule or a mixture of natural isoforms of 
one single allergen can indicate exclusion of allergic sensitization 
or risk of allergy to the allergen in question (see paragraph 5 of 
this chapter for details), provided that
a.	 the total IgE is high enough (i.e., > 20 kU/l)
b.	 the allergen reagent is of sufficient abundance, fully intact, 

and presenting all its epitopes
c.	 the analytical performance of the IgE antibody assay has been 
optimized for a low limit of quantitation (i.e., 0.1 kU/L).

Electronic clinical diaries (e-Diaries) have been recently proposed 
as an additional diagnostic tool to establish clinical relevance of IgE 
sensitization to major allergenic molecules of pollen.76 The use of 
e-Diaries has been integrated in a novel diagnostic algorithm, com-
bining CRD with digital health, for etiological diagnosis and allergen 
immunotherapy (AIT) prescription (@IT.2020). The implementation 
of this algorithm has been tested in a multicenter study in several 
southern European countries, where polysensitization to cross-
reactive pollen and overlapping pollen season make the etiological 
diagnosis difficult.77

In conclusion, the clinical relevance of an allergic sensitization 
(i.e., presence of allergen-specific IgE, independent of the use of al-
lergen extracts or molecules for diagnostic purposes) can ultimately 
only be determined by the physician and not by the test. Therefore, 
the complete diagnostic results of sensitizations and challenge test 
results will always have to be interpreted within the clinical context 
and on the basis of the individual's case history.

2 – Common reasons to utilize molecular 
diagnostics and their limitations

There are several general reasons that speak in favor of using sin-
gle allergens as compared to allergen extracts (Figure 3). They are 
principally related to an improved assay performance (i.e., assay 
sensitivity and analytical specificity) and/or to additional levels of 
interpretation such as risk assessment or differentiation between 
genuine (“primary“) sensitization and cross-reactivity, particularly 
in presumed polysensitizations. While these arguments clearly 
support the use of single allergens in clinical routine, we need to 
be careful not to over interpret results of molecular allergy diag-
nostics, which have clear limitations when it comes to predicting 
clinical outcomes. sIgE test results—regardless of using extracts or 
single molecules—only reflect the status of sensitization and al-
ways must be interpreted in the context of the clinical data. The 
benefits and limitations of molecular allergy diagnostics are out-
lined below.

F I G U R E  3 Utility of allergen 
extracts and allergenic molecules for 
diagnostic work-up. Mono/limited oligo 
sensitizations (A) and/or minor clinical 
risks (B) as well as high abundance 
allergen molecules in the allergen source 
suspected (C) and/or allergens of high 
stability (D) indicate suitability of allergen 
extracts for proper diagnostic work-up. In 
case of polysensitizations and/or allergen 
triggers associated with high clinical risks 
as well as low abundant and/or labile 
allergenic molecules in the extract, the 
diagnostic work-up should consider the 
use of molecular components for IgE 
detection. 
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2a Factors improving assay performance are able to warrant the use 
of allergenic molecules instead of extracts:

Molecules of low abundance and/or weak stability
If allergen molecules, being of low abundance or missing in the ex-
tract, can improve the assay's analytical sensitivity (LoQ) of an IgE 
test, their use is meaningful and important. (i.e., Gly m 4 vs soy ex-
tract, omega-5-gliadin vs wheat extract).

Risk- or severity-associated molecules
If allergen molecules provide improved analytical specificity (“selec-
tivity”) and allow additional clinical assumption(s) (i.e., increased risk 
association, clinical severity, or other associated clinical features of an 
IgE sensitization), their use is a gain meaningful and recommended (i.e., 
storage proteins Ara h 1, 2, 3, 6 vs whole peanut extract).

Indicator of cross-reactivity
Certain allergen molecules can serve as indicators for serological 
cross-sensitizations through the binding of cross-reactive IgE. In 
case of a positive result, they can demonstrate the lack of analytical 
specificity of an IgE test with allergen extracts (in affected subjects 
with potential cross-reactions) (e.g., profilin or polcalcin, members of 
plant pan-allergen families).

Marker of genuine (species-specific) sensitization
Particular allergen molecules (often major allergens) can serve as mark-
ers for a primary, “genuine,” family- or species-specific sensitization. 
They provide improved analytical specificity compared with allergen 
extracts (particularly in affected subjects with potential cross-reactions) 
(e.g., marker allergens Ves v 1 and Ves v 5 from yellow jacket venom and 
marker allergens Api m 1, Api m 3, Api m 10 from honey bee venom vs hy-
menoptera whole venom preparations from the corresponding species). The 
above rationale is primarily based on the status of sensitization (pres-
ence or absence of IgE antibody) and not on the clinical manifestations 
of the subjects. Examples are given in more detail below.

2b Limitations in improving predictions on clinical outcome from 
(isolated) molecule-based sensitization test results
In contrast to parameters that describe the analytical assay per-
formance (analytical sensitivity, analytical specificity, see above), 
clinical diagnostic criteria are required when it comes to making pre-
dictions on the clinical outcome. General clinical diagnostic criteria 
in the field of (molecular) allergology include:

	 I	 diagnostic sensitivity (proportion of positive IgE antibody tests 
in patients with allergic symptoms/disease).

	II	 diagnostic specificity (proportion of negative IgE antibody tests in 
asymptomatic/healthy individuals).

	III	 indicator of clinical cross-reactivity (allergic symptoms to aller-
genic sources that did not elicit the primary sensitization).

	IV	 prediction of clinical reactions (positive predictive value, PPV, neg-
ative predictive value, NPV, thresholds, likelihood ratio etc.).

All of the above criteria require a thorough individual inter-
pretation of each test result based on the previous history and if 

needed additional proof of reproducible and objective symptoms 
in the affected allergic subject upon exposure (i.e., challenge test). 
Subsequently, these clinical criteria will go beyond the essential 
(“raw“) assay result of an allergen-specific IgE test (IgE sensitization 
in question: yes or no). In general, clinical diagnostic criteria are:

•	 less suitable and sometimes misleading for a proper assay evalua-
tion of sensitization tests

•	 largely not needed to demonstrate the advantage of single aller-
genic molecules in IgE assays and

•	 often burdened with unsatisfactory study results due to the per 
se limited and imperfect prediction of clinical outcomes (clinical 
reactivity) by sensitization tests.

In conclusion, the above listed advantages of molecular allergy 
diagnostics mostly refer to an improved detection and discrimination 
of allergic sensitization. Molecular allergy diagnostics, however, have 
clear limitations for improving predictions of the clinical outcome. 
After all, the detection of sIgE is primarily an indicator of “sensitiza-
tion” and—despite various attempts to integrate clinical data and re-
sults of challenge tests—not a decisive predictor of clinical reactivity.

3 – From symptoms to molecules: the “top-down 
approach”

Based on the experience that detection of allergen-specific IgE does 
not equal clinical relevance, current guidelines on allergy diagnostics 
recommend that the diagnostic workup should be primarily guided 
by the clinical symptoms. Random screening for IgE sensitization is 
discouraged since the number of positive IgE results to a certain al-
lergen source usually exceeds by far the number of clinically relevant 
allergies.78 This “top-down” approach—from the symptoms to the al-
lergen source also applies to molecular allergy diagnostics and can 
be defined as follows:

Definition: Diagnostic work-up from symptoms to molecules 
(“top-down approach,” Figure 2) aims for more detailed characteriza-
tion of the IgE repertoire unfolding important molecular IgE sensitiza-
tions that provide information beyond the extract-based test results.

In practice, taking the case history and performing a symptom 
guided diagnostic work-up with extract-based SPT and/or IgE test-
ing usually allows the identification (or exclusion) of IgE sensitiza-
tions to potentially involved allergen sources (Figure  1). Here two 
main scenarios are usually encountered:

A	 Limited numbers of positive extract-based sensitization test results
	 In case of rather restricted IgE antibody responses with only few 

positive results to inhalants like tree or grass or weed pollen, cer-
tain molds, one or two furry animals, only a single insect venom 
(bee or wasp venom) or only selected food items, the analytical 
specificity of an extract-based sensitization test might be suffi-
cient to identify the underlying allergen source. No further testing 
would be required, if the extract-based sensitization test permits 
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a proper and specific diagnostic work-up. The exceptions are po-
tentially false negative sensitization tests in case of underrepre-
sented or unstable single allergens.

B	 Broad panel of positive extract-based sensitization test results
	 More frequently we encounter the scenario in which rather broad 
IgE antibody responses occur with many positive results to ex-
tracts from inhalants or reported symptoms to many (plant) foods. 
This indicates possible cross-reactivities and a lack of analytical 
specificity of the extract-based test approach.

	 In this setting, further work-up (“top-down approach,” Figure 2) 
with allergen molecules may allow a more detailed and meaning-
ful characterization of the IgE repertoire, identifying important 
molecular IgE sensitizations. Examples of situations in which mo-
lecular allergy diagnostics provide additional information beyond 
the extract-based tests are listed below:

3.1 Examples of situations for further molecular diagnostic 
work-up

3.1.a. Allergen source with potentially competing clinically rele-
vant allergen sources

•	 Multiple sensitizations to (nonrelated) pollen species (i.e., from 
trees, grasses, weeds) with overlapping seasons

Examples: pollinating plants (trees, grasses, weeds) with overlapping 
seasons. Here the use of marker allergens and pan allergens allows dis-
crimination between genuine sensitization and cross-reactivity.

•	 Symptoms to multiple (nonrelated) plant foods due to potential 
cross-reactivity.

Examples:
a.	 apples, hazelnuts, cherries, plums, peaches, carrots, soy (suggesting 

Bet v 1-cluster, predominantly in the northern hemisphere with birch 
trees)

b.	 melon, banana, apples, nuts, peanut, citrus and others (suggesting 
profilin-cluster, often due to high regional grass pollen exposure)

c.	 peach, apple, lettuce, green been, tree nuts, peanut and others (sug-
gesting LTP-cluster, mainly in the Mediterranean region).

-  Multiple sensitizations to furry animals (with potential clin-
ical consequences) Examples: i.e., cats, dogs, horses, small furry ani-
mals (suggesting serum albumin or certain lipocalins as cross-reacting 
allergens).

3.1.b. Allergen source with a variety of different single allergens, 
either resembling cross-reactive or genuine molecules.

•	 Anaphylactic Hymenoptera sting reaction and sensitization to 
both honey bee and yellow jacket venom.

•	 Both allergen sources contain potentially cross-reactive aller-
gens such as Api m 2, Ves v 2 (hyaluronidases), Api m 5, Ves v 
3 (dipeptidyl peptidases), Api m 12, Ves v 6 (vitellogenins), and 
marker allergens that are specific for honey bee venom (Api m 
1, Api m 3, Api m 4, Api m 10) or yellow jacket venom (Ves v 1, 
Ves v 5). Use of marker allergens allows discrimination between 
genuine sensitization and cross-reactivity and may be import-
ant to prevent potential adverse reactions from immunother-
apy or predict lack of allergen immunotherapy (AIT) efficacy

•	 Variable symptoms to certain plant foods
•	 Examples: fruits, vegetable
•	 Severe reactions to plant foods Examples: peanut, soy, tree nuts, 

seeds.

3.1.c. Immunotherapy prescription?
In the case of specific immunotherapy prescription it may also 

be relevant to assess if the sensitization to the allergenic source is 
mostly at the expense of the major allergen quantified and standard-
ized in the commercial extract.

3.2. Criteria for selecting appropriate molecules (from an aller-
gen source) (Figure  5). The general reasons given in section 2.a 
provide criteria to select certain molecules for further diagnostic 
work-up:

Bold letters indicate availability as reagents mainly non-USA, (e.g., 
Europe, Japan); regular letters: not (yet) available as reagents (see also 
section 2.a for explanations).

Molecules of low abundance and/or weak stability
Examples: use major birch pollen allergen Bet v 1 as a representative 
to demonstrate potential cross-reactivities to low abundant, labile Bet v 
1-homologues, i.e., Cor a 1.04 (hazelnut), Act d 8 (kiwi), Pru p 1 (peach), 
Gly m 4 (soy), and others. Other examples of presently not well repre-
sented allergens are the peanut allergens Ara h 10, Ara h 11, Ara h 14, 
Ara h 15 (oleosins), the wheat allergen Tri a 19 (omega-5-gliadin), and 
natural rubber latex allergen (Hev b 5 (acidic structural protein).

Risk- or severity-associated molecules
Examples: 2S albumins, i.e., Ara h 2, Ara h 6/7 (peanut), Cor a 14 (hazel-
nut), Gly m 8 (soy), other seed storage proteins Ara h 1, Ara h 3, Cor a 9, 
Cor a 11, Gly m 5, Gly m 6, nsLTP, i.e., Pru p 3 (representative LTP marker 
allergen in peach, Mediterranean), Cor a 8 (hazelnut, Mediterranean), 
Ara h 9 (peanut, Mediterranean), other examples: alpha-Gal (delayed 
type red meat allergy).

Indicators of cross-reactivity
Examples: Fel d 2, Can f 3, Equ c 3 (serum albumins); Bet v 1, Act d 8, Ara 
h 8, Pru p 1, (Bet v 1-homologues); Amb a 8, Ara h 5, Art v 4, Bet v 2, Ole 
e 2*, Phl p 12, Pru p 4 (profilins, pan-allergen in pollen and plant foods); 
Amb a 10, Art v 5, Bet v 4, Ole e 3, Phl p 7 (polcalcins, pan-allergen in 
pollen); CCD (cross-reactive carbohydrate determinants)
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Markers of genuine (species-specific) sensitization
Examples: Fel d 1 (cat), Api m 1, Api m 3, Api m 4, Api m 10 (honey bee 
venom), Ves v 1, Ves v 5 (Vespula species), Bet v 1 (fagales), Ole e 1 (olive 
tree, plantane), Phl p 1, Phl p 5 (grass) Art v 1 (mugwort), Amb a 1 (rag-
weed), Par j 2 (pellitory).

In summary, after taking the history and performing extract-
based sensitization tests a diagnostic work-up including specific 
IgE to allergenic molecules is useful to increase assay sensitivity for 
single allergens of low abundance (in extracts) or weak stability. An 
increased analytical specificity will help to identify risk- or severity-
associated allergens, indicators for cross-reactivity and marker aller-
gens of genuine (primary) sensitization.

Interpretation is an integral part of each sensitization test: 
Positive results are only clinically relevant in case of corresponding 
symptoms; negative results can ideally rule out an allergic sensitiza-
tion and subsequent clinical reaction to the tested allergen.

4 – From molecules to symptoms: the “bottom-up 
approach”

Instead of performing symptom-oriented focused molecular al-
lergy diagnostics (“top-down approach,” see above), one can simply 
turn this approach around and start from the bottom, i.e., with the 
molecules.79 In an ideal scenario, diagnostic tools would allow us to 
characterize the entire IgE repertoire to all potential allergens that 

a patient has been exposed to. It would then be conceivable that 
we first analyze the entire IgE repertoire and then start talking to 
the patient to find out which of the detected IgE sensitizations are 
clinically relevant. This would be a “broad bottom-up approach,” 
i.e., turning the diagnostic pyramid upside down. However, a num-
ber of reasons suggest that in real life this is not appropriate: (a) We 
are far from being able to characterize the entire IgE repertoire, 
i.e., the individual IgE response to the entire allergome—currently 
only approx. 200 of the 3000 known allergens are available for 
diagnostic purposes. (b) An entire IgE repertoire characterization 
would be exceedingly expensive and yield enormous amounts of 
information that require processing and interpretation. (c) At pre-
sent molecular allergy research attempts and multiplex technolo-
gies still depend on the availability of allergens for diagnosis. Many 
research projects have so far focused on certain molecules, i.e., 
Bet v 1-homologous proteins in various sources, leading to a broad 
spectrum of available proteins. However, this does not mean that 
this group is more relevant than other allergens to which less at-
tention was paid in the past or which are more difficult to be pro-
duced as recombinant allergens. (d) Finally, the number of positive 
IgE results to a certain allergen source usually exceeds by far the 
number of clinically relevant allergies. Screening the IgE response 
to the entire allergome thus would most likely result in generation 
of large proportions of positive test results that have no clinical 
relevance (as it would be the case of performing extensive extract-
based skin prick tests without the guidance of a previous thorough 
clinical history).

F I G U R E  4 Diagnostic work-up with broad (multiplex) molecular-based IgE testing: In complex cases and/or inconclusive diagnostic 
outcomes after previous testing (A) a panel of molecular allergens might be applied for subsequent (multiplex) IgE testing (B2). After final 
interpretation (B3) with an optional challenge (C) this approach, coined “bottom-up,” might facilitate improved decisions on therapeutic 
consequences. 
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In conclusion, screening of IgE sensitization profiles to large 
panels of allergens irrespective of the clinical history (“broad 
bottom-up approach”) is of limited value for the management of 
the allergy patient. However, there are a number of situations, in 
which a “targeted bottom-up approach,” i.e., using molecular in-
formation and asking for corresponding symptoms can be helpful 
for patient management and consultation in clinical practice as 
outlined below:

Definition: Diagnostic work-up from (cross-reactive) molecules 
to clinical implications (“targeted bottom-up approach” Figure  4) 
aims for more detailed characterization of the IgE-repertoire or 
clinical reaction pattern unfolding important hints from a panel of 
potential molecular IgE-mediated cross-reactions. This diagnostic 
algorithm “targeted bottom-up approach” (Figure 4) is designated 
for molecular work-up in case of positive IgE to a certain, poten-
tially clinically relevant cross-reactive molecule (protein family). 
The finding might explain broad cross-reactivities to other aller-
gen sources if the candidate belongs to a protein family with many 
members of similar structure and a high degree of cross-reactive 
IgE recognition.

In clinical practice, the diagnostic work up in such cases (IgE 
to potentially clinically relevant cross-reactive molecules) can be 
based purely on clinical assessment to determine the relevance of 
potential symptom driving cross-reactivities, extending the clinical 
history or applying optional challenge tests with the allergen source 
in question.

Alternatively, or in addition, molecular IgE serology using the 
“targeted bottom up approach” i.e., screening for sIgE to corre-
sponding cross-reactive allergens, may provide useful information 
on the presence or absence of cross-sensitizations.

The decision on which allergenic molecules have to be tested 
in this context should be based on the known degree of cross-
reactivity. Here, two different patterns emerge:

1. Protein families with highly cross-reactive allergens do not re-
quire further IgE testing, but thorough clinical work-up to identify 
relevant clinical cross-reactions.

•	 A single IgE test is sufficient to demonstrate cross-reactivity to a 
prominent (most IgE-binding) member of an allergen family with 
broad cross-reactivity.

•	 Additional tests would only demonstrate more cross-reactions 
(Figure 5B,C) without addressing the clinical consequences (i.e., 
symptoms, clinical reactions).

•	 Subsequently, detailed clinical work-up is required to clarify po-
tential clinically relevant cross-reactivities.

Reasoning: Further IgE tests would potentially create many 
(more) positive results with questionable clinical relevance. 
Therefore, the physician should sort out potential clinically relevant 
cross-reactions to related allergen sources in question containing a 
cross-reactive member of the same allergen family. In conclusion, it 

is commonly sufficient to test only one member of a highly cross-
reactive allergen family

Examples: Bet v 1 and its homologues, profilins, polcalcins (Ca++-
binding proteins), serum albumins, grass pollen major group 1 and 5 al-
lergens, parvalbumins, tropomyosins.

2. Protein families with allergens of limited cross-reactivity are 
an option for further IgE testing, if an IgE test to a member of the 
same allergen family has been positive. In general, the highest IgE 
concentration to a member of the same family might indicate the 
primary sensitizer (Figure  5A). A negative result would generally 
exclude an IgE sensitization and make subsequent clinical reactions 
highly unlikely. However, in the case of a positive IgE result, only a 
thorough clinical work-up would be able to clarify potential clinically 
relevant cross-reactivities and subsequent reactions. If the case 

F I G U R E  5 Allergen-specific IgE concentrations to various 
allergen molecules depending on structural similarity within one 
allergen family. A. Variable, limited cross-reactions (illustrated 
by circles with limited overlap) between different 2S-albumins 
(stabile seed storage proteins in nuts, legumes and seeds) and 
corresponding IgE values (bars of various sizes) B. Cross-reactions 
of moderately limited variability (illustrated by circles with 
moderately limited overlap) between different Bet v 1-homologous 
food allergens C. High degree of cross-reactivity (illustrated by 
largely overlapping circles) between highly conserved, similar 
structures and epitopes of profilins (in pollen, foods and natural 
rubber latex) with corresponding IgE concentrations (bars of almost 
identical size).
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history is not informative, a challenge test with the allergen source 
in question has to be applied to ultimately address the question of 
potential clinical relevance.

Reasoning: In case of allergens of limited cross-reactivity (see 
Figure 5A) an appropriate panel of related allergens (from the same 
protein family) could be used to demonstrate or exclude subse-
quent (serological) cross-reactivities. Therefore, additional IgE 
testing with related allergen molecules of the same family might 
establish a hierarchy of allergen-specific IgE values (Figure  5): 
Ideally the one with the highest IgE antibody level will represent 
the primary sensitizer. A negative result could exclude serological 
(and subsequently clinical) cross-reactivity. A positive result, how-
ever, would indicate serological cross-reactivity, which should be 
addressed with the patient according to her/his individual symp-
toms. Only in the case of corresponding symptoms, sometimes 
backed by an oral challenge, these cross-reactivities have to be 
considered in terms of present clinical relevance.

Examples: Seed storage proteins like 2S-albumins, 7S-globulins (vici-
lins), 11S-globulins (legumins); lipocalin subfamilies, nsLTPs

In conclusion, dissecting the relevance of a panel of related, 
cross-reactive allergens can be obtained by (a) a purely clinical 
work-up and/or (b) a further introduction of related, cross-reactive 
molecules. In case of negative IgE tests, serological and clinical 
cross-reactions can be ruled out with certainty. Positive IgE results 
would confirm serological cross-reactivity, the clinical relevance 
that needs to be addressed with the patient according to her/his 

individual symptoms. This approach is only recommended for pro-
tein families with a low or limited degree of cross-reactivity (i.e., 
seed storage proteins, nsLTP), where the individual's IgE repertoire 
is highly variable and its binding to related molecules cannot be 
predicted.

5 – “U-shaped” molecular diagnostics in IgE-
mediated diseases

Definition: A previous diagnostic work-up from symptoms to mol-
ecules (“top-down approach,” (Figure 2)) is combined with a subse-
quent diagnostic sequence from molecules to clinical implications 
(“targeted bottom-up approach,” (Figure 4)), coined “U-shaped mo-
lecular diagnosis” (Figure  6), dissecting the relevance of potential 
molecular IgE-mediated cross-reactions.

Satisfactory diagnostic conclusions after applying selected mol-
ecules (top-down approach) for IgE testing would result in appropri-
ate advice to the patient without the need of further work-up (i.e., 
bottom-up approach).

However, if open questions remain, regarding the implications 
of potentially cross-reactive allergens after identification of one key 
allergen, the U-shaped molecular diagnosis (Figure  6) might help 
to solve the diagnostic problem. Subsequently, criteria for further 
molecular work-up after a previous “top-down approach” with the 
“bottom-up approach” have to be applied on an individual basis de-
pending on the diagnostic outcome after the initial diagnostic steps.

F I G U R E  6 Combined diagnostic work-up with “top-down” and “bottom-up” approach. The diagnostic flow chart starts with the history, 
extract diagnostics, molecular diagnostics and subsequent application of extended molecular panels for further differentiation of the 
allergen-specific IgE repertoire. The approach, coined “U-shape,” has been proposed for complex cases. 
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The question remains if singleplex or multiplex testing should be 
applied:

•	 if possibly a large number of allergens from one family is involved, 
multiplex testing might carry some advantages.

•	 singleplex testing, however, offers an enhanced assay sensitivity, 
allowing the ultimate exclusion of IgE-mediated sensitization to 
the allergen in question if the allergen-specific IgE does not ex-
ceed the cut-off of 0.1 kU/l.

•	 therefore, the decision of singleplex or multiplex testing should 
consider the number of allergens to be tested and the preferred 
test sensitivity (very low or not as low).

Examples: seed storage proteins like 2S-albumins, 7S-globulins (vi-
cilins), 11S-globulins (legumins). Note of caution: The number of storage 
proteins of different nuts, legumes and seeds that are available for diag-
nostics is still limited. This does not allow one to check for the presence of 
allergen-specific IgE to a full panel of these stable and risk-associated al-
lergens. Therefore, allergen extracts are still needed, to indirectly get infor-
mation on the potential relevance of the risk-associated storage proteins.

In conclusion, certain scenarios require a complete molecular di-
agnostic work-up after taking the history and performing focused 
extract- and molecule-based sensitization tests. This approach ex-
plores the degree and potential clinical relevance of further cross-
reactivities to related molecules of a protein family. Singleplex assays 
would guarantee maximum assay sensitivity; multiplex assays would 
rather provide a broad panel of related, cross-reactive molecules for 
further definition of the IgE repertoire. The clinical relevance must 
be determined by the physician and not by the test, based on pa-
tient's history and outcome of challenge tests if needed.

6 – Molecular IgE sensitization profiles as biomarkers

Biomarkers are usually molecules that indicate physiological or path-
ologic phenomena. They reflect an objectively quantifiable measure 
of disease expression, severity and/or response to therapy. They 
can be beneficial in many different settings, especially in diagnostic 
processes and disease staging, identifying patients who will benefit 
from the treatment, monitoring disease trends, treatment efficacy 
and its side effects, predicting long-lasting protection, and thus im-
proving acceptance and compliance. Along these lines, detection 
of molecular IgE sensitization profiles may function as biomarker in 
several settings as outlined below.

6.1 Sensitization to species-specific and cross-reactive molecules 
as diagnostic biomarkers
Grass pollen allergy represents a typical example for the use of 
allergen-specific IgE profiles as a biomarker, not only for an etiologi-
cal confirmation of the presumptive diagnosis but also for the subse-
quent prescription of AIT. Patients with symptoms of allergic rhinitis 
during the grass pollen season and a positive SPT/IgE response to 

grass pollen extracts are further investigated in order to detect 
serum IgE antibodies to Phl p 1, Phl p 2, Phl p 5, Phl p 7, Phl p 11, 
and Phl p 12. The identification of IgE antibodies towards one or 
more of the molecules Phl p 1, Phl p 2, Phl p 5, and/or Phl p 11 is 
then followed by the prescription of grass pollen-AIT. The presence 
of IgE to Phl p 12 (profilin), however, is followed by an investigation 
of a potential Oral Allergy Syndrome (OAS) including SPT/IgE as-
says with other pollen, fruit, or vegetable extracts. Furthermore, the 
identification of IgE to Phl p 7 may be indicative and alerts the doc-
tor of a greater severity of disease including a higher risk of asthma 
(21). In addition, the presence of IgE to pan allergens such as Phl p 
12 (profilin) and/or Phl p 7 (polcalcin) may provide an explanation 
for broad sensitization profiles obtained by extract-based skin test 
or sIgE testing.

Hymenoptera venom allergy is another excellent example in 
which sIgE to individual allergens serve as biomarker for genuine 
honey bee (Api m 1, Api m 3, Api m 4, Api m 10) or yellow jacket sen-
sitization (Ves v 1, Ves v 5), while IgE to homologous allergens (such 
as the hyaluronidases Api m 2 and Ves v 2; the dipeptidyl peptidase 
IV Api m 5 and Ves v 3 and the vitellogenins Api m 12 and Ves v 6) 
indicate positive extract-based test results based on cross-reactivity 
(see chapters B20 and B21).

6.2 The impact of molecular assays on doctors' decisions
Providing a clear distinction between co-sensitization and cross-
sensitization is an explicit advantage of CRD in allergology.80,81 A 
study with 651 Italian children suffering from moderate-to-severe 
pollen-related allergic rhinitis showed interesting results. No IgE 
to the respective major allergens was detected in significant pro-
portions of patients with supposed clinically relevant sensitiza-
tion (based on SPT) to mugwort (69%), Betulaceae (60%), pellitory 
(30%), olive (28%), cypress (15%), and grass (10%). IgE to profilins, 
polcalcins, or both could justify 37% of these SPT reactions. The 
SPT-based decision of prescribing specific immunotherapy and/or 
its composition was adapted in 277 (42%) or 315 (48%) of children 
according to the82 European or American approach, respectively, 
when taking into account the CRD results. This study reiterates the 
high and valuable role of CRD on the prescription and composition 
of AIT, particularly in geographical regions where polysensitization 
to airborne allergens is frequently observed. Another study, com-
prising 1263 Spanish patients and their sensitization patterns to the 
allergen molecules of grass and olive pollen had an analogous out-
come. The entire study population had seasonal allergic rhinitis, with 
positive SPT results to grass and olive pollens. Of these patients, 
922 (73%) would have been prescribed AIT with both grass and olive 
pollen, if following the traditional diagnostic approach. Incidentally, 
the AIT composition was modified for 56.8% of the patients after 
considering additional IgE results obtained by CRD.83

6.3 Molecular IgE sensitization profiles as biomarkers predicting 
efficacy and safety
The heterogeneity of molecular sensitization profiles—A cross-
sectional study with 176 Italian grass pollen allergic children 
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illustrated the vast amount of additional information that can be 
obtained with molecular diagnostic tests when compared to extract-
based ones. All patients presented similar profiles when testing 
them for the allergenic extract of Timothy grass with conventional 
ELISA. They were all positive for Timothy grass, with the concen-
tration ranging in amplitude. This homogeneity disappeared upon 
using a molecular assay, which uncovered a noteworthy diversity 
of responses. Overall, 39 different IgE sensitization profiles to grass 
pollen molecules were detected.84 In another cross-sectional study, 
82 different profiles were found among 1120 children. Both studies 
included monosensitized patients (in most cases to Phl p 1), as well 
as those sensitized to 5 of the examined 8 allergenic molecules. A 
correlation between the clinical phenotype and molecular sensitiza-
tion profiles was observed. Specifically, Phl p 7 served as a reliable 
biomarker for asthma and possibly increased severity of seasonal al-
lergic rhinitis, while Phl p 12 served as a biomarker of oral allergy 
syndrome (OAS).85 In Germany, IgE results to Phleum pratense mol-
ecules were compared with nasal and conjunctival provocation tests 
in 101 adult patients with pollinosis. A significant heterogeneity of 
sensitization profiles, as well as a positive correlation between the 
number of recognized molecules and the likelihood of a positive 
provocation test result was observed. Interestingly, no match was 
observed between these IgE profiles and the composition of a previ-
ously published component-resolved specific AIT-containing Phl p 
1, Phl p 2, Phl p 5a/b, and Phl p 6.86 In a similar fashion, the indi-
vidual sensitization profiles of 119 house dust mite allergic patients 
at 20 years of age from the German Multicenter Allergy Study cohort 
were extremely heterogenous. Of these, 27 subjects had a monomo-
lecular profile, 50 subjects had an oligomolecular profile (responding 
to 2 to 4 molecules), and 42 subjects had positive IgE to ≥5 of the 12 
tested molecules.28 A similar picture emerged, when individual mo-
lecular sensitization profiles of 144 patients with honey bee venom 
allergy were analyzed. The characterization of IgE reactivity to Api 
m 1, Api m 2, Api m 3, Api m 4, Api m 5 and Api m 10 demonstrated 
39 of 64 possible sensitization profiles, the ten most frequent pro-
files covering two thirds of the study population.87 The heterogene-
ity of the AIT preparations—The standardization of allergic extracts 
requires consistent composition combined with stable potency re-
lated to clinical efficacy. Nevertheless, the Monograph on Allergen 
Products, a European regulation, allows a wide range of variation. 
Through measurement by IgE inhibition tests, it was uncovered that 
the percentage of individual allergenic molecules within an extract 
varies from 50% to 200%. A fairly simple allergen extract composed 
of only 3 major allergenic proteins, can therefore originate differ-
ent batches with different allergen loads that range between very 
low and very high, including all intermediate possibilities. As an af-
termath of these regulations, different manufacturers may provide 
allergen extracts of the same allergen source that differ greatly in 
their molecular composition and potency. The use of molecular as-
says that allow the comparative analysis of single allergens hetero-
geneity of AIT preparation has conclusively been demonstrated for 
a number of different allergen sources including birch and grass pol-
len, house dust mite, and insect venom preparations.88–90 Given this 
lack of standardization, occurrence of divergent SPT wheal reactions 

for the same allergen species in the same patient elicited by different 
allergen extracts are not surprising.89,91 As for the in vitro settings, 
differences in IgE test results to extracts of the same allergen source 
may similarly be attributed to the composition of the extract.92

Molecular sensitization profiles as biomarkers predicting AIT 
efficacy and safety—The use of allergenic molecules in various clin-
ical studies aimed at monitoring changes in the specific antibody 
repertoire of patients receiving AIT has shown good outcomes.93,94 
For instance, IgE sensitization profile before the start of AIT was 
proven to directly impact the efficacy of SLIT in patients with mite 
allergy. No efficacy of a house dust mite (HDM)-SLIT was observed 
among the total HDM-allergic population, including all IgE variabil-
ities. Interestingly, a positive outcome is seen when analyzing only 
patients with IgE to Der p 1 or Der p 2. These results lead to be-
lieve that patients with stronger molecular spreading have a lower 
efficacy of AIT.84,95 However, specific studies designed to address 
the efficacy of molecular diagnosis driven AIT need to be performed 
since to date only post-hoc analysis have been performed with non-
uniform results. While the results of Chen KW et al. suggest that 
the use of molecular assays is a promising approach for predicting 
and monitoring AIT efficacy, Arroabarren et al.96 could not find a 
significant association between AIT efficacy and the HDM sensiti-
zation profile. A recent study on 24 HDM allergic patients who had 
received 1 year of treatment with Alutard SQ 510 concluded that the 
stratification of patients with HDM allergy according to molecular 
sensitization profiles and molecular monitoring of AIT-induced IgG 
responses may enhance the success of AIT.97

The potential use of molecular sensitization profiles as biomark-
ers predicting AIT efficacy and safety has also been suggested in 
the field of Hymenoptera venom allergy. In patients with honey 
bee venom allergy sensitization to Api m 4 has been reported to 
be associated with an increased risk of systemic side effects during 
the induction phase of venom IT.98 Furthermore, dominant IgE 
sensitization to the low abundance allergen Api m 10, which has 
been reported to be absent or underrepresented in certain venom 
preparations,99,100 has been associated with an increased risk of 
treatment failure in honey bee venom AIT.101 These recent studies 
emphasizes that the use of molecular assays for the prediction and 
monitoring of AIT efficacy is a promising approach. However, more 
investigations in particular prospective studies are needed to con-
firm molecular IgE sensitization profiles as a predictive biomarker 
of efficacy.

7 – Allergenic molecules sorted by allergen 
sources and their relevance for clinical diagnostics

The use of molecular allergy diagnostics can only be successfully 
implemented in our daily routine when we have all the available 
information on the clinical relevance of each and every allergen at 
our fingertips. In an attempt to provide information on the clinically 
most relevant allergens, the authors of MAUG 2.0 provide a compre-
hensive list of allergenic molecules at the end of the e-book version 
at www.eaaci.org
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A04 – Singleplex and mult iplex 
Immunoassays

Robert G. Hamilton, Jörg Kleine-Tebbe

Highlights

•	 IgE antibody tests are run as singleplex (one), multi-allergen 
(<100) and multiplex (>100 allergen specificities) assays, all with 
particular design and performance features

•	 Allergen extracts remain the principal reagents for IgE assays; 
allergenic molecules supplement labile or missing allergens in ex-
tracts or are analyzed individually

•	 Allergenic molecules enhance the IgE assay's analytical sensitiv-
ity, and improve its analytical specificity by separating serological 
cross-reactivity from (genuine) sensitization to an allergen source.

•	 The relevance of positive allergen-specific IgE responses to ex-
tracts or molecules can only be determined by the physician 
based on the clinical context and not by the test itself.

1 – Introduction

The serological measurement of allergen-specific IgE antibodies pro-
vides the clinician with a measure of a patient's allergic sensitization 
profile. Two fundamental types of serological IgE antibody assays 
are performed in the clinical immunology laboratory. “Singleplex“ or 
“monoplex” assays refer to laboratory methods in which one analyte 
is measured per analysis. “Multiplex” assays permit more than one 
analyte to be detected and quantified in a single assay analysis.102 

This report examines the technology, performance, and application 
of singleplex and multiplex IgE antibody assays that utilize allergen 
extracts, allergenic molecules (components) and select epitopes on 
allergenic molecules in the diagnosis and subsequent management 
of human allergic disease.

ImmunoChemistry Design Considerations
Two fundamental immunoassay chemistries that have been re-

ferred to as “classical” or “reverse” assay formats have been used to 
detect IgE antibody (Table  1). The noncompetitive, heterogeneous 
(separation of free and bound), immunometric (labeled antibody) im-
munoassay103 that employs allergen immobilized on a solid phase “al-
lergosorbent” to bind specific antibodies of all isotypes from serum is 
the design that has endured in both singleplex and multiplex assays that 
are used in clinical laboratories (Figure 7). Following a buffer wash to 
separate free and bound human antibody, radionuclide-, enzyme- or 
fluorescence-labeled anti-human IgE is added to detect IgE antibod-
ies that have bound to immobilized allergen. The magnitude of the 
response (counts per minute-radioactivity, optical density, chemilumi-
nescence, or fluorescence) after the final buffer wash is proportional to 
the quantity of allergen-specific IgE antibody in the original test serum.

2 – Reverse IgE format: basis of certain 
singleplex assays

A reverse or capture anti-IgE assay design uses a second 
step liquid-phase allergen to detect allergen-specific IgE antibody. In 
this assay (Figure 7 – bottom right panel), all IgE (in theory) is initially 
captured from serum by a paramagnetic particle solid-phase anti-IgE 

TA B L E  1 Different formats and features of allergen-specific IgE-assays. “Classical” IgE assay format: Basis of most current singleplex and 
multiplex assays

Immobilized Anti-IgE ideally binds entire (total) IgE in the 

reaction vessel  

immunoglobulins other than IgE, (i.e. IgG)  

large amounts of anti-IgE are needed for sera with high total 

IgE levels   biased results (lower values) in samples with a low 

less useful due to the need of multiple labeled allergens (to be 

put into one reaction vessel)  

Ricci et al. 104; Petersen et al.105  

bind immobilized allergen reagent  

other than IgE, (i.e. IgG antibody after subcutaneous 

immunotherapy or natural exposure)  

micronization of binding chemistry and limited amounts of 

allergen reagents required  

Ekins103  

1st assay step  

2nd assay step 

Advantages (pro)  

Limitations (con)  

Potential use in multiplex 

assay formats  

References  

“reverse” IgE assay format“classical” IgE assay format

106  
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in molar excess to the amount of IgE in most test sera. Following 
the capture of human IgE, allergen-specific IgE antibody is detected 
with limited quantities of labeled allergen. The reverse phase assay 
format has been used for IgE antibody quantitation in the ADVIA 
Centaur.104,105 The principal advantage of the reverse phase assay 
over the classical allergosorbent-based singleplex assay is its ten-
dency to measure principally high affinity IgE antibody that is as-
sumed to be “more” clinically relevant (Table 1). By contrast, assays 
that use molar excess amounts of allergen that have been immobi-
lized on an allergosorbent tend to more broadly detect both low- and 
high-affinity IgE antibody. The reverse assay format also addresses 
the concern of competitive inhibition caused by allergen-specific an-
tibodies of non-IgE isotypes origin such as IgG anti-allergen that can 
achieve microgram per ml levels in sera from individuals receiving 
immunotherapy. The reverse assay format is, however, less amena-
ble to use in multiplex assays where multiple labeled allergens would 
have to be added to the same reaction vessel. It suffers from a re-
quirement for large amounts of anti-IgE capture antibody to insure 
the binding of all IgE molecules from the test serum. The reverse 
assay design can also show a major bias because its performance de-
pends on the fraction of the total IgE that is specific for the allergen 

of interest. These assay design constraints have resulted in the dis-
appearance of the reverse assay format from use in clinical laborato-
ries in the USA and elsewhere.

3 – Heterologous calibration based on total IgE for 
singleplex allergen-specific IgE systems

Consensus has been established that a single generic total serum 
IgE calibration system is the only workable calibration strategy for 
use in clinical IgE antibody assays.102 It allows interpolation of IgE 
antibody results from any of the hundreds of allergen specificities as 
long as the total serum IgE and allergen-specific IgE portions of the 
assay dilute out in parallel with each other. The total serum IgE “het-
erologous” calibration system that is used in all regulatory cleared 
singleplex assays is traceable to the World Health Organization's re-
cently depleted 75/502 and currently used third 11/234 human IgE 
Reference Preparations.106 This calibration system allows interpola-
tion of IgE antibody results from a limit of quantitation of 0.1 kU/L 
to 100 kU/L levels of IgE antibody. While rarely performed in clini-
cal testing, serum levels of IgE antibody greater than 100 kU/L can 
be accurately determined by re-analysis of the serum at a dilution 
and subsequent mathematical correction for the dilution factor. The 
alternative to the total serum IgE-based heterologous interpolation 
scheme is the use of individual allergen-specific calibrations, one for 
each allergen specificity. Early attempts involving the use of this ap-
proach exposed its major limitation, which involved a demand for 
liter quantities of IgE-positive sera for each specificity.107 This made 
the multiple specific IgE antibody calibration strategy impractical, 
especially since there are no internationally recognized polyclonal 
human IgE antibody reference preparations.

4 – Multi-allergen versus multiplex assays

A true multiplex antibody assay allows many specificities of a sin-
gle antibody isotype (e.g., IgE) to be individually detected and 
semi-quantified in a single analysis.102 This assay design can be dis-
tinguished from a “multi-allergen” screening assay in which many 
allergen specificities from a common group (aeroallergens or food 
allergens) are mixed and immobilized together as extracts or compo-
nents on a single solid phase. This multi-allergen reagent is typically 
used in a singleplex assay format to simultaneously detect specific 
IgE to multiple antibody specificities in a single reaction. A single 
qualitative (positive or negative) result is generated for each speci-
men based on a positive/negative cutpoint. However, the actual al-
lergen specificities that produce a positive IgE antibody response 
in the multi-allergen screen cannot be definitively identified by 
the requesting physician without further analysis using additional 
singleplex assay analyses, one for each of the individual allergen 
specificities on the multi-allergosorbent. One widely used multi-
aeroallergen screening assay measures IgE antibody to 10 or more 
aeroallergen extracts.108 The allergen specificities immobilized on 

F I G U R E  7 Top panel: General principle of “classical” solid phase 
IgE assay formats for total and allergen-specific IgE quantification; 
Bottom panel: General principle of the fluid phase “classical” (left) 
and “reverse” IgE assay format (right) for allergen-specific IgE 
quantification
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a single solid phase are carefully selected because they are known 
to be unique or cross-reactive with the major specificities that in-
duce the majority of aeroallergen-related allergic symptoms. Due to 
its high negative predictive value, this particular multi-aeroallergen 
assay serves as a cost-effective screen to rule out allergic sensitiza-
tion in an individual with a questionable respiratory allergy history 
and to define the atopic status of individuals enrolling in asthma 
studies.109

5 – Heterogeneity in IgE antibody measurements from 
different assay types and manufacturers

In most multiplex assays, the small quantities of the individual aller-
gens bound to a solid phase contrast with the higher IgE antibody-
binding capacity present on individual hydrophilic polymer and 
bead-based allergosorbents that are used clinically. Law of Mass 
Action constraints cause these assays to detect different distri-
butions of allergen-specific IgE antibody in any given serum. The 
amount of antibody detected in the assay is dependent on multi-
ple factors including the IgE antibody's concentration, affinity, 
epitope specificity, IgE-specific activity (specific to total IgE ratio)110 
and level of non-IgE antibody specific for the allergen.102 The 
more antigen-limiting multiplex allergosorbents tend to bind more 
allergen-specific IgE antibody when it is higher in concentration, has 
a higher affinity, the serum has a higher specific IgE antibody to total 
IgE ratio and a lower concentration of competing allergen-specific 
non-IgE (typically IgG) antibody. These mass action considerations 
have important assay performance consequences, especially when 
analyzing sera with nanogram quantities of IgE antibody that are 
present with high microgram/ml levels of allergen-specific IgG anti-
body.111 Such high IgG anti-allergen levels can result from inadvert-
ent natural exposure to high levels of allergen or hyper-immunization 
through allergen immunotherapy. IgG antibody competes with the 
lower nanogram/ml levels of IgE antibody for limited allergen bind-
ing sites on the multiplex chip allergosorbent.111,112 This constraint 
has been cited as an advantage of the multiplex assay format in that 
its lower level of detected allergen-specific IgE antibody in the pres-
ence of high allergen-specific IgG may more closely reflect the true 
biological consequence of IgG interference with allergen binding to 
IgE attached to effector cells.

6 – Advantages and limitations of multiplex assays

Table 2 summarizes commonly cited performance and assay design 
advantages and limitations of a multiplex assay in comparison with 
the singleplex assay. Multiplex assays are attractive because they 
tend to have a shorter turn-around time for result generation. They 
tend to use less specimen volume by simultaneously testing mul-
tiple IgE antibody specificities in a small surface area on the solid 
phase. Their assay design tends to be simpler, with fewer reagents 
and less technician time that reduces overall costs. Multiplex assays, 

especially in a hand-held cassette format, are attractive for use as 
point of care tests.113,114 These advantages are offset by the multi-
plex assays' potentially higher limit of quantitation, reduced ability 
to provide quantitative levels of antibody for each respective IgE 
specificity, and an increased challenge in optimizing the assay, which 
involves simultaneous quality control of many immobilized allergens. 
There is the potential for greater inter-lot variability as a result of 
the need to balance multiple reagents in different spots on a single 
allergosorbent. The fixed allergen menus of the multiplex assay en-
courages the testing of IgE antibody for unwanted or unnecessary 
specificities. Finally, there can be additional expense associated with 
the need to purchase new equipment to perform a multiplex assay.

7 – Current Assay Technology

Common IgE assay systems based on singleplex technology
Many versions of the “classical” IgE assay format have been 

cleared by governmental regulators over the years. Worldwide, 
three singleplex autoanalyzers that use the “classical” allergosorbent 
design dominate the current clinical laboratory market. These are 
the ImmunoCAP Specific IgE test (Thermo Fisher Scientific/Phadia); 
Immulite (Siemens Healthcare Diagnostics) and the Noveos (Hycor 
Biomedical). In Europe, there are additional assays with the EU mark 
that use a similar assay design but that are not available worldwide 
for use in clinical laboratories. The performance characteristics of 
the three predominant singleplex autoanalyzers have been assessed 
using masked patient specimens and inter-laboratory proficiency 
data. All three singleplex autoanalyzers use an analogous total IgE 
calibration curve. They display good precision, reproducibility and 
they report down to the same 0.1 kU/L limit of quantitation. Multiple 
studies have confirmed, however, that they report different levels 
of IgE antibody for any given specificity, which indicates that they 
detect different distributions of allergen-specific IgE antibody most 
probably due to the use of different allergen-containing reagents 
and possibly a result of slightly different procedures for assay cal-
ibration and data computation.

8 – Introduction of single molecules (components) into 
singleplex and multiplex assays

The single most important scientific advance to impact on the use 
of multiplex assays in the diagnostic allergy laboratory has been the 
identification since 2000 and purification of allergenic components 
from principal aero-, food and venom allergens as discussed exten-
sively throughout this book. Molecular biology techniques have 
been employed to generate recombinant forms of many of the al-
lergens and others are isolated from extracted native sources using 
various purification procedures. Allergen libraries have been created 
as illustrated by the food allergen library from the EuroPrevall pro-
ject that has established rigorous verification and purity require-
ments for allergenic molecules.115 Well-characterized allergenic 
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components from cow's and goat's milk, chicken egg, fish, shrimp, 
hazelnut, peanut, celery and fruits from the Rosaceae family (apple 
and peach) have been produced. Documentation of these allergenic 
components has involved extensive analytical, immunochemical and 
3-dimensional structural analyses.

The availability of unlimited quantities of the molecular allergens 
has allowed multiplex chip microarray based assay methods to be 
used for rapid simultaneous evaluation of human sera for IgE anti-
bodies to multiple allergen specificities. The most important illus-
tration of technology transition from singleplex to multiplex assays 
has involved the chip-based multiplex IgE antibody assay initially re-
ported by Hiller et al.116 The original chip-based microarray utilized 
49 purified allergen molecules, which were covalently immobilized 
in fixed microdot arrays on a preactivated glass slide. IgE antibody 
profiles of allergic individuals were evaluated to disease-causing 

allergens in a single multiplex analysis using 30 microliters of un-
diluted serum. With this report, serious clinical application of both 
allergenic components and multiplex assay methods became avail-
able to evaluate individuals for allergic disease. From this initial 
proof of concept, the repertoire of allergens has increased and the 
assays' lower limit of quantitation and reproducibility have contin-
ued to improve. The commercially available version of this assay is 
the immune solid phase allergen chip or ImmunoCAP ISAC (Thermo 
Fisher Scientific/Phadia), which requires 30 microliters of serum to 
detect IgE antibody to 112 individual allergenic molecules that are in 
a static or planar array in triplicate on a glass slide.117–119

The ImmunoCAP ISAC reports IgE antibody levels in ISU units, 
which are considered semi-quantitative118 A good correlation exists 
between the summed IgE anti-cow's milk components levels (Bos 
d 4,5,6,8 and lactoferrin, r2 = 0.66) as measured in 44 sera from 

TA B L E  2 Advantages and limitations of singleplex and multiplex assay technology for allergen-specific IgE testing that utilizes allergenic 
molecules (components)

* Increased speed of analysis and reduced result turn-around 

time   

* Conservation of sample volume facilitating pediatric testing    

* Greater simplicity  

* Reduced cost due to fewer required reagents  

* Reduced technician intervention  

* Optimal design applications for point of care tests  

* Potentially lower analytical sensitivity for each analyte 

  ydobitna EgI hcae yfitnauq yletarucca ot ytiliba decudeR *

* Encouragement of abusive testing which involves the 

measurement of unwanted or unneeded IgE antibody 

* Less global availability   

* Cost of the new instrumentation and reagents  

* Greater challenge in managing different levels

* Enhanced challenges in optimizing, balancing 

and standardizing assay reagents and assay quality control  

* Potential greater inter-lot variability  

* Increased assay analytical sensitivity (lower Limit of 

Quantitation, LoQ)  

facilitating comparisons between different allergen reagents 

(extracts versus molecules)  

* More established internal and external quality control 

IgE International Reference Preparation  

to heterologous calibration (permits calculation of allergen-

* Global availability in many countries  

* Minimizes unneeded testing   

More costly due to increased need for reagents to 

evaluate polysensitized patients  

More technical intervention  

Limited answers in case of few samples per subject  

Expensive in case of large scale screening

 (i.e. multi-sensitised subjects)  

    

* More serum required, particularly in case of many samples  

* Potentially slower analysis   

* Likely more sophisticated assay format      

Performance Related 

Advantages (pro)    

Assay Design and Cost 

Related Advantages (pro)    

Performance Limitations 

(con)  

Assay Design and Cost 

Related Limitations (con)  

Multiplex IgE assay formatSingleplex IgE assay format
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clinically milk allergic individuals by the singleplex ImmunoCAP 
Specific IgE test (x-axis) and multiplex ImmunoCAP ISAC (y axis).120 
(Figure  8 –  top panel). The correlation remains impressive when 
one compares the individual IgE anti-cow's milk components (Bos 
d 4,5,6,8 and lactoferrin, r2 = 0.77) as measured in the same sera 
by ImmunoCAP Specific IgE and ImmunoCAP ISAC tests (Figure 8 
– bottom panel). The lower analytical sensitivity of the ImmunoCAP 
ISAC test, however, depends on the allergen in question118–120 and is 
evident with some strongly positive IgE antibody levels as detected 
in the ImmunoCAP Specific IgE test that are undetectable in the 
same sera when analyzed in the ImmunoCAP ISAC test.

In 2014, a research version of the ImmunoCAP ISAC called the 
“Mechanisms for the Development of ALLergy” or MeDALL aller-
gen chip was produced with 170 allergen molecules to more broadly 
study IgE and IgG antibody development in children.112 Using de-
fined concentrations of chimeric IgE and IgG antibodies specific for 
Bet v 1, the study demonstrated that the simultaneous presence of 
IgG blocking antibodies can effectively inhibit IgE antibody binding 
to Bet v 1 allergen that has been immobilized onto the multiplex 
chip. By contrast, the same levels of IgG anti-Bet v1 produce min-
imal competitive interference in the more antigen laden singleplex 
ImmunoCAP Specific IgE test. The authors suggest that the inhi-
bition of IgE binding by IgG antibodies of the same specificity to 
limited allergen immobilized on the chip may more closely reflect 
biological responses under conditions of natural allergen exposure. 
However, the clinical relevance of this inhibition needs further in-
vestigation. The smaller amount of allergen on the chip also reduces 
the working range of the IgE antibody assay in comparison to the 
singleplex ImmunoCAP Specific IgE test, whose allergosorbent has 
10,000,000 times more allergen coupled.112

The Allergy Explorer (ALEX2) (Macro-Array Diagnostics, Wien, 
Austria) employs nearly 300 allergen extracts (n=117) and recom-
binant or purified native molecules (n=178) that are spotted on a 
solid phase by the use of nanoparticles. Quan et al.121 evaluated 
the clinical and technical performance of the ALEX2 against the 
ImmmunoCAP ISAC-112 microarray and the ImmunoCAP Specific 
Ige singleplex assay. Repeatability and inter-assay, inter-batch, and 
inter-laboratory reproducibility were evaluated using sera from clin-
ically allergic and nonatopic patients.

EUROLINE (Euroimmun, Lübeck, Germany) produces a multiplex 
IgE antibody test that is immunoblot-based and widely used in Europe. 
Di Fraia et al.122 studied the multi-parameter semi-quantitative im-
munoblot molecular “Pollen Test” produced by EUROLINE that is 
designed to detect IgE antibodies to pollen extracts and molecules, 
which are clinically relevant to patients in Southern Europe. The 
test strip consists of nine membrane chips with different allergen 
extracts or components that are immobilized in parallel lines, which 
are mounted on a carrier foil. Allergen extracts and allergenic mol-
ecules from birch, olive tree, cypressus, Bermuda grass, Timothy 
grass, mugwort, alternaria and cross-reactive carbohydrate deter-
minant are immobilized. The semi-quantitative response data (range 
1–6) are measured as a band intensity and they provide an estimate 
of IgE antibody concentration.

The ImmunoCAP ISAC, ALEX,2 and Euroline are examples of di-
agnostic assays that require the physician to compromise between 
a targeted molecular singleplex IgE antibody assay strategy where 
individual allergen specificities are selected based on the patient's 
history, and use of a rigid allergen microarray panels, which con-
tain a prescribed number of allergen specificities, some of which 
will not be relevant to a patient. The testing of unnecessary aller-
gen specificities in a fixed menu based multiplex assay reduces the 
test's benefit to cost ratio. A recent literature review-based exam-
ination of these and other pro/con issues related to IgE antibody 
microarray assays is provided by Keshavarz et al.123 As outlined in 
(Table  3), the authors emphasize the strengths of the microarray 

F I G U R E  8 Left panel: correlation between the summed IgE 
anticow's milk (Bos domesticus [Bos d ]) components as measured 
in the ImmunoCAP and ISAC (Bos d 4: alpha lactalbumin; Bos d 5: 
beta lactoglobulin; Bos d 6 bovine serum albumin; Bos d 8: casein; 
Bos d lactoferrin). Right panel: Correlation between the individual 
IgE anti-cow's milk (Bos domesticus [Bos d ]) components as 
measured in the ImmunoCAP and ISAC (Bos d 4: alpha lactalbumin; 
Bos d 5: beta lactoglobulin; Bos d 6 bovine serum albumin; Bos d 
8: casein; Bos d lactoferrin) components. The dashed lines indicate 
the positive/ negative cut-off for each assay: ImmunoCAP 0.1kU/L; 
ImmunoCAP ISAC: 0.3 ISU. Reproduced with permission from [120] 
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technology that reside in its ability to detect IgE to a large number 
of allergens, simultaneously in a single test, using a small amount 
of patient serum. This is counter-balanced against a higher relative 
cost per allergen specificity, a generally lower analytical sensitivity 
than single-plex assays, semi-quantitative results, and difficulties 
with data interpretation and managing simultaneous results involv-
ing 100s of allergen specificities. They conclude that IgE microarray 
assays are currently invaluable research tools and increasingly used 
in the clinical practice of allergy, particularly in Europe. Artificial 
intelligence algorithms will be increasingly used by clinicians to aid 
them in digesting the complex inter-relationship of allergen families, 
cross-reactivities, and unique signature specificities that are pro-
vided by the multi-allergen IgE antibody-based arrays.

9 – Additional multiplex IgE assays used in research or 
in development

While the ImmunoCAP ISAC test, ALEX2 and Euroline have been 
highlighted for their use with purified recombinant and native aller-
genic molecules, other assays use a combination of allergen extracts 

and molecules immobilized in chip microarrays using different multi-
plex assay configurations.

A	 In 2015, Williams et al.124 reported comparative testing of 
ImmunoCAP ISAC test, ImmunoCAP Specific IgE test and punc-
ture skin testing with a chip-based multiplex autoanalyzer called 
the MicrotestDx. In contrast to the ImmunoCAP ISAC test, it 
uses 100 microliters of serum and employs a limited number of 
19 allergen extracts and 16 allergenic molecules covering a total 
of 26 aero- and food-allergen specificities that are covalently 
immobilized onto a precoated chip in triplicate. This is a scaled 
down version of a proof of concept assay that used 95 allergen 
extracts and 8 recombinant proteins, which were immobilized 
on aldehyde-activated glass microscope slides. These initial IgE 
antibody comparative data while initially encouraging have not 
yielded a viable assay to date to compete with the ImmunoCAP 
ISAC test and ALEX.2

B	 Wiltshire et al. spotted a small number of allergen extracts on 
activated microarray slides and used an interesting rolling DNA 
circle amplification strategy to detect IgE antibody bound to 
immobilized allergen.125 Feyzkhanova et al.126 photo-induced 

TA B L E  3 Potential criteria for assessing assay improvement of sensitization tests following the replacement of allergen extracts with allergenic 
molecules

Cor a 1 (Bet v 1-homologue)  

Act d 8 (Bet v 1-homologue)  

Pru p 1 (Bet v 1-homologue)  

Ara h 10, Ara h 11 (oleosins)  

Gly m 4 (Bet v 1- homologue)  

Tri a 19 (omega-5-gliadin)

alpha-GAL  

Api m 3, Api m 4, Api m 10  

Ves v 5  

Fel d 2

Act d 8   )eugolomoh-1 v teB( 

Pru p 1 (Bet v 1-homologue), 

Pru p 4 

Ara h 8 (Bet v 1-homologue), 

Ara h 5*            

Bet v 2*,   Bet v 4**    

  7 e elO ,**3 e elO ,*2 e elO

Phl p 12*, Phl p 7**    

Art v 4*, Art v 5**  

Amb a 8*, Amb a 10**  

Fel d 2  

Cor a 14 (2S albumin),   

Cor a 9 (11S globulin)  

Cor a 8 (LTP, mediterranean)    

Pru p 3 

(LTP, marker, mediterranean)  

Ara h 1 (7S globulin)    

Ara h 2 (2S albumin)  

Ara h 3 (11S globulin)  

Ara h 6/7 (2S albumin)  

Ara h 9   )naenarretidem ,PTL(

Gly m 5, Gly m 6    

alpha-GAL  

Api m 1, Api m 3, Api m 4, Api m 10   

Ves v 1, Ves v 5  

Bet v 1  

Ole e 1  

Phl p 1, Phl p 5  

Art v 1  

Amb a 1  

Fel d 1                

Api m 1, Api m 3, 

Api m 4, Api m 10  

Ves v 1, Ves v 5  

Bet v 1  

Ole e 1  

Phl p 1, Phl p 5  

Art v 1  

Amb a 1  

cat  

hazelnut  

kiwi  

peach  

peanut  

soy  

wheat   

meat  

honeybee venom  

yellow jacket venom  

birch (hazel, alder, birch 

pollen) and beech trees 

(beech, oak pollen)  

oleaceae (ash, olive pollen)   

poaceae (pollen from moder-

ate climate grasses)   

mugwort pollen  

ragweed pollen  

Increased analytic 
sensitivity

Increased analytical Cross-reactive 
allergens major allergens

Exemples (allergen 
source, allergen carrier)
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copolymerization of 21 allergens (15 extracts and 6 molecular 
allergens) into a hydrogel covered chip and used 60 microliters 
of serum to perform IgE antibody microarray analyses. Renault 
et al.127 reported a microarray assay in which 350 defatted and 
extracted foods were imprinted on slides (4800 dots per slide) 
and human IgG, IgA, IgM and IgE antibodies were simultaneously 
detected in serum using a 4 laser scanner. Joshi et al.128 reported 
on an ultrasensitive carbohydrate-peptide surface plasmon res-
onance imaging microarray in which they immobilized peptide 
and xylosyl glycoside of Ara h 2 onto carboxylated gold slides 
and amplified the response with 1 micron diameter magnetic 
beads coated with ~60,000 polyclonal anti-IgE molecules. None 
of these proof-of-concept assays have been commercialized into 
viable assays for research and clinical use. The use of novel im-
aging systems and allergen extracts bound to chips raise theo-
retical concerns about the analytical sensitivity and specificity of 
the assays and whether the limited binding capacity of microdot 
surface on an activated glass or silicon chip can immobilize suf-
ficient molar concentrations and all relevant allergen in an ex-
tracted protein mixture to quantitatively bind IgE antibody in the 
presence of other antibody isotypes.

C	 Alternative multiplex technologies are capable of detecting IgE 
antibody in human serum. The Luminex bead based suspension 
array assay uses fluorescent microspheres that are coupled with 
allergen, one specificity per bead type. Each bead type emits a 
different internal fluorescence that allows them to be distin-
guished from each other in a flow cytometer when they are mixed 
together. Each well of a microtiter plate is loaded with a mixture of 
bead types (50 microliters; 2000 beads) and serum (50 microliters 
at 1:4). Following an incubation and wash, bound IgE antibody is 
detected with biotinylated anti-IgE and avidin-phycoerythrin. The 
fluorescence intensity on the surface of the individual bead types 
is quantified and interpolated from a (fluorescent intensity vs total 
serum IgE) calibration curve. This assay is provided as a commer-
cial laboratory developed test service by Indoor Biotechnologies 
(Charlottesville, VA, USA) to measure IgE antibody specific for a 
panel of 6 molecular aeroallergems from dust mites (Der p 1, Der p 
2), cat dander (Fel d 1), dog dander (Can f 1), birch tree pollen (Bet 
v 1) and Timothy grass pollen (Phl p 5129).

D	 A different multi-array approach has been employed by 
Meso-Scale Discovery (MSD).130Initially, α-lactalbumin, β-
lactoglobulin A/B, α-β-ĸ-casein, lactoferrin and BSA proteins 
were individually biodotted onto separate spots in NPT 9-spot 
plates. Each spot within the same reaction well permitted a sep-
arate antibody specificity to bind. Following reaction with milk 
allergic sera, bound IgE antibody was detected with Sulfo-Tag-
labeled anti-human IgE antibody. Bound labeled antibody when 
exposed to an electrical pulse generated chemiluminescence 
through an oxidation-reduction reaction that was measured in 
an automated reader. Response levels were interpolated from 
a calibration curve into IgE antibody units. In 2021, Millen 
et al.131 validated a MSD multiplex immunoassay against the 
skin prick test and ImmunoCAP assay for respiratory allergens 

(Dpt, Cat, dog; rye timothy grass; mugwort and birch pollen, 
Cladosporium, Aspergillus, Alternaria, and a mixture of ani-
mals, fungi, grasses, weeds, trees, house dust mites and mixed 
nuts). They used sera from adult patients with allergic rhinitis. 
Pearson correlations and Bland–Altman analysis showed high 
comparability of the MSD multiplex immunoassay with the 
prick skin test and the ImmunoCAP Specific IgE assay, except 
for house dust mite. The reproducibility of the MSD multiplex 
immunoassay as assessed for intra- and interassay reproduc-
ibility and biological variability between different sampling pe-
riods, showed significantly high correlations. This study shows 
proof of concept; however, MSD presently offers only a total 
serum IgE assay and does not commercially produce allergen-
containing reagents for specific IgE antibody quantification.

E	 Chinnasamy et al. investigated a vertical flow allergen microarray 
assay with 10 purified allergenic molecules at 3 concentrations 
that were immobilized on 0.1 μm pore size nitrocellulose mem-
branes.132 Bound IgE antibodies from human sera were detected 
with gold nanoparticle bound anti-IgE using a colorimetric read-
out. Its precision and relative concordance with the singleplex 
ImmunoCAP Specific IgE were encouraging. However, to apply 
this vertical flow strategy, additional verification analyses were 
needed to validate the technique. Unfortunately, further direct 
comparison studies with clinical specimens that had been ana-
lyzed in parallel with established single and multiplex IgE assays 
were not performed and this assay format was therefore not pur-
sued further

F	 A novel nanotechnology biosensor point of care test has been 
developed by Abionic (Epalinges, Switzerland) in which serum is 
mixed with fluorescently labeled anti-IgE and the mixture added 
to a capsule containing 10 allergenic molecules coupled to a bi-
osensor surface. Capillary action drives allergen-specific IgE to 
bind to immobilized allergen and fluorescent molecular com-
plexes are then optically measured by the abioSCOPE reading 
unit. The fluorescent response is finally translated to an IgE an-
tibody dose. This is graphically overviewed by Chapman et al.71 
The assay remains available but needs regulatory clearance for 
clinical use.

G	 The PROTIA™ Allergy-Q 64 Atopy (Proteometech, Seoul, Korea) 
has been evaluated in comparison to the ImmunoCAP Specific 
IgE test using the sera of 125 Korean allergic patients. The agree-
ment for the 10 allergen components tested was > 88% for group 
1 house dust mite (HDM) allergen, 100%; group 2 HDM aller-
gen, 94.6%; Bet v 1, 97.4%; Fel d 1, 90.5%; Que a 1, 89.2%; α-
lactalbumin, 96%; β-lactoglobulin, 88%; casein, 88%; ω-5 gliadin, 
96%; and 100% for α-Gal.133 More extensive cross-validation is 
needed to elevate this procedure to clinical use.

H	 McKenzie et al134 has developed a novel flow cytometric assay 
called the CytoBas that uses fluorescent protein tetramers for 
direct staining of IgE antibodies on blood basophils that are then 
detected by flow cytometry. In a proof of concept study, recom-
binant forms of grass Lol p 1 and Lol p 5 and honeybee venom 
Api m 1 were produced, biotinylated, and tetramerized with 
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streptavidin. These-fluorochrome conjugates were then incu-
bated with whole blood samples from grass and bee venom aller-
gic patients and analyzed by flow cytometry for basophil binding 
and activation. Direct fluorescence staining of Api m 1 and Lol p 
1 tetramers had greater positive predictive values than basophil 
activation and the staining intensities of allergen tetramers cor-
related with allergen-specific IgE levels in serum.

10 – Evolution from allergen molecules to 
allergen epitopes.

Diagnostically relevant allergenic epitopes have been identified 
by epitope mapping using sera from sensitized and (in some cases) 
clinically allergic individuals. These sera contain IgE antibody to re-
stricted regions on particular allergens. Immunodominant peptides 
have been identified from a library of overlapping continuous short 
peptides by IgE binding to synthetically produced allergen peptide 
fragments spotted on membranes, or plated in microarray chip or 
bead-based immunoassays. While these methods have been suc-
cessful in identifying immunodominant peptides that can be asso-
ciated with a greater likelihood of a persistent allergy or a severe 
reaction, the process of their identification is laborious and expen-
sive. Monaco et al.135 have developed a programmable phage display 
based procedure that can evaluate the binding of allergen-specific 
IgE and IgG antibodies to a library of ~2000 allergenic proteins 
plated as overlapping 56 amino acid peptides using a single multiplex 
reaction. This procedure reduces cost and provides high-throughput 
in the identification of novel allergenic epitopes that have poten-
tial predictive clinical utility. They use of an oligonucleotide library 
synthesis to encode a database of allergenic peptide sequences for 
display on T7 bacteriophages. This AllerScan library permits high 
throughput DNA sequencing and is used to identify thousands of 
IgE and IgG antibodies that bind to hundreds of distinct peptides. 
In their proof of concept study, they identified IgE antibodies that 
bind to wheat specific linear peptides using sera from wheat sensi-
tized and allergic (or nonallergic control) subjects. From their work, 
a particular allergenic protein (purothionin) was identified that has 
promise in distinguishing sensitized allergic subjects who manifest 
objective clinical reactions from sensitized but nonallergic subjects 
who can readily consume wheat products.

In the diagnosis of food allergies, allergen epitope-based assays 
have been developed with the goal of identifying sensitization pat-
terns that could reduce the need for definitive placebo-controlled 
food challenges that require significant resources, time and risk. 
These assays are based on early work involving cluster analysis of 
cow's milk and peanut linear and conformational allergen epitopes. 
Using microarray peptide immunoassays, IgE and IgG4 antibody pat-
terns were identified that discriminated between food-sensitized 
individuals who were able to pass from those who failed an oral 
food challenge. Interpatient heterogeneity provided the promise of 
enhancing the diagnostic predictability of food allergen-specific IgE 
antibody analyses.136–138 In a 2018 study of milk allergic patients 

receiving oral milk immunotherapy with and without omalizumab 
(Anti-IgE) treatment, IgE and IgG4 antibodies to 66 sequential epi-
topes on 5 cow's milk proteins using a bead-based Luminex assay 
showed that certain baseline antibody profiles to 6 IgE-binding epi-
topes appeared more predictive of sustained unresponsiveness to 
milk exposure. than comparable antibody responses to their associ-
ated allergenic cows' milk components. Subsequently, the presumed 
protective effects of epitope-specific IgG1/4, IgA, and IgD immune 
responses in relation to epitope-specific IgE were investigated in 
individuals with a history of chicken egg allergy. Collectively higher 
ovamucoid epitope-specific IgE and IgD together with lower IgA and 
IgG antibody levels as measured with a bead-based epitope Luminex 
assay compared with atopic controls were shown to be important 
contributors to the pathogenesis of egg allergy139,140 (49-50). In the 
most definitive study to date, predictive performance of a peanut 
bead-based epitope Luminex assay was evaluated using sera from 
subjects in the noninterventional arm of the LEAP trial, CoFAR2, and 
POISED clinical studies that used a double-blind placebo-controlled 
food challenge to document peanut allergy status. Diagnostic perfor-
mance of IgE antibody measurements to two Ara h 2 sequential linear 
epitopes were superior to skin prick testing and peanut extract and 
component specific IgE test results in correctly diagnosing the aller-
gic versus not-allergic status of the sensitized study subjects (92% 
diagnostic sensitivity and 94% diagnostic specificity)141 These studies 
confirm that for select food allergen specificities, IgE antibody mea-
surements at the allergenic epitope level are becoming increasingly 
diagnostically important in the management of food allergic patients.

11 – Rationale for the introduction of allergenic 
molecules and epitopes into clinical IgE 
antibody assays

The use of single allergens (molecules/components) that have been 
prepared by purification from native sources or molecular recombi-
nant methods can enhance the clinical performance of serological 
IgE assays in different ways (Figures 8 and 9). Recombinant allergens 
can be generated with or without cross-reactive carbohydrate de-
terminants while allergenic molecules purified from native sources 
will have a mixture of isoforms and carbohydrate determinants. All 
available allergenic molecules of one allergen source can be used 
as a mixture in place of a complex natural allergen extract mixture 
(Figure 9A). While this approach is theoretically feasible,142 so far it 
has not been considered as a serious option since it is considered 
cumbersome, possibly not all inclusive of relevant allergens, expen-
sive and thus of questionable benefit. A second approach has been 
to use allergenic molecules individually as single reagents in a single-
plex or as individual replicate spots in multiplex microarray assays 
for targeted allergen-specific IgE detection (Figure 9B – 1 compo-
nent). This is at present the most common use of molecular aller-
gens. The most extensively used components are those from peanut 
(Ara h 1,2,3,6,8,9) and hazelnut (Cor a 1,8,9,14) that are used to clar-
ify specific versus cross-reactive sensitivities in the assessment of 
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individuals with positive peanut and/or hazelnut extract specific IgE 
responses. Third, selected single molecular allergens of a given al-
lergen specificity can be combined and used as single molecular mix-
tures for allergen-specific IgE detection (Figure 9B – 2 components). 
To illustrate this approach, an equal molar mixture of the unique 
marker allergens Phl p 1 and Phl p 5 for Timothy grass sensitization 
are excellent representatives of sweet vernal grasses. Alternatively, 
a combination of highly cross-reactive allergenic molecules like Phl 
p 7 and Phl p 12, which are the polcalcin and profilin representa-
tives of Timothy grass pollen can be used to identify a patient's 

sensitization to other cross-reactive polcalcin and/or profilin pan-
allergen specificities. Fourth, single components can be added to 
allergenic extracts (“spiked”) to increase assay sensitivity. This has 
been particularly useful for Hevea brasiliensis latex where Hev b 5 
is underrepresented as a result of being in low abundance or missing 
from certain extracts (Figures 9C and 10A). While, spiking physio-
logical allergen extracts can enhance the assay's limit of quantitation 
and increase its analytical sensitivity, it can also lead to problems. 
For instance, supplementation of the hazelnut ImmunoCAP Specific 
IgE test (F17) with recombinant Cor a 1 caused Bet v 1-specific IgE to 

F I G U R E  9 Use of recombinant (with and without CCD) and purified natural allergenic molecules. Single and mixed isoforms are 
immobilized in single solid phase (singleplex) or in multiple spots on multiplex microarray solid phases for use in various IgE antibody assays. 
Reproduced with permission from [151], recombinant production, purification, 1 isoform without CCD, 1 isoform with CCD, mixed isoforms 
(±CCD), reagents: recombinant allergen molecules, natural allergen molecules (incl. Isoforms), microarray multiple selected molecules, all 
available components (instead of using allergen extracts), 1 component, 2 components, “spiked”: extract plus one component, multiplex 
(“screening”), singleplex methods (“single testing”) 

F I G U R E  1 0 Reagent patterns based 
on allergen sources/extracts (upper row), 
with typical reasons why it is valuable 
to use allergen molecules as reagents in 
allergen-specific singleplex IgE assays 
(middle row) and how IgE anti-allergenic 
molecule results can enhance the final 
analytical sensitivity and specificity of the 
generated assay results. Table 3 provides 
specific examples that correspond with 
the conditions depicted in Figure 10. 
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be increasingly detected. This led unsuspecting clinicians to puzzle 
over the elevated values of IgE anti-hazelnut in the serum of their 
patients who subsequently were confirmed to have birch pollen al-
lergy.143 The use of all available components (Figure 10A) in a micro-
array format can allow targeted and more precise differentiation of 
the individual's sensitization profile from their allergen-specific IgE 
response. This approach has been coined “Component-Resolved-
Diagnostics” (CRD)144 and it represents the most important option 
in molecular allergy diagnosis.

The utility of single allergenic molecules can be justified by four 
conditions (Figure 10 and Table 3).69,145 First, the assay's sensitivity 
can be improved by lowering its limit of quantification (LoQ) while 
increasing its analytical specificity. Second, if allergen molecules are 
in low abundance or missing in the extract such as Cor a 1 in hazelnut 
or Gly m 4 in soy, supplementation improves the assay's sensitivity 
(LoQ). Third, if allergen molecules are unique to a specificity such 
as Fel d 1 for cat or Bet v 1 for birch, their use can improve the an-
alytical specificity (“selectivity”) of the assay. This allows additional 
clinical assumption(s) such as assessing increased risk for severe 
symptoms. Finally, certain allergenic molecules such as Ara h 8 (Bet 
v 1 homologue) for peanut and Phl p 7 and 12, the polcalcin and pro-
filin representatives in Timothy grass, can serve as indicators for se-
rological cross-sensitizations through the binding of cross-reactive 
IgE. In case of a positive result, they can demonstrate the lack of 
analytical specificity of an IgE test with allergen extracts in affected 
subjects with potential cross-reactions.

Diagnostic Allergen DataBase (DADB) Despite the availability 
of multiple established146 databases that provide nomenclature, 
structure, and reference referrals for molecular allergens,146,147 
none of these databases provide a comprehensive listing of the 
internationally-accepted nomenclature codes and Linnean system 
descriptors of the ~1000 extract-based and molecular allergens used 
world-wide in diagnostic single- and multiplex IgE antibody assays. 
An international scientific committee of the Clinical and Laboratory 
Standards Institute has prepared the Diagnostic Allergen DataBase 
(DADB)148,149 to specifically provide these data in a readily-
searchable Excel database. The DADB lists the allergen's unique 
assay code (f13), general category (food), principal IgE antibody assay 
method(s) where the allergen specificity is available, common name 
(peanut), taxonomical name (Arachis hypogaea), and the NCBI, NPU, 
LOINC, Allergome, and IUIS/WHO descriptor codes for allergens 
and their assays. The DADB is intended for use by manufacturers of 
allergen-specific IgE assays, allergen extract manufacturers, govern-
ment regulators, International IgE antibody assay proficiency testing 
programs, clinicians, and the allergic patient. Its goal is to bring un-
ambiguous clarity to the allergenic specificity being reported by sin-
gle and multiplex IgE antibody assays being performed world-wide.

Assay performance evaluation: Assay sensitivity and analytical 
specificity (selectivity).

The analytical performance characteristics of laboratory tests 
and their predictive value in defining the presence and severity clin-
ical disease have been internationally defined by variables such as 

sensitivity and specificity (Textbox 8).69,145 Two pairs of definitions 
separate the IgE antibody test's analytical sensitivity and specificity 
(Table 4, left column, 1-4) from its diagnostic sensitivity and specific-
ity (Table 4, right column, I-IV) that discriminate among the various 
clinical allergy phenotypes. These definitions have been adopted as 
part of international guidelines for IgE antibody assays through the 
Clinical and Laboratory Standards Institute (CLSI). They are partic-
ularly important to consider when allergenic molecules are substi-
tuted into an IgE antibody assay.142 Their importance stems from the 
observation that introducing single allergenic molecules into an IgE 
antibody assays frequently improves the analytical variables in the 
left column of Table 3 and this has a direct effect on changing the 
diagnostic clinical discrimination of disease as defined by the param-
eters in the right column of (Table 3).

The extent to which an assay performance improvement trans-
lates into improved diagnostic clinical discrimination of disease de-
pends on (a) the cohort of individuals being evaluated in terms of 
their age, disease spectrum and severity, (b) the availability and se-
lection of the specific allergenic molecules used in the IgE assay, and 

Textbox 8 Common definitions to describe 
performance characteristics of a laboratory test 
(i.e., allergen-specific IgE assay)

Analytical sensitivity is equivalent to the slope of the 
calibration curve of an (immune)assay. By contrast, assay 
sensitivity in real terms (=lowest test “cut-off”) is currently 
calculated and provided with following, internationally har-
monized variables:

•	 limit of blank, LoB (i.e., signal of a serum sample without 
allergen-specific IgE)

•	 limit of detection, LoD (i.e., signal of a serum sample with 
the lowest detectable allergen-specific IgE)

•	 limit of quantitation, LoQ (i.e., signal of a serum sample 
with the lowest allergen-specific IgE at a predefined 
assay precision)

Analytical specificity of an allergen-specific IgE assay can, 
first, be related to the specificity of the detected immu-
noglobulin class, meaning the test will indeed measure IgE 
and not immunoglobulins of other isotypes and subclasses 
(IgA 1/2, IgD, IgG1-4 or IgM)
A second definition relates analytical specificity to a tar-
geted, more selective IgE detection against single al-
lergenic molecules. While an allergen extract consists of 
complex protein mixtures, ideally the assay binds the entire 
IgE reportoire to a specific extracted allergen source. The 
use of single allergen molecules will only detect a part of 
the IgE reportoire. Thus, the analytical specificity (selectiv-
ity) will be increased.
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(c) the preselected study endpoints defined by the clinician.148 This 
means that the diagnostic-clinical criteria (right column, I-IV, Table 4) 
need a thorough individual interpretation based on each IgE anti-
body test result using the patient's previous history and if needed, 
additional proof of reproducible and objective symptoms in the af-
fected allergic subject upon allergen exposure (i.e., challenge test). 
As a consequence, these clinical criteria extend beyond the essential 
“raw” allergen-specific IgE antibody assay result (e.g., IgE sensitiza-
tion in question: yes or no). Together these facts support the conclu-
sion that it can be misleading to use sensitization test results alone 
to define the diagnostic clinical criteria of an IgE antibody test.142,148

One example is enhancement of the analytical sensitivity of an IgE 
antibody assay by supplementing an extract with a labile allergen mole-
cule (Hev b 5 into the Hevea brasiliensis extract) prior to use in prepar-
ing the allergosorbent. The additional Hev b 5 improves the analytical 
sensitivity by lowering the assay's limit of quantitation (LoQ), and thus 
increasing the test's diagnostic sensitivity without compromising the 
analytical specificity of the test. Alternatively, in patients with wheat-
dependent, exercise-induced anaphylaxis (WDEIA), only 20–30% of 
the subjects have IgE-mediated sensitization to wheat flour extract. 
However, 80-90% of these cases demonstrate allergen-specific IgE to 
Tri a 19 (Omega-5-gliadin). This gliadin is often responsible for WDEIA; 
however, it suffers from a poor aqueous solubility and is therefore not 
well represented in wheat extracts. By using recombinant Tri a 19 as a 
reagent in the IgE antibody assay, the assay's sensitivity (lowered LoQ) 
is immediately improved.

Another asset of the use of defined allergenic molecules is the 
restriction that it provides to the assay. This is especially import-
ant when IgE immune responses need to be detected to allergenic 
specificities that are highly stable or in relatively high abundance 
(i.e., Ara h 2 or Cor a 14). Their use makes the measurement of IgE 
antibody more targeted or analytically specific. Identification of IgE 
immune response patterns to the 2S albumins, Ara h 2 and Cor a 
14 (Table 4), have been repeatedly associated with an increased risk 
for severe reactions to foods and they can facilitate decisions about 

the possible elimination of an oral food challenge Alternatively, in a 
nonselected population study, more than 10% of German children 
and adolescents demonstrate allergen-specific IgE to peanut ex-
tract that is predominantly linked to serological pollen-associated 
cross-reactions.150 Moreover, diagnostic tests with the stable and 
risk-associated peanut storage allergen (Ara h 2) show elevated 
allergen-specific IgE in only a small proportion of the general chil-
dren/adolescent population (approximately 0.2% to 0.4%) (Kirsten 
Beyer, personal communication). Thus IgE anti-Ara h 2 provides a 
much higher analytical specificity (“selectivity”) than the use of a 
peanut extract based allergosorbent.

12 – Clinical evaluation: diagnostic sensitivity and 
specificity

Diagnostic sensitivity and specificity are related to a clinical history 
and physical examination based assessment of affected and nonaf-
fected subjects. Requirements for proper calculation and interpreta-
tion of the diagnostic sensitivity and specificity of IgE antibody tests 
of sensitization require sound clinical data from the subject's case 
history and in some cases additional challenge tests to back up the 
clinical diagnosis (Table 4, right column). However, the presence of 
allergen-specific IgE is strictly a marker for allergic sensitization (risk 
for allergy) and it alone cannot predict the probability of a clinical 
reaction per se. Thus, concordant results (case history and allergen-
specific IgE with a positive clinical or challenge outcome) are ef-
fectively considered as clinically relevant (rather than being labeled 
as true positive). The same applies for concordant negative results, 
which are used to exclude a clinical state of allergy and an underly-
ing state of allergic sensitization. In case of positive allergen-specific 
IgE results and a negative case history or provocation test, however, 
consideration should be given to labeling these discordant results 
as clinically irrelevant (rather than false positive diagnostic tests). 
Labeling clinically irrelevant as false positive test results actually 

TA B L E  4 Potential criteria for assessing assay improvement of sensitization tests following the replacement of allergen extracts with 
allergenic molecules

> ”analytical” sensitivity  < limit of quantitation (LoQ)  

indicator of serological   cross reactivity   

marker of primary/genuine sensitisation  

> diagnostic sensitivity   

(proportion of positive IgE antibody tests in patients with allergic 

disease)  

healthy individuals )  

indicator of clinical crossreactivity   (allergic symptoms to allergenic 

sources that did not elicit the primary sensitisation)

prediction of clinical reactions (PPV, NPV, thresholds, likelihood 

ratio etc.)  

1

2

3

4

I.

II.

III

IV.

analytical criteria  (potential assay improvement)  diagnostic-clinical criteria (potential clinical advantages)  
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misses the key point of the analysis, since the presence of allergen-
specific IgE itself should not be disputed, but rather considered 
valid in its own right as a marker for atopy and IgE sensitization.148 
A number of clinical studies have explored diagnostic sensitivity and 
specificity of IgE tests with single allergens from a particular allergen 
source. The use of previously missing or less represented allergens 
in IgE antibody assays was able to increase its diagnostic sensitivity 
through the improvement of assay sensitivity, usually by lowering 
the assay's limit of assay quantitation (Tables 3 and 4). As a conse-
quence, higher rates of sensitization were found, in general, even 
among subjects without clinically relevant reactions or disease.

The reciprocity of diagnostic sensitivity and specificity is 
a general feature of diagnostic tests. It is usually depicted as 
Receiver Operating Characteristics (ROC) curves (general example 
see Figure  11B). Some single allergens like Ara h 2 or other risk-
associated allergens belonging to the seed storage protein family 
of 2S-albumins have been found to increase diagnostic sensitivity 
and specificity of a patient's evaluation by assessing the risk of se-
vere clinical reactions. Using risk-associated 2S-albumins, predictive 
allergen-specific IgE thresholds (“decision points“) have been de-
fined to forecast a positive or negative oral challenge in children with 
peanut or hazelnut allergy150 diagnostic sensitivity and specificity, 
predictive values and likelihood ratio. (Table 3, right column), the an-
alytical performance of IgE assays can be substantially improved in 
many cases by allergenic molecules that are used in parallel with or 
in place of allergen extracts. This conceptual view has already been 
adopted by international guidelines on allergen-specific IgE assays. 
It should further facilitate and possibly accelerate the evalution and 

clinical acceptance of allergenic molecules into the diagnostic algo-
rithm for human allergic disease.151

A: Association of log distributed allergen-specific IgE concentra-
tions to a natural (x axis) versus recombinant (y-axis)allergen mol-
ecules. B: Diagnostic efficacy (receiver-operating characteristics, 
ROC) displaying performance of IgE antibody assays with allergen 
molecules as compared to extracts; C. Single values of allergen 
molecule-specific IgE antibody with the median, 25% and 75% per-
centiles that are presented to compare groups. D: Threshold levels 
of IgE antibody that are used to predict the probability of a clini-
cal reaction (i.e., 95% probability of a positive oral food challenge) 
Despite the performance of elaborate and elegant clinical studies, 
they have produced rather variable outcomes with group effects, 
displaying considerable overlap between, i.e., clinically affected 
and nonaffected (tolerant) individuals (Figure 11C). Presenting data 
with smoothed probability plots (Figure 11D) suggests a close rela-
tionship, suitable for individual prediction with the collected data. 
However, results of sensitization tests like the allergen-specific IgE 
assays cannot yet (and presumably never will) reliably predict clinical 
reactions (or their nonappearance).148,152 Therefore, future studies 
on the diagnostic value of allergenic molecules should establish as 
their primarily goal, the improvement of well-defined methodolog-
ical variables (Table 3, left column) that are linked to the analytical 
performance characteristics of the assay. This should be done even 
without a complete clinical evaluation of the assay, which includes 
the assessment of the assay's.

13 – Determination of the clinical relevance of an IgE 
antibody assay

The ultimate and essential question with diagnostic allergy test-
ing is “what is the clinical relevance of an allergen-specific IgE 
measurement”? Even in this era with the availability of molecular 
allergens, the basic rule still applies. Namely, a positive allergen-
specific IgE result represents a state of allergic sensitization (risk 
for allergic disease) but not proof of allergic disease.69,145,148,152 
A positive IgE antibody response is only clinically relevant in the 
case that there are objectively defined corresponding allergic 
symptoms that are temporally associated with a known allergen 
exposure. A negative allergen-specific IgE result against one re-
combinant allergen molecule or a mixture of natural isoforms of 
one single allergen can generally exclude an allergic sensitization 
or risk of allergy to that allergen specificity in question. This is, 
however, only possible if the total IgE is high enough (i.e., >20 
kU/L), the allergen reagent is in sufficient abundance, fully intact, 
and presenting all its epitopes and the analytical performance of 
the IgE antibody assay has been optimized for a low limit of quan-
titation (i.e., 0.1 kU/L, 0.24 ng/ml).

In conclusion, the clinical relevance of an allergic sensitiza-
tion (i.e., presence of allergen-specific IgE) independent of the 
use of allergen extracts or molecules for diagnostic purposes can 

F I G U R E  11 Typical data analyses of IgE antibody laboratory 
data with single allergenic molecules 
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ultimately only be determined by the physician and not by the 
test.69,145,148,152 Therefore, the complete diagnostic results of sen-
sitizations tests, including allergen-specific IgE assays that have 
been improved by the use of allergenic molecules, will always have 
to be interpreted within the individual's clinical context and on the 
basis of their case history.

14 – Summary

For the foreseeable future, clinically validated singleplex assays 
that use allergen extract-based reagents will remain the principal 
assays and reagents employed worldwide by clinical immunology 
laboratories to serologically document sensitization (IgE antibody) 
in individuals with a positive history of allergic symptoms. Allergen 
extract-based reagents are being judiciously supplemented with 
an increasing number of allergenic molecule-based reagents. Their 
routine use in singleplex assays enhances diagnostic accuracy, pre-
dictability of risk for severe reactions and documentation of cross-
reactivity. In Europe, novel molecular allergen-based multiplex assays 
have become more common in diagnostic allergy testing after dem-
onstrating compliance with new IVD-R quality standards. However, 
in the rest of the world, they will remain invaluable research assays, 

until such time as their government regulatory agencies have an 
opportunity to review multiplex assay performance data. The mo-
lecular allergens from peanut and hazelnut provide a pathway for 
other molecular allergens to be increasingly considered for use in 
routine diagnostic allergy testing. They have been shown to (a) im-
prove analytical sensitivity by providing molar excess of missing or 
low abundant allergens (e.g., Ara h 8 in the peanut extract; Cor a 1 
in the hazelnut extract), (b) enhance the assay's analytical specificity 
by defining a clinical risk for systemic reactions (Ara h 1,2,3 [severe] 
versus Ara h 8 [more mild]) and (c) distinguish cross-reactivity ver-
sus (d) genuine (primary) sensitization (Cor a 9,14 [genuine] versus 
Cor a 1 [Bet v 1 cross-reactive] sensitization to hazelnut). The clini-
cal relevance of allergen-specific IgE detection in a patient's serum 
is strictly as a marker for allergic sensitization (risk for allergy) and 
it alone cannot predict the probability of an allergic reaction. The 
determination of the diagnostic sensitivity and specificity of IgE 
antibody assays will thus remain difficult to definitively determine 
because of the lack of an absolute (gold standard) method of defin-
ing the presence of allergic disease. This means that the clinical rel-
evance of an allergic sensitization (i.e., presence of allergen-specific 
IgE) independent of the use of allergen extracts or molecules for 
diagnostic purposes will ultimately be determined only by the physi-
cian and not by the test.
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A05 – Basophil  activation test

Alexandra F. Santos, Bernadette Eberlein, Peter 
Korosec, Hans-Jürgen Hoffmann, Edward F. Knol

Highlights

•	 The basophil activation test (BAT) is a functional test that goes 
beyond detecting the presence of IgE to measure whether IgE is 
able to induce cellular activation and degranulation.

•	 The BAT can be useful to confirm the diagnosis of food, venom 
and respiratory allergies.

•	 In the BAT, both allergen extracts and individual molecules can be 
used to stimulate the basophils and the latter can provide higher 
specificity in the case of some allergen sources.

1 – Introduction

In allergy diagnostics is important not only to test for IgE binding 
to allergens in a serological assay but also to test the functional 
interactions of allergens with IgE on effector cells.153 This can be 
tested in vivo using skin prick test (SPT); however, SPT requires the 
appropriate clinical set up with the resources and expertise required 
to treat acute allergic reactions and does not allow for testing of 
recombinant allergen components, or even purified components. 
The Basophil Activation Test (BAT) is an in vitro diagnostic test that 
demonstrates the function of IgE in its ability to induce effector cell 
activation following stimulation with the allergen. Activation of ba-
sophils can be analysed by measuring the mediators released, such 
as histamine, or the change in plasma membrane markers, such as 
CD63, that happen during basophil degranulation.154 CD63 is of 
particular interest because it is expressed on the membrane of the 
the histamine-containing granules of basophils and is exposed on 
the plasma membrane after degranulation as the granules fuse with 
the plasma membrane.155 The BAT has developed into a robust and 
straightforward assay that can be implemented in many laborato-
ries using flow cytometry. In addition to supporting the diagnosis of 
food, insect venom and drug allergies, this test also allows monitor-
ing the acquisition of tolerance in allergic patients. This can be spon-
taneous tolerance, e.g., in cow's milk allergy in infants who outgrow 
their allergy, or induced tolerance after Allergen Immunotherapy 
(AIT) for food, venom, or aero-allergens. Moreover, BAT has been 
instrumental in the characterization of the potency of allergen 
components.54,156

This chapter will provide an overview of the methodology for 
BAT, its potential role in the diagnosis and management of food al-
lergy, insect venom allergy and respiratory allergy. In addition, the 
advantages and the limitations of the BAT will be discussed.

2 – Methodology

For basophil testing, allergen and fluorochrome-conjugated anti-
bodies are required.156 Heparinized or EDTA-stabilized blood can be 
used.157 Normally, 50 – 100 μl of blood are used per assay. In con-
trast to skin prick testing, anti-histamines do not affect the outcome 
of BAT.158 However, treatment with ibrutinib159 reduces basophil ac-
tivation and oral steroids can induce160 basopenia.161 An advantage 
of the BAT is that it is flexible with regards to the allergen added. 
Commonly used allergen concentrations are listed in the online 
supplement of the EAACI position paper on basophil activation.156 
Allergens are added in either 1/10 of the volume of blood used, or 
in an equal volume depending on the BAT method adopted. Protein 
allergens like birch, pollen grass pollen or house dust mite allergens 
are added in concentrations ranging from picogram to microgram 
per mililitre. Often, basophils in a blood sample will react at four to 
six of the nine allergen concentrations used, so the response can be 
extremely dynamic. Sensitivity of blood basophils of an individual 
successfully treated with allergen immunotherapy may change by 
2-3 orders of magnitude and be associated with clear clinical im-
provement162 that persists for years.163,164 To improve determina-
tion of the sensitivity, half log spacing of the samples may be used. In 
clinical practice, one may restrict analysis to the range of concentra-
tions at which the basophil response often is dynamic.

Drugs in the BAT are used at higher concentrations than protein 
allergens—often in the microgram to milligram per mililitre range, 
and are often tested in five-fold dilutions. Drugs may interact with 
endogenous proteins to form noncovalent tertiary structures or co-
valent adducts that can be recognized by IgE on basophils—the so-
called haptenization.165 The response induced by these structures is 
thus less dramatic than that of protein allergens.

Basophils are identified by fluorochrome conjugated antibodies 
directed to CD193, CD203c, IgE, or CD123/ HLA-DR, with greater 
precision being achieved with the combination of two or more an-
tibodies. Activation is measured using antibodies directed against 
CD63 (Figure  12) or, CD203c. There are other markers that are 
up- and downregulated on activated basophils, such as CD107a 
and diaminoxidase DAO, and can be used as alternative measures 
of basophil activation.166,167 Antibodies should always be titrated 
before use; first the antibodies used to identify basophils and af-
terwards the activation markers, using anti-IgE or allergen-activated 
basophils.

Blood, allergen and antibodies can be combined and warmed to 
37°C for between 15 and 45 minutes in a water bath or incubator. 
After that, the sample should be hemolysed and analysed by flow 
cytometry.

For analysis of flow cytometry data, doublets are excluded on a 
forward scatter area versus height plot, followed by a forward scat-
ter versus side scatter plot in which the region containing basophils 
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between lymphocytes and monocytes is gated upon. In this region, 
single- or double-positive cells expressing selective antigens are iden-
tified. A threshold should be set on a population of non-stimulated 
basophils to measure activation in stimulated conditions—a thresh-
old of ca. 2% of CD63 expression is desirable. A donor is a nonre-
sponder if there is no activation through IgE/FceRI pathway, but 
there is response to non-IgE-mediated stimulants.168 Patients that 
are nonresponders have uninterpretable results for BAT.

3 – Food allergy

The BAT can be a powerful tool to support the diagnosis of food 
allergy.169 As the presence of allergen-specific IgE is not enough 
to confirm food allergy, the BAT can help to assess the function of 
allergen-specific IgE and determine whether allergen-specific IgE is 
able to induce effector cell activation following exposure to the al-
lergen, which can help to establish the clinical relevance of a given 
IgE sensitization.170,171 This is particularly useful in the absence of a 
clear history of an allergic reaction to a specific food or when there 
is discrepancy between the history and the results of IgE testing. 
Both food allergen extracts and individual allergen components can 
be used for basophil stimulation in the BAT, alongside the positive 
controls, IgE (anti-IgE or anti-FceRI) and non-IgE-mediated (e.g., 
fMLP).54 Table  5 summarizes some of the published studies using 
allergen components in the BAT. Generally, using individual aller-
gens can be more specific than using allergen extracts; however, 

the broader sensitization profile is lost and could potentially lead 
to false-negative results for patients sensitized to allergens not in-
cluded in the BAT.

The BAT has been used to distinguish primary from secondary 
food allergies and to establish the relevance of sensitization to fresh 
plant foods, such as apple. Primary apple allergy is associated with 
a shift in the dose-response towards lower concentrations of apple 
extract.172 Primary apple allergy can also be confirmed using mo-
lecular allergens, such as Mal d 3, the apple LTP, in the BAT, similar 
to what was previously shown for peach allergy with BAT to Pru p 
3.173 BAT is also useful to assess and compare allergenicity of indi-
vidual components and their isoforms, which is not only important 
for food safety but also to guide guide development of hypoaller-
genic cultivars.174,175

Given BAT's high specificity, it is very useful to confirm the di-
agnosis of food allergy and therefore can preclude the need for oral 
food challenges (OFC) in individuals that would otherwise develop 
an allergic reaction following exposure to the suspected allergen. 
In peanut allergy studies, BAT using peanut extracts reduced the 
number of OFC by 67% to 70% and even to 80% when also includ-
ing specific IgE in the diagnostic algorithm.176,177 This approach has 
been validated in another study of peanut, sesame, and tree nut 
allergies178 and gave rise to the diagnostic approach proposed in 
Figure 13.54,179

For differentiation of patients with a clinically relevant alpha-gal 
syndrome and alpha-gal-sensitized subjects, commercially available 
alpha-gal-carrying proteins and pork kidney extracts using adequate 

F I G U R E  1 2 Example of a BAT analysis 
(Hoffmann Lab). A FSC-A vs FSC-H plot 
to select single events, B. FSC-SSC plot to 
identify basophils be scatter parameters, 
C CD193 vs CD123 Plot to identify 
basophils as double positive events, D 
Histogram for CD63 expression, where 
the threshold is set to include 2% of the 
negative population. 77% of activated 
cells express CD63. 
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TA B L E  5 Basophil activation test to allergen components in food allergy

Casein (nBos d 8)  

Casein (Bos d 8) 

Alpha-Lactalbumin (Bos d 4)  

Beta-Lactoglobulin  (Bos d 5)  

Ovomucoid (nGal d1)  

Ovomucoid (Gal d 1)  

Ovalbumin  (Gal d 2)  

Omega-5 gliadin 

(nTri a 19 and rTri a 19)

Hydrolyzed wheat protein 

(HWP), Omega-5 gliadin 

(nTri a 19)     

ω5-, ω1,2-,  α-, γ-gliadins, 

high- and low molecular-weight 

glutenin subunits (HMW-, 

LMW-GS,) gluten    

Ara h 1  

Ara h 2  

Ara h 6  

Ara h 2  

Ara h 6 

rAra h 8

Ara h 1,  Ara h 2, 

 Ara h 3,  Ara h 6,  Ara h 9  

3 Ara h 7 isoforms  

Pru p 3  

rPru p 3  

rMal d 3  

Peach-LTPs  

Pru p 2.0101  

Pru p 2.0201  

Pru p 2.0301  

0.1-10-1000 ng/ml  

Casein: 1 – 400 ng/ml 

Alpha-Lactalbumin,   beta-

Lactoglobulin:  10 – 200 ng/ml     

0.1-10-1000 ng/ml  

0.5 ng/ml - 5 mg/L   

10-100-1000-10,000 ng/ml  

0.0001 – 1 µg/ml  

0.08-4.0 mg/mL  

0.1820-4.545 ng/ml 

0.1-1000 µg/mL  

0.05 – 500 ng/mL  

0.1 µg/mL  

1000 ng/mL  

100-300 ng/ml  

0.001-0.01-0.1-1 µg/mL    

25, 10, 1 and 0.1 μg/mL    

than cow’s milk extract  

Not much added value of 

components compared to cow´s 

milk extract  

than egg white extract  

Difference to egg white not 

calculated, but in the same range  

wheat allergen extract  

Higher activation with HWP in 

HWP-WDEIA, higher activation 

with W5-gliadin in CO-WDEIA   

Sensitivity of ω5-gliadins: 100%   

Sensitivity of HMW-GS: 75%    

Ara h 2: Higher sensitivity and 

h 1 and Ara h 6  

AUC value of Ara h 6 slightly 

higher than Ara h 2  

More positive CD-sens Ara h 8 

compared to peanut in children 

with IgE-ab to birch and rAra h 8, 

but not to rAra h 1, Ara h 2 and Ara 

h 3.   

High sensitivity to  Ara h 9, but  

only Ara h 2 was able to dis-

criminate peanut-allergic subjects  

Sensitisation to Ara h 7.0201 

equally potent as Ara h 2.0201 and 

6.01   

Lower sensitivity and higher 

extract  

Symptomatic patients in Barcelona 

seem to be more sensitive to lower 

allergen concentrations compared 

to patients in Antwerpen  

Pru p 2.0201 most active of the 

three isoforms, recognized by 80% 

of patients (Pru p 2.0101: 60%, Pru 

p 2.0301: 50%). 

Commercially available  

Commercially available  

hen egg white ovomucoid  type 

III-0, 

Commercially available  

expressed in E.coli  

wheat  

Commercially available  

Commercially available  

Commercially available  

Commercially available  

Recombinant allergen \

expressed in P. pastoris    

Recombinant allergen 

expressed in P. pastoris    

(Pru p 2.0101, Pru p 2.0201),  

recombinant allergen expressed 

in P. pastoris  (Pru p 2.0301)  

[197]  

[198]  

[197]  

[183] 

[199]

[200] 

[201] 

[178] 

[177]  

[202]  

[203]  

[204]  

[205]  

[173]  

[175] 

Cow’s milk    

Egg    

Wheat      

Peanut          

Peach   

Molecular allergen Source Concentrations Comparison to extract and/
or clinical relevance

ReferenceAllergen

[206]  

[174]  

[180]  

[207]  

[208]  

Sensitivity for Mal d 1, Dau c 

1, Api g 1: 75%, 65%,  75% 

in patients with OAS  

Fra a 1.02 and Fra a 1.03 

highest activation  

Equal sensitivity compared 

to pork kidney extract  

Lower sensitivity and higher 

extract  

Reduced basophil activation by 

α-parvalbumins compared with 

β-parvalbumins  in individuals 

10   – 100 µg/mL    

0.5-500 ng/mL  

0.022-2272 ng/mL  

100-10,000 ng/ml 

0.1 – 1000 ng/ml  

Commercially available  

Recombinant allergens 

expressed in E.coli  

Commercially available  

UniProt ID: A1KYZ2; 

expressed in E. coli  

-5Api g 1   

Dau c 1  

Mal d 1    

8 Fra a 1 proteins  

Alpha-Gal  

rPen m 1 (tropomyosin)  

α- and β-parvalbumins      

Celery/

carrot/ apple  

Strawberry  

Meat/innards  

Shrimp  

Fish  
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basophil parameters can be diagnostically useful.180 In a different 
study, BAT to cow's milk was able to predict spontaneous resolution 
of cow's milk allergy.181

Following a precise diagnosis, BAT can potentially help doc-
ument the change with specific treatments for food allergy, like 
allergen-specific immunotherapy or biologicals. Typically, following 
allergen-specific immunotherapy, a reduction in basophil reactivity 
and sensitivity is observed with lower proportion of activated baso-
phils for a given allergen concentration, a shift in the dose-response 
towards higher concentrations of the allergen and lower area under 
the dose-response curve.182,183 A reduction in basophil reactivity to 
bystander allergens and IgE-mediated stimulants during allergen-
specific immunotherapy has also been reported.184 These effects 
tend to disappear with interruption of treatment, particularly in the 
patients whose symptoms recur.185 Importantly, the BAT has shown 
to be able to predict the response to oral immunotherapy as early as 
3 months into treatment with patients with sustained unresponsive-
ness and patients with transient de sensitization showing different 
patterns of basophil response.186 (Figure 14).

Following treatment with omalizumab, two factors have been 
shown to contribute to the change in basophil response: on one 
hand, the reduction in IgE on the surface of basophils leads to re-
duction in basophil reactivity, and on the other hand the reduction 
in IgE receptor density leads to a greater basophil sensitivity.187–189 
The overall effect results from the combination of these two fac-
tors. A better response is expected from patients with a lower IgE 
specific activity, i.e., a lower proportion of IgE that is specific for that 
allergen.110

An additional application of the BAT is to determine potency of 
individual food allergens within a food extract, and to evaluate ef-
fects of food processing.51,190–195 BAT could potentially be used to 

detect the presence of allergens in complex mixtures and to test for 
possible food allergen contaminations.196

Further standardization and quality assurance are required for 
mainstream use of BAT to support food allergy diagnosis and follow 
up of patients during the course of immunomodulatory treatments. 
Studies confirming its utility in place of OFC both for diagnosis and 
follow up in a real-life setting alongside with cost effectiveness and 
impact studies would be informative to support the incorporation of 
BAT in clinical guidelines.

3 – Insect venom allergy

Hymenoptera venoms are complex mixtures of a variety of sub-
stances including numerous potential allergens. The knowledge 
of the composition of hymenoptera venoms and the use of re-
combinantly produced CCD (cross-reactive carbohydrate)-free 
hymenoptera venom allergens has improved diagnostics and led 
to the field of molecular or component-resolved diagnostics. In 
recent years, identification and characterization of new allergens 
of Hymenoptera venoms by biochemical and molecular biological 
methods have made significant progress, shifting the focus from the 
whole venom to individual allergenic molecules.209,210

The use of recombinant insect venom components in basophil 
activation testing began with the use of rVes v 1 and rVes v 5 in 
two yellow-jacket-venom (YJV) sensitized patients showing a CD63 
basophil activation of up to 90% and with the recombinant allergens 
rVes v 3 compared to rVes v 5 and with rApi m 5 compared to rApi 
m 1 in single patients revealing different individual dose-response 
curves in insect venom sensitized patients.99,211 Also in 8/13 honey 
bee venom (HBV) allergic patients rApi m 10 was able to induce 

F I G U R E  14 Patterns in the BAT over 
the course of peanut oral immunotherapy 
can predict the response to treatment 
and prognosis [186]. 

F I G U R E  1 3 Proposed clinical approach to the diagnosis of IgE-mediated food allergy 
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basophil activation upon almost 100%.212 In 43 patients with YJV 
allergy the use of the four recombinant allergens rVes v 1, rVes v 2, 
rVes v 3 and rVes v 5 in the BAT was investigated. BAT with rVes v 5 
provided a specificity of 100% and a sensitivity of 81% whereas BAT 
performed with natural venom showed only a specificity of 94.1 and 
a sensitivity of 68.3%. Additionally, BAT performed with rVes v 5 
followed by rVes v 3 was the most sensitive and specific procedure 
among all recombinant allergens tested. Furthermore, some pa-
tients were detected being negative to rVes v 5 but positive to other 
recombinant allergens or conventional venom extract in the BAT. 
Therefore, this test markedly improved the specificity of diagnosis 
in wasp venom allergic subjects when compared to respective sIgE 
detection in serum.213 Antigens 5 are the most potent allergens in 
vespid venoms and are found in in the venom of nearly all Vespoidea 
species with a varying degree of sequence homology. BATs were 
performed in 21 YJV-allergic patients with the recombinantly pro-
duced antigens 5 of seven allergy-relevant species: Vespula vulgaris 
(rVes v 5), the hornet Vespa crabro (rVesp c 5), the European paper 
wasp Polistes dominula (rPol d 5), the American paper wasp Polistes 
annularis (rPol a 5), the white-faced hornet Dolichovespula macu-
lata (Dol m 5), the fire ant Solenopsis invicta (Sol i 3), and the wasp 
Polybia scutellaris (rPoly s 5). In the BAT, the YJV-allergic patients 
showed different activation profiles in response to the different 
antigens 5. Six of twenty (30%) patients exhibited basophil activa-
tion in response to rVes v 5 and/or rVesp c 5 only. The basophils of 
further 11 patients (55%) were activated by either all or different 
combinations of antigens 5. However, in most of these patients, the 
basophil activation was more pronounced in response to rVes v 5 
and/or rVesp c 5. Only in two patients the activation pattern was 
more distinct in response to other allergens than rVes v 5 and/or 
rVesp c 5. rPoly s 5 was also able to activate patient-derived baso-
phils in this assay. These results demonstrated cross-reactivity of 
vespid venoms on a molecular basis.214

Another allergen of Polistes dominula rPol d 3 showed basophil 
activation in Polistes dominula venom (PDV)—and/or YJV-allergic pa-
tients from Spain and HBV- and YJV-allergic patients from Germany 
and was compared with the other recombinant dipeptidyl peptidase 
IV allergens rVes v 3 or rApi m 5.215

Polistes PLA2 from Polistes dominula venom and other HBV com-
ponents (C1q-like protein (C1q) and PDGF/ VEGF-like (PVF1) were 
unable to activate basophils of allergic patients despite exhibition 
of specific IgE reactivity questioning their role in the context of clin-
ically relevant sensitization.216,217 Similarly, neither the hyaluroni-
dase of Polistes dominula (Pol d 2) nor of Vespula vulgaris (Ves v 2b) 
showed significant basophil activation in any insect venom allergic 
patient, whereas the allergen rApi m 2 caused a moderate activation 
in Api m 2 sensitized HBV allergic patients.218

In 9 patients sensitized to Api m 1 and Api m 2, a conventional 
BAT with HBV extract revealed a higher basophil activation com-
pared with the components nApi m 1 and rApi m 2, but in 8 patients 
sensitized only to Api m 1 the results were comparable. Nanocrystal-
labeled nApi m 1 and rApi m 2 showed a strong positive correla-
tion to nApi m 1 and rApi m 2 and enabled the development of a 

multiplex BAT approach incorporating multiple fluorescent-labeled 
allergen components.219 The lack of basophil activation by mimo-
topes corresponding to Api m 1 IgE epitopes could be important for 
the development of safer allergen immunotherapy.220

In summary, rVes v 5 and rVes v 3 appear to increase sensitivity 
and specificity in BAT compared with wasp venom extract in YJV 
allergic patients, whereas in bee venom allergic patients nApi m 1, 
rApi m 5, and rApi m 10 induce higher basophil activation than bee 
venom extracts only in single patients. Therefore, rVes v 3 and 5, 
nApi m 1 and 80 rApi m 5 and 10 BAT could reveal the actual and 
species-specific allergenic activity of those venom components and 
thus better elucidates the pattern of single /double positivity than 
components based IgE testing.171 Other components (e.g., antigen 
5) showed pronounced cross-reactivity, or no allergenicity in BAT 
(Table 6).

4 – Aeroallergens

Tree pollen allergens
PR-10-like allergens are the major allergens in pollen from trees 

of the order Fagales. BAT with Bet v 1 is a useful and efficient ap-
proach to determine the allergic status in birch sensitized individuals 
(Table  7).221–231 BAT to Mal d 1, Api g 1, and Dau c 1 have been 
used to characterize PR-10-like allergens in different individuals to 
better distinguish cross-reactive birch-pollen-associated food al-
lergy from sensitization without food allergy.206,225,232 Recently, 
Que m 1, a major allergen from Mongolian oak, a dominant species 
in Korea, was cloned, its recombinant protein was produced, and in 
oak-sensitized subjects, Que m 1 demonstrated a potent basophil 
activation in comparison to Bet v 1.223

Basophil testing can be used to functionally monitor IgG block-
ing bioactivity and humoral response induced by SCIT or SLIT.231,233 
Recently, a basophil inhibition assay using stripped basophils re-
sensitized with a serum pool containing high Bet v 1-specific IgE lev-
els was established and used to assess CD63 expression in response 
to Bet v 1, Aln g 1, Car b 1, Ost c 1, Cor a 1, Fag s 1, Cas s 1, or 
Que a 1 after incubation with pre-Bet v 1 SLIT or post-Bet v 1 SLIT 
sample.224 This study demonstrated highly variable and nonpredict-
able Bet v 1 SLIT cross-blocking bioactivity to PR-10-like allergens 
of Fagales tree pollen. Similarly, Bet v 1 SLIT also induced limited 
cross-blocking bioactivity to Mal d 1.225

A nonallergenic birch pollen allergy vaccine, consisting of hep-
atitis PreS-fused Bet v 1 peptides228 or derivatives of the Bet v 1 
obtained by rational sequence reassembly229 showed reduced al-
lergenic activity when tested in BAT with basophils from patients 
allergic to birch pollen. Modification of Bet v 1 into trimer showed 
a more than 10-fold reduced allergenic activity compared with the 
rBet v 1 wild-type.230

BAT can also explore the role of organic compounds of airborne 
particles in the aggravation of IgE-mediated allergic reactions to 
aeroallergens. Thus, organic extracts of urban aerosol (of PM2.5 
or less) or polycyclic aromatic hydrocarbons from diesel emissions 
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enhance Bet v 1-induced activation of basophils from birch pollen-
allergic individuals.234,235

BP14, the only pollen allergen (cypress) member of the Gibberellin-
Regulated Protein (GRP) protein family reported so far, can induce 
basophil activation in patients with pollen/food-associated syn-
drome (PFAS) cypress/ peach.236 BP14 is the cross-reactive allergen 
of Pru p 7 and Snakin-1.236 Pru p 7 Vis a predominant cause of se-
vere subtype of Cupressaceae pollinosis underlying cause of severe 
peach allergy, and Pru p 7 is highly potent in BAT.237

Grass and weed pollen allergens
Both major grass pollen allergens Phl p 1 and Phl p 5 are show-

ing a high allergenicity and basophil activation in a great majority of 
grass-pollen sensitized subjects.226,227,238 Similarly, a cross-reacting 
group 2/3 major grass pollen Phl p 2 allergen induces a positive BAT 
response in correspondingly sensitized subjects.221

BAT is important for the characterization of novel recombinant, 
hypoallergenic, peptide-based vaccines for grass pollen allergy and 
has become a major tool for evaluating change in allergenicity when 
basophils from patients allergic to grass pollen are tested with novel 
vaccines peptides and/or carriers.93,239–241 For instance, basophil 
activation induced by mix of increasing concentrations of the four 
major timothy grass pollen allergens (rPhl p 1, 2, 5, and 6) was re-
duced during recombinant B cell epitope-based vaccine (BM32) im-
munotherapy of patients with grass pollen allergy.240 Furthermore, 
rPhl p 5 dependent basophil activation inhibition with SCIT sera 
demonstrated that immunotherapy-induced allergen-specific IgG 
antibodies are not long-lasting after treatment discontinuation.242

In weed pollen allergy, Parietaria judaica represents one of the 
main sources of allergens in the Mediterranean area with Par j 1 
and Par j 2 as major allergens.243 Par j 2 demonstrated a positive 
response in BAT and resembling the allergenic epitopes of Parietaria 

TA B L E  6 Basophil activation test to allergen components in insect venom allergy. Needs list of Abbreviations

rVes v 5  

rVes v 3  

rVes v 1  

rVes v 2  

rVes v 2b  

nApi m 1  

Qdot-labeled nApi m 1  

Mimotopes of Api m 1 

epitopes  

rApi m 2  

Qdot-labeled rApi m 2 

 rApi m 5  

0.1, 200 and 2000 ng/mL;  

0.08–1000 ng/mL     

0.08–1000 ng/mL;  2, 10, 50 

and 250 and 1000 ng/mL      

0.1, 200 and 2000 ng/mL

0.08–1000 ng/mL

1.6, 8.0, 40, 200, 1000 ng/mL    

0.08–1000 ng/ml,  0.001–10 

µg/mL    

0.012–12.0 nM for NQ705 

nApi m 1    

0.0185–18.5 nM for CQ705 

nApi m 1  

0.01–10 µg/mL    

1.6, 8.0, 40, 200, 1000 ng/mL;         

0.1, 1, 10, 100, 1000, 10000 

ng/mL  

0.01–11.0 nM for NQ800 

rApi m 2  0.0031–3.1 nM for 

CQ800

 rApi m 2  

0.08–1000 ng/mL;  2, 10, 50 

and 250 and 1000 ng/mL       

than extract  

Higher activation compared to 

extract; lower sensitivity and 

Lower sensitivity and higher 

than extract  

No basophil activation  

Higher (64) /slightly lower 

(71,72) activation compared to 

extract  

For amino (NQ) Qdot-labeled 

nApi m 1 similar activation 

compared to nApi m1; for 

carboxyl (CQ) Qdot-labeled 

nApi m 1 no basophil activation  

No basophil activation  

Lower activation compared to 

extract  

For amino (NQ) Qdot-labeled 

rApi m 2 similar activation 

compared to rApi m 2; for 

carboxyl (CQ) Qdot-labeled rApi 

m 2 no basophil activation  

Higher activation compared to 

extract  

Sf9 insect cells  

Sf9 insect cells

Sf9 insect cells

Sf9 insect cells  

Sf9 insect cells  

Apis mellifera bee venom 

Apis mellifera bee venom; 

conjugated to Amino (PEG) 

Quantum Dots or Carboxyl 

Quantum Dots  

E. coli  

Sf9 insect cells, High Five 

insect cells  

High Five insect cells; 

conjugated to Amino (PEG) 

Quantum Dots or Carboxyl 

Quantum Dots

Sf9 insect cells  

[211, 99, 213]  

[99, 213, 215]  

[211, 213]  

[213]  

[218]  

[212, 219, 220] 

[219]  

[220] 

[218, 219]  

[219]  

[99, 215]  

Wasp venom          

Bee venom                  

Molecular allergen Source Concentrations Comparison to extract and/
or clinical relevance

ReferenceAllergen

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



46 of 386  |     DRAMBURG et al.

judaica pollen. Par j 4 a minor Phl p 7 cross-reactive calcium-binding 
protein was also positive on the BAT.244

House dust mites and cockroach allergens
BAT was effectively used to characterize the allergenic activ-

ity and molecular characteristics of new house dust mite allergens 
(HDM) Der p 23,245 Der p 18,246 and Der f 24247 and to monitor 
the change in allergenic activity after genetic engineering and 
conversion of Der p 1, 2, 5, 7, 21 and/or 23 allergens into hypoal-
lergenic vaccines.248–252 Der p 23, which represents a new major 
HDM allergen, is characterized by high allergenicity comparable 
with Der p 1, Der p 2, and this was convincingly demonstrated 
by upregulation of CD203c expression on basophils from HDM al-
lergic patients.248 Basophil activation was also used to assessed 
inhibition of Der p 1 response through cross-linking of FcεRI with 
FcγRIIb.253 In a comprehensive scan of 12 molecular HDM aller-
gens compared with HDM extract, symptomatic patients reacted 
with more molecules than asymptomatic patients. The number of 
reactive molecules correlated with the area under the curve of the 
extract BAT response.254 Recombinant cockroach allergen Per a 
5, Per a 9, and Per a 10 expressed in insect cells can activate pas-
sively sensitized255 basophils.255,256 Basophil testing is used as a 
tool to document the biological activity of those recombinant aller-
gens; however, this approach could benefit from standardization. 
Additionally, as a minimum, the recombinant protein should be 
compared with extract from the source organism with 5 relevant 
allergen concentrations.

Cat, dog, and horse allergens
The response through CD63 and CD203c of 20 cat allergic pa-

tients and 19 controls to stimulation with the major allergen Fel d 
1 was equivalent and 100% sensitive.256 As CD203c is expressed 
on resting cells, there is a convention of calculating the stimulation 
index for this marker rather than using the fraction of activated cells 
as is done for CD63. BAT was used to characterize recombinant cat 
albumin Fel d 2, a cross-reactive animal allergen,258 cat lipocalin Fel 
d 7 and its cross-reactivity with the dog lipocalin Can f 1,259 and a 
novel cat allergen cat-NCP7, with homology to Can f 7.257,260

For the development of hypoallergenic cat vaccine based on Fel 
d 1-derived peptides fused to hepatitis B PreS allergenic activity of 
Fel d 1 and the fusion proteins were compared by using basophil ac-
tivation tests in patients with cat allergy.261 The recombinant fusion 
proteins exhibited more than 1000-fold reduced allergenic activity 
in BAT in comparison to Fel d 1.261 Recombinant mosaic proteins 
generated by reassembly of non-IgE-reactive peptides of Fel d 1 sim-
ilarly showed a strong reduction in allergenic activity.262

The dog allergen Can f 6 is a major allergen in dog-allergic Chinese 
children and it demonstrated allergenic activity in BAT.263 Recently, 
a panel of recombinant dog allergens (Can f 1-6) was quantified in 
commercial skin prick test (SPT) solutions of dog extracts, and al-
lergenicity to dog extract was assessed by BAT in three patients. 
Extensive variations in allergen composition were observed in com-
mercial SPT vials resulting in a patient-dependent ability to activate 

basophils.264 Those observations favoring a recombinant approach 
in the diagnosis of dog allergy, which is quite common in industrial-
ized countries. Among 58 children sensitized to dog dander, basophil 
testing with dog allergens was as good at identifying children with 
clinically relevant sensitization to dogs. All patients with dog allergy-
related rhinitis or asthma had relevant basophil activation to Can f 
1-6 mix, and the four children that were sensitized to Can f 1 but 
with a negative BAT response to Can f 1-6 mix seem clinically toler-
ant to the dog. Those BAT data were clinically more relevant as the 
measurement of IgEs to Can f 1, Can f 2, or Can f 3.

5 – Advantages and limitations

Like any test, the BAT has advantages and limitations, which need to 
be considered when applying the BAT to clinical practice.265,266 For 
instance, given the practicalities involved in the performance of the 
BAT currently, it is not feasible to use in all patients needing allergy 
testing but rather to use it as a second-line test in all patients for 
whom the initial set of tests, namely skin and specific IgE testing was 
not possible or was equivocal, before considering referring the pa-
tient for a provocation test, which involves the risk of allergic reac-
tion, or before starting immunotherapy. Should automated methods 
become available, the use of BAT may become a first-line test. Flow 
cytometry-based BAT has long replaced the first methods to assess 
basophil activation, such as histamine and leukotriene release, and 
has become the method of choice as it is more precise and robust 
than the former methods.

Advantages of the BAT include:

1.	 High specificity in diagnosis—see previous sections on BAT in 
food and venom allergy for example.

2.	 Safety of patients—BAT is safe for the patient, as it does not re-
quire in vivo exposure to the allergen.

3.	 Variety of stimulants—almost any material can be tested as long 
as standardized conditions are used and activity is checked on 
blood of a nonsensitized control individual if basophils in blood of 
the patient respond. Many drugs and occupational allergens can 
be adapted to the test; they are usually added in 10% of the blood 
volume or in an equal volume.

4.	 Reproducibility—basophil testing is reproducible for diagnos-
ing allergy267 and assessment of basophil sensitivity as marker 
of allergy is more reproducible than threshold of allergen 
provocation.268,269

5.	 Simple equipment—BAT can be performed on any flow cytometer 
as limited number of colours is required.

Limitations of the BAT include:

1.	 Requires fresh blood—BAT needs to be tested preferably within 
24 h of blood collection. Blood can be tested at up to 48 
hours, but dichotomous negative results must be taken with 
a grain of salt as they may be false negative. To obviate the 
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need for fresh blood, passive sensitization of mast cells lines 
or basophils from nonallergic donors in place of autologous 
basophils, i.e., patients' own basophils, can be used.270 An al-
ternative approach is to activate, label, lyse, and fix basophils 

at the clinical site, and to analyse them in a centralized flow 
cytometry service.271

2.	 Nonresponders—10-15% of subjects have nonreleaser basophils 
(i.e., basophils that do not respond to allergen or the IgE-mediated 

TA B L E  7 Basophil activation test to allergen components in respiratory allergy

Bet v 1  

Mal d 1 

Api g 1  

Dau c 1  

Que m 1  

Aln g 1  

Car b 1  

Ost c 1  

Cor a 1  

Fag s 1  

Cas s 1  

Que a 1  

Bet v 1–derived peptides

rBet v 1 trimer  

BP14  

Pru p 7 and Snakin-1   

10     –10 μg/mL;  1 ng/mL; 

1–100 ng/mL; 0.31–20 ng/

mL; 0.25–100 ng/mL; 0.002 

–1000 ng/mL; 10   –10 μg/rnl; 

1 μg/mL; 0.1 and 0.3 μg/ml; 

0.00001–0.1 μg/ml; 0.005–50 

pmol/L; 0.05 pM–0.5 nM  

1 μg/mL; 0.25-100 ng/mL; 0.1 

and 0.3 μg/ml  

10 μg/ml  

1 μg/mL  

0.08–1000 ng/mL 

 

0.25-100 ng/mL    

0.00001–0.1 μg/ml; 0.005–50 

pmol/L  

0.05 pM–0.5 nM  

5–5000 ng/mL   

0.25  pg/mL–2.5 µg/mL; 

1–1000 ng/mL       

Evaluation of allergenicity 

of birch pollen sensitisation  

non-sensitizers or partial cross-

reactive sensitizers; limited Bet v 

1 SLIT bioactivity for Mal d 1      

A major allergen from 

Mongolian oak pollen.   

Limited Bet v 1 SLIT bioactivity 

for cross-blocking of PR-10-like 

allergens of Fagales pollen              

Highly reduced allergenic   

activity  

10-fold reduced allergenic 

activity  

BP14, the only pollen allergen 

member of the GRP protein, 

is positive in BAT of  

syndrome (cypress/peach)

BP14 is cross-reactive with 

Pru p 7 and  Snakin-1;  Pru p 7 

sensitisation is a predominant 

cause of severe, cypress pollen-

associated peach allergy; Pru p 7 

is very potent in BAT  

[234,235,226,

227,238,228,

229,230]  

[222, 225, 232] 

[223]  

[224]              

[228, 229]   

[230]

 

[236]  

[236, 237]   

PR-10-like

allergens

Cypress 

pollen

Grass pollen

Molecular allergen Source Concentrations Methodological and/or 
clinical relevance

ReferenceAllergen

Grass and weed pollen allergens

Tree pollen

Phl p 1

Phl p 5

Phl p 2

rPhl p 1 and 5 mix

rPhl p 1 and 5 mix

10  −10 μg/mL; 10  –10 ug/mL; 

1 µg/ml        

0.001–10 µg/ml    

High allergenicity and positive 

basophil activation in a great 

majority of grass-pollen 

sensitised subjects; inhibition 

with SCIT sera

E. coli [73, 226] [243] 

[227]

[238]

E. coli        

E. coli; fused to the hepatitis

B surface protein, PreS  

E. coli  

From cypress pollen  

Extract of peaches or Pichia 

pastoris  

- 7 

- 5 

- 7 - 5 

patients with pollen-food 
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positive control but only to the non-IgE-mediated positive con-
trol) and their results for BAT cannot be interpreted.

3.	 Manual assay requires significant hands-on time—Automated as-
says are desirable and could circumvent this issue.

4.	 Subjectivity of data analyses-Interpretation of flow cytometry 
basophil activation is subjective. Attempts to standardize and au-
tomate it using artificial intelligence are underway. There are few 

allergens for which there is a data-driven clinical threshold for a 
positive BAT.176

As flow cytometers become more ubiquitous and basophil test-
ing by flow cytometry becomes more standardized, basophil testing 
by flow cytometry will become a more accepted method of support-
ing a diagnosis and of assessing the allergic status of a patient.

Weed pollen

House dust 

mites

American 

Cockroach

Felix 

domesticus, 

cat          

Canis 

familiaris, 

dog      

Cat, dog, and horse allergens

rPhl p 1, 2, 5 and 6 mix  

Phl p 1–derived peptides  

Phl p 2–derived peptides  

Phl p 5–derived peptides  

Phl p 6–derived peptides  

rPhl p 1, 2, 5 and 6 –

derived peptides  

Par j 2  

Par j 4  

Der p 1  

Der p 2

Der p 5  

Der p 7  

Der p 18  

Der p 21  

Der p 23  

Der f 24  

Der p 1, 2, 5, 7, 21, 23 mix  

Der p 1–derived peptides  

Der p 2–derived peptides

Der p 23–derived peptides  

Der p 1, 2, 5, 7, 21, 23 –

derived peptides  

bPer a 5, iPer a 5  

Per a 9  

Per a 10  

Fel d 1    

Fel d 2  

Fel d 7  

CAT-NPC7  

rFel d 1–derived peptides 

Can f 1  

Can f 6  

Can f 1 - Can f 6 mix  

1, 5, 25 and 125 pg/ml  

0.001–1 µg/mL  

0.001–1 µg/mL; 0.05 pM – 20 nM  

0.001-1 µg/mL;  0.005 pM – 5 nM  

0.001–1 µg/mL  

0.001–10 µg/ml  

0.01–10 µg/mL    

0.1–100 ng/ml; 0.04–400 nmol/L;  

0.00004–10 µg/mL; 0.1-1 µg/ml   

0.1–100 ng/ml; 0.066–660 nM; 1.0 

µg/ml; 0.0001–10 µg/ml; 0.32–

5000 ng/ml  

0.1–100 ng/ml  

0.1–100 ng/ml  

0.0001-10 µg/ml  

0.1–100 ng/ml  

0.1–100 ng/ml;  0.012–1200 nM; 

0.00004–10 µg/mL    

1.0 µg/ml  

0.6–600 ng/ml  

0.04–400 nmol/L  

0.066–660 nM; 0.04–400 nmol/L; 

0.32 - 5000 ng/ml   

0.012–1200 nM  

0.76-760 ng/ml  

1 ug/ml        

0.5 ug/ml; 0.01-0.00001 mg/mL  

0.1 µg/mL  

0.001-10000 ng/ml  

10 μg/mL  

0.01-0.00001 mg/mL  

0.001-10000 ng/ml  

1 ug/ml  

0.05 – 500 ng/ml  

Monitoring of immunotherapy  

Highly reduced allergenic   

activity             

Positive response in BAT    

Evaluation of allergenic activity 

and molecular characteristics of 

house dust mites allergens                  

Highly reduced allergenic   

activity        

Comparison of sensitised 

patients and controls      

Fel d 1 BAT is clinically highly 

sensitive; characterization of 

novel cat allergens.        

Highly reduced allergenic   

activity  

High clinical relevance; Can 

f 6 is a major allergen in dog-

allergic Chinese children      

E. coli; hepatitis B surface 

protein, PreS          

E. coli    

E. coli; natural                  

E. coli; natural; hepatitis B 

surface protein, PreS        

E. coli, insect cells      

E. coli        

E. coli; hepatitis B surface 

protein, PreS  

[93]  

[239]    

[93] [239]   

[239] [241]    

[239]   

[238]   

[244]   

[245] [250]

[252] [253]   

[246] [252]

[248] [226]

[249]   

[252]   

[252]  

[246]   

[252]   

[245][251][205] 

[247]   

[252] 

[248] 

[249] [250]

[248]

[251]   

[252]

[256, 255, 1530,257]       

[257] [261] [262]

[258]   

[259]   

[260]   

[261, 262]    

[260]   

[264]   

[156]   

TA B L E  7 (Continued)
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6 – Future perspectives

Basophil testing is increasingly used as an ex vivo correlate to docu-
ment the clinical relevance of novel allergens and to characterize the 
allergenicity of novel recombinant-based immunotherapy vaccines 
and carriers; however, there is a need to harmonize requirements 
for this documentation. Basophil testing with recombinant allergens 

(either in combination with allergen extracts or alone) can also be 
used to support clinical diagnosis. Procedures and methodologies 
been to be defined and harmonized for BAT to be used more widely. 
This is an exciting field, as recombinant allergens used for basophil 
testing need less stringent control than allergens used for skin prick 
testing and therapy.
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A06 – In  v ivo  testing

Alexandra F. Santos, Peter Korosec, Leticia de las 
Vecillas, Nikolaos Douladiris, Barbara Ballmer-Weber

Highlights

•	 The clinical history is the cornerstone of allergy diagnosis and 
should be combined with the results of allergy tests to confirm or 
exclude the diagnosis.

•	 Provocation tests are especially helpful when discrepancies exist 
between the clinical history and other in vivo or in vitro test re-
sults, to phenotype patients and to monitor specific immunother-
apy efficacy.

•	 Only allergen extracts or fresh produce can be used for in vivo 
testing and up to now no molecular allergens based in vivo tests 
are available.

•	 The use of recombinant allergens in provocations test seems to 
improve their accuracy; however, it is an unmet need, which re-
quires further investigations.

1 – Introduction

The cornerstone for an accurate diagnosis and a targeted appropriate 
treatment of allergic disease is the clinical history.272 Subsequently, 
allergy testing should be performed to document the presence of 
allergen-specific IgE. This can be achieved using skin prick testing 
and/or specific IgE testing. The combination of a history sugges-
tive of allergy, namely of typical IgE-mediated symptoms following 
specific allergen exposure, with evidence of IgE sensitization to the 
allergen allows to confirm the diagnosis of allergy.169 Conversely, a 
history suggestive of tolerance or the absence of allergic reactivity 
to the allergen source combined with undetectable allergen-specific 
IgE allows excluding the diagnosis of allergy. Unclear history and/or 
discrepancy between history and IgE sensitization to the suspected 
allergen requires assessment with a provocation test.72

IgE-mediated allergic reactions can be caused by a wide vari-
ety of allergens. Although IgE sensitization to an allergen does not 
equate to clinical reactivity or allergic disease, IgE based tests can be 
used to identify the culprit allergen. Persistence, severity and coex-
istence of allergic reactions are often associated with multisensitiza-
tion. Concurrent irritant triggers, certain infections, and nonallergic 
disorders often have a similar presentation to allergy and allergy can 
drive the underlying inflammatory pathology complicating another 
disorder. Differential diagnosis is, therefore, an important part of the 
diagnostic process.

This chapter will cover the importance of and key questions to 
ask during an allergy-focused clinical history and the performance 
and diagnostic utility of two forms of in vivo testing used to support 
the diagnosis of IgE-mediated allergy: skin prick testing and provo-
cation tests. Separate chapters will cover in vitro testing extensively.

2 – Clinical history

A detailed clinical history will provide information on the following 
important aspects:

A	 The type of signs and symptoms suggesting the possible underly-
ing immunological mechanism;

B	 The likelihood of allergy being the main driver of the signs and 
symptoms;

C	 The allergen or the allergens as the triggers of the signs and 
symptoms and drivers of pathology;

D	 Identification of possible co-factors or facilitators;
E	 Assessment of the severity of disease and prognosis.

As such, the diagnosis of allergic disease begins as first-line ap-
proach, with thorough clinical history and physical examination of 
the patient. Textbox 9 lists the key questions to ask as part of the 
clinical history.272

Allergy tests

Specific IgE sensitization can be determined using in vivo skin prick 
tests and /or in vitro blood tests, as second line. If there is a mismatch 
between the history and these primary diagnostic tests, third line 
tests, such as cellular tests, like the basophil activation test, can be 
used to assess ex vivo the effector cell response to allergen. If, despite 
the allergy tests, the diagnosis is unclear, provocation tests (e.g., nasal 
allergen, conjunctival or bronchial challenge, placebo-controlled, or 
open food challenge) may be needed to clarify the diagnosis.72

An increasing proportion of patients have unclear clinical his-
tory and inconclusive allergen extract tests.273,274 In these circum-
stances, molecular based diagnostics can be considered particularly 
in the case of patients with complex symptomatology that mainly 
originates from:

A	 Polysensitization to multiple inhalant allergens with overlapping 
exposure periods to natural and work environment, with graded 
symptoms. Molecular allergens can be used to efficiently identify 
genuine sensitization to eliciting allergens, reveal co-sensitization 
and/or cross-sensitization of closely related or widely different 
allergens sources and optimize the selection of allergen specific 
immunotherapy when97 needed.

B	 sensitization to one or more food allergens with graded severity 
of symptoms that appears on ingestion of graded quantity and/
or procession of food. Molecular allergens can be used to char-
acterize the persistence, the severity and assess the future risk 
of the reaction in relation to stability and any procession of the 
offending (food) allergen.45

C	 Co-sensitization to inhalant and food allergens present with 
symptoms of unknown aetiology. Molecular allergens can be 
used to optimize the decision process of provocation tests, 
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avoiding costly, time consuming, potentially life-threatening re-
actions and improve allergen avoidance recommendations.45

D	 Polysensitization to insects' venom allergens present with un-
clear insect sting history. Molecular allergens can be used to effi-
ciently identify genuine sensitization to eliciting allergens, reveal 
co-sensitization and/or cross-sensitization to different venom 
allergens, improve the decision process of insect avoidance rec-
ommendations and optimize the selection of venom specific im-
munotherapy when needed.209,1629 Molecular Allergology based 
diagnostics can thus be used as third line investigation in patients 
with inconclusive history and allergen extract based tests, before 

considering referral for provocation tests45 or initiation of a spe-
cific immunotherapy. Currently, molecular allergy tests are only 
available for in vitro testing and not for skin or provocation tests 
and thus will be covered extensively in other chapters.

4 – Skin prick test

Skin prick test (SPT) is a widely available procedure that is usually 
performed in the physician's office by a qualified healthcare profes-
sional.275 SPT consists on the application of allergen extract solution 
on intact skin followed by puncture using a standardized 1 mm lancet 
to facilitate the penetration of the allergen through the epidermis 
into the dermis (Figure 15). If the individual is sensitized to the al-
lergen being tested, this will elicit and wheal and flare reaction at the 
site. Prior to testing, the skin should be labelled with the different 
extracts being tested as well as the positive and negative controls, 
separated by about 1 cm distance to avoid cross-contamination. 
The positive control is usually a 1 mg/ml histamine solution and the 
negative control a 0.9% NaCl saline solution. Each control or allergen 
requires a new lancet and after pricking it is important to clean resid-
ual allergen extract/control to avoid contamination. Fifteen minutes 
later, the results are ready to be read using a ruler and measuring the 
wheal size diameter. Usually, the wheal diameter is the average of 
the widest diameter of the wheal and the widest diameter perpen-
dicular to that. The positive control should be at least 3 mm, which is 
the conventional cut-off for a positive SPT, and the negative control 
should ideally be 0 mm.68

Advantages of SPT compared with serum specific IgE testing are 
the fact that SPT is inexpensive, provides immediate results, which 
are evident to patients in clinic, and allows testing with fresh mate-
rial in addition to allergen extracts. Limitations of SPT are the need 
for clear skin and to stop anti-histamines a few days prior to test-
ing, being performed by trained skilled healthcare professionals in 
facilities with equipment and medication required to treat allergic 
reactions. Systemic allergic reactions of varying degree of severity 
may result from SPT but are extremely rare.169 Apart from aller-
gen extracts, fresh produce can also be used for SPT—the so-called 
“prick-to-prick test” or “modified SPT.” This is particularly important 
for fruits and vegetables, whose allergens can be labile and get de-
graded during the extract preparation and therefore can be poorly 
represented in commercially available allergen extract solutions.276 
Using fresh fruits and vegetables allows for more sensitive SPT and 
for confirmation of allergy in case of sensitization is consistent with 
the history of allergic reactions to the same food but can induce on 
the other hand irritation of the skin and false positive results. Using 
individual allergen molecules could be advantageous regarding spec-
ificity and clinical information, but there are limitations in the use of 
recombinant allergens for SPT.277 Some house dust mites' molec-
ular allergens such as Der f 27 and Der f 29, have been previously 
used in SPT for research.278, 1632 Also, Che a 1, Che a 2 and Che a 3, 
from Chenopodium album and Ani s 1 from Anisakis simplex.279,1634 
Solutions of allergen extracts enriched for certain allergens, such as 

Textbox 9 Aspects to check as part of the clinical 
history

•	 Presentation: Which symptoms does the patient present 
with?

•	 Timing: How soon after exposure to the allergen do the 
symptoms develop?

•	 Likelihood of allergy: To what extent does allergen ex-
posure contribute to the symptoms? Does the patient 
present with symptoms or conditions other than allergic 
disease/s?

•	 Potential mechanism: Does the patient present 
with characteristic symptoms of allergic disease/s? 
If so, what is the likely underlying mechanism (IgE, 
non-IgE-mediated)?

•	 Consistency: Are the symptoms consistent, i.e., do 
they develop every time the patient is exposed to the 
allergen?

•	 Grading: Are the symptoms of a grading severity, i.e., do 
they develop graded on exposure to graded quantity of 
the allergen?

•	 Seasonality: Do the patient's symptoms worse during 
any particular time/season of the year? Are they sea-
sonal or perennial?

•	 Geography: Do the patient's symptoms correlate with a 
certain place or geographical area?

•	 Related allergens: Do the patient's symptoms get worse 
when in contact with known closely related or widely 
different allergen sources?

•	 Other triggers: Do other substances, nonallergens or 
highly suggestive yet undefined allergens, provoke and/
or worse these symptoms or add new symptoms and of 
increased severity?

•	 Potential co-factors: Do another disease, infection, drug 
intake (i.e., NSAID) or physical activity provoke and/or 
worsen these symptoms or increase their severity?

•	 Family context: Does anybody in the patient's family 
present the same symptoms or any symptoms charac-
teristic of allergic disease/s currently or in the past?
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palm profilin and peach LTP, can be available commercially and may be 
helpful in reaching a precise diagnosis in multisensitized patients.280 
Molecular allergens from fish have been also tested in a pediatric 
population. Wild-type Cyp c 1 (wtCyp c 1) has been shown to be a 
useful standardized allergen for skin testing to diagnose patients with 
fish allergy.281 Recently, a recombinant hybrid molecule including the 
major grass pollen allergens detected by a positive result in SPT has 
been shown to be a useful and safe tool for in vivo diagnosis of gen-
uine sensitization in children, reducing the test to a single extract.282 
Apart from identifying the allergen molecules that are more clinically 
relevant, the use of molecular allergens for skin testing may also be 
useful to risk-stratify patients (e.g., sensitization to Ara h 2 or Cor a 9 
and 14 posing a higher risk of reaction during challenges) and to de-
tect less allergenic molecules to include in immunotherapy vaccines, 
after confirming their capacity to induce allergen-specific blocking 
IgG antibodies.277,281,282 Nevertheless, skin testing with recombinant 
or native purified allergens has not entered clinical routine.

Allergen provocation tests

Provocation tests are often useful to confirm the presence of al-
lergy through the exposure of the patient to a suspected allergen 
in a medically supervised environment,72 particularly when other 
in vivo or in vitro tests cannot give a conclusive result and to dif-
ferentiate between allergic sensitization not leading to allergic 
symptoms (clinically not relevant sensitization) and clinically rel-
evant sensitization leading to reactivity.283 Provocation tests allow 
to identify of phenotypes, culprit relevant allergens and to assess 
the evolution/improvement of a patient who underwent specific 
immunotherapy in food and airborne allergies including asthma 
and rhinoconjunctivitis. These tests also have an important role 
in research to identify key allergens to use for allergen-specific 
immunotherapy. Before exposing a patient to a possible harmful 
substance, a risk stratification must be assessed before the prov-
ocation to ensure the safety and the effectiveness of the proce-
dure.284 Guidelines have recently been published about their use in 
different allergic diseases.72,283,1630

NASAL ALLERGEN PROVOCATION
Nasal provocation can be potentially useful to identify different 
chronic rhinitis phenotypes including the diagnosis and manage-
ment of local allergic rhinitis, which is characterized by the absence 

of serum specific sIgE or positive SPT to aeroallergens despite 
ongoing symptoms.1633 Individual and standardized lyophilized 
extracts of Dermatophagoides pteronyssinus, Alternaria alter-
nata, Olea europea and a mix of grass pollen have been used to 
assess the nasal reactivity to identify clinically relevant allergens 
to tailor a specific treatment such as allergen immunotherapy.285 
Recombinant timothy grass pollen allergens (rPhl p 1, rPhl p 2, rPhl 
p 5) and recombinant birch pollen allergens (rBet v 1 and rBet v 2) 
used in skin test and nasal provocation have shown a significant 
correlation with clinical symptoms, better than serum specific IgE 
determination.286 For olive pollen allergy, the challenge with the 
major allergen nOle e 1 increases the specificity of the procedure, 
compared with a nasal challenge with olive pollen extract.287 Nasal 
provocations comparing natural and recombinant Bos d 2 allergen 
have also been applied to determine which allergen is more appro-
priate for allergen immunotherapy, based on the reactivity of the 
patients.288 Single molecules, however, are not available for routine 
nasal provocation testing.

CONJUNCTIVAL ALLERGEN PROVOCATIONS
For conjunctival provocations, the use of different pollen extracts 
such as ragweed and grass pollen or recombinant molecular aller-
gens such as rBet v1 in an environmental exposure chamber has 
been shown to reproduce a more natural exposure than the tradi-
tional conjunctival allergen challenge in allergic patients.289,290,1635 
Provocation with component Bet v1 and birch extract found 
comparable allergenic reactivity of recombinant and natural 
products.291

BRONCHIAL ALLERGEN PROVOCATION
The first allergen used in bronchial provocation was grass pollen 
in 1873.292 Since then, other allergens such as house dust mites 
have been used to identify relevant allergens responsible for pa-
tients' symptoms.293 Although it is not a test to diagnose asthma 
itself, bronchial provocation is important in polysensitized patients 
to identify the culprit allergen/s, allowing clinicians to use tailored 
management and patients to implement environment control ex-
posure or even to choose a healthier lifestyle. A trial comparing 
bronchial provocation of asthmatic patients found comparable re-
activity of component Bet v 1 and natural allergen in skin prick test, 
nasal and bronchial allergen provocation. However, its utility is lim-
ited by the potential risk of severe asthmatic reactions. Its use in the 
diagnosis of occupational allergy has been described with a better 

F I G U R E  1 5 Skin prick test procedure 
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correlation with the hyperreactivity severity than non-specific 
bronchial challenges.294

ORAL FOOD CHALLENGE
Oral food challenge is an essential tool in the diagnosis of food al-
lergy. Depending on age, patient characteristics and situation 
demands it can be performed as an open food challenge or as 
double-blind placebo-controlled oral food challenge (DBPCFC). It 
is also relevant to perform risk stratification before starting food 
allergen-specific immunotherapy, to determine the initial allergen 
dose based on the threshold of allergen required to trigger a reac-
tion, and to monitor its effectiveness.295 Identifying the molecular 

pattern of sensitization of a patient allows to recognize subjects at 
risk of suffering severe reactions such as IgE sensitization to Arachis 
hypogea 2 (Ara h 2) from peanut.296 However, to improve the safety 
and reliability of food challenges with allergenic molecules, more 
clinical evidence is needed.268

Based on previous data proving the usefulness of molecular al-
lergens in in vitro and in vivo tests to increase the accuracy of the 
allergy diagnosis, provocation with molecular allergens seems to 
be more useful than challenges with the whole extracts. However, 
these molecules are not yet available for routine diagnosis and more 
research is needed to better standardize these extracts, which differ 
from those used for in vitro testing.291
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A07 – Basic  and theoretical  aspects 
of  a l lergens

Luis Caraballo, Paolo M Matricardi

Highlights

•	 Allergens are defined as molecules inducing and binding specific 
IgE antibodies

•	 Various allergens have the capacity to stimulate the innate re-
sponse before inducing IgE

•	 Cohort studies show the development of polymolecular 
sensitization—“molecular spreading”

•	 Initiator molecules from different sensitization patterns are con-
sidered as the optimal targets for allergen immunoprophylaxis

1 – Introduction

Like other biomedical sciences, experimental allergology is advanc-
ing at great speed. Since the first edition of the EAACI Molecular 
Allergology User's Guide, important discoveries have been made 
about the pathophysiological mechanisms of the allergic response 
and the properties of allergens, which force us to reflect on general 
theoretical concepts in the field. In this chapter, we will discuss some 
aspects of allergens on which diverse opinions have been expressed 
for many years and have to do with ideas and hypotheses that sup-
port much of current experimental and clinical work.

2 – The allergen concept

Definitions are short expressions of concepts, which in turn are 
based on current knowledge. Traditionally, allergens have been 
defined as those molecules inducing and binding specific IgE anti-
bodies; however, one of the most important recent advances in ex-
perimental allergology has been the recognition of the inflammatory 
capacity of various allergens (in addition to proteases) by stimulating 
the innate response before inducing IgE.40,55 In fact, this has pro-
moted a great change in our mentality regarding the origin of the 
allergic responses, currently focused on the epithelium and its pat-
tern recognition receptors (PRR), the rapid production of alarmins, 
damage-associated molecular patterns (DAMPs) and proinflamma-
tory cytokines that seem to be necessary for the development of 
a type 2 response. Important questions arise from these findings: 
Should we broaden the concept of allergen? Are there allergens that 
act entirely without the involvement of IgE? Will these be able to 
induce respiratory symptoms on their own? Are there phylogenetic 
equivalents of this type of immune response? Although there are no 
conclusive answers to these questions, there are reasons to believe 
that the allergen concept should include other properties in addition 
to IgE-binding.55

Some evolutionary studies support the idea that prior to the 
existence of IgE in mammals, some stimuli (for example, bacterial 
toxins) could elicit an allergic-like inflammatory response, including 
hypersensitivity and shock reactions in fish.297 Teleost in general, 
dating back more than 300 million years, have several genes that 
code for components of the Th2 response,298 as well as effector cells 
(mast cells, eosinophils, and basophils) that are activated against cer-
tain antigenic stimuli in a similar way to those of mammals,299 which 
suggests, at least since the appearance of these organisms, that 
an immune response similar to what we now know as allergic has 
occurred. Th2 lymphocytes, which probably predate IgE,300 are an 
important source, along with type 2 ILCs, of IL-4 and IL-13. Among 
alarmins, HMGB-1 is quite conserved and orthologs have been 
found in C. elegans,301 suggesting that this type of almost innate and 
immediate cellular response could be present before mammals. In 
addition, though IL-33 has only been found in mammals,302 its spe-
cific receptor ST2 appears earlier in the evolutionary ladder and has 
been detected in birds and fish,301 which is similar to what happened 
with the IgE and its high-affinity receptor, since the latter is in cells 
of the innate response (such as mast cells) much before than this 
immunoglobulin.303

Thus, some mechanisms of innate allergic inflammation that are 
currently observed recapitulate processes from innate immunity 
phylogeny. Considering all the above, it seems that there is no the-
oretical justification for naming as allergens only those molecules 
that induce and bind IgE. Perhaps if, hypothetically, in the future this 
were not a criterion, other molecules that trigger an allergic reaction 
could be discovered and our extent about what is allergy would be 
broader. For now, considering the recent progresses in molecular 
allergology and precision medicine, it has been proposed that induc-
ing specific IgE (allergenicity) is not the only property for being an 
allergen but also the capacity of inducing inflammation (allergenic 
activity).24,55 Therefore, classifying allergens as “major” and “minor,” 
according to the frequency and/or the strength of IgE binding is the-
oretically incorrect, useless and confusing. Of course, as has been 
well documented with allergen extracts, not all purified components 
are expected to have the same clinical impact, and this is an import-
ant aspect that has to be tested in different ways.55 Whatever it is, 
all of them are allergens, and are important in terms of personalized 
allergology and should be named just “allergens”.24

3 – Why is a molecule an allergen?

This is one of the main interrogates of allergology and the answers 
have been guided (both theoretically and experimentally) by two 
general approaches. One is based on the search for molecular intrin-
sic properties that could make them allergens. The other is centered 
on the search for genetic variants that determine an allergic response 
to the molecules. Looking for common patterns among related fami-
lies of allergens has been taken as evidence of intrinsic allergenic 
properties.25 On the other hand, common patterns among allergens 
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from distant species have been supporting the hypothesis around 
the origins of allergens and their IgE-binding.304 Interestingly, so far 
no “intrinsic property” that makes a molecule an allergen has been 
discovered; similarly, except for genetic variants determining aller-
gic reactions to some drugs, variants that clearly define the allergic 
response to common allergens, confirmed with functional studies, 
have not been found. That a molecule is an allergen is the result of 
a process influenced by a great number of factors but determined 
by the genetic background of the immune response. Therefore, the 
general theoretical background of the “genetic point of view” of the 
existence of allergens will be examined.

The analysis will be focused not only on allergenicity but also 
on the allergenic activity. Although it is not always recognized, the 
existence of antigens in general, including allergens, depends on the 
existence of the immune response.305 As well as other phenotypes 
the immune response is under genetic control and is highly polymor-
phic. Therefore, theoretically, any molecule can be an allergen if it 
finds the appropriate genotype, that is the set of genetic variants in 
the genome of a person. For that reason, the same molecule, that is 
inhaled by everybody in a defined environment, even within a family, 
is an allergen for some of them and just an antigen for others. Those 
“susceptible” persons are believed to have a combination of genetic 
variants (a genotype), which conform a cellular/molecular scenario 
making the induction of type 2 responses easier or lack variants 
that exert the opposite effect. The clinical name of this phenotype 
is atopy. Then it could be said that atopic persons define the exis-
tence of allergens. It is known that other factors also influence the 
intensity of the allergic response, some belonging to the molecule 
itself and others to the host and the environment,24 but, again, their 
influence is exerted only on the genetically susceptible individuals. 
For example, the protease activity of Der p 1 can make it more aller-
genic, but if this property were defining its allergenicity, the entire 
exposed population would be allergic to it. In contrast to toxins, to 
which most people are genetically susceptible, allergens affect only 
a small percentage of the population. Allergen properties such as 
abundance and stability (e.g., thermostable food allergens) influence 
allergenicity because they are associated with greater exposure and 
more possibilities to get in contact with genetically susceptible in-
dividuals. If we speculate about the level of genetic control, we will 
find that allergenicity is expected to be defined by a less complex 
genotype than allergenic activity and the latter by a less complex 
genotype than an allergic disease. The genetic polymorphisms that 
could define both phenotypes (allergenicity and allergenic activity) 
range from the first contact with the epithelium, the antigenic rec-
ognition and processing to inflammatory cytokine production path-
ways, including those genes that intervene in the innate response. 
The expression of these polymorphisms is modified by several 
mechanisms such as epigenetic pathways and gene–gene interac-
tions. Therefore, discovering the genetic basis of allergenic activity 
or even allergenicity is not an easy and straightforward task. It needs 
several approaches and collaborations between groups working on 
allergy and genetics. This will be very helpful because studying ge-
netic mechanisms not only can explain the origin of allergen activity 

but also the pathophysiology of allergy and allergic diseases. Also, 
defining the mechanisms of how allergens and the environment act 
in the genetically susceptible population would help to understand 
the genetic control of the immune response.

4 – Initiatory allergen molecules

Atopy is still an enigma, not only because of its complex genetic roots 
but also because of its poorly defined mechanisms. Consequently, its 
definition ranges from “the hereditary predisposition to react with 
IgE” to “the hereditary predisposition to mount a type 2 response” 
to environmental molecules. Therefore, in clinical and experimental 
settings, atopy is evaluated by looking at IgE production, usually as 
a final outcome. However, the process of developing the atopy phe-
notype involves more than IgE, as has been revealed by the following 
interesting clinical works.

An age-related increase in the number of allergenic molecules 
recognized by IgE antibodies has been observed in cross-sectional 
studies in patient populations, where this number is greater in older 
patients.306 So far, several birth cohort studies following individual 
patients since the early years of life have prospectively examined 
their evolution of IgG and IgE responses to allergen molecules. 
Specifically, the German Multicenter Allergy Study (MAS), an exten-
sive European birth cohort on atopic diseases, provides insight on 
the onset and evolution of IgE responses in atopic versus healthy 
children, as well as on the humoral state prior to the manifestation of 
IgE or allergic symptoms. Serologic analyses taken from both healthy 
and atopic children revealed that both groups present a broad rep-
ertoire of IgG antibodies to a wide array of allergen molecules al-
ready at age 2.307 The intensity and frequency of these “normal” IgG 
responses differ according to the allergen group, with the highest 
being animal food allergens, intermediate toward vegetable food al-
lergens, and only minimal to airborne allergens. Of note, a stronger 
and more frequent IgG response is shown by atopic children, when 
comparing to their nonatopic peers.307

A second type of “atopic” IgG response was uncovered when 
studying the IgE response to Bet v 1 and other PR-10 molecules. 
This response, directed against airborne allergens, was observed to 
be persistent and accompany IgE production against the same mol-
ecule, which led to the assumption that IgE response to Bet v 1 in 
children with birch allergy represents a broader abnormal humoral 
response involving IgG antibodies directed to the same antigens. 
This concept was corroborated in a broader study, which, addition-
ally, showed that the “default” IgG response to major allergenic mol-
ecules becomes stronger and persistent in atopic subjects with IgE 
responses to the same molecules from mites, pollen, or moulds, thus 
becoming a sort of “atopic” IgG response.308

Various patterns of evolution following the beginning of an IgE 
response have been described in several cohorts. Within the MAS 
cohort, subsets of children showed a sequential broadening of the 
IgE response to Phleum pratense molecules. This broadening con-
sisted of a progression from an initial monomolecular through an 
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oligomolecular and towards a polymolecular sensitization pattern, 
so that it could be defined as “molecular spreading” (Figure 16).95,309 
Interestingly, it was also observed that an initial IgE response is di-
rected against Phl p 1 in almost all grass pollen allergic children, mak-
ing it a sort of starter or “initiator molecule” of this IgE response. 
Only a small number of patients developed a full-scale polymolecular 
response to all 8 allergenic molecules of P. pratense. This molecular 
spreading often begins even in the preclinical stages of sensitization. 
IgE against Phl p 1 has been observed up to 5 years before the child 
starts presenting the first allergic symptoms.310

A quite similar process has been described in the MAS cohort 
children sensitized to D. pteronyssinus.310 Sensitization started 
against Der p 1 and/or Der p 2 and/or Der p 23 (defined as group 
A molecules); expanded to Der p 4, Der p 5, Der p 7, and Der p 21 
(group B molecules); and eventually progressed to Der p 11, Der 
p 14, Der p 15, Der p 18, and clone 16 (group C molecules). This 
evolution has been defined as the “ABC march” of mite allergy (i.e., 
molecular spreading of the IgE repertoire against D. pteronyssinus 
allergens).28 Moreover, an association was observed between sev-
eral features and a broader polymolecular IgE sensitization pattern, 
such as early IgE sensitization onset, parental hay fever, and greater 
exposure to mites. Another curious conclusion was the correlation 
between participants reaching the broadest ABC IgE sensitization 
stage and a significantly greater risk of mite-related allergic rhinitis 
and asthma, not observed in the monomolecularly sensitized par-
ticipants. Finally, IgE sensitization to Der p 1 or Der p 23 at 5 years 
of age or less in healthy children predicted asthma at school age.310

The Manchester Asthma and Allergy Study (MAAS) showed a 
similar trend within 235 children whose sera were tested for IgE 

to Timothy grass pollen and mite allergens.311 Three sensitization 
slopes towards mite allergy were identified among children aged 5 
to 11 years: group 1 sensitization (involving Der f 1 and Der p 1), 
group 2 (Der f 2, Der p 2), and complete mite sensitization (both). 
Children with group 1 and complete mite sensitization trajectories 
had a significantly increased risk for asthma, eczema, and rhinitis, 
but the highest risk for asthma (odds ratio, 7.15; 95% CI, 3.80–13.44) 
was within the subjects of the complete mite sensitization group. 
Regarding the grass sensitization, a molecular progression of the IgE 
response similar to molecular spreading in MAS participants was 
observed. A correlation between an early onset of IgE response to 
grass molecules and asthma along with diminished lung function was 
observed, as well as between a late onset and allergic rhinitis.311

In the Swedish Children, Allergy, Milieu, Stockholm, Epidemiology 
(BAMSE) study, sensitization to Fel d 1 and Can f 1 in childhood, as 
well as polysensitization to allergen molecules of either cat or dog 
predicted cat and dog allergy cross-sectionally and longitudinally 
substantially better than simply IgE to cat or dog extract.312 The 
onset and molecular profile of the IgE responses in food allergic pa-
tients during childhood and adolescence appears to be crucial, as 
shown by the BAMSE population-based birth cohort. Two distinct 
phenotypes of peanut allergy development before adulthood have 
been identified. The first is the association between early onset of 
sensitization to Ara h 2 and an increased risk of systemic reactions 
after peanut exposure, and the second is, starting later in childhood 
and being related to Ara h 8, goes along with no systemic reactions 
after peanut ingestion.313 After expanding the data analysis to the 
whole set of IgE results against 132 allergen molecules, 4 risk mol-
ecules were additionally identified, to which an IgE response was 

F I G U R E  1 6 Evolution of the prevalence of IgE responses to 16 allergen molecules from 1 to 10 years of age (n = 104). The prevalence of 
IgE sensitization (≥0.3 ISU) to the 16 allergen molecules by age at follow-up is shown. The number of participants examined at each follow-
up is reported under the x-axis. NA, not applicable (no blood drawn at this follow-up). 
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associated with an increased risk of asthma, allergic rhinitis, or both, 
namely Ara h 1 (peanut), Bet v 1 (birch), Fel d 1 (cat), and Phl p 1 
(grass). The previously discussed results regarding airborne mole-
cules could be replicated within the MAAS cohort, adding Der f 2 
(dust mite) and Phl p 5 (grass) as disease predictors.313

This uncovered understanding of the progressive molecular 
spreading of the immune response, especially to airborne allergens, 
led to hypothesize that immunologic intervention (AIT) should ide-
ally be anticipated, as it might prevent the development of more 

complex and strong IgE responses.95 The initiator molecules—Phl p 
1 for grass pollen, Bet v 1 for birch pollen, Der p 1, Der p 2, and Der 
p 23 for mites, and Fel d 1 for cat—are thought to be optimal tar-
gets for allergen immunoprophylaxis (AIP) aimed at preventing the 
onset of allergic rhinitis and asthma in children during a preclinical 
sensitization stage.95,309 An initiating molecule has been defined 
as “The allergenic molecule within an allergenic source responsible 
for induction of the first IgE antibody response to that allergenic 
source”.95
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A08 – Al lergen famil ies and 
databases

Christian Radauer, Gabriele Gadermaier, Heimo 
Breiteneder

Highlights
•	 Proteins that share a common evolutionary origin—which is re-
flected primarily by their similar sequences and structures—are 
grouped into families. Families with a common origin are grouped 
into superfamilies.

•	 Very few of the more than 19,000 protein families as described by 
the protein family database Pfam harbor allergens.

•	 Most proteins that are described as allergens can be classified 
roughly into 30 to 40 protein families.

•	 Allergen databases make curated information available on aller-
gen nomenclature, allergen structures, allergen protein families, 
and the risk of allergen cross-reactivity, or offer noncurated ex-
tensive collections of information on allergens.

1 – Introduction

A protein family is a group of proteins that share a common evolu-
tionary origin, which is reflected primarily by their similar sequences 
and structures but often also by similar biochemical functions and 
physico-chemical properties (Figure  17). Moreover, in most cases 
common protein family membership is a prerequisite for immunolog-
ical cross-reactivity. The current version 34.0 of the Pfam (protein 
family) database (https://www.ebi.ac.uk/inter​pro/) describes 19,179 

protein families.314 Evolutionarily related families are grouped to-
gether into superfamilies—called clans in Pfam—(e.g., the prolamin 
superfamily). As a consequence of diversification during evolution 
and as the phylogenetic distance increases, the members of dif-
ferent families within a superfamily possess only moderate to low 
levels of primary sequence identities and little to no immunological 
cross-reactivity.

Very few protein architectures give rise to allergenic proteins 
and thus allergens are only found in a rather limited number of 
protein families. The AllFam allergen family database (http://www.
medun​iwien.ac.at/allfa​m/; version of 2017-03-07) assigns all pres-
ently known allergens to 216 (1.6%) of the then 16,306 Pfam fam-
ilies. Proteins that are described worldwide as the most important 
allergens can be classified into roughly 30 to 40 protein families. 
However, it has to be emphasized that the vast majority of proteins 
in any given family or superfamily are nonallergenic. The most im-
portant families and selected allergenic member proteins are dis-
cussed here (Table 8).

Our understanding why exactly these types of proteins are 
able to trigger Th2-dominated immune responses is incomplete. 
Allergenic proteins that are able to sensitize predisposed individu-
als initiate both innate and adaptive immune responses (see chapter 
A02). Such proteins are recognized by epithelial cells and dendritic 
cells that produce signals to polarize the immune response towards 
a Th2 phenotype. It has been shown that the innate immune sys-
tem plays an important role in the decision whether a protein will be 
treated as an allergen by the organism.315,316 It is highly likely that 
allergenic proteins possess molecular features that enable them to 
activate the pattern recognition receptors of innate immune cells to 
induce a Th2 polarization of the ensuing immune response. These 

F I G U R E  17 The Bet v 1 family as an example of a protein family. Sequence alignment (A) and structures (B) of four representative 
allergenic members. Bet v 1 is from birch pollen, Pru av 1 from cherry, Ara h 8 from peanut, and Api g 1 from celery. 
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features include (i) the ability to bind lipids and to activate Toll-like 
receptors (TLRs)—shown for Der p 2 from house dust mite317 and 
for Fel d 1 from cat,318 (ii) the ability to bind other cell surface or 
soluble pattern recognition receptors thereby modulating innate 
immune responses—shown for group 13 mite allergens that inter-
act with serum amyloid A,38 (iii) the presence of glycosylation and 
thus the ability to bind to C-type lectin receptors—shown for aller-
gens from house dust mites, pollen and peanut,319,1647,1648 or (iv) 
the presence of protease activity, which allows the activation of the 
protease-activated receptor PAR-2—shown for Der p 3 and Der p 9 
from house dust mite.320

2 – The most important allergen containing 
protein families

2.1. Prolamin superfamily
The prolamin superfamily derives its name from the alcohol-soluble 
proline- and glutamine-rich storage proteins of cereal grains. 
Members of this superfamily are characterized by the presence of 
an α-helical globular domain. This domain contains a conserved pat-
tern of cysteine residues that form three to five intra-molecular di-
sulfide bonds. Apart from the conserved cysteine pattern, only little 
sequence similarities exist between members of different families. 

TA B L E  8 Protein superfamilies and families that contain the highest numbers of allergens in descending order. Data were extracted from 
the AllFam database (http://www.medun​iwien.ac.at/allfa​m/).

Cereal prolamin  

Bifunctional inhibitor  

2S albumin  

Polcalcin  

Parvalbumin  

Sarcoplasmic Ca-binding protein  

Troponin C  

Myosin light chain  

Tropomyosin  

Grains of cereal grasses  

Grains of cereal grasses 

Tree nuts, legumes (e.g. peanut), seeds  

Fruits, tree nuts, peanut, vegetables, cereal grains, 

tree and weed pollen, latex  

Fruits, vegetables, peanut  

Tree, grass, and weed pollen  

Fish  

Anisakis 

simplex, mites, cockroaches  

Tree, grass, and weed pollen, fruits, vegetables, 

latex  

91          

74          

64  

53  

Prolamin          

EF-hand          

Tropomyosin-like  

Superfamily Family Allergen sourcesNumber of allergens

Cupin

Bet v 1-like  

Calycin      

Double-psi beta-barrel      

CAP superfamily    

Pectate lyase-like      

Transthyretin  

Cysteine peptidase clan CA  

37    

29  

27      

26      

32    

23      

16  

13  

Vicilin  

Legumin  

Bet v 1  

Secreted lipocalin  

Cytoplasmic fatty acid binding protein  

Triabin  

Expansin  

Kiwellin  

Barwin-like  

Venom antigen 5  

Plant pathogenesis-related protein (PR)-1  

Pectate lyase  

Polygalacturonase 

Pectinesterase  

Ole e 1-like  

Papain-like cysteine protease  

Tree nuts, peanut, legumes, seeds  

Tree nuts, peanut, legumes, seeds  

Fagales tree pollen, fruits, vegetables, legumes, tree nuts  

Mammals, milk  

Mites

Insects  

Grass pollen  

Kiwifruit  

Hevea brasiliensis (natural rubber latex), turnip  

Hymenoptera venoms  

Pollen, fruits  

Pollen from Cupressaceae and Asteraceae  

Pollen  

Pollen, kiwifruit  

Pollen  

Mites, fruits  
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Members of the prolamin superfamily include the cereal prolamin 
seed storage proteins (gliadins and glutenins) and several families of 
disulfide-rich small proteins including the bifunctional inhibitors, the 
2S albumin seed storage proteins, and the non-specific lipid transfer 
proteins (Figure 18).

Cereal prolamins are seed storage proteins that are exclusively 
found in the grains of cereal grasses. In contrast to the low molecu-
lar weight members of the superfamily, the α-helical domain of the 
cereal prolamins has been disrupted by an insertion of repetitive se-
quences.321 Gliadins and glutenins represent the members of the ce-
real prolamin family. Gliadins are soluble in alcohol and are classified 
into α/β-, γ-, and ω-gliadins. Glutenins are polymeric proteins that are 
held together by interchain disulfide bonds. They are divided into 
high and low molecular weight groups.322

Like the cereal prolamins, the bifunctional inhibitors are only 
present in cereal grains. These allergens sensitize either via the re-
spiratory tract by inhalation of the flour or via the gastro-intestinal 
tract by eating foods that contain wheat, barley or rice. The bifunc-
tional inhibitors are 12 to 16 kDa proteins that are held together by 
4 to 6 disulfide bonds.323 Monomeric, dimeric and tetrameric forms 
are distinguished according to the degree of oligomerization of their 
subunits. They are the major cause of baker's asthma but also play a 
role as plant food allergens.324

The 2S albumins are a major group of plant seed storage pro-
teins. Most 2S albumins are synthesized as single-chain proteins that 
are subsequently cleaved into a small and a large subunit. Both sub-
units are held together as compact α-helical molecules by 4 to 5 di-
sulfide bonds.325 Many of the important seed and tree nut allergens 
are 2S albumins.

Nonspecific lipid transfer proteins (nsLTPs) have been suggested 
to mediate the transfer of phospholipids between vesicles and mem-
branes. However, plants use the three-dimensional scaffold of the 
nsLTPs in various ways and many nsLTPs play a role in plant defense 

against fungi and bacteria or in the response to abiotic stress. nsLTPs 
are typically found in high concentrations in epidermal tissues of 
plant food. The majority of allergenic representatives belongs to 
nsLTP type 1 (~10 kDa) while recently some members of the type 
2 (~7 kDa) were described. Allergenic nsLTPs are highly resistant 
to thermal and enzymatic digestion326. They are major allergens of 
fruits from the Rosaceae family. In addition, allergenic nsLTPs are 
present in nuts, seeds, vegetables, and Hevea brasiliensis (natural 
rubber latex). Besides their presence in plant foods, nsLTPs are also 
expressed in pollen of weeds, olive, and plane tree.

•	 Wheat contains several allergenic cereal prolamins. Tri a 19 is an 
ω-5-gliadin, Tri a 21 an α/β -gliadin, and Tri a 26 a high molecular 
weight glutenin from wheat (see chapter B16).

•	 Hor v 15 is a monomeric α-amylase inhibitor from barley. Tri a 
28 is a dimeric and Tri a 29 a tetrameric α amylase inhibitor from 
wheat (see chapter B16).

•	 Allergenic 2S albumins include Ara h 2 and Ara h 6 from pea-
nut, Ber e 1 from Brazil nut, Cor a 14 from hazelnut, Jug r 1 from 
English walnut, Ses i 1 from sesame seeds, and Sin a 1 from yellow 
mustard (see chapter C08).

•	 Rosaceae fruit type 1 nsLTPs include Mal d 3 from apple and Pru 
p 3 from peach. Representative allergenic type 1 nsLTPs from tree 
nuts are Cor a 8 from hazelnut and Jug r 3 from walnut. Pollen 
nsLTPs include Pla a 3 from plane tree and Art v 3 from mugwort. 
Zea m 14 and Tri a 14 are the nsLTPs from maize and wheat. Can s 
3 is the nsLTP from Indian hemp (see chapter C03).

•	 Allergenic type 2 nsLTPs were identified in tomato (Sola l 6), cel-
ery tuber (Api g 6) and peanut (Ara h 16).

2.2. EF-hand superfamily
A wide range of calcium-binding proteins share a conserved motif 
consisting of a 12 residue calcium-binding loop flanked on both sides 

F I G U R E  1 8 Distribution of allergenic members of the prolamin superfamily. The representative structures are Tri a 28, the dimeric α-
amylase inhibitor from wheat (PDB: 1hss), Ara h 6, a 2S albumin from peanut (PDB: 1w2q), and Pru p 3, the type 1 nsLTP from peach (PDB: 
2alg) 
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by an α-helix of 12 residues in length.327 The term EF-hand derives 
from the nomenclature of carp parvalbumin, which possesses 6 α-
helices, named A to F. These helices are paired to form the calcium-
binding motifs, which are now referred to as EF-hands after the 
third of those pairs, which folds into a structure prototypical for this 
motif. The biological functions of EF-hand proteins include signaling 
and calcium buffering or transport. Allergenic members of the EF-
hand superfamily are found mostly in animals with the exception of 
the plant-specific polcalcins (Figure 19).

Polcalcins are 9 kDa calcium-binding pollen proteins of unknown 
biological function. While regular polcalcins contain two EF hand 
domains, several polcalcin-related allergens with three or four EF 
hand domains have been described.328 Polcalcins were shown to be 
minor albeit highly cross-reactive allergens identified in pollen from 
diverse plant families (see chapter C06).

Parvalbumins are 12 kDa proteins that contain two EF hand do-
mains. They are found in fast-twitch muscle fibers of vertebrates and 
bind calcium ions during muscle relaxation. Parvalbumins from fish 
and amphibians are major food allergens eliciting IgE responses in 
most fish-allergic individuals (see chapter C11).329

The invertebrate 20-22 kDa sarcoplasmic calcium-binding pro-
teins (SCPs) are cytosolic calcium buffers that are characterized by 

four EF-hand signatures of which two or three are functional.330 
SCPs are the functional analogs of parvalbumins in invertebrate 
fast-twitch muscle. They promote rapid muscle relaxation by fa-
cilitating Ca2+ translocation from myofibrils to the sarcoplasmic 
reticulum.331

Troponin Cs, 18-21 kDa proteins with four EF-hand Ca2+ binding 
domains, are part of the macromolecular complex composed of tro-
ponins, tropomyosin, actin and myosin, and is specifically involved 
in the regulation of muscle contraction332, while parvalbumin pro-
motes rapid relaxation through translocation of Ca2+ from troponin 
C into the sarcoplasmic reticulum via a Ca2+ pump.331

Myosin light chains (MLCs) are subunits of myosins, motor proteins 
that play a role in muscle contraction and other motility processes in 
eukaryotic cells. The myosin molecule is a hexameric complex made up 
of two heavy chains and two pairs of calcium-binding light chains.333 
Myosin light chains contain two Ca2+-binding EF-hand motifs.

•	 Allergenic 2 EF-hand polcalcins include the monomeric Bet v 4 
from birch and the dimeric Phl p 7 from timothy grass and Che a 3 
from white goosefoot.

•	 Allergenic 4 EF-hand polcalcin-like proteins are Bet v 3 from birch, 
Amb a 10 from ragweed and Ole e 8 from olive pollen.

F I G U R E  19 Distribution of allergenic members of the EF-hand superfamily. The representative structures of allergens are Bet v 4, the 
polcalcin from birch pollen (PDB: 1h4b) and Cyp c 1, the parvalbumin from carp (PDB: 4cpv). For the other families, representative structures 
of nonallergenic proteins are shown: Bra l SCP, a sarcoplasmic Ca-binding protein from amphioxus (Branchiostoma lanceolatum; PDB: 2sas), 
Let i TnC, a troponin C from water bug (Lethocerus indicus; PDB: 2jnf), and Sch m MLC, the myosin light chain from Schistosoma mansoni 
(PDB: 3jax). Bound calcium ions are represented by pink spheres. No structures of allergenic EF-hand superfamily members other than 
polcalcins and parvalbumins have been described. 
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•	 Allergenic parvalbumins include Gad m 1 from Atlantic cod, Sal s 
1 from Atlantic salmon, and Cyp c 1 from carp.

•	 Allergenic SCPs have been described in shrimps (e.g., Lit v 4—
white shrimp), crabs (e.g., Scy p 4—mud crab), insects (e.g., Aed 
a 5—yellow fever mosquito), and mollusks (e.g., Cra a 4—Pacific 
oyster).

•	 Allergenic troponin C proteins are found in arthropods including 
crustaceans (e.g., Hom a 6—American lobster), mites (e.g., Der 
p 39—house dust mite) and cockroaches (e.g., Bla g 6—German 
cockroach). Allergenic myosin light chains are found in arthro-
pods such as crustaceans (e.g., Scy p 3—mud crab), mites (e.g., Der 
p 26—house dust mite) and cockroaches (e.g., Bla g 8—German 
cockroach).

2.3. Tropomyosin-like superfamily
Tropomyosins are present in muscle and nonmuscle cells. In stri-
ated muscle, they mediate the interactions between the troponin 
complex and actin to regulate muscle contraction. Tropomyosin is 
an α-helical protein that forms a coiled-coil structure of two par-
allel helices containing two sets of seven alternating actin-binding 
sites. Tropomyosins were identified as animal food allergens in 
crustaceans, mollusks, and the fish parasite Anisakis simplex.334 
Tropomyosins were also identified as respiratory allergens in ar-
thropods (mites, cockroaches). Tropomyosin sequences are highly 
conserved, which explains the frequent cross-sensitization among 
tropomyosin-containing allergen sources (see chapter C05).335 Pen 
i 1 from Indian prawn, Bla g 7 from German cockroach, and Der p 
10 from house dust mite are well-known allergenic tropomyosins 
(Figure 20).

2.4. Profilin-like superfamily
Profilins are small cytosolic proteins that are found in all eukaryotic 
cells. They bind to monomeric actin and various other proteins, thus 
regulating the dynamics of actin polymerization during processes 

such as cell movement, cytokinesis, and signaling. Profilins from 
higher plants are highly conserved showing amino acid sequence 
identities of > 75% even between members from distantly related 
organisms.336 Due to extensive IgE cross-reactivity, extract-based 
diagnosis can be hampered by clinically irrelevant profilin reactivity. 
However, profilin sensitization is considered a risk factor for pollen-
associated food allergy.337 Profilins are heat and digestion labile, 
but co-factors like antacids and fasting as well as damage of the oral 
mucosae may facilitate allergic food reactions.338,339 No substantial 
cross-reactivity between plant and human profilins has been shown 
so far (see chapter C01).

Allergenic profilins include Phl p 12 from grass pollen, Art v 4 
from mugwort pollen, Bet v 2 from birch pollen, Ole e 2 from olive 
pollen, Cit s 2 from orange, Cuc m 2 from melon, and Mus a 1 from 
banana [Figure 21].

2.5. Cupin superfamily
The cupins are a large and functionally immensely diverse super-
family of proteins whose evolution can be followed from bacteria 
to eukaryotes including animals and higher plants. Cupin pro-
teins are currently classified into 66 protein families. The largest 
families of bicupins (i.e., proteins that contain two cupin domains) 
are the 7/8S and 11S seed storage globulins that are the major 
components of plant seeds. They are important sources of pro-
teins for the human diet but are also major allergens (see chapter 
C08).341,1649

7S globulins or vicilins are homotrimeric proteins of about 150 
to 190 kDa. Their detailed subunit compositions vary considerably 
due to differences in proteolytic processing and glycosylation of the 
monomers. In mature 11S globulins (legumins), two trimers associate 
to form hexameric proteins (Figure 22).

•	 Allergenic vicilins include Ara h 1 from peanut, Gly m 5 from soy-
bean, Jug r 2 from walnut, and Ses i 3 from sesame.

F I G U R E  2 0 Distribution of allergenic 
tropomyosins. The structure shown is 
from the nonallergenic rat tropomyosin 
(PDB: 2b9c). No structure of an allergenic 
tropomyosin is available. 

F I G U R E  2 1 Distribution of allergenic 
profilins. The representative structure is 
from Bet v 2, the profilin from birch pollen 
(PDB: 1cqa). 
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•	 Allergenic legumins include the peanut allergen Ara h 3, Gly 
m 6 from soybean, Ber e 2 from Brazil nut, and Fag e 1 from 
buckwheat.

2.6. Bet v 1-like superfamily
The version 34.0 of the Pfam database attributes 104,941 proteins 
from 7,238 species with structures related to the major birch pollen 
allergen Bet v 1 to the Bet v 1-like superfamily (https://www.ebi.
ac.uk/inter​pro/set/pfam/CL020​9/, accessed 08/2021). These pro-
teins are found in all domains of life and are distributed between 
24 families. The members of this superfamily share the same struc-
ture, which is composed of a 7-stranded antiparallel β-sheet and 3 
α-helices.340 There is a cavity between the β-sheet and the long C 
terminal α-helix, which is able to bind a variety of lipid and flavonoid 
molecules. So far, allergens were identified only in the Bet v 1 family, 
whose members are found exclusively in plants (Figure 23).

The PR-10 proteins are the largest of the 11 subfamilies within 
the Bet v 1 family. The expression of these proteins is either in-
duced by pathogen attack or abiotic stress, or it is developmentally 
regulated. PR-10 proteins are expressed in high concentrations in 
reproductive tissues such as pollen, seeds and fruits. Allergenic PR-
10 proteins from pollen are found exclusively in pollen from mem-
bers of the order Fagales (birch-related and beech-related trees, 
e.g., Cor a 1 from hazel, Aln g 1 from alder and Que a 1 from oak). 
Many birch pollen-allergic patients show allergic reactions to vari-
ous fruits and vegetables, which are caused by IgE cross-reactivity 
between Bet v 1 and homologous allergens from plant foods. Most 
Bet v 1-related food allergens have been found in members of cer-
tain plant families: Rosaceae (e.g., Mal d 1 from apple, Pyr c 1 from 
pear and Pru p 1 from peach), Apiaceae (Api g 1 from celery and Dau 
c 1 from carrot), and Fabaceae (Gly m 4 from soybean and Ara h 8 
from peanut). In addition, not all close homologues of Bet v 1 are 
allergens (see chapter C02).

Two other subfamilies, whose members show only low se-
quence similarities and IgE-cross-reactivities with PR-10 subfamily 
members, contain allergenic members: Act d 11, a minor allergen 
from kiwifruit, is the first described allergen from the RRP/MLP 
(ripening-related proteins/major latex proteins) subfamily.342 Vig r 
6 from mung bean is the first described allergen from the CSBP 
(cytokinin-specific binding proteins) subfamily of the Bet v 1 
family.343

2.7. Calicyn superfamily
The calycin superfamily comprises 16 families. Although structurally 
similar, calycins have rather low sequence similarities. The calycin 
architecture is based on an eight- or nine-stranded β-barrel, which 
can bind a variety of different ligands.344

Lipocalins are transporters for small hydrophobic molecules, 
such as lipids, steroid hormones, bilins, and retinoids. Allergens 
from this protein family include β-lactoglobulins, mammalian dander 
allergens, and cytoplasmic fatty acid-binding proteins.26,345 Beta-
lactoglobulins are the major whey protein of ruminant species. Bos 
d 5, a β-lactoglobulin, is a major cow's milk allergen. Cross-reactions 
to milk proteins from other species have also been described. 

F I G U R E  2 3 Distribution of allergenic 
members of the Bet v 1 family. The 
representative structures shown are Bet 
v 1, the PR-10 from birch pollen (PDB: 
1bv1), Act d 11, the MLP/RRP from 
kiwifruit (PDB: 4igv) and Vig r 6, the CSBP 
from mung bean (PDB: 2flh). 

F I G U R E  2 2 Distribution of allergenic members of the cupin 
superfamily. The depicted structures are Ara h 1, the 7S globulin 
from peanut (PDB: 3smh) and Ara h 3, the 11S globulin from peanut 
(PDB: 3c3v). 
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Lipocalins constitute the vast majority of mammalian dander aller-
gens. Cytoplasmic fatty acid-binding proteins are distantly related to 
extracellular lipocalins and β-lactoglobulins. They were identified as 
minor allergens in mites (group 13).

Triabins are extracellular proteins distantly related to lipocalins 
that were identified in insects. In the saliva of hematophagous spe-
cies, they function as serine protease inhibitors that interfere with 
blood clotting in the host (Figure 24).346

•	 Examples for mammalian allergenic lipocalins are Equ c 1 from 
horse, Bos d 2 from cattle, Can f 1 and Can f 2 from dog, Fel d 4 
from cat and Mus m 1 from mouse (see chapter C07).

•	 The prototypic allergenic member of the β-lactoglobulin subfam-
ily is Bos d 5 from cow's milk (see chapter B10).

•	 Allergenic cytoplasmic fatty acid-binding proteins are Der p 13, 
Der f 13, and Blo t 13 from house dust mites (see chapter B04).

•	 Allergens from the triabin family include the minor allergens Per a 
4 and Bla g 4 from American and German cockroach as well as Tria 
p 1 (procalin) from the California kissing bug (see chapter B05).

2.8. DPBB (double-psi beta barrel) superfamily
Members of the DPBB superfamily fold into six-stranded β-

barrels defined by their distinct strand connections347 [40]. They 
are composed of two psi-loop motifs that consist of three β-strands 
that assume the form of the Greek letter psi (Ψ) (Figure  25). The 
grass pollen group 1 allergens belong to the β-expansins and contain 
two domains. The amino-terminal domain assumes the six-stranded 
double-psi β-barrel topology, and the carboxy-terminal domain con-
sists of two stacked β-sheets with an immunoglobulin-like fold.348 
Expansins possess cell wall loosening activities in growing cells in-
cluding penetration of pollen tubes through the stigma and style.349 
Group 2 and 3 grass pollen allergens are related to the C-terminal 
domain of β-expansins but lack the N-terminal DPBB domain.348

The kiwellin family derives its name from the kiwifruit, in which 
the first family members were characterized. Kiwellin contains a 
small cysteine-rich N-terminal domain linked to a C-terminal DPBB 
domain and is cleaved into its domains by the main kiwifruit protease 
actinidin.350 Kiwellins are part of the plant defense system as shown 
for an anti-fungal kiwellin from maize.351

Another family of plant-defense related proteins is the barwin 
(barley wound-induced) family, also named pathogenesis-related 
proteins PR-4. Barwin-like proteins contain a DPBB domain that 
in some members (PR-4 class II), such as the major rubber latex al-
lergen Hev b 6 (prohevein), is linked to an N-terminal cysteine-rich 
hevein-like domain and cleaved upon activation into its constituent 
domains.352

•	 Examples for group 1 grass pollen allergens are Lol p 1 from rye-
grass, Phl p 1 from Timothy grass, and Poa p 1 from Kentucky 
bluegrass. Group 2/3 grass pollen allergens include Dac g 2 and 
Dac g 3 from orchard grass, Lol p 2 and Lol p 3 from ryegrass, and 
Phl p 2 and Phl p 3 from Timothy grass. Members of both groups 
are major allergens (see chapter B02).

•	 Allergenic members of the kiwellin family are the minor allergens 
Act c 5 and Act d 5 from gold and green kiwifruit, respectively.

•	 The most important allergenic member of the barwin family is the 
major natural rubber latex allergen Hev b 6 (see chapter B22).

2.9. The CAP superfamily
The CAP (CRISP, Antigen 5, PR-1) superfamily of proteins com-
prises the cysteine-rich secretory proteins (CRISPs) in the mamma-
lian male reproductive tract and in the venom secretory ducts in 
many snakes, lizards, and other vertebrates, the insect venom anti-
gen 5 family, and the plant pathogenesis-related PR-1 proteins.353 
Members of this superfamily are widely spread across the bacterial, 
fungal, plant and animal kingdoms.354 The CAP domains, which are 
α–β–α sandwiches where two layers of α-helices flank the central 
three-stranded anti-parallel β-sheet, are involved in a large variety 
of biological processes such as reproduction, tumor suppression, 
and immune regulation.

Most allergens from this superfamily are major insect venom al-
lergens including group 5 wasp allergens and group 3 ant allergens. 
Examples are Ves v 5 from yellow jacket, Dol m 5 from the white face 
hornet, and Sol i 3 from the red imported fire ant (Figure 26); (see 
chapter B21). Allergens from the plant PR-1 family are minor aller-
gens. They include the Bermuda grass pollen allergen Cyn d 24, the 
mugwort pollen allergen Art v 2 and the muskmelon allergen Cuc m 
3 (Figure 26).

F I G U R E  2 4 Distribution of allergens 
from the calycin superfamily. The 
representative structures shown are Equ 
c 1, an extracellular lipocalin from horse 
dander (PDB: 1ew3), Der f 13, a cytosolic 
fatty acid-binding protein from house dust 
mite (PDB: 2a0a), and Per a 4, a triabin like 
allergen from American cockroach (PDB: 
3ebw). 
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2.10. Pectate lyase-like superfamily
This large and functionally diverse superfamily is defined by the 
common core structure of its members, a parallel right-handed β-
helix.355 Its members are found in eukaryotes, bacteria and viruses. 
Many pectate lyase-like enzymes are involved in carbohydrate me-
tabolism. Allergenic members of this superfamily were identified 
mainly in pollen (Figure 27).

Pectate lyases are responsible for the eliminative cleavage of 
pectate and involved in pollen tube growth and fruit ripening but 
also expressed in plant pathogenic microorganisms. Allergenic pec-
tate lyases are present in pollen of conifers from the Cupressaceae 
family (cypress and cedar) and weeds from the Asteraceae family 
(ragweed, sunflower and mugwort). They are highly abundant and 
represent dominant allergens in their pollen allergen sources (except 
Art v 6 from mugwort). Analogous to sequence identity, IgE cross-
reactivity between botanically related members is observed, while 
limited between allergens from conifers and weeds.356,357

Allergens were found in two other pectate-lyase-like families 
that contain enzymes taking part in plants in cell wall modification 
and breakdown, while their homologues in plant pathogenic fungi 

F I G U R E  2 6 Distribution of allergens from the CAP superfamily. Representative structures shown are Ves v 5 from yellow jacket (PDB: 
1qnx) and Sola l PR-1, a nonallergenic PR-1 from tomato (PDB: 1cfe). No structures of allergenic PR-1 proteins have been determined. 

F I G U R E  2 7 Distribution of allergens from the pectate-lyase-like superfamily. The representative structures shown are Jun a 1, a 
pectate lyase from mountain cedar (PDB: 1pxz), Asp n PG, a nonallergenic polygalacturonase from Aspergillus niger (PDB: 1nhc) and Dau c 
PE, a nonallergenic pectinesterase from carrot (PDB: 1gq8). No structures of allergenic polygalacturonases and pectinesterases have been 
determined. 

F I G U R E  2 5 Distribution of allergens from the DPBB 
superfamily. The representative structures shown are Phl p 1 (PDB: 
1n10) and Phl p 2 (PDB: 1who), a β-expansin and expansin like 
protein from Timothy grass pollen, Act d 5, a kiwellin from kiwifruit 
(PDB: 4x9u), and Cari p barwin, a nonallergenic barwin-like protein 
from papaya (PDB: 4jp7). No structures of barwin domains from 
allergens have been determined. 
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and bacteria are responsible for maceration and soft-rotting of plant 
tissue. Polygalacturonases, also known as pectinases or glycoside 
hydrolases family 28, catalyse the hydrolysis of pectate. Allergens 
from this family are glycosylated minor allergens found in pollen 
from various plant families such as Cupressaceae (group 2) and 
grasses (group 13). Pectinesterases catalyse the de-esterification of 
pectin into pectate and methanol. Allergenic pectinesterases were 
identified in pollen and plant foods.

•	 Examples of allergenic pectate lyases are Jun a 1 from mountain 
cedar, Cry j 1 from Japanese cedar and Amb a 1 from ragweed 
(see chapter B01 and chapter B03).

•	 Allergenic polygalacturonases include Jun a 2 from mountain 
cedar, Cry j 2 from Japanese cedar, Pla a 2 from plane tree and Phl 
p 13 from Timothy grass.

•	 Allergenic pectinesterases are Sal k 1 and Ole e 11, major aller-
gens from saltwort and olive pollen, respectively, as well as Act d 
7, a minor allergen from kiwifruit.

2.11. Transthyretin superfamily
The transthyretin superfamily (Pfam clan CL0287) is a functionally 
diverse superfamily whose members are found in all domains of 
life and defined by their common 7-stranded β-sandwich fold. The 
only family that contains allergens is the Ole e 1-like family. Proteins 
containing Ole e 1-like domains, also known as PAC (Proline-Rich, 
Arabinogalactan Proteins, Conserved Cysteines) domains are found 
in all land plants and proposed to have a role in pollen tube develop-
ment and glycan-related modifications in the cell wall 1650. They com-
prise a structurally conserved disulfide-stabilized β-barrel and loop 
regions of varying length and sequences.358 Ole e 1 from olive pollen 
was the first identified allergenic member, and Ole e 1-like proteins 
represent major and minor allergens in pollen of ash, privet, plan-
tain, grasses, chenopod, and Russian thistle (Figure  28). Sequence 
identity and IgE cross-reactivity is high between olive and ash, while 
for other Ole e 1-like allergens limited or no cross-reactivity is ob-
served.358 Recently, TLR-independent activation of innate immune 
cells was reported for Lig v 1 from privet.359

Ole e 1-related allergens include Ole e 1 from olive, Fra e 1 from 
ash, Pla l 1 from plantain and Phl p 11 from Timothy grass (see chap-
ters B01, B02, and B03).

2.12. Papain-like cysteine superfamily
Cysteine proteases contain a cysteine residue at their active cata-
lytic site and catalyze the hydrolysis of peptides and proteins. 
Despite structural similarities involving the residues that surround 
the catalytic site, cysteine proteases possess only low levels of over-
all sequence similarities.360 There are eight superfamilies of cysteine 
proteases (https://www.ebi.ac.uk/merops), named CA to CP.361 
Papain belongs to the C1 family of the CA superfamily. Members of 
the papain-like cysteine protease (PLCP) family are wide-spread and 
have been found in baculovirus, bacteria, yeast, plants and animals. 
PLCPs, such as papain, ficin and bromelain, are the most abundant 
family of cysteine proteases in plants and play essential roles in bi-
otic/abiotic stress responses, growth and senescence.362

Allergenic papain-like cysteine proteases include plant food 
allergens such as actinidin (Act d 1), the major allergen from kiwi-
fruit, bromelain (Ana c 2) from pineapple, ficin from fig and chy-
mopapain (Cari p 2) from papaya, as well as group 1 mite allergens 
such as the major dust mite allergen Der p 1 (Figure 29) (see chap-
ters B15 and B04).

2 – Databases

During the latest two decades, various databases covering allergens 
and allergen-related data have been established by academic insti-
tutions and the industry. These databases contain overlapping data, 
but address different user groups, use varying criteria for includ-
ing allergens, and some provide additional tools such as sequence 
comparisons. The most widely-used, freely accessible databases are 
summarized below. A more extensive discussion of allergen data-
bases was published recently.363

2.1 WHO/IUIS allergen nomenclature database (http://www.
aller​gen.org/)

The allergen nomenclature database is a repository of allergens 
that underwent a submission and evaluation process and were ac-
cepted by the WHO/IUIS Allergen Nomenclature Sub-Committee, 
a panel of experts in allergen characterization, structure, and func-
tion. This is the only body officially authorized to assign allergen 
designations. The database contains links for each allergen to the 
nucleotide and protein databases of the NCBI (National Center 

F I G U R E  2 9 Distribution of allergenic members of the papain-
like cysteine protease family. The depicted structure is Act d 1, 
actinidin from kiwifruit (PDB: 2act). 

F I G U R E  2 8 Distribution of allergens from the Ole e 1 family. 
The depicted structure is Pla l 1 from narrowleaf plantain pollen 
(PDB: 4z8w). 
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for Biotechnology Information; https://www.ncbi.nlm.nih.gov/), 
the UniProt database (https://www.unipr​ot.org/), and the Protein 
Databank (PDB) of macromolecular structures (https://www.rcsb.
org/).

2.2 Allergen Online (https://www.aller​genon​line.org/) 
AllergenOnline provides access to a peer-reviewed allergen list and 
sequence searchable database intended for the identification of pro-
teins that may present a potential risk of allergenic cross-reactivity. 
The website was designed to help in assessing the safety of proteins 
that may be introduced into foods through genetic engineering or 
through food processing methods.

2.3 Allergome (https://www.aller​gome.org/) The Allergome 
database has the most extensive collection of information on aller-
gens and allergen sources, including data on sequences, structures, 
cross-reactivity, epidemiology, and an annotated list of references. 
It is based on the literature published since the early sixties but also 
contains many genomic and putative cDNA sequences listed as al-
lergens that have been identified by bioinformatics searches from 
sources related to species containing allergens. Each allergen record 
contains an allergenicity score that helps the user in judging the rel-
evance of the respective allergen.

2.4 COMprehensive Protein Allergen REsource (COMPARE; 
https://compa​redat​abase.org/)

Similar to AllergenOnline, the COMPARE database aims at pro-
viding a peer-reviewed list of allergen sequences associated with 
bioinformatics tools for sequence search.

AllerBase (http://bioin​fo.unipu​ne.ac.in/Aller​Base/) The 
AllerBase knowledgebase is an extensively cross-linked collection of 
data on allergens, their sequences, structures, physico-chemical and 
immunological characterization, cross-reactivity and IgE epitopes, 
as well as IgE antibodies. Data are compiled from the literature and 
other databases and manually curated.

2.5 AllFam (allergen protein families, http://www.medun​iwien.
ac.at/allfa​m/)

The AllFam database is a resource for classifying allergens into 
protein families. It is curated by the host scientists. AllFam groups al-
lergens from the WHO/IUIS database and AllergenOnline according 
to the protein family classification from the Pfam database (https://
www.ebi.ac.uk/inter​pro/). Allfam provides a good overview on aller-
gen families and their member proteins.

2.6 Immune Epitope Database (IEDB; http://www.iedb.org/)
The IEDB is a comprehensive collection of data on experimen-

tally determined B cell and T cell epitopes in the context of infec-
tious diseases, allergy, autoimmunity and transplantation. Data are 
extracted from the literature and curated by a board of reviewers 
following detailed published criteria. IEDB's sophisticated user in-
terface allows for targeted searches for specific information on epi-
topes of allergens.
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A09 – Immunotherapy and molecular 
a l lerg y approaches

Lars K. Poulsen, Sarita Patil, Stefan Vieths, Ronald van 
Ree

Highlights

•	 Allergen-specific immunotherapy started in 1911 and since then, 
numerous studies contributed to improve efficacy and safety of 
this treatment.

•	 In parallel, characterization and quality assurance of allergen 
extracts have been improved and regulatory requirements have 
been developed for market authorization.

•	 So far only extract based formulations have been approved for 
immunotherapy and in vivo diagnosis.

1 – Introduction

Allergen-specific immunotherapy (AIT)—in the following referred to 
as immunotherapy—grew out of the successes of vaccination against 
infectious diseases in the late nineteenth century. The first success-
ful attempt to ameliorate allergic symptoms was published by Noon 
in 1911, where grass-pollen allergic patients were vaccinated with 
watery extracts of gras pollen and eventually developed some form 
of tolerance.364,365 While the rationale behind the experiments—to 
immunize against a putative contagion—may not have been correct, 
the benefit for the patients made the treatment principle grow and 
was already in the first part of the twentieth century greatly ex-
panded to the most common allergenic sources, such as tree and 
weed pollens, mold spores, cat, dog and horse dander and “house 
dust”—only later to be related to house dust mites.

The impact of molecular allergology on the field of immuno-
therapy has been enormous, but in spite of more than 20 years with 
recombinant allergens, still no product based on recombinant tech-
nology has yet been authorized for clinical use. There are, however, 
a wealth of clinical studies from which many important lessons can 
be learned.

In the present chapter we will focus on clinical studies, where 
molecular allergology has been applied to development of immu-
notherapy. As demonstrated in (Figure 30) a crude characterization 
can be made of the development lines: Starting from the crude aller-
gen extract the search for the active components lead to an under-
standing that extracts contained many proteins some of which were 
allergens. The immunological science provided tools in the form of 
animal antibodies, and after the discovery of IgE in the late 1960s, 
the ability to measure IgE further boosted research. Combined with 
the development in biophysical separation and characterization 
techniques, this allowed detailed studies of allergens that eventu-
ally helped the manufacturers of allergen extracts to standardize 
the qualitative and quantitative contents of their products, and 
thereby ascertain an improved efficacy and safety. With the advent 

of the first recombinant molecules in the 1980s, a revolution in the 
possibilities of identifying, characterizing and producing allergens 
became available, but in spite of many attempts, the barriers for im-
plementation in immunotherapy seem to be much more substantial 
than for in vitro diagnosis.

The interplay between the development of biotechnology to 
produce new molecules with an increasing understanding of the 
immunological mechanisms of allergy and immunotherapy sets the 
scene for new products of immunotherapy, but it is important also 
to mention the evolution in smaller increments where clinical stud-
ies have optimized dose schedules and regimens (See newest EAACI 
guidelines on www.eaaci.org) and combination of immunotherapy 
with pharmacological366 or immunopharmacological367,368 therapy. 
Finally, also studies of the administration routes: subcutaneous, sub-
lingual, oral, intranasal or intralymphatic have given rise to a large 
body of literature, but this generally falls outside the realm of mo-
lecular allergology and will not be discussed further in the present 
chapter.

2 – The standardized immunotherapy extract: 
Ideals and reality

One of the most tangible contributions molecular allergology has so 
far made to the improvement of immunotherapy is to product char-
acterization and standardization. By the time most of the major al-
lergens of the most important allergen sources had been identified, 
it became clear that their (consistent) presence in immunotherapy 
products as important active ingredients is essential and should be 
monitored. Traditionally, standardization of immunotherapy prod-
ucts has been focused on total IgE-binding potency of extracts, 
using in-house reference preparations (extracts) and associated 
company-specific units. Competitive IgE-binding assays using 
pooled sera of allergic patients are at the basis of this approach. 
This approach stems from a time when major allergens had not yet 
been identified and was very much safety driven: IgE-binding po-
tencies should not vary too much to prevent adverse events caused 
by too potent extracts. Overall, IgE-binding potencies do not pro-
vide insight into the content of individual major allergens but of all 
allergens together. In particular the development of major allergen-
specific monoclonal antibodies (mAbs), provided the tools to moni-
tor major allergen content of immunotherapy products. Slowly, 
companies started implementing mAb-based sandwich ELISAs to 
measure major allergens in their products. Gaining insight into the 
content of these active ingredients was a major step forward. It 
was, however, realized that quantification of major allergens is not 
as straightforward due to a number of factors. Firstly, major aller-
gens are often present in multiple isoforms and it turned out that 
not all are picked up with the same sensitivity by major allergen 
ELISAs. Secondly, many immunotherapy products are composed of 
mixtures of different species, e.g., a mix of pollen from 5 or even 10 
different grass pollen species or a mix of Dermatophagoides pteron-
yssinus and farinae house dust mites. As for isoforms, homologous 
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major allergens from different species are usually not measured 
with the same sensitivity. Thirdly, each individual ELISA with its 
own mAbs differs with respect to performance characteristics. 
Finally, references used in sandwich ELISAs can be natural extracts, 
natural purified major allergens, or specific recombinant isoforms. It 
does not require too much imagination to realize that this has great 
impact on the outcome of these assays. The consequence of this 
was that 10 μg of a major allergen in product A is not necessarily 
equivalent to 10 μg in product B, measured with different assays. 
The EU-funded project, CREATE, aimed at providing an answer 
to these challenges.369 For four allergen sources (birch, grass and 
olive pollen and house dust mite) the project set out to character-
ize and compare natural and recombinant versions of eight major 
allergens (Bet v 1, Phl p 1 and 5, Ole e 1, Der p and f 1 and Der 
p and f 2) as candidates to become certified reference materials. 

The second objective was to compare different available sandwich 
ELISAs for each of the allergens, using both natural and recombi-
nant references, to ultimately allow selection of assays that were 
best equipped to measure different natural isoforms in extracts 
from different companies. The project was followed up by the BSP 
090 program under the guidance of EDQM(European Directorate 
for the Quality of Medicines and HealthCare),370 to establish the 
two first changed to first two recombinant references with linked 
sandwich ELISAs, i.e., for Bet v 1371,372 and for Phl p 5.373 These 
references and associated ELISAs can now be used by companies 
to calibrate their in-house references and, if used, evaluate their 
in-house ELISA assays. These developments are a major first step 
towards application of molecular allergology into standardization 
and quality control of immunotherapy products, allowing more reli-
able comparison between competitor products.

F I G U R E  3 0 Quasi-historical 
developmental history of therapeutics 
for allergen immunotherapy (AIT). The 
development has taken place as an 
interplay between the clinical research 
and documentation (left column) 
and the biochemical description and 
manufacturing of the allergens (right 
column). Left: The monitoring of patients 
treated with AIT has developed from 
increasingly more quantitative clinical 
observations and skin prick tests, 
over serological assays to extensive 
immunological and inflammatory studies 
of biomarkers. Right: The control of the 
administered allergen molecules has 
developed from simply descriptive of 
the qualitative and quantitative allergen 
content of the natural source extract, 
over standardized extracts and the 
potential for production of wild-type 
allergen molecules, to synthetic designer 
molecules being developed based on 
scientific hypotheses on the vaccinology 
and the immune system. 
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3 – Current practices and documentation 
requirements

When an allergen extract is put on the market to be used for AIT or 
in vivo diagnostics such as skin prick testing, intradermal testing or 
target organ challenges, it is considered a biological medicinal prod-
uct, and as such it needs a market authorization. In the European 
Union this is taken care of by the European Medicines Agency (EMA) 
in collaboration with the national drug agencies, and in the US by 
the Food Drug Administration (FDA). Several aspects of the required 
documentation and evaluation have been harmonized between EU 
and USA, but some differences remain (reviewed in374).

Since no recombinant allergen molecules have yet reached the 
market (see below), this section will focus on the regulatory issues 
pertaining to extract-based therapy and diagnosis. Some of the key 
elements in the documentation of these are:

1.	 Thorough description of the source material, including species 
documentation and quality assurance levels for pollutants such 
as other species (i.e., % nonrelevant pollens, or nonrelevant 
house dust mites).

2.	 Description of the production processes involved. Since even 
minor differences in e.g., extraction procedures may have pro-
found effects on the yield of different individual allergens, the 
process is considered an inherent part of the product.

3.	 Establishment of an in-house reference preparation (IHRP), to 
which different production batches may be compared and stand-
ardized. As described in the previous section this may be done in 
terms of total allergenic potency of an extract or by measuring 
the individual allergens. Typically, a variation from 50 to 150% has 
been accepted for the former, and 50-200% for the latter, assum-
ing 100% for the IRHP. It should be noticed that these variances 
must be adhered to for the whole shelf-life of the product.

4.	 Some leniency is introduced by allowing similar allergenic sources 
(such as birch pollen-related tree pollen, botanically related 
grasses, or different house dust mite species) to be grouped thus 
allowing for a somewhat reduced burden of documentation.

5.	 Clinical efficacy and side effects. For the clinical documentation 
the whole area has suffered from a large variability in the level 
of documentation. Many products have been on the market for 
many years and at the time they were introduced, the require-
ments for documentation were much smaller. Moreover, some 
in vitro diagnostic products, such as skin prick test extracts for 
rare allergen sources, may never reach a market value that eco-
nomically justifies large clinical studies. Recently, the EU Heads 
of Medicines Agency (HMA) Co-ordination Group for Mutual 
Recognition and Decentralised Procedures Human (CMDh) has 
issued Recommendations on common regulatory approaches 
for allergen products (reviewed in1703) in which it is suggested to 
require full clinical documentation for extracts from important 
allergen sources (pollen from the grasses, birch-related trees, ol-
ive- and cypress-related tree pollen, ragweed and Parietaria weed 
pollen, bee and wasp venom, cat allergens, and the food allergens 

peanut and peach). On the other hand, well-established products 
on the market, and other extracts may require somewhat less 
clinical documentation (reviewed in375).

4 – Immunotherapy for food allergy

More recently, immunotherapy has been employed in the treat-
ment of IgE-mediated food allergies. This approach models the im-
munotherapy approach for aeroallergens, using a build-up phase 
followed by an extended maintenance phase with daily allergen 
administration to achieve desensitization. Previous efforts using 
subcutaneous forms of food immunotherapy were largely aban-
doned due to safety concerns.376,1652 The best studied form, oral 
immunotherapy, was first developed using whole foods for admin-
istration. Other immunotherapy approaches studied for the treat-
ment of food allergy include both, sublingual and epicutaneous 
administration.

Most oral immunotherapy protocols have involved the use of 
allergen in a flour form, which is then mixed into a food as a ve-
hicle for ingestion. This formulation has been commonly used 
with high protein containing foods, including egg,377,378,393 pea-
nut,379,380,1653,1701 and tree nuts.382 On the other hand, other aller-
gens have been administered as whole food allergens, such as in milk 
oral immunotherapy.383,384,1702

However, the high rates of adverse reactions in whole food 
immunotherapy have promoted the study of using modified food 
allergens for oral immunotherapy, based on observations on the 
allergenicity of naturally modified foods. In about 70% of children 
with milk or egg allergy, extensively heated cow's milk and baked 
eggs, such as in cakes, muffins, and cookies, are tolerated. The pro-
cess of heating, in the case of milk, or forming a gluten-containing 
food matrix, in the case of egg, modify their allergenicity by altering 
the protein structure and abrogating IgE binding to conformational 
epitopes and thereby decreasing their ability to activate allergen 
effector responses385–390. The oral introduction of modified milk 
and egg allergens in allergic patients have been shown to acceler-
ate the development of tolerance391,392, though not as well as oral 
immunotherapy.393

Modified natural allergens, with reduced allergenicity, have also 
been studied in oral immunotherapy. For instance, boiled peanuts 
have been found to have decreased IgE-binding capacity due to a 
loss of key allergenic components, such as Ara h 1, Ara h 2, and Ara 
h 6, into the cooking water.394,395 Immunotherapy with boiled pea-
nuts have been shown to be safe in children with peanut allergy,396 
and currently, a phase 2/3 clinical trial using boiled peanut in im-
munotherapy is ongoing (NCT02149719). Similarly, a low allergen 
hydrolyzed hen's egg preparation using a combination of heat and 
enzymatic digestion,397 has been used in a clinical trial for treatment 
of egg allergy.398

Engineering of recombinant food allergens, by introduction of 
chemical modifications or site-directed mutagenesis for abrogation 
of IgE-binding sites while preserving the T cell epitopes, has achieved 
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reduced allergenicity. This modification has been proposed as a 
way to increase the safety of oral immunotherapy while promoting 
adaptive immune responses. Several efforts to produce engineered 
recombinant allergens are underway with peanut, fish, apple, and 
peach. For instance, a phase I trial of rectally administered modified 
major peanut allergens, Ara h 1, Ara h 2, and Ara h 3, encapsulated in 
heat/phenol killed E. coli (EMP-123) for treatment of peanut allergy 
resulted in frequent allergic reactions, including anaphylaxis.399

Finally, sublingual immunotherapy with aqueous allergen ex-
tracts has been employed for treatment of food allergy. Previous 
studies have used aqueous food allergen extracts for immuno-
therapy to treat hazelnut,400 peach,401 and peanut402–404,1651 al-
lergy. Alternatively, protein powder has been used sublingually for 
milk.405,406

5 – Immunotherapy products based on wild type 
recombinant allergens

The first placebo-controlled clinical trial with recombinant allergen 
molecules was employing a multi-allergen grass pollen mixture of 
recombinant allergens of Phleum pratense, using approximately equi-
molar concentrations of the recombinant allergens Phl p 1, Phl p 2, 
Phl p 5a, Phl p 5b, and Phl p 6, all expressed in E. coli.407 The mix-
ture was subcutaneously administered in a classical dose increase 
with 10 weekly intervals up to a maintenance dose of around 40 mg 
total recombinant protein (10+5+10+10+5 mg of the five allergens). 
The allergens were adsorbed to aluminium hydroxide and the treat-
ment controlled by placebo (aluminium hydroxide plus histamine) 
was given for about 30 months with a 50% dose reduction during 
grass pollen seasons. Using combined symptom-medication scores 
as outcome parameter, the experimental product, i.e., the mixture 
of recombinants showed significantly better scores compared with 
placebo when tested on hay fever patients allergic to grass pollen. 
Also immunologically, a strong induction of both IgG1 and IgG4 was 
demonstrated (60-fold for IgG1 and 4000-fold for IgG4). In spite of 
these interesting findings, subsequent studies with the experimen-
tal product failed to demonstrate superiority over placebo, and the 
development program was discontinued.

For birch pollen a similar product—although simpler since it only 
contained recombinant Bet v 1, which is the dominating allergen in 
birch pollen extract—was developed.408 With this product, a four-
arm randomized clinical trial was developed, in which the recombi-
nant Bet v 1, was compared with the purified natural Bet v 1 and a 
standardized birch pollen extract as well as placebo. The three active 
arms were given up to what corresponds to 15 ug Bet v 1 as main-
tenance dose, where the allergens/extracts were adsorbed to alumi-
num hydroxide. The study was run for two birch pollen seasons as a 
multi-center study of birch pollen hay fever patients in Northern and 
Central Europe. In both pollen seasons, the symptoms and medica-
tion use were significantly reduced in all three study arms receiving 
active allergen compared with placebo. No differences were found 
between full birch pollen extract, recombinant or purified natural 

Bet v 1. As for the grass pollen study, strong inductions of Bet v 
1-specific IgG1 and IgG4 responses were seen accompanying the 
treatments.408 In this case no follow-up studies were made, and an 
immunotherapy treatment based on the wildtype recombinant Bet v 
1 has never reached the market.

The two examples presented above would suggest that it is in-
deed technically and clinically feasible to produce well-performing 
immunotherapy products based on recombinant or wild-type aller-
genic molecules. It is likely that overcoming economical and perhaps 
regulatory barriers in the future will determine whether this poten-
tial will be fulfilled to same degree in immunotherapy as we have 
seen in vitro diagnosis as exemplified by these guidelines. A summary 
of recombinant allergen approaches in AIT has been published by 
Nandy et al.409

6 – Can we learn from immunotherapy biomarkers 
in the monitoring of immunotherapy and for the 
design of new molecules?

The search for biomarkers of immunotherapy has focused on clinical 
need: to identify markers of clinical efficacy characterized by longer, 
or sustained responses after immunotherapy and to identify risk fac-
tors for increased adverse effects. On a biological level, biomarkers 
also promise to provide insights into clinically relevant mechanisms 
of disease.

Allergen-specific antibody induction after immunotherapy has 
been long-recognized as one of the first immunological changes to 
occur in immunotherapy.410 Since then, increases in whole allergen-
specific IgG, particularly IgG4, have been reproducibly observed in 
many forms of immunotherapy, including subcutaneous,411 oral,377 
sublingual,402 and epicutaneous412 forms, for treatment of several 
IgE-mediated diseases, including environmental, venom, and food al-
lergies. Next, discovery of immunodominant protein allergens led to 
our ability to demonstrate increases in component-specific antibod-
ies for immunotherapy to both aeroallergens and foods. However, 
the changes in induced antibody levels occur almost uniformly during 
immunotherapy and did not correlate with clinical efficacy.1653 One 
well-studied example has been that peanut-specific IgG4 and Ara h 
2-specific IgG4 increases do correlate with clinical efficacy.186

Drilling down to the specific epitope-based recognition of al-
lergens, the importance of linear epitope recognition by allergen-
specific antibodies has been increasingly recognized, particularly in 
food allergy. Increased diversity of linear epitope recognition by IgE 
has correlated to clinical severity of oral food challenges in peanut 
allergy.138,413 Moreover, increased linear epitope recognition has 
correlated with more persistent milk allergy as well. However, linear 
epitope recognition has not always correlated with clinical efficacy, 
in either IgE or IgG epitopes after peanut oral immunotherapy.414

In individuals with sensitization to allergens, immunotherapy 
preparations containing the particular allergen more effectively 
drive clinical efficacy. For instance, honey bee venom patients with 
Api m 10 IgE sensitization were more likely to have treatment failure, 
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so treatment with Api m 10 containing extracts has been recom-
mended for those patients.101

Functional cellular assays have provided an in vitro, integrated 
tool for assessment of clinical reactivity. By evaluating how allergen-
specific IgE binding is outcompeted by allergen-specific antibod-
ies, these assays have been shown to be better biomarkers of 
clinical efficacy than the measurement of whole allergen-specific 
antibody serum levels. Two well-studied biomarker assays have cor-
related with clinical efficacy of immunotherapy. The first is a flow 
cytometry-based assay, IgE-FAB, which was developed as an in vitro 
assay of IgE-facilitated antigen presentation and activation of T cells 
during aeroallergen immunotherapy,415 and which correlates with 
clinical efficacy after grass pollen immunotherapy.416

The second assay, basophil activation testing (BAT) uses baso-
phils, an allergen effector cell in the peripheral blood coated with 
surface IgE that can be cross-linked by allergen for activation, mea-
sured as CD63 upregulation by flow cytometry. Blocking antibodies 
can prevent IgE-cross-linking, thereby suppressing reactivity (see 
chapter A05). Suppression of basophil reactivity due to blocking an-
tibodies, as well as basophil-intrinsic modulation of reactivity, occurs 
reproducibly during immunotherapy.184,377 However, basophil sen-
sitivity, measured as a shift in the dose response curve of basophil 
activation to allergen stimulation, is an early biomarker of clinical 
efficacy in peanut oral immunotherapy.186 Moreover, basophil sen-
sitivity to whole peanut was not as useful as the change in basophil 
sensitivity to the immunodominant allergen Ara h 2.186 Other simi-
lar assays, which use allergen-specific cell lines, such as the LAD2 
cell line, have been used to create the inhibition of mast cell activa-
tion test (iMAT), which is also used to assess blocking antibodies in 
immunotherapy.417

Other cellular biomarkers of immunotherapy have been primar-
ily aimed at understanding the mechanisms underlying the develop-
ment of allergic tolerance. Reduction in circulating allergen-specific 
type 2 helper (Th2) cells have been identified in both aeroallergen 
and food immunotherapy.185,418,419,420 Assays to profile allergen-
specific T cells have included the use of T cell tetramers420 and the 
use of CD154 assays, where upregulation of CD154 after allergen 
stimulation identified allergen-specific T cells.418

In summary, the application of biomarkers of immunotherapy, 
based on molecular identification of allergenic protein components 
and allergen recognition, are emerging as correlates of clinical effi-
cacy. Advances in our understanding of the adaptive mechanisms of 
allergic tolerance and detailed molecular typing of allergic responses 
have the potential to lead to significant improvement in biomarker 
discovery in immunotherapy.

7 – New allergen-derived molecules for 
immunotherapy

A. Bits of allergens
One of the earliest initiatives to introduce molecular approaches 

into immunotherapy was centered on the use of cocktails of short 

synthetic peptides representing dominant T-cell epitopes of major 
allergens. This was mainly evaluated for the major cat allergen Fel d 
1 but to a lesser extent also for the major ragweed allergen Amb a 
1. Already before the turn of the century, first clinical studies were 
performed with cat Fel d 1 peptides,421,422 and this was later fur-
ther pursued, albeit at lower peptide concentrations. The idea be-
hind T-cell-targeted peptide immunotherapy was to down-regulate 
allergen-specific Th2 cell activity, and reduce the risk of allergic side-
effects due to the inability of short peptides to induce cross-linking 
of IgE on effector cells. At the initial higher dosages, however, signif-
icant late-phase adverse events were observed, and the field moved 
to lower dosages. These proved to be quite effective in Phase II clin-
ical trials423 but finally did not reach its primary outcome in Phase III. 
This discrepancy was possibly explained by choices made for patient 
selection in Phase III rather than that the concept failed.

Two other peptide-based approaches were evaluated up to 
Phase II clinical trials. The first one consisted of short peptides rep-
resenting minor B-cell epitopes of major grass pollen allergen, con-
jugated to a hepatitis antigen for T-cell help.424 The other approach 
made use of larger peptide fragments of major allergens, containing 
both B- and T-cell epitopes.425,426 In both approaches allergenicity 
was significantly reduced, and some degree of efficacy could be 
demonstrated. In Phase II, the first approach did not reach its pri-
mary endpoint and further development was in the end stopped. 
Also, the second approach has been abandoned due to disappointing 
results. Overall, the development of peptide-based immunotherapy 
has thus far not lived up to its initial promises.

B. Hypoallergens
The idea of creating low-allergenic molecules has a long his-

tory in allergy (historical studies reviewed in427) being inspired by 
the vaccinology field that has a century-long tradition of creation 
of toxoids, i.e., modified bacterial toxins, which could be used for 
vaccination to raise a protective immune response but without the 
serious pathogenic effects of the native toxins. The allergenic coun-
terpart, sometimes referred to as allergoids or more commonly as 
hypoallergens, is an allergen-related molecule that has the capabil-
ity to raise an immune response, preferably both in the B- (IgG) and 
T-cell compartment of the immune system but without the elicita-
tion of the well-known allergic effects when administered to the 
allergic patient. Before the advent of the DNA-based recombinant 
technologies combined with a detailed structural knowledge of 
the allergens, more crude techniques employing heat, radiation or 
chemical treatments such as reduction/alkylation, formaldehyde or 
glutaraldehyde.

In a large EU-funded project of collaborating academical, clinical 
and commercial groups it was attempted to develop hypoallergenic 
versions of the molecules Pru p 3 from peach428 and Cyp c 1 from 
carp.429

Several strategies were applied for the peach LTP molecule428: 
reduction/alkylation, heat treatment, glutaraldehyde-treatment 
(creating an allergoid, see above and chapterA02), replacement by 
a natural less-allergenic homologue (Fra a 3, an LTP-molecule from 
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strawberry), trimerization, and mutations directed against either 
cysteine or surface molecules. The manufacture candidates were 
compared with native Pru p 3 and a wild-type recombinant molecule 
in a preclinical phase using IgE-binding assays and biological assays 
for effector cell (basophil histamine release) to screen for allergenic-
ity in vitro. The immunogenicity was tested by rabbit and murine im-
munizations, and the molecules underwent a thorough biochemical 
characterization. Sera were obtained from relevant patient groups 
from different centers in Europe. While it was indeed possible to 
strongly reduce the allergenicity, this often went hand in hand with 
a similar reduced immunogenicity if not a downright destruction of 
the molecule making it unfit for pharmaceutical use.

For the parvalbumin molecule similar attempts were slightly 
more successful, and a single candidate (called m-(modified) Cyp 
c 1)430 was selected for toxicity studies and further clinical devel-
opment. In an initial first-in-man safety study the low to absent al-
lergenicity of the mCyp c 1 was confirmed initially by skin testing 
and later by actual dosing up to ug-dosages in fish-allergic patients. 
Moreover, promising responses of IgG were demonstrated, includ-
ing demonstration that the raised IgG not only bound mCyp c 1 but 
also the native parvalbumin molecules from fish (see chapters B12, 
C11) to which the patients reacted. A subsequent study on efficacy 
proved less conclusive, however, and the preliminary conclusion 
would suggest that further dose-finding studies may be necessary.

To summarize the quest for hypoallergens there are some inher-
ent problems in that some allergenic molecules exemplified by LTP 
are difficult to target with strategies for reducing allergenicity due 
to their structure. In many cases it is not possible to modify/reduce 
allergenicity without at the same time to eliminate the immunoge-
nicity of the molecule. Even in the case of success with reduction/
elimination of allergenicity while retaining the immunogenicity, the 
variability within the allergic population may represent a challenge: 
People may react highly individually to not only different allergenic 
molecules making the selection of candidates difficult but also dif-
ferently to different epitopes on a single allergen. This may result 
in highly varying allergenic potencies of the same hypoallergen in 
different patients. It is therefore likely that at least the same precau-
tions of careful titration will be necessary for hypoallergenic prod-
ucts as is the case for subcutaneous allergen immunotherapy with 
conventional allergen extracts.

C. Ligation to adjuvants and other new constructs
Modern vaccinology has produced a plethora of adjuvants and 

adjuvating principles that have also inspired the allergy field. Among 
the examples are chimeric molecules where B-cell epitopes of grass 
allergens are mixed with immunogenic viral proteins from hepa-
titis424 earlier alluded to. Initial clinical trials demonstrated strong 
immunogenicity but failed to reach statistical significance of primary 
efficacy outcomes in grass pollen-allergic hay fever patients in a ran-
domized placebo-controlled trial. Another interesting example is in-
tralymphatic immunotherapy with a modular allergen translocation 
vaccine in cat allergy431,432 revealing promising results in an initial 
clinical trial but not taken further to pivotal studies.

8 – Conclusions

There is a striking difference between the progress and success of 
molecular allergology in the diagnostic and the therapeutic field. 
This chapter has hinted at some of the challenges and barriers to 
develop an allergen immunotherapy based on molecular methods 
rather than the well-known and long used allergen extracts.

An important difference is the regulatory demands: while it is 
relatively easy with modern biotechnology to produce a recombi-
nant molecule and to use it in an in vitro diagnostic test, the de-
mands for preclinical testing, toxicity studies, and finally phase 1-3 
in clinical randomized studies may easily last a decade and cost up 
to hundreds of millions of €. The strength of molecular allergy in the 
diagnosis, where the hyped ideal of personal medicine almost be-
comes true, with the possibility of obtaining a totally individualized 
molecular profile of IgE reactivity to individual allergens in the pa-
tient, becomes the Achilles' heel for the therapy: If allergy patients 
are so different, how can we ever dream of obtaining sufficient pur-
chasing power to support the costly product development?

With the advent of the in vitro directive for the European Union, 
the increased demands for evidence-based medicine and the in-
creasing scrutiny on each € or $ spent in the health care sector, the 
diagnostic smorgasbord that is described in the remainder of these 
guidelines may also become reduced, but this does not help us in the 
therapeutic field.

With some relaxation of the present regulation, which has been 
seen, e.g., in the oncology field, one way forward could be a personal-
ized approach with recombinant allergens: individual recombinant al-
lergens produced under GMP and mixed of the shelf or used to fortify 
existing extracts according to the sensitization profile of the patient.

Another route of development may be an improved understand-
ing of the immunological mechanisms of the beneficial effects of 
immunotherapy, which may lead to a more focused product de-
velopment. The history of immunotherapy began with the famous 
study by Noon in 1911,364 and while it started a long journey to-
wards increasingly more efficacious and safe immunotherapy prod-
ucts, we have to admit that rationale behind Noon's study was the 
incorrect notion that allergens are toxins. We have come some way 
in our immunological understanding, but as demonstrated in this 
chapter, even a clear decision on whether to go for B-cell epitopes 
and antibody responses or T-cell epitopes and reprogramming of 
the T-cell profiles (or both?) are lacking in the allergy community. 
In this respect it is interesting that for both of these pathways, 
new developments of specific allergy treatment may lie ahead: 
Specific IgG-antibodies to allergens can now be generated in vitro 
and administered in high dosages with seemingly high efficacy,433 
Likewise from the T-cell field the concept of CAR T-cell therapy in 
oncology, may be transferred to allergy with infusion of in vitro gen-
erated and tailored T-cells based on a sample of the patients own 
cells. To accomplish such developments would need an even more 
thorough knowledge of the clinically relevant allergenic molecules 
and a molecular-based description of the intimate reactions with the 
allergen-specific receptors of the immune system.
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A10 – Cross-reactive carbohydrate 
determinants

Ronald van Ree, Friedrich Altmann, Uta Jappe, 
Ekaterina Potapova, Paolo M Matricardi

Highlights

•	 Cross-reactive carbohydrate determinants (CCDs).
•	 IgE antibodies to CCDs result in a broad cross-reactivity with poor 

clinical relevance.
•	 Some diagnostic tests add a CCD-like inhibitor to rule out detec-

tion of CCD-specific IgE.

1 – Introduction

The following lines explain how the current view of the structures 
relevant for antibody binding by plant/insect CCDs evolved, how it 
became common ground that IgE binding to these CCDs does not 
entail allergic symptoms and have no or little clinical relevance. At 
the very beginning of this story, there was considerable excitement 
about the discovery of a highly widespread immunogenic determi-
nant. As for IgE, the wide cross-reactivity of carbohydrate determi-
nants was already described in 1981.16 It was a decade later that the 
plant typical glycoprotein structural features xylose and core α1,3-
fucose were recognized as relevant epitopes and that sera reacting 
with these traits also bound to certain tissues in insects, notably 
neurons of drosophila larvae.434 Soon after, the structures of the N-
glycans of the major allergen of honeybee venom were exposed and 
found to contain the same core α1,3-fucose as plant glycoproteins 
(Figure 31 and 32). Inhibition experiments then showed that this fu-
cose residue was indeed essential for IgE binding and that the GlcNAc 
residue to which it is bound has to be in an intact ring conformation, 
in other words it has to be bound to asparagine.435 This complicates 
experimental work as it precludes the use of reduced or derivatized 
glycans, which are the subjects of efficient separation and handling 
procedures. Thus, some fine details about the role for IgE binding 

of other structural details such as α1,6-fucose or terminal GlcNAc 
residues are still unanswered. However, a biosynthetic approach re-
vealed that—unlike deliberately immunized rabbits—humans do not 
usually produce IgE against xylose.436 In how far this finding reflects 
the route of sensitization—insect stings necessarily would only elicit 
anti-fucose antibodies—is a matter of speculation. The argument 
could be that subcutaneous contact with an allergen is more likely 
to induce sensitization than oral contact. Sensitization to galactose-
α1,3-galactose (αGal) by tick bites rather than by milk or meat con-
sumption is a highly plausible example for this mechanism.437,438 
Meanwhile, the excitement about a newly discovered super epitope 
had vanished as evidence accumulated that anti-CCD IgE was of lit-
tle or no clinical relevance.51,439 Then, however, histamine-release 
assays demonstrated functionality of anti-CCD IgE.440–442 This dis-
crepancy probably results from the unphysiological conditions of 
histamine-release tests in which other components such as com-
peting IgG are removed from the stage. Fact is that two decades of 
vigilance towards finding cases of substantial adverse reaction to the 
glycan moieties of glyco-allergens did not unearth unambigious evi-
dence in this direction. This is fantastic news for all allergic patients 
with anti-CCD IgE. They will not suffer from each plant food, plant 
pollen, insect remnant and so on. However, exactly because of that, 
this patient group experiences troubles when it comes to serum-
based allergy diagnosis443 and even the more sophisticated cellular 
test systems are prone to errors caused by CCDs.444,445

But let us first contemplate the reasons why anti-CCD does not 
or nearly not elicit clinical symptoms. Is it the very carbohydrate na-
ture of the epitope? In analogy to the binding of most lectins to their 
carbohydrate ligands, the reason indeed could lie in low-binding af-
finities. To answer this question, patients' IgE and IgG to CCD were 
affinity purified, and the affinities of these pools were tested with gly-
coprotein ligands demonstrating the affinity of anti-CCD IgE.446 The 
eye-catching difference to peptide epitopes rather was the clearly 
higher affinity of anti-CCD IgG as compared to anti-protein IgG.

Of note, after αGal and its significance has been identified, it was 
suggested that the CCD types known before α-GAL should be called 
classical CCD,447 a term that has been accepted in a Position Paper 
on CCD17.

F I G U R E  3 1 Prototypical N-glycan structures: A: example of a nonimmunogenic mammalian N-glycan; B: example of an N-glycan with an 
α1,3-galactose epitope from a nonprimate vertebrate; C: the typical plant CCD structure called MMXF or short MMXF; D: CCD-structure 
from insect venom with both types of core-fucose. Regions deemed pivotal for antibody binding are indicated by concentric half-circles. 
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2 – Biochemistry

The term CCD was coined for asparagine-linked oligosaccharides, 
usually referred to as N-glycans because the sugar is attached to the 
peptide backbone via the nitrogen of an amide group. Although pro-
teins can be glycosylated in a bewildering variety of ways and each 
of these structures could in theory elicit IgE, the most relevant and 
frequently encountered structures to date are N-glycans.

Here again, two types of structures must be clearly distin-
guished: (a) N-glycans with α1,3-fucose linked to the innermost 
N-acetylglucosamine (GlcNAc) residue (Figures  31 and 32); (b) N-
glycans with terminal α1,3-galactose (Figure 32), termed “αGal,” play 
a rather different role as will be detailed in (Chapter B14).

If not clearly specified otherwise, the term CCDs will herein refer 
to N-glycans with core α1,3-fucose as they occur in all kinds and 
parts of land plants including mosses434,448,449,1704 and in a wide 
variety of nonvertebrate animals from nematodes to mollusks and 
arthropods, the latter including stinging insects.450 For the sake of 
clarity, these CCDs may be termed “classical CCDs”.17,447

The plural CCDs was chosen at a time when the structures in-
volved were only vaguely defined.451 Later, it became evident that 
the core α1,3-fucose constitutes the crucial element for the human 
immune system whereas the xylose residue—if at all—plays a much 
smaller role.436,446 A substantiation of this notion came from a panel 
of peanut allergic patients. Peanuts contain predominantly N-glycans 
with xylose but without fucose.448 None of the sera examined, how-
ever, substantially reacted with a biosynthetic xylose-only glyco-
protein (Altmann F., Eiwegger T., unpublished observations). Even 
though, the use of the plural form appears all the more warranted 

now that the structural basis of the reaction of glycoproteins with 
IgE has become clearer. IgE-reactive N-glycans with core α1,3-fucose 
occur in several different forms. Figure 31 just shows the most pro-
totypical versions of plant and insect N-glycans. IgE-binding and 
nuclear magnetic resonance experiments with glycopeptides, free 
glycans and reduced glycans of various structures revealed the core 
α1,3-fucose as primarily relevant, and the α1,6-linked mannose res-
idue as well as the intact ring structure of the innermost GlcNAc 
residue as likewise pivotal for antibody binding.434,435 However, a 
look at the biosynthesis pathways of the flagship CCD structures 
(Figure 31) shows that a variety of structures exist that fulfill these 
criteria (Figure 32). Notable differences between CCDs from insects 
and plants are the presence of xylose or of α1,6-fucose (Figure 32). 
It should be added here, that xylose—though hardly an IgE epitope 
by itself—contributes to binding strength.446 Further heterogeneity 
is introduced by removal of the α1,3-mannose from the conserved 
trimannosyl core-structure. Thereby the frequently found gly-
can MMXF is converted to MUXF (U indicating the unsubstituted 
3-position), which is a structure of considerable practical importance 
(see chapter on competitive blocking of CCD-reactive IgE). The role 
of terminal substituents such as GlcNAc on either the 3- or 6-arm is 
totally unknown.

A survey of various allergen extracts revealed two things: all 
grass, weed, and tree pollens (Poa pratensis, Lolium perenne, rye, rag-
weed, birch, horse chestnut, pine, olive), as well as vegetable foods 
contained the MUXF and MMXF glycans with the exception of pea 
(high-mannose only) and peanut and coconut (xylosylated only 
structures prevailing). Differences exist in the relative occurrence 
of glycans with terminal mannoses such as MMXF and biosynthetic 

F I G U R E  3 2 Biosynthesis of N-glycans 
in different groups of organisms. The top 
line shows the so called high-mannose 
N-glycans, whose conversion to complex-
type N-glycans starts with the attachment 
of a GlcNAc residue (bold black arrow). 
From here on, the fate of glycans diverges 
between vertebrates, land plants 
and insects (and other protostomia). 
Structures with designations are of known 
relevance as CCDs. 
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precursors with terminal GlcNAc residues, whose role as CCDs is 
currently unknown. These results of structural analysis are in line 
with the IgE-binding observed with multi-allergen tests, where all 
pollen and all food allergens (see also chapters B01, B02, B03, B15, 
B20 and B21)—and also extracts from the insect cockroach—give 
more or less strong positive signals with CCD-reactive patients' 
sera.443

3 – IgE to CCD in human pathology: allergic 
diseases and helminths

IgE to classical CCD in pollen allergic patients
In the largest study hitherto done on IgE to CCD, an overall prev-

alence of 23% positivity of IgE to cross-reacting carbohydrate deter-
minants was recorded.439 In this epidemiologic study, performed in 
over 1800 patients, the prevalence of IgE antibodies to CCD varied 
when different subsets of subjects were examined. Nonallergic in-
dividuals had the lowest prevalence (5%), followed by non-pollen-
allergic (10%), and pollen-allergic (31%), while subsets with multiple 
pollen sensitization had a prevalence of 71%. Patients with an allergy 
severe enough to require an allergen specific immunotherapy had 
46%. Only minor differences in prevalence of IgE to CCD were found 
when the patients were stratified by age and gender. This and many 
other studies suggested that IgE to CCD in allergic patients is mainly 
related to sensitization to pollen, although there is also quite some 
evidence that insect venom allergy leads to CCD sensitization.452 In 
this study, the results between SPT and IgE detection to allergenic 
extracts had significant differences, with almost all the negative skin 
test outcomes turning into a positive IgE test outcome. A higher 
correlation was observed for plant derived allergenic extracts, and 
a lower one for mites and fungi. Interestingly, from the different 
purified glycoproteins tested in vivo, only horseradish peroxidase 
(HRP)-induced positive skin test results in 21% of the CCD-positive 
subjects.453 There is some evidence that the consumption of alco-
hol has considerable boosting capacity for anti-CCD-IgE, the risk 
of CCD sensitization being directly associated with the consumed 
dose of alcohol.453 However, it seems that “alcohol-boostered” anti-
CCD-IgE only show negligible biologic activity in vivo (skin prick test 
negativity, no clinically relevant allergy symptoms).447 In summary, 
these observations bring us to the conclusion that IgE to CCDs are 
common among the allergic population. On the other hand, the fact, 
that patients with IgE to CCDs can provide positive results with in 
vitro IgE test with an allergen extract but remain negative to the in 
vivo SPT with the same extract, gives evidence of poor biological 
activity of their IgE to CCDs.

Grass pollen as inducer of IgE to classical CCD
The study discovering that pollen sensitization can generate 

CCD-specific IgE was published by Rob Aalberse in 1981, who also 
proposed the definition and the abbreviation “CCD” still nowadays 
globally used.16 Recently, the research question asking which pol-
len may be most frequently responsible for the induction of CCD-
specific IgE in pollen allergic patients has been further investigated 

in detail with a molecular approach.454 In this study, experiments 
with extended inhibition have been performed with the nonal-
lergenic, recombinant horse heart myoglobin-glycovariants ex-
pressed and purified from insect cells as monomeric and folded 
proteins. IgE-reactivity and inhibition experiments established 
a hierarchy of reactivity of patients' IgE antibodies to plant gly-
coallergens, as follows: nPhl p 4, nCyn d 1, nPla a 2, nJug r 2, nCup 
a 1, and nCry j 1. A similar pattern of IgE recognition of plant gly-
coallergens has been observed earlier in allergic subjects from 
Africa455 and from Asia.456 Those studies demonstrated not only 
that the CCD recognized by the patients' IgE antibodies are het-
erogeneous, but also suggested that grass pollen might be the first 
and most frequent inducer of this category of antibodies not only 
in Europe but also worldwide.454 Both, group 1 and group 4 aller-
gen molecules in grass pollen are glycosylated, so the question 
which of the two (or both) are contributing to the induction of IgE 
antibodies to CCD remains open.457

IgE to classical CCD in insect venom allergic patients
Another category of allergic patients among which IgE to 

CCD are frequently observed is that of patients allergic to insect 
venom.16,452 Indeed, the majority of cross-reactivities between 
wasp and bee allergen extracts observed in venom allergic pa-
tients can be attributed to IgE antibodies to classical CCD.458 Most 
Hymenoptera venom allergens are glycoproteins with one or more 
of such carbohydrate structures, and this makes traditional diag-
nosis based on extracts quite confusing in many clinical cases. This 
aspect is relevant as cross-reactivity often confounds the choice of 
allergen specific immunotherapy for such patients. An interesting 
study observed that IgE antibodies with specificity for the alpha-
1,3-fucose CCD epitope are responsible for about 75% of double 
sensitizations to honeybee and yellow jacket.459 For diagnostics 
purposes, it is very important to discriminate among (A) genuine 
double sensitization to species-specific proteins of both honeybee 
and yellow jacket, (B) cross-reactivity due to IgE sensitization to 
protein epitopes expressed by homologous proteins in honeybee 
and yellow jacket, and (C) cross-reactivity due to IgE sensitization 
to carbohydrate epitopes only in both honeybee and yellow jacket. 
In such cases, the use of CCD-free allergen molecules in the IgE 
assays (component resolved diagnostics) is essential to define 
which of the three conditions applies to the examined patient.452 
Taken together, in most cases where the extract-based diagnos-
tics does not allow the identification of the culprit venom due to 
cross-reactivity, the analysis on a molecular level applying species-
specific venom allergens, devoid of CCDs, enables the detailed 
characterization of sensitization profiles and the identification 
of the venom causing clinical symptoms.452 Recent comparative 
analysis on the natural (glycosylated) and recombinant bee venom 
allergen Api m 1 revealed that glycosylation (of the natural vari-
ant) increased allergenicity by presenting more epitopes.460Fur-
thermore, the glycosylated allergen induced a stronger basophil 
activation.460 Whether this observation—together with others on 
plant allergens (see below)—supports possible clinical relevance 
of CCD-specific IgE has still to be determined.17 Clearly, venom 
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(or pollen) allergic patients with CCD-specific IgE cross-react 
to virtually all plant foods to a varying extent, but this does not 
lead to clinical food allergy to these foods. Basophil activation at 
higher glycoprotein concentrations cannot simply be considered 
as proof of possible clinical relevance. In experiments with human 
lactoferrin expressed in rice, hence (poly-) glycosylated with plant 
CCD, basophil activation could indeed be demonstrated at higher 
protein concentrations, but when the purified protein was orally 
administered to pollen allergic patients with high titers of CCD-
specific IgE, the glycoprotein was tolerated at gram quantities.53

IgE to classical CCD in helminthiasis in rural Africa
Although IgE to CCD have been first described in allergic pa-

tients, it is becoming increasingly clear that humans frequently 
exposed to worms produce IgE responses against a broad variety 
of N-glycans.461 This evidence emerged from a study showing that 
IgE sensitization to allergen extracts was highly prevalent (43%-
73%) among the study population in Uganda but attributable not 
to established major allergenic components of the extracts but to 
CCD-bearing components instead. Experiments using glycan arrays 
scrutinized IgE responses to specific glycan moieties and uncovered 
a positive association between reactivity to classical CCD epitopes 
(core β-1,2-xylose; α-1,3-fucose) and sensitization to extracts, rural 
environment and infection to Schistosoma mansoni, while skin reac-
tivity to extracts or sensitization to their major allergenic compo-
nents presented no correlation. This study suggested therefore that, 
in this specific epidemiological setting, the worm infection, not aller-
gens, was the inducer of the IgE response to CCD.461

Do IgEs to CCD play a protective role?
Considering that helminthiasis has been a normal condition 

during human evolution, the question arises as to whether this cate-
gory of antibodies is just an epiphenomenon in allergy, while it plays 
a biological function in helminthiasis. There is IgE to CCD on schis-
tosomes and schistosome eggs. Equally there is no good evidence 
that the symptoms that occur with nematodes entering the skin are 
related to IgE antibodies specific for oligosaccharides. The function 
of classical CCD, whether protective against helminths or against 
anaphylaxis, is still unknown.461 Interestingly, an inverse association 
was found among the patients from Uganda between the presence 
of IgE to a subset of CCD (those with an alpha-1,3-fucose epitope) 
and asthma,461 which may imply a protective role of IgE to CCD.

Do IgE to CCD play an aggressive role?
Patients with schistosome infection sometimes suffer from ur-

ticaria, itching, cough, a general feeling of illness, symptoms like al-
lergic reactions.447 It is not clear yet whether these symptoms are 
induced by anti-CCD-IgE.17 On the other hand, some studies have 
demonstrated that IgE to CCD can in a few cases induce basophil ac-
tivation that correlates with clinical symptoms.462 Similarly, a study 
reported five olive pollen allergic patients whose IgE antibodies to 
N-glycans of the major allergen of olive pollen (Ole e 1) induced ba-
sophil activation.440 In addition, a recent observation on Api m 1 
showed similar results, see above.460 A clinically relevant exception 
is anyhow represented by the mammalian non-human disaccharide 
galactose-alpha1,3-galactose (αGal)438 (see Chapter B14).

4 – Methodological aspects: detection of IgE to 
CCDs and their confounding role in IVD

Cross-reactive IgE antibodies against plant and invertebrate car-
bohydrate structures were first reported by Aalberse et al. back in 
1981, when the term “cross-reacting carbohydrate determinant” or 
CCD saw the light. Already in that seminal paper, it was reported 
that CCD-specific IgE resulted in broad cross-reactivity to plant 
foods that was not accompanied by clinical allergy to these foods. In 
their concluding remarks, the authors state: “For some reason, pos-
sibly continuous desensitization via oral exposure-this IgE antigen 
system will rarely, if ever, trigger mast cells or basophils. If further 
investigation should substantiate this hypothesis, it would be logical 
to disregard antibodies to this “allergen” for diagnostic purposes. In 
the RAST, this can be accomplished in principle by preabsorption of 
sera with buckwheat antigen as CCD source or a similar preparation, 
but complete absorption may be difficult to achieve. Alternatively, 
if the relevant allergen is periodate resistant, the sera might be 
tested with periodate-treated allergens”.16 Now, forty years later, 
some commercial diagnostic tests actually add a CCD-like inhibitor 
to their assays to prevent detection of CCD-specific IgE (Figures 33 
and 34).443 One assay format offers the option to add a CCD inhibi-
tor in an immunoblot format (RIDA qLine; r-Biopharm, Darmstadt, 
Germany), the other adds such an inhibitor by default (ALEX2 by 
MacroArray Diagnostics, Vienna, Austria).

Since the first description of IgE antibodies against CCD, many 
studies have highlighted the poor clinical relevance of such cross-
reactive antibodies. The strongest support for their poor clinical 
relevance was provided by Mari et al.53 who performed double-
blind oral challenges with human lactoferrin expressed in rice, car-
rying multiple CCD groups. Quantities of up to 1 gram of purified 
CCD-carrying human lactoferrin did not induce any symptoms in 
pollen-allergic patients with high IgE titers against CCD. Despite this 
convincing in vivo support, reports demonstrating biological activity 
of CCD-specific IgE antibodies in basophil or mast cell assays keep 
on fueling the discussion that they may have clinical relevance, sim-
ply because they can induce mediator release. It is important to real-
ize that concentrations needed to achieve such activity are orders of 
magnitude higher than of “real” major allergens. Why CCD-specific 
IgE is of no clinical relevance is not yet really clarified, but it has been 
suggested that low antibody affinity is the most likely explanation. 
Independent from the question why, the consensus of poor clinical 
relevance has created a demand for diagnostic tests that identify 
CCD-specific IgE as the cause of polysensitization without clinical 
allergy. One way is to include CCD into screening allergy panels, as 
a sort of alarm that polysensitization may be caused by IgE against 
highly cross-reactive carbohydrate groups. A step further is to try to 
prevent binding to allergen extracts or purified glycoprotein allergens 
by addition of a CCD inhibitor, as was suggested by Aalberse et al., a 
long time ago. A potential disadvantage of the latter approach is that 
the sensitivity of the diagnostic test is decreased by the competi-
tive format requiring serum dilution. A good alternative for microar-
ray approaches is to avoid including purified natural glycoproteins, 
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and if possible, replace them by nonglycosylated recombinant al-
ternatives. The newer release of the ImmunoCAP ISAC microarray 
(ThermoFisher Scientific, Uppsala, Sweden) have followed that ap-
proach and have removed natural pollen and food glycoproteins that 
were reported to give many false-positive test results (nJug r 2, nPla 

a 2). It is important to realize that specific IgE tests serve as support 
for a diagnosis but cannot be regarded as establishing a diagnosis 
on their own. Sensitive-detection of specific IgE is the aim of a good 
serological test, and in this setting false positive would be a back-
ground issue with nonspecific IgE binding. This is of course not what 

F I G U R E  3 3 Competitive suppression 
of CCD-based positive results: In the 
course of a solid-phase IgE assay serum 
containing antibodies with various 
specificities is incubated with an 
immobilized allergen (upper row). Green 
antibodies are protein-specific, red 
antibodies bind to clinically irrelevant CCD 
structure. Antibody binding leads to color 
development irrespective of the biological 
significance. A soluble glycoprotein 
functions as a CCD-blocker by adsorbing 
most of the CCD-directed antibodies, 
which are removed in the washing step 
prior to color development. 

F I G U R E  3 4 Cross-reactive 
carbohydrate determinants (CCD) 
inhibition as observed on multi-allergen 
test strips. Custom-made test strips 
with CCD markers were incubated with 
serum in the absence (n) or presence (i) 
of inhibitor (20 μg/ml). The boxes mark 
allergens that may exhibit CCD-based IgE 
binding. Sera A, B and C were obtained 
from patients f16, m19, and f12 (a 
CCD-negative patient). The * denotes a 
mechanical scratch in panel C. The results 
of CAP tests performed with serum B 
show that CCD inhibition does not affect 
exclusively protein-based reactions with 
allergen components.444 
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is meant by false-positive in case of CCD-specific IgE: this is true 
specific IgE. In this case, false-positive is meant as clinically irrele-
vant. It can be argued that serological tests for specific IgE should 
stay away from avoiding detection of specific IgE considered to be of 
no clinical relevance. Should we detect specific IgE against profilins 
or try to avoid it because it often is of little clinical relevance? The 
point is: it is hard to generalize this. Perhaps therefore an approach 
in which specific IgE against CCD is separately detected, combined 
with CCD-containing extracts but as much as possible CCD-free re-
combinant major allergens.

5 – Clinical cases

E1 – Perennial allergic rhino-conjunctivitis with seasonal 
exacerbations

Clinical history—A 19-year-old patient with hay fever symptoms 
throughout the year but with seasonal peaks in late spring only.

First series of IgE tests—The patient serum was tested with both 
a customized allergy strip (Mediwiss, Moers) and the ImmunoCAP 
Specific IgE test. The outcomes indicated that the patient had a very 
broad sensitization, with positive results for alder, birch, hazel, grass 
mix, rye, mugwort, ragweed, and plantain pollen, as well as D. pter-
onyssinus, D. farinae, cockroach, hazel, peanut, walnut, wheat flour, 
rye flour, soy, orange, apple, celery, carrot.

Diagnostic and therapeutic considerations—given the extremely 
broad sensitization profile, the patient could be defined as a highly 
atopic polysensitized subject, whose likelihood of successful re-
sponse to allergen immunotherapy would have been quite low.

Further IgE tests—The patient serum was also tested for IgE an-
tibodies to CCD and resulted highly positive. Hence, IgE tests were 
repeated after incubation of the serum with a CCD inhibitor, pre-
pared from pineapple stem bromelain and human serum albumin. 
This time, the IgE reactions towards all tree pollens (alder, birch, 
hazel) and toward ragweed, cockroach and all foods (hazel, peanut, 
walnut, wheat flour, rye flour, soy, orange, apple, celery, and carrot) 
disappeared.

Testing IgE to allergen molecules—In agreement with the above 
listed outcomes of the IgE tests after incubation of the serum with 
CCD inhibitor, no IgE to rBet v 1, rBet v 2, rBet v 4 were detected. 
By contrast, over 40 kU/L of IgE to a mix of rPhl p 1 and rPhl p 5, as 
well as over 20 kU/L of IgE to nDer p 1 and over 40 kU/L of IgE to 
rDer p 2 were detected.

Diagnosis and therapy—The patient had perennial rhino-
conjunctivitis due to allergy to house dust mites with seasonal ex-
acerbations due to grass pollen allergy. Accordingly, prevention of 
exposure to HDM and allergen immunotherapy with HDM and grass 
pollen extracts could be taken into consideration.

E2—Insect venom allergy: double-positivity to different hyme-
noptera species (Reproduced with permission from463)

Clinical history
A 35-year-old female patient was stung by an unidentified in-

sect while walking on the edge of the forest. Within a few minutes, 

there was a severe local swelling, and about eight hours later, a 
systemic reaction occurred. Pre-existing conditions: Tree pollen 
allergy with sensitization to birch, and a pollen-associated food 
allergy with oral allergy syndrome after consumption of peanuts 
and stone fruits.

First series of IgE tests—The patient's serum was tested with 
the ImmunoCAP Specific IgE test. Specific IgE antibodies were de-
termined against whole bee and wasp venom extract: IgE to wasp 
venom extract: 6.25 kU/L (equivalent to CAP class 3); IgE to bee 
venom extract: 10.9 kU/L (CAP class 3). Total IgE: 1836 kU/l (refer-
ence range 0-100 kU/L). Serum tryptase: 6.03 μg/l (reference range 
0-11.4 μg/l).

Diagnostic and therapeutic considerations—The IgE-detection 
assay revealed in vitro double positivity. The insect had not been 
identified, and the situation in which the patient was stung was not 
indicative either. There were weak positive reactions in skin tests to 
both venoms in different concentrations. A reliable statement con-
cerning the culprit insect could not be made on the basis of these 
results.

Further IgE tests—The patient's serum was subsequently tested 
for IgE antibodies to CCD (MUXF3-component) and was found to be 
highly positive (12.80 kU/L).

Testing IgE to allergen molecules—Specific IgE antibodies against 
the major allergen of wasp venom, rVes v 5, were detected (2.16 
kU/L) but not against the major allergen of the bee venom, rApi m 
1. No sensitization was found against the second major allergen of 
wasp venom, rVes v 1. At that time, further bee venom allergens had 
not been available.

Cellular allergy diagnostic test—In addition, a basophil activation 
test was performed with both, bee and wasp venom. This showed 
a 14-fold increase in CD63 expression after stimulation with wasp 
venom. After incubation with bee venom, no significant stimulation 
of the basophils was induced.

Diagnosis and therapy—In the present case, neither the medical 
history nor the determination of specific IgE antibodies against bee 
and wasp venom extract nor the skin tests led to a clear identifi-
cation of the insect venom responsible for the symptoms. Only by 
using the recombinant major allergens of bee and wasp venom, Api 
m 1, Ves v 5 and Ves v 1, could the wasp venom sensitization be diag-
nosed, which was confirmed by the basophil activation test. Specific 
immunotherapy with wasp venom was planned. By IgE determina-
tion against recombinant single allergens of bee (Apis mellifera) and 
wasp (Vespula vulgaris), as well as CCD, in our case, the CCD compo-
nent MUXF of bromelain from pineapple, the culprit venom can be 
detected to a large extent. Api m 1, the major allergen of bee venom, 
induces sensitization in 69-80% of those allergic to bee venom. To 
Ves v 5, the major allergen of wasp venom, 88-90% of those aller-
gic to wasp venom are sensitized. With a combination of Ves v 1 
and Ves v 5, the sensitivity of IgE diagnostics can be increased from 
approx. 88% (anti-Ves v 5 IgE determination alone) to 96%. Due to 
the recombinant production in E. coli, the hymenoptera venom single 
allergens no longer exhibit CCD, the CCD-mediated cross-reactivity 
is thus463 eliminated.
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A11 – Small  molecules as 
immunomodulators and al lergen 
l igands

Pierre Rougé, Christiane Hilger, Karin Hoffmann-
Sommergruber, Claudia Traidl-Hoffmann

Highlights

Ligand allergen interaction can induce conformational changes and 
affect:

•	 Protein stability against gastric, thermal, and lysosomal 
degradation

•	 Accessibility of IgE antibodies
•	 The sensitization process

Lipids (free lipids or lipid ligands) in conjunction with allergens can 
act as promotors or enhancers of inflammatory (allergic) responses.

1 – Introduction and overview

The knowledge about allergens, their structures, biological functions 
and interactions with immune cells has tremendously increased in 
the last two decades. However, there is still a lack of understand-
ing how “harmless,” nontoxic proteins can initiate an allergic sen-
sitization in predisposed individuals. Among other factors such as 
impaired epithelial barriers, small molecules and allergen ligands 
can contribute to the onset of an allergic sensitization as it has been 
shown by recent findings.

In this context, small molecules include lipids, glycosylated fla-
vonoids and derivatives thereof, steroids, fatty acids, and plant hor-
mones. These molecules can be part of the allergen-surrounding 
matrix such as pollen matrix, food matrix and components from 
animal or plant derived dust. For some of those components direct 
interaction with allergens (protein –  ligand) has been shown, while 
for others co-localization was described. For a number of small mol-
ecules their interaction with the immune system, including both, the 
innate and the adaptive arm, was shown. At present, a number of 
molecular structures from allergens have been characterized. This 
detailed structural analysis allows to investigate protein ligand in-
teractions. Binding of a ligand into the cavity of an allergenic protein 
can induce local conformational changes. In case this affects surface 
exposed areas that are part of an IgE epitope, this may lead to better 
accessibility of IgE antibodies and increased IgE-binding activity.

Furthermore, it has been shown that ligand binding can increase 
protein stability against gastric, thermal, and lysosomal degrada-
tion, leading to prolonged availability of the protein to interact with 
the immune system. In addition, the ligand itself can interact with 

immune cells, such as binding and activating surface exposed recep-
tors of the innate immune system, e.g., Toll-like receptors (TLRs). 
Lipid ligands can activate certain T cell subsets via CD1 presentation 
and thus contribute to allergic sensitization.

This chapter summarizes recent findings about allergens and 
their ligands and their role in an immune response. Specifically, these 
new findings show that ligands can play a relevant role in mount-
ing an allergic immune response. It collates current findings about 
structural data and how these interactions can influence IgE-binding 
activity, protein stability, and oligomerization, and thus contribute 
to both, the onset of an allergic sensitization process and the aller-
gic effector phase, respectively. Furthermore, for some allergens it 
became evident that additional matrix components are required to 
induce a Th2 type immune response.

Lipocalins
The majority of mammalian allergens belong to the lipocalin 

protein family.345 Lipocalins are a highly diverse protein family 
with many functions, and members of the family are also found in 
arthropods, plants, and bacteria. Lipocalins are characterized by a 
common tertiary structure composed of a central β-barrel formed 
by eight anti-parallel β-strands. The internal binding pocket carries 
a broad range of small hydrophobic molecules such as retinol, ste-
roids, lipids, pheromones, and odorants (Chapter C07). So far, only 
a few natural ligands have been characterized in detail. Although 
lipocalins are important mammalian allergens, the mechanism of 
their allergenicity is still elusive.26 Lipocalin allergens were found 
to elicit weak adaptive cellular immune responses, e.g., T cell epi-
topes of Bos d 2 and Can f 1 were only recognized suboptimally by 
human T cells. It is thus likely that a major contribution to allerge-
nicity may be based on innate immunity, receptor binding, or their 
role in ligand binding.464 The milk allergen Bos d 5, ß-lactoglobulin, 
was shown to bind many ligands, mainly long-chain fatty acids, re-
sulting in changes in structure and resistance to denaturation.465 
However, Bos d 5 also binds quercetin-iron complexes and in this 
case the ligand load seems to provide an immune-regulatory ef-
fect and protection against allergic sensitization to birch pollen 
allergens in mice.466–468

Whereas Bos d 5 is a food allergen, all other mammalian lipocalin 
allergens are respiratory allergens. They are present in saliva, dan-
der, and urine. The crystal structures of several lipocalins have been 
resolved and their binding sites were analysed.469 Mammalian lipo-
calin allergens belong to the categories of urinary proteins, odorant-
binding proteins, salivary lipocalins or the von Ebner gland (VEG) 
proteins and some of them were shown to bind and release small 
volatile compounds, suggesting a role in chemical communication. 
However, the role of these ligands for allergenicity needs further 
investigations.

Arthropod lipocalins comprise the tick histamine-binding protein 
Arg r 1 and the cockroach allergens Bla g 4 and Per a 4. The bind-
ing of tyramine, a biogenic amine, to the cockroach allergen Bla g 4 
was characterized by X-ray crystallography.470 However, it is not yet 
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clear whether ligand binding has an effect on the allergenic activity 
of Bla g 4.

The so called mite group 13 allergens belong to the family of 
cytosolic fatty acid-binding proteins (cFABPs) and they are closely 
related to the lipocalins. cFABPs are intracellular highly conserved 
proteins, whereas almost all lipocalins are extracellular proteins. 
Lipocalins and cFABPs are members of the calycin protein super-
family and they share similar ß-barrel structures (see chapter A08). 
As other allergens, e.g. Der p 2 and Bla g 1, Der p 13 can acco-
modate lipid ligands in their hydrophobic cavity, but this accom-
modation is not suspected to provoke important conformational 
changes, due to the higher rigidity of the β-sheet (Der p 2, Der p 
13) and α-helix (Bla g 1) structures surrounding the hydrophobic 
cavity (Figure 35).471–473

Group 13 mite allergens may contribute to the allergic sen-
sitization process. Der p 13 was shown to selectively bind fatty 
acids and to initiate TLR2 dependent innate immune signalling.474 
Furthermore, Der p 13 and Blo t 13 are sensed by an acute-phase 
protein, serum amyloid A1 (SAA1), that promotes pulmonary type 
2 immunity.38

2 – Pathogenesis-related proteins (PR-10)

Allergens from the PR-10 family are major Fagales pollen allergens 
such as Bet v 1, food allergens from apple (Mal d 1), celeriac (Api 
g 1), hazelnut (Cor a 1), peanut (Ara h 8) and many more (see also 
Chapter B15). There is high sequence similarity among PR-10s from 
related species, which is reflected by high IgE cross-reactivity with 
and without clinical relevance.

Pathogenesis related proteins 10 share a conserved 3D struc-
ture including a hydrophobic cavity that can take up different ligands 
(Figure  36). So far, a number of different ligands have been iden-
tified for PR-10 proteins including flavonoids, cytokinins, steroids, 

and derivates thereof (Table 9). This growing list of different ligands 
of PR-10 proteins indicates their different biological functions in the 
plant such as transport of small molecules, orchestrating germina-
tion and protection from environmental stress such as UV-radiation. 
For example, specific ligands such as the glycosylated flavonoid de-
rivative quercetin-3-0-sophoriside were identified for Bet v 1, res-
veratrol for Bet v 1 and Ara h 8, genistein for Ara h 8 and Bet v 1 and 
fatty acids for Bet v 1.469

In the case of Bet v 1, ligand binding did not result in an increased 
IgE-binding activity, although binding of phosphatidylcholine to Api 
g 1, Cor a 1, Mal d 1, and Pru p 1 induced conformational changes 
as shown by changed circular dichroism spectra. This provided pro-
tection from pepsinolysis to some degree, which resulted in basophil 
activation even with partly digested PR-10 proteins.33

F I G U R E  3 5 Cut sections of Der p 2 (left) and Bla g 1 (right), 
showing their core hydrophobic cavity. The large hydrophobic 
cavity of Bla g 1 can accommodate a variety of lipid molecules 
including fatty acids (palmitic, stearic, and oleic acids) and 
phospholipids (phosphatidylcholine, phosphatidylinositol, 
and phosphatidylserine). 

F I G U R E  3 6 Front face (A) and lateral face (B) of Bet v 1, the 
PR-10 of Betula verrucosa, showing the extent of the hydrophobic 
cavity (colored violet) harboring a single or several phenolic 
compounds through hydrophobic interactions (cartoon drawn with 
the ProteinsPlus server (https://prote​ins.plus/)) 

TA B L E  9 Structures of allergenic PR-10 Bet v 1-like proteins in 
complexes with natural compounds or their derivatives, available in 
the RCSB Protein Data Bank (PDB) (http://www.rcsb.org).
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However, these conformational changes seem to be more lim-
ited, as compared to those observed in nsLTP allergens. In fact, small 
molecule ligands enter the ligand-binding pocket of PR10 Bet v 1-like 
allergens but still remain far from the molecular surface area that 
contains the major B-cell epitope identified in Bet v 1 (Figure 36).475 
This B-cell epitope is well conserved in other closely related PR10 
allergens from strawberry (Fra a 1 from Fragaria ananassa), and non-
allergenic PR-10 proteins, like St. John's wort (Hypericum perforatum), 
and LlPR-10.2B from lupine yellow seed (Lupinus luteus), respectively 
(Figure 37).

Another in vitro study identified phytoprostanes E1, derived 
from alpha-linolenic acid and present in pollen, as a ligand of Bet v 1. 
This specific ligand interaction conferred increased stability of Bet 
v 1 against proteolytic degradation by inhibiting cathepsin protease 
activity, which is relevant for lysosomal degradation. This prolonged 
proteolytic processing causes low loading and reduced number of 
class II MHC-peptide formation in antigen presenting cells, a process 
that is supposed to favor a Th2 polarized immune response.476

3 – Serum albumins

Serum albumins are highly conserved large globular proteins of mam-
mals and birds. They are abundant in blood, but they are also pre-
sent in milk, saliva, dander and meat, representing clinically relevant 
respiratory and food allergens (Chapter C04).477 Serum albumins 
transport a multitude of metabolites, nutrients, drugs, and other mol-
ecules. Their structure allows to adopt multiple conformations and 
simultaneous binding of various ligands.469 Due to their highly con-
served function, it is conceivable that animal serum albumins trans-
port biologically active ligands that are also recognized by the human 
organism with an impact on the immune response. However, there is 

no information to date available whether bound ligands have an ef-
fect on the allergic immune response, neither mediated by the ligands 
nor by potential ligand binding-induced conformational changes.

4 – Niemann-Pick protein type C2 (NPC2) family

More than 30 allergens have been identified in both American and 
European house dust mites (HDMs) species (Chapter B04). Out of 
those, group 2 mite allergens belong to the Niemann Pick protein 
type C2 (NPC2) family. NPC2 proteins are carriers of cholesterol478 
in vertebrates, but they are also found in arthropods. They contain 
a large internal hydrophobic cavity and are able to bind lipid ligands 
including LPS.469,479 Der p 2 was shown to have functional homology 
to MD-2, the LPS-binding component of Toll-like receptor 4 (TLR4) 
complex.317 LPS binding by Der p 2 resulted in enhanced signalling by 
TLR4 and is considered to result in a Th2 airway inflammation. Group 
2 mite allergens were also identified from storage mites, e.g., Blo t 2, 
Gly d 2, and Lep d 2. These data highlight the role of TLR activation 
and their potential contribution to the allergic immune response.

5 – Nonspecific lipid transfer proteins (nsLTPs)

Although the interaction of nsLTPs with various hydrophobic ligands 
has been known for a long time, only recently the involvement of 
lipid ligands in the allergenicity of these proteins has been ques-
tioned and further clarified. However, due to the extreme diversity 
of either natural or foreign ligands susceptible to be accommodated 
more or less specifically by the large tunnel-like hydrophobic cavity 
occurring in the core structure of these proteins (Figure  38), the 
identification of relevant ligands is a challenging task.480

F I G U R E  3 7 A-D. Cut sections 
(A-D) and complete three-dimensional 
structures shown with transparent 
surfaces (E-H) of Bet v 1 in complex with 
naringenin, PDB:4A87 (A, E), Fra a 1 in 
complex with catechin, PDB: 4C94 (B, F), 
LlPR-10.2B from yellow lupine (Lupinus 
luteus) with zeatin, PDB 2QIM (C, G), 
and PR-10 Bet v 1-like protein of St. 
John's wort (Hypericum perforatum) with 
melatonin, PDB 5IUF (D, H). Ligands are 
colored red and areas corresponding to 
the major B-cell epitope identified in Bet 
v 1, and the corresponding conserved 
regions of other proteins are colored 
green. 
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As PR-14 proteins, nsLTP are involved in the defense of plants 
against abiotic and biotic stress.481 They transport apolar molecules, 
which are used as building blocks to elaborate and reinforce the cu-
ticular surfaces protecting the plant, e.g., from infection by phyto-
pathogenic fungi or bacteria. They also participate in the biogenesis 
of cell membranes and some nsLTPs also display antimicrobial activ-
ity resulting from the permeabilization of the phytopathogen's cell 
membrane. Accordingly, a huge number of hydrophobic ligands can 
be accommodated by nsLTPs, including fatty acids, phospholipids, 
prostaglandins, and jasmonic acid (a plant hormone).

Pru p 3, the nsLTP from peach (Prunus persica), offers a nice ex-
ample of a surface molecule located in the fuzz covering the fruit, 
which is continuously exposed to environmental factors, and is in-
volved in the transport of lipid ligands such as oleic acid.482

The interaction of Pru p 3 with oleic acid was reported to en-
hance the IgE-binding capacity of the nsLTP.482 As a possible expla-
nation, a specific conformational change of the extended C-terminal 
loop of Pru p 3 resulting from the contact with the tail of the inserted 
oleic acid was determined. This has been suspected to modify the 
topographical distribution of amino acid residues from the discon-
tinuous epitope #3, which coincides in part with the C-terminal loop, 
explaining the increased antibody-binding activity (Figure  39)1655. 
By contrast, binding to oleic acid did not induce any conformational 
change in epitopes #1 and #2, which occur in more rigid alpha helical 
segments of Pru p 3.483

The replacement of oleic acid by stearic acid, a saturated C18 
fatty acid exhibiting a trans-conformation different from the cis-
conformation of oleic acid, failed to induce enhancement of IgE 
binding, thus indicating that a specific spatial localization of the fatty 
acid within the hydrophobic cavity is a prerequisite for the Pru p 
3-ligand complex to induce a conformational change. A similar con-
formational change has been invoked to account for the enhanced 
IgE binding of Jug r 3, the nsLTP from walnut (Juglans regia), observed 
upon binding of oleic acid to the hydrophobic cavity.1656

In addition to these direct effects on both, the stability and 
allergenicity of nsLTPs, the indirect effects of lipid ligands on the 
mechanism and regulation of the allergic response have been deeply 
investigated, using nsLTP, e.g., Pru p 3, and their natural ligands, e.g., 
the alkaloid camptothecin associated to phytosphingosine, as mod-
els.483–485 As a result, phytosphingosine was identified as a foreign 
ligand susceptible to contribute to the activation and regulation of 

the allergenic response via signaling pathways common to innate im-
munity and allergic responses (see below).

6 – Other allergens families

For Der p 5, a member of the group 5 mite allergen family, lipid bind-
ing has been shown to activate TLR2 signalling in airway epithelial 
cells.

F I G U R E  3 8 Cartoon showing the 
extent of the hydrophobic cavity (colored 
violet) of Pru p 3, the peach nsLTP 
(cartoon drawn with the Proteins Plus 
server (https://prote​ins.plus/)), and some 
apolar ligands for the nsLTP 

F I G U R E  3 9 A. Cut section of Pru p 3 in complex with oleic 
acid (OLA) inserted in the hydrophobic cavity. B. Cartoon showing 
how oleic acid inserts into the hydrophobic cavity of Pru p 3 in 
the vicinity of the long C-terminal loop (colored red) of the nsLTP. 
C. Surface occupied by the C-terminal loop (colored red) of Pru 
p 3 in contact with OLA. D. Surface occupied by the continuous 
IgE-binding epitope 3 (colored red) of Pru p 3. The yellow line 
delineates the region of epitope 3 impacted by binding of oleic acid 
to the hydrophobic cavity of Pru p 3. 
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7 – Immunomodulation by lipids 
independently of allergens

The recognition by dendritic cells (APC) of the nsLTP-lipid (Pru p 
3-ligand) complex, is attributed to CD1d molecules, which are recep-
tors structurally similar to MHC-I that process and present lipids and 
glycolipids to CD1-restricted unconventional T-cells, a particular sub-
set of T-lymphocytes that specifically recognize lipids and phospho-
lipids485–487 (Figure 40). CD1d on dendritic cells further present the 
lipid ligand to CD1-restricted invariant NKT cells (iNKT cells). The ac-
tivation of iNKT cells triggers the release of various cytokines, includ-
ing IL-4 that promotes the transformation of Tfh0 cells into Tfh2 cells 
upon the specific recognition of T cell epitopes of the allergens by 
MHC-II molecules. The Tfh2 cells will trigger the activation of B lym-
phocytes and their transformation into IgE-producing plasma cells.

Thus, lipid ligands associated to nsLTPs offer a nice example of 
foreign molecules capable of modulating the allergic response using 
activation pathways involved in the innate immune response to 
pathogenic microorganisms and the associated receptors, e.g., the 
CD1d receptors of dendritic cells.

In addition to phytosphingosine, other lipids and lipid deriva-
tives, either free or in complex with carrier allergens, are capable of 
activating CD1-restricted T cells. In this respect, also lipids extracted 
from cypress pollen, olive pollen and Brazil nut seed were capable to 
activate iNKT cells.488

Other receptors specific to the innate immune response such as 
TLR also recognize the lipid fractions from olive or ryegrass pollens, 

dust mites, and cat and dog danders.479 Additionally, many pollen 
grains are able to release a number of lipid mediators, the so-called 
PALMS (pollen-associated lipid mediators), when exposed to water. 
These PALMS which exhibit pronounced similarities to eicosanoids 
(leukotrienes, prostaglandins),489 enhance the inflammatory re-
sponse and induce a Tfh2 response.469,490 Finally, nsLTPs appear as 
lipid carrier allergens that act as adjuvants, and thus trigger and acti-
vate pathways occurring in the innate immune response, to reinforce 
both their allergenic and inflammatory potential.479

8 – Conclusions

In summary, there is growing interest in the role of small molecules 
that are present in various tissues either present as ligand of aller-
genic proteins or as components of the surrounding matrix with a 
potential effect on the immune response. There is good evidence 
that ligands bound to a range of allergens provide increased protein 
stability against degradation, which in turn can have an impact on al-
lergic sensitization. Likewise, IgE-binding activity can increase upon 
ligand binding as shown for nsLTPs. For some small molecules pre-
sent in certain plant and animal derived tissues, also their function 
as immunoactive substances has been confirmed. Nevertheless, the 
different hypotheses on the role and relevance of additional compo-
nents from allergenic sources on both, the allergic sensitization and 
allergic effector phase needs still more studies to provide a better 
understanding of this immune response.

F I G U R E  4 0 Cartoon showing how 
lipids can contribute to the allergic 
response. 1. Recognition of the nsLTP-
lipid complex by CD1d on dendritic cells 
(DC). 2. Presentation by CD1d of lipids to 
iNKT cells promotes the differentiation 
of 3. Tfh0 (T follicullar helper cells type 
0) into Tfh2 (T follicullar helper cells 
type 2) cells. 4. Tfh2 cells activate B 
cells (B) and 5. induce their subsequent 
differentiation into IgE producing plasma 
cells (PC). 
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A12 – Molecular  exposure: 
Systematic approaches,  cl inical 
s ignif icance,  and harmonization

Martin D Chapman, Adnan Custovic, Clare E N Mills, 
Thomas Holzhauser

Highlights

•	 Molecular allergen exposure assessment is a critical process for 
the investigation of environmental and food allergens and their 
relationship to allergic diseases.

•	 State-of-the-art multiplex technologies, including immunoassays 
and MS, will facilitate high throughput exposure assessment 
based on specific allergens that will enable thresholds for risk as-
sessment to be established.

•	 Molecular exposure assessments, coupled with analyses of other 
environmental factors and genetic predisposition, will facilitate 
comprehensive epidemiologic and population studies of the role 
of the exposome in causing allergic respiratory diseases.

•	 Harmonization of molecular exposure assessments is urgently 
needed. This will require mutual collaboration between tech-
nology providers, academic and clinical investigators, industry 
and regulatory authorities to design and execute multi-center 
studies for validation of sampling plans and analytical detection 
methods.

Disclaimer: “The views expressed in this review are the personal 
views of the author Thomas Holzhauser and may not be understood 
or quoted as being made on behalf of or reflecting the position of the 
respective national competent authority, the European Medicines 
Agency, or one of its committees or working parties.“

1 – Introduction

The use of allergen molecules as markers of environmental exposure 
was the first practical application of allergens and preceded their 
use in molecular diagnostics. Instead of counting mites, pets, cock-
roaches or rodents, specific immunoassays were developed, which 
measured major allergens (Der p 1, Der f 1, Fel d 1, Can f 1, Bla g 
1, Bla g 2, Rat n 1, Mus m 1) in dust, air, and other environmental 
samples.491

Measurements of these allergens provided an objective and 
quantitative index of exposure that could be directly compared 
between study populations and cohorts. That the allergens being 
measured were a primary cause of IgE sensitization underscored this 
molecular approach to environmental exposure assessment.

Allergen measurements have been widely used for exposure as-
sessments in clinical and epidemiological studies to investigate the 
relationships between allergen exposure and sensitization; disease 
associations and risk factors; geographic and climatic differences 

in exposure; occupational exposures; and factors influencing the 
aerodynamic properties of allergens.492 Other applications include 
efficacy testing of products, devices, and mitigation processes; as-
sessments of the potency of therapeutic products; and monitoring 
of allergen exposure in Environmental Exposure Chambers (EEC) as 
part of clinical trials of allergy therapeutics.493 Recently, the molec-
ular exposure approach has been extended to include food allergens 
and pollen allergens. Processing of foods presents challenges for al-
lergen measurements. However, significant progress is being made 
by monitoring specific allergens in foods and quantifying them in 
food products, as well as in environmental samples, such as dust. 
This has become especially important in identifying and quantifying 
the presence of unintended allergens in foods, which are not added 
as ingredients but may find their way into foods during food produc-
tion/preparation and cause allergic reactions.494 While pollen grain 
counts remain the standard for assessing pollen exposure, measur-
ing allergen levels in pollen grains has demonstrated differences in 
geographic variability and allergen potency that are becoming more 
important with the advent of climate change.495 Finally, multiplex-
ing of allergen assays has greatly expanded the scope of allergen 
measurements and for both indoor allergens and foods. The most 
important allergens can be measured in a single test. The applica-
tion of mass spectrometry is also providing more information and 
new ways of quantifying allergens whether in environmental sam-
ples or foods and can provide complementary data to immunoassay 
methods.496,497

2 – Allergen Exposure: Objectives, Methods, and 
Applications

The objectives of molecular exposure assessment can be summa-
rized as follows:

	(i)	 To provide consistent and reliable indices of environmental aller-
gen exposure that are directly comparable.

	(ii)	 To use high throughput sampling methods and assay technolo-
gies that have adequate sensitivity, specificity and quantifica-
tion, with validated performance parameters that can be verified 
through multi-center ring trials.

	(iii)	To reliably assess the risks and outcomes of allergen exposure 
in different localities, populations, and circumstances in relation 
to health effects and as a guide to public policy and improving 
quality of life.

Sampling Methods
The standard method for sampling indoor allergens has been to 

collect reservoir dust samples from bedding, bedrooms and other liv-
ing spaces using a modified hand-held vacuum cleaner with a dust col-
lection device. Typically, an area of ~0.25 m-2 is sampled for 2 minutes, 
and results are expressed as ng or μg allergen per gram of dust.491 This 
approach accommodates dust mite and cockroach allergens, including 
Der p 1, Der p 2, Bla g 1, and Bla g 2, which do not readily become 
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airborne. Airborne mite (D. farinae) antigens were measured using a 
polyclonal ELISA and GSP air samplers.491 While this is a promising ap-
proach, the specific molecular allergen components being measured in 
the ELISA have yet to be established.498 Personal air samplers, such as 
IOM and GSP samplers, and glass fibre filter cassettes, can be used for 
allergens of small particle size (2-10 μm diameter) that remain airborne 
for several hours (e.g., cat, dog and rodent allergens). Measurements of 
airborne Mus m 1 and Rat n 1 have been used to investigate laboratory 
animal allergy (LAA).499 The pharmaceutical industry has developed 
programs to monitor rodent allergen exposures as part of its facilities 
management programs, with the goal of reducing exposures to <5 ng/
m3 to mitigate LAA.500 Recently, electrostatic dust collectors have been 
used to measure settled airborne dust. These collectors are placed at 
a height of 1.6 m in a room and passively absorb allergens onto 2-4 
polyester cloths over a 14-day period.501 They can then be mailed to 
a lab for allergen testing. Silent electrokinetic air samplers that plug in 
to an electrical socket have been developed for high volume sampling 
and have been used to assess allergen exposure and the microbiomes 
in US homes.502 Sampling of raw ingredients, in-production foods and 
finished food products presents different issues related to the chance 
of identifying low level contamination of allergenic ingredients either 
as a consequence of agricultural comingling or carry-over between 
manufacturing runs of foods.503 For example, change over between 
milk and dark chocolate, which can result in levels of milk allergens that 
pose a risk to allergic consumers.504

Immunoassay Methods and Applications

In early studies of environmental exposure, allergen molecules 
were measured by two-site enzyme-linked immunosorbent assay 

(ELISA) using specific monoclonal antibodies (mAb) for allergen 
capture and biotinylated mAb (or polyclonal antibodies) for detec-
tion. Assays were quantified using purified allergen standards of 
known protein content that were sub-standardized against interna-
tional reference preparations, where available. Extracts of house-
hold dust samples were compared by ELISA in many epidemiologic 
studies, including emergency room asthma studies, the US National 
Institutes of Health Inner-City Asthma Consortium (ICAC) studies, 
the Manchester Allergy and Asthma Study (MAAS) and the German 
Multicentre Allergy Study (MAS) prospective birth cohorts.505 
These studies provided comparative data on multiple allergen ex-
posures across different parts of the world and their relationships 
to IgE sensitization and allergic disease.505 Although ELISA is a high 
throughput assay, measurement of each allergen in a separate assay 
was a limitation, especially for large studies involving multiple aller-
gens. Nonetheless, the core components of ELISA, the mAb used 
for allergen capture and detection could readily be used in other 
assay systems. The X-ray crystal structure of allergen-mAb com-
plexes has been determined for Der p 1, Der f 1, Der p 2, and Bla g 2 
and the amino acid residues that form the allergen epitope are now 
known.506,507 This level of molecular analysis is not possible using 
polyclonal antibodies. The structural data confirm that the mAb 
epitopes are nonoverlapping and bind to distinct conformational 
sites on allergen molecules (Figure 41).

The mAb used in ELISA were incorporated into a Multiplex ARray 
for Indoor Allergens (MARIA) using Luminex xMAP technology. 
Capture mAb were covalently coupled to polystyrene beads with 
internal fluorescent dyes. Bound allergen is detected using bioti-
nylated detector mAb and streptavidin-phycoerythrin. The beads 
are analysed in a Luminex instrument in which a red laser distin-
guishes the bead set coupled to the capture mAb and a green laser 

F I G U R E  41 X-ray crystal structures of 
allergen-monoclonal antibody complexes: 
A, mAb 5H8, 10B9 and 4C1 in complex 
with Der p 1; B, mAb 7C11 and 4C3 
binding to nonoverlapping sites on Bla g 2. 
Reproduced from Pomés et al, Frontiers in 
Immunology, with permission506 
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detects the mean fluorescent intensity and measures the amount of 
allergen in the sample (Figure 42, Table 10).

Luminex xMAP technology is widely used in allergy/ immunol-
ogy (e.g., for measuring cytokines). The MARIA assay was validated 
in an international ring trial and can measure up to 14 aeroallergens 
simultaneously, under the same assay conditions.508 The sensitivity 
of MARIA is 10-40-fold greater than ELISA, which is especially use-
ful for measuring airborne allergens, e.g., in LAA. The development 
of MARIA enabled larger population studies and greatly increased 
the scope of exposome analyses, as illustrated by the U.S. National 
Health and Nutrition Examination Survey (NHANES, Case Study I).509

Molecule-based approaches are increasingly being applied to 
food allergy. Monoclonal antibody-based ELISA for specific food 
allergens, including peanut (Ara h 1, Ara h 2, Ara h 3, Ara h 6); soy 
(Gly m 4, Gly m 8); egg (Gal d 2); milk (Bos d 5, Bos d 11) and carrot 
(Dau c 1, Dau c 4) have been developed and applied to measure 

allergens in foods, processed foods, immunotherapy products and 
early introduction foods.510–517 A modified multiplex array, MARIA 
for Foods, measures up to 17 major food allergens. MARIA for 
Foods measures all the food allergens that are regulated in the US 
(peanut, milk, egg, soy, tree nuts, sesame, fish, shellfish, wheat, cel-
ery, mustard) and which are also regulated in the European Union 
as part of a larger list of 14 allergenic foods.518,519 The MARIA 
for Foods has recently been used to measure the specific aller-
gen content of commercial early introduction foods that are mar-
keted to consumers as aids for the prevention of food allergy in 
infants.520,521 MARIA technology has also been applied to measure 
environmental exposure to indoor allergens and food allergens in 
schools in the North-eastern US, as part of the Schools Inner-City 
Asthma Study (SICAS, Case Study II).522,523

Alternative methods of molecular exposure assessment have 
been developed including quantitative PCR (qPCR), DNA-based 

F I G U R E  4 2 Schematic representation 
of MARIA for Der p 1, Der f 1, and 
Bla g 2 ​

TA B L E  1 0 Antibodies, Allergen Standards and Bead Sets Used in MARIA for inhaled allergens

Source Capture Ab Magnetic bead set Detector AbTarget allergens Allergen standard
Dust Mite              

Animal           

Cockroach  

Pollen     

nDer p 1  

nDer f 1  

nDer p 2  

rDer p 23 

 rBlo t 5  

nFel d 1  

nCan f 1  

nMus m 1  

nRat n 1  

nBla g 2  

rBet v 1  

rPhl p 5  

nAmb a 1  

nLol p 1  

Der p 1  

Der f 1  

Der p 2  

Der p 23  

Blo t 5  

Fel d 1   

Can f 1   

Mus m 1   

Rat n 1    

Bla g 2  

Bet v 1  

Phl p 5  

Amb a 1  

Lol p 1  

15  

37  

45  

63  

35  

55  

12  

57  

64  

26  

72  

67  

29  

13  

10B9  

6A8  

1D8  

7A8  

pAb  

6F9  

10D4  

pAb  

RUP-6  

1F3  

6H4  

1D11  

2B6  

5G7  

5H8  

4C1  

7A1  

pAb  

pAb  

3E4  

6E9  

pAb  

RUP-1  

4C3  

5B4  

Bo1  

4H7  

7D8  
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biosensors and mass spectrometry (MS).492 These tests show prom-
ise but need to be validated for use in environmental studies. Mass 
spectrometry analysis of dust samples has provided useful quali-
tative data confirming the presence of peanut allergens in dust.524 
Using MS in combination with immunoassay and PCR methods 
provides a synergistic approach to molecular exposure assessment, 
which can be modified to suit specific applications and to overcome 
method-specific limitations.525

3 – Special Considerations for Food Exposures

Inadvertent exposure to food allergens can cause serious adverse re-
actions in food allergic patients, including anaphylaxis. For this rea-
son, the presence of the most common allergens in food is regulated 
by the US FDA and regulatory authorities in Europe and other coun-
tries. The nine allergens regulated in the U.S are milk, egg, peanut, 
tree nuts, soybean, sesame, wheat, fish and shellfish.518 In addition 
to these nine allergens, sesame, lupin, molluscs, celery, and mustard 
require mandatory labeling as food ingredients in Europe.519 The 
first ELISA methods for food allergen detection were published in 
the mid-1990s, followed by the development of PCR and MS meth-
ods. All these methods present specific strengths and limitations 
for allergen measurements, which have recently been reviewed in 
detail.526 Immunoassays such as ELISA and lateral flow tests have 
been most widely used for measuring allergens in foods and in food 
processing facilities for sensitivity and ease of use. The limitations 
of these assays often include poorly defined analyte specificities 
and variability of assay performance, depending on food process-
ing. While PCR methods usually have potential for high specificity 
for the allergenic food, the DNA-based detection of allergens, which 
are proteins, remains indirect. Multiplex array technologies, such as 
xMAP FADA (developed by the US FDA) or MARIA for Foods, are 
high throughput approaches that enable multiple food allergens to 
be measured simultaneously.520,527 Immunoassay epitopes may be 
denatured by food processing procedures such as heat treatment, 
polymerization or acid precipitation. Under these conditions, tar-
geted allergen specific detection and quantification by LC-MS/MS, 
using peptides derived from allergen sequences, is a valuable alter-
native approach.528–530 Mass spectrometry is an exciting new tool 
for molecular exposure assessment of allergens in environmental 
samples and foods. The common denominator with new immuno-
assay methods is that both approaches measure specific allergen 
molecules and should provide greater consistency of allergen meas-
urements when information about molecular allergen components is 
required. Various MS methods have been developed with allergen-
specific peptides of peanut Ara h 1, Ara h 2, Ara h 3, soybean Gly 
m 5 and Gly m 6, hazelnut Cor a 9, wheat gliadins, cow's milk Bos 
d 4, Bos d 5, Bos d 9, Bos d 10, and hen's egg Gal d 2, and Gal d 4, 
allowing a sensitivity of approximately 1-10 mg total protein of the 
allergenic food per kg of food matrix, or even below, in typical matri-
ces such as cookie, bread, cereals, ice cream and chocolate.526,530,531 
Multi-analyte methods capable of detecting and quantifying several 

allergens have been developed.532 MS methods can also provide ab-
solute quantification, which lends itself to the development of refer-
ence methods.533

4 – Clinical Significance of Allergen Exposures

Effect on the development of allergen-specific sensitization and al-
lergic diseases

Allergen exposure impacts the risk of sensitization and allergic 
disease and is influenced by the route of exposure (e.g., inhaled, 
transcutaneous, oral), its dose, timing, and individual genetic pre-
disposition.534 Allergen exposure is essential for the development 
of allergen-specific sensitization, but the nature and the direction of 
this relationship is a matter of a considerable debate. For example, 
the evidence on the role of house dust mite (HDM) and cat exposure 
is contradictory. A Swedish birth cohort reported increased risk of 
cat-specific sensitization at age 4 years with increasing early-life cat 
allergen exposure.535 A similar dose-response relationship for both 
HDM and cat exposure was observed in the German Multicenter 
Allergy Study.536 By contrast, the opposite finding of a protective 
effect of high cat allergen exposure on cat sensitization (with a bell-
shaped dose-response relationship), was reported in several cross-
sectional studies in older children and adults (reviewed in534). The 
reasons for such heterogeneity include the study design (birth co-
horts vs. cross-sectional) and the choice of population (high-risk vs. 
population-based), making direct comparisons difficult.

The limitations of drawing conclusions about the role of early-life 
exposures from cross-sectional analyses underscore the importance 
of looking at life-course trajectories. A recent longitudinal analysis 
showed that sensitization to cat in the first 3 years of life was signifi-
cantly higher amongst children living in a home with a cat and ex-
posed to high level of Fel d 1, but after this age, the annual increase 
in sensitization was lower compared to children without a cat. By ad-
olescence the point prevalence of cat sensitization was numerically 
higher among children without a cat (Figure 43).537 These findings 
may explain inconsistencies in previous literature and indicate that 
apparently contradictory findings may be a consequence of differ-
ent longitudinal trajectories of cat sensitization between those ex-
posed to high and low cat allergen levels.

The route of exposure and the role of genetic predisposition
General assumption is that the default route of exposure to in-

halant allergens is via inhalation, and to food allergens via the oral 
route. Sensitization may also be a consequence of allergen presenta-
tion through an impaired skin barrier, which is important within the 
context of filaggrin genotype. In an unselected birth cohort (MAAS), 
peanut allergen in house dust increased the risk of peanut sensitiza-
tion and peanut allergy in a dose-response manner in children with 
filaggrin loss-of-function mutations, but not in those without, pro-
viding evidence that (i) transcutaneous exposure is important in food 
allergy and ii) that susceptibility to allergen exposure differs between 
individuals with different genetic predispositions.538 Filaggrin loss-
of-function mutations also modify the impact of exposure to HDM 
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and cat allergens on the development of allergen-specific sensitiza-
tion. In the MAAS cohort, Der p 1 and Fel d 1 exposure was much 
greater among children with filaggrin mutations compared to those 
without.539 This analysis confirmed previous observations that the 
association between early-life allergen exposures and sensitization 
changes with time. In real life, individuals are contemporaneously 
exposed to a range of other environmental exposures. One example 
is the observation that high allergen exposure combined with an en-
vironment rich in specific bacteria may protect against sensitization 
and atopic wheezing.540 Gene–environment interactions add to this 
complexity.

Increasing early life Der p 1 exposure was associated with in-
creased risk of mite sensitization. The impact of allergen expo-
sure was markedly reduced at high endotoxin exposure, but only 
among children with specific genotype in CD14.541 These findings 
confirmed that sensitization is influenced by allergen exposure, 
by other environmental exposures, and by genetic predisposition. 
Consequently, the effects of allergen avoidance may differ between 
individuals with different genotypes.

Effect of allergen exposure on asthma severity and exacerbations
Most studies that investigated the impact of exposure on symp-

toms among sensitized patients with established disease reported 
increased severity with increasing exposure. Amongst allergic asth-
matics, indicators of asthma severity (including increased airway 
hyper-reactivity and Peak Expiratory Flow Rate (PEFR) variability and 
diminished lung function) are associated with high exposure to sen-
sitizing allergen, emphasizing the contribution of allergen exposure 
to the ongoing chronic disease process.542 High allergen exposure 
in sensitized asthmatics interacts with virus infection in increasing 
the risk of exacerbation in children and adults.543,544 Evidence that 
high exposure to allergens can worsen asthma symptoms indicate 
that effective allergen avoidance should improve asthma control. 
However, attempts to replicate clinical benefits observed in occu-
pational asthma, or the studies at high altitude sanatoria, by using 

allergen control measures in patients' homes, have provided con-
flicting results (reviewed in545).

Allergen avoidance in the treatment of asthma Several system-
atic reviews and meta-analyses have questioned the role of HDM 
avoidance in sensitized asthmatics, resulting in a lack of consen-
sus and conflicting recommendations by national and international 
asthma guidelines. The limitations of such analyses and why one 
should not disproportionately rely on meta-analyses and systematic 
reviews to inform clinical practice have been reviewed.545,546

In adults, two large randomized double-blind, placebo-controlled 
trials assessing the effectiveness of mite-impermeable bed covers as 
a single intervention found no benefits on morning PEFR during the 
first 6 months, or the proportion of patients able to discontinue in-
haled corticosteroids during the second six months of the study. The 
lack of benefits in some domains of the disease (e.g., lung function or 
symptoms) and some age groups (e.g., adults) does not exclude the 
possibility of benefits in other domains (such as prevention of exac-
erbations) and in other age groups. A large randomized double-blind 
placebo-controlled trial in children at high risk of severe exacerba-
tions (Preventing asthma exacerbations by avoiding mite allergen—
PAXAMA) showed that significantly fewer children who received 
mite-impermeable bed encasings attended hospital with asthma 
exacerbation compared to the placebo group in the 12-month fol-
low-up period. The risk of hospital presentation was 45% lower in the 
Active compared with the Placebo group (p=0.006) (Figure 44).547 
The effect of intervention was highest in children younger than 
11 years, mono-sensitized to mite, living in nonsmoking households, 
and among children requiring more controller medication.

For pet-sensitized pet owners with allergic airway disease in 
whom this allergy is contributing to their symptoms, a double-blind, 
randomized study of pet removal is not feasible. One small nonran-
domized, nonblinded study among pet-allergic patients with asthma 
indicated that pet removal from home reduced airway responsive-
ness.548 For such patients, the advice based on common sense and 

F I G U R E  4 3 Longitudinal trajectories 
of cat sensitization (SPT-skin prick test) 
among children who lived in a home with 
a cat in early life cat and those who did 
not. Predicted value of mean response 
is shown in graphical format along with 
95% confidence intervals (From 537, with 
permission). 
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clinical experience is to remove the pet from home. Studies of mul-
tifaceted interventions tailored towards patients' individual needs 
reported compelling evidence of improvement in asthma control 
and are recommended by the U.S. National Asthma Education and 
Prevention Program expert panel working group.549

Allergen avoidance in the prevention of allergic disease
Clinical outcomes reported to date by the primary prevention 

studies are inconsistent. in the Isle of Wight study, allergen avoidance 
from birth reduced mite sensitization and asthma by age 18 years, 
while in contrast the Manchester study reported an increase in mite 
sensitization.550,551 Some intervention studies reported no effect 
of allergen avoidance. Given such heterogeneity, much longer fol-
low-up and more detailed analyses are required before we can draw 
conclusions and give meaningful clinical advice.

5 – Harmonization of Allergen Measurement

Harmonization of allergen measurements is required for the com-
parability of results between analytical laboratories using different 
methods, often with different analytical responses to the targeted 
allergens. Reporting units may also differ between laboratories. The 
goal of allergen standardization and harmonization is to reduce un-
certainty and to validate method performance. Several factors may 
add to uncertainty in the qualitative and/or quantitative determi-
nation of allergens in foods, environmental samples, and diagnostic 
and therapeutic preparations (summarized in Table 11). These fac-
tors may be related to the selected method and sample prepara-
tion procedure or may be attributable to intrinsic properties of the 

target allergens, including their molecular stability and consistency 
in the investigated sample.526

Antibody-based immunoassays (e.g., ELISA) and physicochem-
ical mass spectrometry are considered as direct methods for 
measurement of allergenic proteins. By contrast, the detection of 
nucleic acids as surrogate target molecules, using nucleic acid ampli-
fication techniques (NAT), such as PCR are indirect and assume that 
coexistence of DNA and allergens in the sample is consistent. The 
NAT methods can be used to verify the biologic identity of source 
materials for allergen preparations. However, in most cases for the 
measurement of allergenic proteins, direct methods are preferred. 
Both ELISA and MS methods usually detect certain epitopes and 
peptides, respectively, on the allergen molecule.526 These struc-
tures must be (made) available and preserved by efficient sample 
preparation. Specific processes occurring in the environment or that 
are required to produce the sample may affect allergen integrity. 
The allergen preparation used for method calibration should be as 
similar as possible in its composition and presentation compared 
with the allergen that is measured in a sample. In real-life, this often 
is hard to achieve. Moreover, depending on the choice and specific 
type of method and detection modes, differences in the quantita-
tive response to the allergen between the calibrator and sample may 
result in varying measurement results. Methods often apply differ-
ent reporting units, further complicating comparability of results 
between different methods unless appropriate conversion factors 
are available.526

Compared with environmental samples or food, harmonization/
standardization of molecular allergen measurements for pharmaceu-
tical allergen preparations are the most advanced. Harmonization of 

F I G U R E  4 4 Proportion of children who suffered one or more severe exacerbation during the 12 month-follow up period in PAXAMA 
study (for all children who completed 12 months Follow up, n=241) Results are shown for one or more hospitalizations or emergency 
department visits requiring systemic corticosteroids because of an asthma exacerbation, and time to first hospitalizations or ED visit 
because of severe exacerbation of asthma. Active covers (mite-impermeable) (green line) and Placebo covers (blue line). Adapted from 547 
with permission 
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reporting units and the availability and use of certified reference 
materials and methods is essential to increase comparability of re-
sults between commercial allergenic products. Recent work on the 

molecular standardization of pollen allergens through the BSP090 
project is a good example of this approach. The two major allergens 
from birch pollen and from timothy grass pollen, recombinant Bet v 
1 and Phl p 5, have been made available as European Pharmacopoeia 
(Ph. Eur.) chemical reference substances through the European 
Directorate for the Quality of Medicines & Health Care (EDQM).552 
Their use has so far not become mandatory.553 The current Ph. 
Eur. Monograph on Allergen Products allows allergen-specific ref-
erence standards to be used, when available. In addition to vali-
dated reference materials, two allergen-specific ELISA methods for 
Bet v 1 and for Phl p 5, were evaluated in international ring-trials 
through EDQM.372,552,554 The implementation of these protocols 
as general chapters for inclusion in the Ph.Eur. is in progress.553 
Standardization and harmonization of test methods in the field of 
environmental food allergen analysis needs further development. 
A report on health-based guidance values for allergens in foods by 
the ad hoc FAO-WHO expert consultation group recommends that 
test methods report results in mg allergenic ingredient protein/kg 
of food (https://www.fao.org/3/cb638​8en/cb638​8en.pdf, accessed 
9Feb2022). However, this recommendation may need to be modi-
fied to consider allergen detection methods used for verification of 
food allergen labeling requirements that measure molecular allergen 
components. Currently, test results are often converted to total pro-
tein of the allergenic food by calibration or calculation.526 This allows 
for comparison of the analytical result with suggested protein ref-
erence doses, such as provided by VITAL®, the Australian initiative 
for voluntary incidental trace allergen labelling and based on clini-
cal reactivity in food challenge studies, at or below which voluntary 
labelling of noningredient allergen cross-contact is unnecessary for 
the protection of allergic consumers.554

In the field of food allergen risk assessment and labeling, multi-
center collaborative studies and ring trials are needed to develop 
consensus guidelines for use of MS and other allergen specific meth-
ods. Harmonized quantitative MS methods are being developed as 
part of the ThRAll project.555 Official Methods Board of the German 
Government has also launched a new Working Group to standardize 
MS methods to detect allergens in foods through multi-laboratory 
validation studies.556 There is also a need for more extensive de-
velopment of certified reference materials for allergen analysis in 
foods, which will play a key role in allowing harmonization of test 
methods results both across different platform technologies and 
between laboratories. Moreover, sample collection can be ad hoc, 
which makes interpretation of test results complex and uncertain. 
Consequently, statistically validated sampling plans need to be 
developed.

In summary, for a few of the many major allergens that are 
relevant in foods, environmental samples and medicinal allergen 
products, reference materials and harmonized protocols for meth-
odology are available. Availability of commonly agreed or mandatory 
reference materials, harmonized protocols for methodology, includ-
ing commonly agreed reporting units and sampling plans are needed 
for the inter-laboratory and cross-product comparability of single 
allergen measurement results.

TA B L E  11 Factors affecting the uncertainty of analytical 
methods for allergen determination in food, environmental 
samples, and diagnostic and therapeutic preparations.

choice of method  

detection principle  

of detection molecules 

(target analyte)  

detection reagents or 

detection modes

reporting unit  

calibration (selected 

preparation)  

differences in method 

response, depending on:  

correlation factors applied 

(e.g. from DNA to 

allergen; from epitope or 

peptide to allergen)   

sample preparation  

biochemical (NAT, ELISA), biophysical (MS), 

qualitative/ quantitative  

real-time versus digital PCR, sandwich versus 

inhibition ELISA, MALDI-TOF versus Q-TOF 

MS, etc.   

binding of epitopes by antibodies (ELISA) , 

mass/charge ratio of peptides (MS)  

DNA stretch of allergenic source, allergen 

component, peptides of allergen component  

primers in NAT, polyclonal versus monoclonal 

multiple reaction monitoring versus high-

resolution in MS; potential signal cross-talk in 

multi-analyte versus single analyte methods

arbitrary units; DNA copies; weight/volume or 

moles/volume, weight/weight or moles/weight 

total protein of allergen source per analysed 

sample   

allergenic source, selected allergen(s), selected 

peptide(s) of allergen(s)  

calibrator molecule, target molecule, variations 

in target molecule (isoform composition, 

impact of processing or environmental 

conditions), sample matrix interference, 

operator, selected detection devices/laboratory  

depending on type of calibration; known 

if applied for calculation after analysis or 

unknown if already included in read-out of 

commercial kit or report of service-lab  

differences in quality and/or quantity of target 

(PCR, ELISA, MS) and impact of additional 

(PCR) or enzymatic digestion (MS)  

Factors affecting 
uncertainty of results

Examples
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6 – Case studies

Case Study I
The US National Health and Nutrition Examination Survey 

(NHANES) 2005-6.

•	 A survey of allergen exposure in US homes that were representa-
tive of the general US population557.

•	 A mixed bed and bedroom floor dust sample was obtained from 
~7,000 homes.

•	 Samples were analysed using a MARIA 9-plex array for Der p 1, 
Der f 1, Mite Group 2, Fel d 1, Can f 1, Mus m 1, Rat n 1, Bla g 2, 
Alt a 1. Over 56,000 data points.

•	 >90% of homes had detectable levels of 3 allergens, usually Fel d 
1, Can f 1, Mus m 1, Der p 1, or Der f 1.

•	 15.8% had detectable levels of 7 or more allergens.
•	 Individual allergen levels in homes varied according to the par-
ticipants' race/ethnicity, poverty index ratio, age and presence of 
children in the household. Regional variation, climate factors and 
level of urbanization also affected dust mite, cockroach and pet 
allergen levels (see refs for full details).

Case Study II
The Schools Inner-City Asthma Study (SICAS) 2008-13

•	 A study of allergen exposure in 37 inner-city elementary schools 
in the northeastern US.558

•	 ~1,100 dust/air/table wipe samples were collected from the 
school environment and children's homes.

•	 Samples were by MARIA 9-plex array for Der p 1, Der f 1, Mite 
Group 2, Fel d 1, Can f 1, Mus m 1, Rat n 1, Bla g 2, Alt a 1 and for 
endotoxin. Over 11,000 data points.

•	 Mus m 1 was the most common allergen found in schools and 
homes, with higher allergen levels found in settled dust from 
schools (which was highly correlated with airborne Mus m 1 
levels)

•	 In a follow up study (SICAS II), ~450 dust/table wipe samples col-
lected from the school environment and homes were analysed for 
food allergens:

•	 Samples were analysed by MARIA for Foods 7-plex array for Ana 
o 3, Ara h 3, Ara h 6, Bos d 5, Cor a 9, Gal d 1, Gal d 2.

•	 Milk, peanut and egg allergens were readily detectable in floor 
samples and table wipes in elementary schools, but not at higher 
levels than those found in children's homes.523

7 – Salient points

•	 Molecular allergen exposure assessment is a critical process for 
the investigation of environmental and food allergens and their 
relationship to allergic diseases.

•	 State-of-the-art multiplex technologies, including immunoassays 
and MS, will facilitate high throughput exposure assessment 
based on specific allergens that will enable thresholds for risk as-
sessment to be established.

•	 Molecular exposure assessments, coupled with analyses of other 
environmental factors and genetic predisposition, will facilitate 
comprehensive epidemiologic and population studies of the role 
of the exposome in causing allergic respiratory diseases.

•	 Harmonization of molecular exposure assessments is urgently 
needed. This will require mutual collaboration between technol-
ogy providers, academic and clinical investigators, industry and 
regulatory authorities to design and execute multi-center studies 
for validation of sampling plans and analytical detection methods.
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B01 – Tree pol len al lerg y

Enrico Scala, Alessandro Maria Marra, Riccardo Asero

Highlights

•	 Cup a 1 reactivity is the specific marker for a sensitization to the 
Cupressaceae family.

•	 PR-10 molecules (Bet v 1 like) are the major allergens in Fagales 
pollen often associated with an oral allergy syndrome.

•	 Ole e 1 is the most common sensitizing molecule in olive pollen.
•	 Pla a 1 and Pla a 2 may serve as a marker of primary sensitization 

to plane tree pollen.

1 – The allergen sources

Among over 400,000 plant species,560 about 100 flowering 
(Angiospermae) and nonflowering (Gymnospermae) trees can in-
duce specific sensitization in predisposed individuals. Besides grass 
pollen and house dust mites, tree pollens belong to the most im-
portant respiratory allergen sources. The knowledge of the taxo-
nomical relationship between different tree species allows the 
prediction of cross-reactivity between closely related plants, which 
share homologous molecules not found in unrelated plants. The 
trees most commonly causing allergy belong to the orders Fagales 
(alder, beech, birch, hazelnut, oak), Lamiales (ash, privet, olive, lilac), 
Pinales (cypress, Japanese cedar, juniper), and Proteales (plane tree, 
sycamore).559,561

The geographical distribution of allergenic plants drives patients' 
sensitization profiles, as a consequence of different local pollen ex-
posure. For instance, in the Mediterranean area, as well as in regions 
with a Mediterranean climate such as North and South Africa, North 
and South America, and Australia, trees belonging to the order 
Lamiales (i.e., olive tree) or Pinales (i.e., cypress tree) are mainly 
found, whilst Fagales trees play a role as allergen sources mostly 
in temperate climate regions such as Northern and Central Europe, 
North America, East Asia and Northwest Africa.562

The order Fagales encompasses seven distinct families, but 
the two most frequently implicated in tree-pollen allergies are (i) 
Betulaceae including the genera Alnus (alder), Betula (birch), Carpinus 
(hornbeam), Corylus (hazel), and Ostrya (hop hornbeam), and (ii) 
Fagaceae, comprising the genera Castanea (chestnut), Castanopsis 
(chinkapin), Chrysolepis (chinquapin), Fagus (beech), Lithocarpus 
(tanoak), and Quercus (oak)563 (Figure  45). A high degree of aller-
genic cross-reactivity among allergens from these plants distributed 
all over the world has been demonstrated. Birch, followed by alder 
and hazel, represents the most relevant cause of tree pollen allergy 
within this order. The flowering period of birch begins at the end of 
March in Western Europe, from the beginning to mid-April in Central 
and Eastern Europe and from late April to late May in Northern 
Europe.564 From 1 to 3 weeks after the beginning of the season 
higher amounts of pollen in the atmosphere are recorded, and the 
extent of the pollen season is extremely dependent on weather con-
ditions, and thus ranges from 2 to 8 weeks.564 An alternation of low 
and high pollen production per year has been detected. Hazel and 
alder florescence starts early from December to April, is followed 
by birch, hornbeam and hop hornbeam and then by oak and beech 

F I G U R E  4 5 Taxonomy, geographic distribution, and flowering seasons of the most relevant tree pollen allergen sources 
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in spring. Chestnuts shed pollen in June and July in Western and 
Central Europe.

Trees from the family Oleaceae, order Lamiales, grow on all 5 
continents and are among the most important causes of respiratory 
allergy in the Mediterranean area as well as in some areas of North 
America, Australia, Japan, and North and South Africa, where these 
trees are intensively cultivated.565 The Oleaceae family comprises 4 
main genera: olive (Olea europea), European ash (Fraxinus excelsior), 
lilac (Syringa vulgaris), and common privet (Ligustrum vulgare), all 
able to cause IgE sensitization 566 (Figure 45). The pollination period 
ranges from April to June in warmer regions, and the occurrence of 
olive tree allergy among patients suffering from tree pollen allergy 
is about 30-40% in Italy.567,568 Ash pollen season is during winter-
time, rather similar to the birch pollen season, and is very relevant in 
Central Europe (Austria, North and East of France, Switzerland up to 
30% prevalence of pollen allergic patients).

In Mediterranean regions trees of the Cupressaceae family 
(Figure 43) from the order Pinales are widely spread. Wind pollina-
tion of cypress trees occurs during the winter season, when no other 
allergenic plants flower, and accounts for up to 40% of the total pol-
len count in Mediterranean countries.569 Cypress tree florescence 
covers about 30-40 days, from January to April, showing a high vari-
ability from year to year, depending on weather conditions, causing 
difficulty in identifying the beginning and length of pollen season. 
The high degree of cross-reactivity found among Cupressaceae trees 
(cypress, juniper, and cedar), which have somewhat different but 
overlapping pollination periods, could extend the cypress pollen 
season from December to March.570

Trees of the Plane-tree family (e.g., Platanus acerifolia), from the 
order Proteales, are common species widely spread in Southern 
Europe, with a short but intense pollen season from March to April, 
characterized by high pollen counts, reaching one hundred billion 
pollen grains per tree only a few days after the florescence time. 
Clinical surveys have acknowledged plane trees as a major cause 
of pollen with sensitization rates ranging from 8 to 17% in exposed 
populations. Annual airborne pollen counts differ based on weather 
conditions but also as a function of human activity, mainly pruning 
since plane trees or sycamores are widely used for ornamental pur-
poses.571 Temperature, but not rainfall, is the weather parameter 
mainly affecting the Platanus pollen season, influencing both start-
date and daily pollen counts.

In subtropical regions mesquite (Prosopsis juliflora) and Acacia 
farnesiana (Vachellia farnesiana) (Needle bush), trees belonging to 
the order Fabales have been acknowledged as a clinically relevant 
allergen in North America, India, and the Arabian Peninsula.572,573

2 – Allergen families and allergenic molecules

Pollen from Fagales trees is one of the most frequent causes of 
winter/spring respiratory allergy in the temperate areas of the 
Northern hemisphere. This order includes two main families 
(Betulaceae and Fagaceae) comprising different trees characterized 

by a rather limited number of homologous, cross-reacting aller-
gens574 (Table  12). Moreover, pollen from birch has shown the 
ability to suppress innate antiviral immunity, independent of 
allergy.575,576

Pathogenesis-related-protein group 10 (PR-10) molecules 
(i.e., Bet v 1 and homologous allergens)577 are the major allergens 
in Fagales pollen and are recognized by virtually all allergic pa-
tients, thus representing the major cause of clinical allergy (see 
also Chapter C02), which includes a large group of aeroallergens 
and common food allergens. Several PR-10 family members have 
been described to date within tree pollen belonging to the Fagales 
order ([i] Betulaceae: Aln g 1 from alder, Bet v 1 from birch, Car b 1 
from hornbeam, Cas s 1 from chestnut and Cor a 1 from hazel, [ii] 
Fagaceae: Fag s 1 from European beech, Ost c 1 from hop hornbeam, 
Que a 1 from white oak, Que i 1 from Sawtooth oak, Que i 1 from 
Holly Oak, and Que m 1 from Mongolian oak).

In addition to PR-10 proteins, several other allergens have been 
described.

	(i)	 Profilins (e.g., Bet v 2 from birch pollen or Cor a 2 from hazel 
pollen)578 [20] are pan-allergens (see Chapter C01) present in the 
whole plant kingdom. Profilins are recognized by 10-20% of pa-
tients primarily sensitized to birch pollen, but this proportion is 
higher in areas where grass pollen represents the primary sensi-
tizer. The clinical relevance of profilin as a respiratory allergen is 
variable.579 Profilins may cause secondary plant food allergy to 
various fruits and vegetables (see Chapter C01).

	(ii)	 Polcalcin-like proteins (calcium-binding proteins; e.g., Bet v 3 and 
Bet v 4 from birch, and Aln g 4 from alder) are pollen pan-allergens, 
which generally sensitize less than 10% of pollen-allergic individ-
uals. They cross-react with homologous pollen allergens from bo-
tanically unrelated species. The clinical relevance is variable and 
often limited579: in a retrospective study of 854 Italian patients 
with birch pollen sensitization, Bet v 1 sensitization significantly 
decreased from the North (95.41%) to the South (58.56%) of the 
country, whereas both profilin and polcalcin reactivity signifi-
cantly increased from Northern to Southern Italy580;

	(iii)	phenyl-coumaran benzylic ether reductases or isoflavone reduc-
tases (e.g., Bet v 6 from birch, Cor a 6 from hazel, Ole e 12 from 
olive) are minor allergens that are involved in plant defence re-
actions, showing a sensitization rate of about 32% among birch 
allergic people581;

	(iv)	cyclophilin (Bet v 7 from birch) is a minor, potentially cross-
reactive, allergen;

	(v)	 pectin methylesterase;
	(vi)	glucanase;
	(vii) thaumatin-like protein; and
	(viii) Glutathione-S-transferase (GST) (Bet v 8 from birch) are other 

minor allergens.582

Olive pollen allergy is caused by Ole e 1 allergy in about 70% of 
cases (Table 13). The Ole e 1-like protein family comprises several 
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other allergenic glycosylated proteins from tree pollen (Fra e 1, 
Lig v 1, and Syr v 1), whose glycan moieties are involved in their 
allergenic properties583 Besides Ole e 1, several other molecules 

have been identified, and a biological function can be associated 
with most of these molecules, such as actin-binding protein (the 
profilin Ole e 2), polcalcin (Ole e 3 and Ole e 8), glucanase (Ole e 9 

TA B L E  1 2 The prevalence data shown in the table are derived from www.aller​gen.org for each allergen indicated.

PR-10, Bet v 1 family member

Polcalcin 

PR-10, Bet v 1 family member

Polcalcin-like protein

Polcalcin

PhenylCoumaran benzylic ether reductase

Cyclophilin

Glutathione-S-transferase

PR-10, Bet v 1 family member

PR-10, Bet v 1 family member

Luminal binding protein

PR-10, Bet v 1 family member

Aln g 1

Aln g 4

Bet v 1 

Bet v 2

Bet v 3

Bet v 4

Bet v 6

Bet v 7

Bet v 8

Car b 1

Cor a 1

Cor a 2

Cor a 6

Cor a 10

Ost c 1

100%

18%

95%

22%

10%

5%

32%

21%

13%

100%

18

6

17

15

24

7

35

18

27

17

17

14

35

70

Alnus glutinosa (Alder)

Betula verrucosa (Betula pendula) (European white birch)

Carpinus betulus (Hornbeam)

Corylus avellana (Hazel)

Ostrya carpinifolia (European hophornbeam)

Allergenic molecule Biochemical name Prevalence among patients MW (in kDa)

PR-10, Bet v 1 family member

PR-10, Bet v 1 family member

PR-10, Bet v 1 family member

Cas s 1

Fag s 1

Que ac 1

Que ac 2

100%

92%

22

17

17

16

Castanea sativa (Chestnut)

Fagus sylvatica (European beech)

Quercus Acutissima (Sawtooth oak)

PR-10, Bet v 1 family member

Pathogenesis protein 10

PR-10, Bet v 1 family member

Que a 1

Que m 1

Que i 1

64%

92%

55%

17

17

21

Quercus mongolica (Mongolian oak)

Quercus alba (White oak)

Quercus ilex (Holly Oak)
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and its probable degradation product Ole e 4), superoxide dismutase 
(Ole e 5) and lipid transfer protein (Ole e 7). Olive tree Ole e 7, shares 
less than 20% of amino acid sequence with Pru p 3.567 Even though 
the homology at the primary sequence level is low, the tertiary 
structure of nsLTP is rather similar. Immunologically they seem to be 
distinct, which is also true for Par j 2, the nsLTP from pellitory that 
does not cross-react with, e.g., Pru p 3 (see Chapter C03).

The glucanase Ole e 9, despite representing less than 0.3% of 
crude olive pollen content,584 induces sensitization in about 50% 
of patients in some Mediterranean regions with high olive pollen 
counts during pollen season.567,585 Patients sensitized to Ole e 9 
seem to be at higher risk of suffering adverse side reactions during 
immunotherapy.585 Ole e 7 and Ole e 9 IgE recognition have been 
recently associated with local or systemic reactions to food,582 and 

TA B L E  1 3 The prevalence data shown in the table are derived from www.aller​gen.org for each allergen indicated.

Ligustrum vulgare (Privet)

Olea europaea (Olive)

Syringa vulgaris (Lilac)

Ole e 1-like protein family member

Ole e 1-like protein family member

Common olive group 1

Polcalcin-like protein (4 EF-hands)

Superoxide dismutase [Cu-Zn]

Polcalcin-like protein

1,3-β glucanase

X8 domain containing protein

Pectin methylesterase

Thaumatin

Polygalacturonase

Cyclophilin

Ole e 1-like protein family member

Polcalcin

Fra e 1

Lig v 1

Ole e 1

Ole e 2

Ole e 3

Ole e 4

Ole e 5

Ole e 6

Ole e 7

Ole e 8

Ole e 9

Ole e 10

Ole e 11

Ole e 12

Ole e 13

Ole e 14 

Ole e 15

Syr v 1

Syr v 3

87%

58%

90%

50%

80%

35%

15%

47%

68%

90%

4-33%

13%

13%

27%

90%

90%

20

20

16

15

9

32

16

10

9

21

46

11

39.4

37

23

46.5

19

20

8.9

Fraxinus excelsior (Ash)

Allergenic molecule Biochemical name Prevalence among patients MW (in kDa)

Ole e 1-like protein family member

Ole e 1-like protein family member

Aca f 1

Aca f 2

Pro j 1

Pro j 2

47%

56%

45%

17

14.3

18

14.3

Allergenic molecule

Acacia farnesiana (Vachellia farnesiana) (Needle bush)

(Mesquite)

Biochemical name Prevalence among patients MW (in kDa)
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atopic dermatitis,586 respectively. Ole e 10 (X8 domain-containing 
protein) and the pectin methylesterase Ole e 11 are two other major 
olive pollen allergens.

So far, both Ole e 1-like proteins (Aca f 1 and Pro j 1) and profilins 
(Aca f 2 and Pro j 2) have been identified and characterized, as rel-
evant allergens in Acacia farnesiana and mesquite (Prosopis juliflora) 
tree pollen allergy, respectively.587–589

In the Cypress family, two main groups of proteins have been 
identified: the pectate lyases and the polygalacturonases590 
(Table  14). The highly related (95.1% sequence identity) pectate 
lyases Cup a 1 and Cup s 1 are found in the Mediterranean area, 
whilst Cry j 1 and Cha o 1 are mainly found in Japan, sharing lower 
sequence identity (78.6%).

The polygalacturonases, Cha o 2, Cry j 2, and Jun a 2 are also 
major allergens of Pinales pollen, showing high levels of sequence 
identities (71%-82%).

Recently cypmaclein, an allergen belonging to the Gibberellin 
regulated protein (GRP) family, has been isolated from the cypress 
pollen591 (Table 14). GRP sensitization is important to define a subset 
of patients with allergy to cypress pollen and severe peach allergy 
caused by Pru p 7 (Peamaclein) co-recognition231 (see Chapter C09). 
Peamaclein sensitization prevalence seems to be quite frequent in 
France230 but rare in Italy.592

The most important allergen from London plane tree (Platanus 
acerifolia) pollen is Pla a 1,593 which has an invertase inhibitor 
function as has the homologous Pla or 1 from Platanus orientalis 

TA B L E  14 The prevalence data shown in the table are derived from www.aller​gen.org for each allergen indicated.

Pectate lyase

Polygalacturonase

Cellulase (glycosyl hydrolase)

Pectate lyase

Polygalacturonase

Gibberellin-regulated protein

Pectate lyase

Pectate lyase

Polygalacturonase

Thaumatin-like protein

Gibberellin-regulated protein

Pectate lyase

Polygalacturonase

Thaumatin-like protein

Gibberellin-regulated protein

Polcalcin-like protein

Pectate lyase

Thaumatin-like protein

Cha o 1

Cha o 2

Cha o 3

Cry j 1

Cry j 2

Cry j 7

Cup a 1

Cup s 1

Cup s 2

Cup s 3

Cup s 7

Jun a 1

Jun a 2

Jun a 3

Jun a 7

Jun o 4

Jun v 1

Jun v 3

97.5%

82.5%

87.5%

>90%

>90%

100%

100%

61.30%

71.4%

100%

43%

100%

15%

46%

40.2

45

63

41-45

45

7

43

43

43

34

9.5

43

43

30

7

29

43

34

Allergenic molecule

Chamaecyparis obtusa (Japanese cypress)

Cryptomeria japonica (Sugi)

Cupressus arizonica (Cypress)

Juniperus oxycedrus (Prickly juniper)

Cupressus sempervirens (Common cypress)

Juniperus virginiana (Eastern red cedar)

Juniperus ashei (Mountain cedar)

Biochemical name Prevalence among patients MW (in kDa)
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(Table 15). Pla a 2 and Pla or 2 are major allergens displaying a poly-
galacturonase activity. The plane tree Pla a 3 belongs to the family of 
nonspecific lipid transfer proteins, showing 58.3% sequence identity 
with the nsLTP Pru p 3 from peach.594

Cashew tree pollen appears to be an important cause of rhino-
conjunctivitis symptoms in the northeast of Brazil.595 Peachtree 
pollen allergy may be associated with respiratory symptoms in ado-
lescents living in regions where peach trees are grown.596

3 – Sensitization to individual molecules and their 
clinical relevance

In Europe, the prevalence of positive skin prick test to birch pollen 
allergens ranges from 5% in The Netherlands to 54% in Switzerland, 
while Scandinavian countries have the highest number of patients 
with exclusive sensitization to Bet v 1.597 Bet v 1-specific IgE lev-
els are not predictive for the development of pollen-related bron-
chial asthma. PR-10 proteins defend plants against fungi and other 
micro-organisms. Their homologues are also present in a large 
number of plant-derived foods, and thus frequently cause IgE 
cross-sensitization and consequently plant-food allergy (oral allergy 
syndrome, in most cases). For this reason, up to 70% of patients with 
sensitization to PR-10 proteins complain about oral symptoms fol-
lowing the ingestion of certain plant foods (e.g., apples, carrots, nuts 
and stone fruit) (see chapter C02). This indicates from a clinical point 
of view the need to check at least one representative allergen from 
both the Betulaceae family (i.e., Bet v 1 from birch) and the Fagaceae 
family (i.e., Que a 1 from oak) in all patients in the daily clinical 
practice. Interestingly, Pru p 9, also belonging to the PR-10 family, 
is responsible for the respiratory symptoms in patients allergic to 
peachtree pollen.598

The assessment of IgE reactivity to a panel of PR-10 proteins 
also in birch-free areas may lead to disclosing peculiar relationships 
between clinical phenotypes and sensitization profiles, such as the 
association among Bet v 1-, Cor a 1-, and Aln g 1-specific IgE recog-
nition and the occurrence of respiratory symptoms.599

Also, Olea europaea reactivity seems to be clinically character-
ized by rhino-conjunctivitis more than bronchial asthma, but a dra-
matic outbreak of asthma attacks may occur during a thunderstorm 
in the olive pollen season. Moreover, in olive pollen patients, poly-
sensitization is more common than mono-sensitization. Reactivity to 
other genera belonging to the Oleaceae family, i.e., Fraxinus excel-
sior or Ligustrum vulgare, is relevant in several regions in Central and 
Southern Europe.600 Olive tree Ole e 1 is a 145 amino acid protein 
sharing both significant sequence identity (82.76% of identity with 
120 identical positions and 19 similar positions, as obtained by com-
paring the single sequences via https://www.unipr​ot.org/align/) and 
IgE cross-reactivity with all the other related trees belonging to the 
Olive family (Fra e 1 from ash, Lig v 1 from privet and Syr v 1 from 
lilac).601 Several Ole e 1-like proteins have been described in goose-
foot (Chenopodium album, Che a 1), timothy (Phleum pretense, Phl p 
11), rye-grass (Lolium perenne, Lol p 11), English plantain (Plantago 
lanceolata, Pla l 1) and prickly saltwort (Salsola kali, Sal k 5), but the 
real clinical cross-reactivity of these molecules, not belonging to the 
olive family, with Ole e 1 is somewhat questioned.600 As already 
mentioned, the major allergens of Acacia farnesiana and mesquite 
(Prosopis juliflora) tree are both “Ole e 1 like proteins” (respectively 
Aca f 1 and Pro j 1): interestingly, Aca f 1 from Acacia farnesiana has 
overall 45.3% of identity with Ole e 1 (68 identical and 41 similar 
positions).

Patients allergic to cypress pollen may represent 30% of pollen-
sensitized subjects in some areas602 and 42% in central and southern 
Italy.568,603 Cypress pectate lyase allergy generally causes seasonal 
allergic rhinitis, and a very low occurrence of bronchial asthma in 
sensitized patients has been reported in the literature,604 but since 
asthma is a genetically determined condition, it depends more on 
the degree of sensitization and exposure rather than on the in-
trinsic characteristics of the allergens. High sequence identity and 
IgE cross-reactivity among the pectate lyases belonging to the 
Cupressaceae family (Cha o 1, Cry j 1, Cup a 1, Cup s 1, Jun a 1, Jun c 
1, Jun o 1 and Jun v 1) is observed, with an overall 70% of similarity 
(262 identical and 74 similar amino acid positions, as obtained by 
comparing the single sequences via https://www.unipr​ot.org/align). 

TA B L E  1 5 The prevalence data shown in the table are derived from www.aller​gen.org for each allergen indicated.

Putative invertase inhibitor

Polygalacturonase

Putative invertase inhibitor

Polygalacturonase

Pla a 1

Pla a 2

Pla a 3

Pla or 1

Pla or 2

Pla or 3

87.5%

83%

45%

15.8%

26.3%

26.3%

18

43

10

18

42

11

Allergenic molecule

Platanus acerifolia (London plane tree)

Platanus orientalis (Oriental plane)

Biochemical name Prevalence among patients MW (in kDa)
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A 50% sequence identity with the ragweed allergenic pectate lyase 
Amb a 1 without evidence of cross-reactivity has been described.605

In the case of polygalacturonases an IgE cross-reactivity among 
the homologous allergens belonging to Cupressaceae families (Cri 
j 2, Cha o 2, Cup a 2, Cup s 2 and Jun a 2) has been observe.561 
Polygalacturonase belonging to timothy grass (Phl p 13) showed 
also considerable (up to 40%) sequence identity with Cri j 2, without 
measurable cross-reactivity.606

Plane tree Pla a 1 has a 98% identity with Pla or 1. Pla a 2 and Pla 
or 2 are other major allergens displaying a polygalacturonase activ-
ity with only 35% of sequence identity and no cross-reactivity with 
Cryptomeria japonica Cry j 2.594 The plane tree Pla a 3 exhibits ap-
proximately 50% sequence identity with peach Pru p 3, and is there-
fore possibly implicated in plant food-pollen co-sensitization.607

Clinical relevance and patterns
Certain proteins are restricted to a given allergenic biological 

source, and therefore can be considered as “marker allergens” or a 
genuine “signature” clinically useful for the identification of patients 
for whom immunotherapy with a given allergen extract is appropri-
ate. For instance, in the tree pollen model, the major birch pollen, 
Bet v 1, can identify individuals allergic to the Betulaceae family. 
The olive tree major allergen, Ole e 1, detects sensitization to the 
Oleaceae family, the cypress pollen major allergen, Cup a 1, reveals 
sensitization to the Cupressaceae family, and Pla a 1 detects sensi-
tization to the Platanaceae family. Other allergens exhibit a large 
cross-reactivity and their distribution is not restricted to a given tax-
onomical order, but they are rather distributed throughout the entire 
plant kingdom and are therefore found in all tree pollen families (the 
so-called pan-allergens). Polcalcin-like proteins and profilins are typ-
ical examples of pan-allergens. In the case of polcalcin-like proteins 
(see Chapter C06), also known as EF-hand calcium-binding allergens 
(i.e., alder Aln g 4, hornbeam Car b 4, birch Bet v 4, beech Fag s 4, and 
oak Que a 4), IgE recognition is often associated with multiple pollen 
(grass, weed and tree) sensitization,608 a lower response to immu-
notherapy, and an association with bronchial asthma.609 Patients 
sensitized to profilins (see Chapter C01) (e.g., Aln g 2 from alder, Bet 
v 2 from birch, Car b 2 from hornbeam, Cas s 2 from chestnut, Cor 
a 2 from hazel, Fag s 2 from beech and Que a 2 from oak) are not 
only reactors to a pan-allergen found in distinct sources but also 
true plant food multi-sensitized patients.610 Pan-allergens reactivity 
could therefore cause a misleading interpretation if allergy testing is 
carried out only using allergenic extracts. A given patient could have 
positive extract-based tests to several tree pollen extracts, due to 
IgE recognition of both genuine and/or pan-allergens, or as a result 
of an IgE recognition of pan-allergens in the absence of a genuine re-
activity to the marker allergens. Despite the high sequence identity 
observed among constituents of every single group of pan-allergens, 
testing of several pan-allergens could increase assay reliability and 
the identification of interesting clinical phenotypes, albeit in daily 
clinical practice a less expensive approach may often be necessary. 
Recently, GRPs (see Chapter C09) have turned out to be relevant al-
lergens in multiple fruit allergic reactions, mainly from the Rosaceae 

family, (i.e., peach, apricot or cherry), due to the high degree of cross-
reactivity with the GRPs found in the cypress pollen.230,559

IgE reactivity due to cross-reactive carbohydrate determinants 
(CCDs) (see Chapter A10) should also be ruled out, since all plant 
extracts can be weakly recognized by patients' IgE specific for CCDs, 
with no clinical significance.611 Interestingly, such reactivity does not 
affect the execution of the skin prick tests, since the IgE binding with 
the CCDs is not able to induce cutaneous mast cell degranulation. In 
(Figure 46), genuine markers of sensitization are indicated in green 
and pan-allergens found in the different pollens are coloured in red.

4 – Clinical Management

Allergen-specific immunotherapy (AIT) should be prescribed only 
when the clinical relevance of a given allergen source has been reli-
ably demonstrated.612 In the presence of a multiple IgE sensitiza-
tion, the first goal is to distinguish patients genuinely reactive from 
those misrecognizing a given biological source due to reactivity to 
pan-allergens. Another difficulty in identifying the primary sensitiz-
ing source occurs in several countries (i.e., Southern Europe) where 
overlapping of tree, weed or grass pollination periods takes place. 
Several molecules have been proposed as markers for the prediction 
of a better response to AIT: Ole e 1, Cup a 1, Bet v 1, Cor a 1 or Pla 
a 1 reactivity can be considered as specific signatures for a genuine 
tree pollen allergy.

Cup a 1 reactivity is the specific marker allergen for sensitiza-
tion to the pollen of trees of the Cupressaceae family. Also, in this 
case, the high sequence identity, associated with a high degree of 
cross-reactivity among Cupressaceae family members, suggest the 
use of Cup a 1 as a representative marker of the entire family for 
both diagnostic testing and therapeutic approaches (Figures  46 
and 47).

Bet v 1-sensitized individuals often experience an oral allergy 
syndrome due to the intake of food containing PR-10 proteins. 

Clinical relevance

•	 Molecular markers of genuine reactivity: Cry j 1 (pec-
tate lyase); Cup a 1 (pectate lyase); Aln g 1 (PR-10 pro-
tein); Bet v 1 (PR-10 protein); Cor a 1 (PR-10 protein); 
Ole e 1 (common olive group 1); Ole e 9 (beta-1,3-
glucanase); Pla a 1 (putative invertase inhibitor); Pla a 2 
(polygalacturonase).

•	 Pan-allergens: Profilin (Bet v 2), Polcalcin (Bet v 4), nsLTP 
(Ole e 7 and Pla a 3), and Gibberellin regulated protein 
(Cry j 7, Cup s 7, and Jun a 7). Check also the purified 
N-glycan from bromelain MUXF3 in the case of multiple 
tree pollen IgE reactivity, to rule out the possibility of 
CCD reactivity.
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It has been suggested that birch pollen AIT can improve not only 
pollen-related respiratory symptoms but also food-related adverse 
reactions,613 but different outcomes without benefit are reported in 
other studies614,615 (see Chapter C02). AIT containing birch extracts 
can also be used to treat patients allergic to oak, given the cross-
reactivity between Bet v 1 and Que a 1.616

Ole e 1 is the most common sensitizing molecule in olive pollen. 
It is utilized in both diagnostic and therapeutic extracts for standard-
ization purposes and can determine immunological changes after 
olive pollen AIT. On the other hand, due to the high degree of cross-
reactivity among the Ole e 1-like proteins of the Oleaceae family, in 
olive-free areas, Ole e 1 reactivity could help to identify individuals 
reacting with ash or privet pollen as suitable for AIT.617 In areas with 
heavy olive pollen exposure, Ole e 7 and Ole e 9 should be tested to 
identify patients with a more severe allergic phenotype.567

Pla a 1 and Pla a 2 may serve as a marker of primary sensitiza-
tion to plane tree pollen, therefore useful for AIT selection, whilst 
the nsLTP Pla a 3 has been linked with sensitization to plant-food 
LTPs.592,594

Profilin and polcalcin (see chapters C01 and C06) represent 
the major causes of cross-reactivity due to their highly conserved 
structure and ubiquitous distribution. Profilin or polcalcin-reactors 

score positive to all tree pollen after extract-based diagnostic test-
ing. Several allergens that are currently available for routine test-
ing (profilins from birch, Bet v 2, and grass, Phl p 12, and polcalcins 
from birch, rBet v 4, and grass, rPhl p 7), are marker molecules for 
the entire group of pan-allergens, excluding cypress and Parietaria 
profilins.618 As a difference for LTP reactors, GRPs reactors score 
positive for Cypress on skin testing, but negative for the plane tree, 
mugwort, or olive tree.619 IgE sensitization to pan-allergens, despite 
the ability to induce symptoms in sensitized patients, could affect 
AIT efficacy in the absence of species-specific molecules reactiv-
ity612 (Figure 47). Interestingly, most pan-allergen reactors are also 
co-sensitized to species-specific genuine molecules from different 
pollen sources,599 thus potentially require multiple pollen AIT to be 
successfully treated.

Cross-reactive carbohydrate determinants (CCDs) (see Chapter 
A10) do not behave as allergens in vivo and are therefore clinically 
insignificant,50 but the presence of IgE to CCDs could lead to a 
misleading in vitro reactivity also in the case of extract-based test-
ing or when using CCD-containing natural purified glycoproteins 
such as nCyn d 1, nOle e 1, nCup a 1, nSal k 1, nPla a 2 or nArt 
v 1.620 Recombinant proteins produced in Escherichia coli bacte-
ria are not affected by CCD recognition, because of the lack of the 

F I G U R E  4 6 Overview of the clinically most relevant marker molecules of genuine sensitization (green) and pan-allergens (red) 
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post-translational glycosylation of proteins621 Bromelain (Ana c 2) or 
the purified N-glycan from bromelain MUXF3 are available to detect 
CCDs in vitro in the vast majority of pollen sources, except for nArt 
v 1 where CCD reactivity is driven by O-glycans and not N-glycans 
measurable with bromelain or MUXF3. A positive skin prick test 
or in vivo (i.e., nasal, or conjunctival) challenge with the biological 
source can prove the genuine IgE recognition.50 In (Figure  45) we 
suggest several algorithms possibly useful to complete the diagnos-
tic work-up of tree pollen allergic patients.

5 – Clinical Cases

Case 1 (original):
Clinical History: Male, Italian, 10 years old with seasonal rhinitis 

between February and June and oral allergy syndrome induced by 
raw fruits (apple, peach) and vegetables (carrot, celery).

IgE and skin tests: in 2016, the boy reacted to Birch, Hazel, Oak 
and Cypress on skin prick testing, whilst no allergy to food was de-
tected. In vitro IgE measurements by extracts showed reactivity to 
all pollens and plant foods tested, due to strong CCD reactivity.

The component resolved diagnosis by a commercial multiplex 
platform revealed IgE reactivity to PR10 molecules (rApi g 1: 4,46 
ISU-E; rAra h 8: 0,13 ISU-E; rBet v: 1 3,67 ISU-E; rCor a 1.0101 0,21 
ISU-E; rCor a 1.0401: 2,32 ISU-E; rGly m 4: 0,52 ISU-E; rMal d 1: 0,19 
ISU-E), cypress pollen allergens (nCry j 1: 2,29 ISU-E; nCup a 1: 2,24 
ISU-E) and CCD markers of reactivity (MUXF3 (Ana c 2.0101): 4,13 
ISU-E; nPla a 2: 3,30 ISU-E; nJug r 2: 0,94 ISU-E).

Subsequently, due to anaphylactic reactions (diffuse an-
gioedema, respiratory distress and hypotension) following the in-
gestion of peach on one occasion and mandarin in a second case, 
the young patient was further evaluated by another multiplex plat-
form in 2021 that revealed an IgE sensitization to peamaclein along 
with the already known reactivity to PR10 (rPru p 7 (Gibberellin-RP): 
17,79 kU/L; rAln g 1: 3,4 kU/L; rApi g 1: 9,96 kU/L; rAra h 8: 0,38 
kU/L; rBet v 1: 7,08 kU/L; rCor a 1.0103: 15,42 kU/L; rCor a 1.0401: 
3,24 kU/L; rDau c 1: 8,51 kU/L; rFag s 1: 23,34 kU/L; rGly m 4: 0,63 
kU/L; rMal d 1: 10,79 kU/L).

Interestingly, the latter platform, which includes the inhibition of 
CCD reactivity, did not show any sensitization to the native cypress 
or plane tree molecules (nCry j 1, Cup a 1, nPla a 2).

Conclusion: In this case, the multiple allergen recognition was 
associated with CCDs sensitization, and interfered with the correct 
assessment of the in vitro analysis. This patient was probably pri-
marily sensitized to cypress due to Cup s 7 sensitization (which is 
currently not detectable) but certainly not due to Cup a 1 reactivity 
that scored positive only due to CCD recognition.

Case 2 (original):
Clinical History: Male, Italy, born 1994. Patient suffering from 

perennial allergic rhinitis. Because of concurrent antihistaminic ther-
apy, the patient underwent a routine specific extract IgE evaluation.

Test with extracts: (A) In-vitro testing: birch: 25 kU/L; olive tree: 
18 kU/L; plane tree; 14 kU/L; Cypress: 30 kU/L;

D. pteronyssinus: 44 kU/L. (B) SPT: After discontinuation of an-
tihistaminic therapy, the patient went through a cutaneous allergic 

F I G U R E  47 Examples of clinical decision algorithms for different setting of reactivity in SPT or IgE testing with allergen extracts. 
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evaluation that gave negative results for all the four tree pollen 
tested and mono-reactivity to D. pteronyssinus and D. farinae.

Test with molecules: ImmunoCAP ISAC: Der p 2: 35 ISU-E | Der f 
2: 42 ISU-E | Lep d 2: 2.3 ISU-E; rBet v 1: Negative; nCry j 1: 1.2 ISU-
E; nCup a 1: 3.3 ISU-E; nOle e 1: 2.8 ISU-E; rPla a 1: Negative; nPla a 
2: 4 ISU-E; rPla a 3: Negative; MUXF3: 18 ISU-E.

Conclusion: The serology identifies the patient as genuinely sen-
sitized only to house dust mite. The presence of MUXF3 reactivity 
indicates a CCD recognition further confirmed by the reactivity to 
native tree pollen molecules (Ole e 1, Pla a 2, Cup a 1 and Cry j 1) in 
the presence of negative result considering recombinant (not CCD 
bringing) molecules (rBet v 1, rPla a 1, rPla a 3) and in the absence 
of skin test reactivity to tree pollen extracts (CCD IgE reactivity is 
never followed by a positive skin test result).

Case 3 (original):
Clinical History: Female, Italy, born 1973. The patient has been 

suffering from seasonal allergic rhinitis and asthma since 2000. 

After ingestion of 2 walnuts, anaphylactic reaction (abdominal pain, 
dyspnea, generalized flushing and swelling, low blood pressure), 
subsequent emergency treatment and hospitalization overnight. No 
food allergy to peach or other food item is known so far.

Test with extracts: (A) SPT: Environmental allergens: Pellitory 
(Parietaria j): 9 mm × 5 mm; plane tree (Platanus a.): 6 mm × 7 mm; olive 
tree (Olea e): 7 mm × 10 mm; Mugwort (Artemisia v.): 3 mm × 4 mm. 
Food allergens: all negative except walnut (Juglans regia nut): 
15 mm × 10 mm (peach negative). (B)

In-vitro testing: [2014] Total IgE 49.3 kU/l, specific IgE to pellitory 
(Parietaria j): 2.5 kU/l; plane tree (Platanus a.): 0.56 kU/l; Olive tree 
(Olea e): 0.78 kU/l; Mugwort (Artemisia v.): 0.42 kU/l; Walnut 3.82 
kU/l; rPru p 3: 0.76 kU/l.

Test with molecules: (ImmunoCAP ISAC): Par j 2: 1.56 ISU-E; Jug 
r 3: 1,15 ISU-E; Ole e 7: 9,82 ISU-E; Pla a 3: 1,98 ISU-E, (Pru p 3: 
negative).

Conclusion: Strict avoidance of walnut. AIT prescribed only for 
Pellitory.
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B02 – Grass pol len al lerg y

Janet M. Davies, Paolo M. Matricardi, Johannes 
Schmid

Highlights

•	 IgE to group 1 allergens (e.g., Phl p 1) is a marker of true grass 
pollen sensitization.

•	 Whilst IgE to other major grass pollen allergens are rarely ob-
served in the absence of IgE to Phl p 1, IgE to Phl p 5 or Phl p 2 can 
serve as a markers of true grass pollen sensitization.

•	 A number of allergen families exist in grass pollens, but IgE reac-
tivity to Phl p 4, Phl p 7, Phl p 11, or Phl p 12 may be due to cross-
reactivity (CCD or pan-allergenicity).

•	 Early onset of IgE sensitization to grass pollen allergens, particu-
larly Phl p 1, and a high number of sensitizations (Phl p 5, 7 and 
12) may be prognostic markers of disease progression, but further 
studies are needed.

•	 In temperate climates, patient serum IgE shows broad cross-
reactivity between similar allergen components from different 
temperate grass pollens.

•	 Group 1 allergens of subtropical grass pollens (Pas n 1, Sor h 1 and 
Cyn d 1) are more relevant allergens for patients in subtropical 
regions.

1 – The allergen sources

Grasses are found on all continents except Antarctica. In places 
with a temperate climate, members of the Pooideae subfamily622 
like Timothy grass (Phleum pratense), Orchard grass (Dactylis glom-
erata), Perennial ryegrass (Lolium perenne) and bluegrass (Poa prat-
ensis) are the most common grasses. The pollen of this Pooideae 
subfamily show extensive IgE cross-reactivity. Grasses have a 
pollinating season from May to August in Central Europe, peak-
ing in June. In Northern Europe, the grass pollen season starts 
later, while pollination lasts from March to July for a longer pe-
riod in Mediterranean Europe (Figure  48). The grass pollen sea-
son overlaps with weed pollen (mugwort, ragweed) in most parts 
of Europe and with tree pollen (olive, plane) in Southern Europe. 
As in Europe, grass pollen seasons vary in North America, with 
an earlier onset and longer duration in the warmer parts, lead-
ing to different Phleum pratense pollen component sensitization 
patterns in different regions.623 In subtropical and tropical regions 
of the world, grass pollen seasons can be perennial, and are still 
the dominating pollen source flowering during spring, summer and 
autumn.624,625 Subtropical sources of allergenic grass pollens in-
clude those of the Panicoideae subfamily; Bahia grass (Paspalum 
notatum) and the prolific weed Johnson grass (Sorghum halepense), 
as well as the Chloridoideae subfamily; Bermuda grass (Cynodon 
dactylon).624 Timothy grass is originally native to Europe and adja-
cent regions in Africa and Asia. It is widely cultivated throughout 

most temperate regions of the world for pasture and hay produc-
tion. Despite of substantial geographical variations, grass pollen 
is the most prevalent sensitizing pollen in population surveys of 
respiratory allergies, with a median prevalence for timothy grass 
pollen in Europe of 16.5%626 and for Ryegrass pollen of 19.5% in 
the United States of America.627

2 – Major and relevant minor allergenic molecules

At present, ten allergenic molecules from Timothy grass pollen 
have been officially listed by the IUIS Allergen Nomenclature Sub-
Committee. Phl p 2, Phl p 3, p 5 and p 6 are specific for grasses from 
the Pooideae subfamily whereas polcalcin (Phl p 7), profilin (Phl p 12) 
and oleosin related protein (Phl p 11) are related to allergens of other 
pollen sources (Figure 49, Table 16).

Orthologues of the group 1 beta-expansin grass pollen al-
lergens represented by Phl p 1 of Timothy grass are ubiquitous 
and specific for pollen of the Poaceae family. Sensitization to Phl 
p 1 usually precedes other grass pollen sensitizations and is the 
most prevalent component sensitization in grass pollen allergic 
patients.309 It is a useful marker for primary grass pollen sensiti-
zation. Phl p 1 is a beta-expansin, bound to the cell wall and im-
portant for pollen tube penetration. Phl p 1 is a major grass pollen 
allergen, with more than 80% homology to group 1 allergens from 
other members of the Pooideae subfamily.628 Phl p 1 shares epi-
topes with group 1 allergens from other grasses and shows IgE 
cross-reactivity to most other group 1 allergens from grasses, 
corns and other monocots.236

Phl p 5 also is a major pollen allergen specific to temperate 
grasses with lower sensitization prevalence but often with high 
specific IgE levels. Phl p 5 is a cytoplasmatic ribonuclease, import-
ant in the enzymatic degradation of RNA. It shows broad IgE cross-
reactivity with other group 5 allergens from the Pooideae subfamily 
of temperate grasses, but the isoforms of group 5 allergens can vary 
within and between species.

Phl p 6 is another major Timothy grass pollen allergen, specific 
for the Pooideae subfamily. Its function has not yet been described.

Phl p 4 is a tryptase-resistant glycoprotein, berberine bridge en-
zyme, involved in the synthesis of alkaloids. It can be classified as 
a major allergen.629 It shows IgE cross-reactivity with other group 
4 grass pollen allergens, including with Cyn 4 to some extent. 
Moreover, cross-reactivity to the major ragweed allergen Amb a 1 
and to Oilseed Rape pollen has been demonstrated. Natural Phl p 
4 contains CCD, which may lead to IgE cross-reactivity with a wide 
range of plants and plant products

The Phl p 2 and Phl p 3 allergens are proteins with homology to 
the C terminal domain of the beta-expansin protein family.630 They 
show substantial similarities and are specific for the Pooideae sub-
family. Their biochemical function is not yet known.

Phl p 13 is a polygalactorunase, which is a hydrolytic enzyme, 
degrading parts of the pectin network in plant cell walls. It is a major 
allergen, specific for the Pooideae subfamily.
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104 of 386  |     DRAMBURG et al.

Phl p 11 belongs to the Ole e 1 related proteins and hence exhib-
its a broad range of cross-reactivity to pollen from different plants 
as olive, ash, privet, saffron crocus, thistle, plantain and corn. It is an 
acidic polypeptide with homology to the tryptase inhibitor of soybean.

Phl p 7 and Phl p 12 are minor allergens, representing pan-
allergens from the plant world. Phl p 7, polcalcin, is a calcium-binding 
protein present in many different types of pollen, hence represent-
ing a broad cross-reacting allergen: birch, alder, juniper, ragweed, 
mugwort, olive, goosefoot etc. sensitization to Phl p 7 can be used 
as a marker of a wide pollen sensitization.

Phl p 12 is a member of the profilin family, an actin-binding pro-
tein that is present throughout the whole plant world. As profilins 
are ubiquitous in plant cells, profilin sensitization gives rise to a long 
range of cross-reacting plants and plant derivatives such as birch, 
soybean, corn, latex and plant foods.

Subtropical grass pollens of Bahia grass (Paspalum notatum) 
and Bermuda grass (Cynodon dactylon) show only limited IgE cross-
reactivity with the pollens from the Pooideae subfamily.236 Patterns 
of IgE cross-reactivity between subtropical and temperate grass 
pollen appear to depend of the geographical region of the patient 
population being investigated.

Subtropical grass pollens contain the major beta expansin group 
1 allergen family; Pas n 1 of Bahia grass, multiple isoforms of Sor h 1 
of Johnson grass and Cyn d 1 of Bermuda grass. A number of group 1 
pollen allergens have recently been described from tropical regions 
of Asia from other Panicoideae subtropical grasses; Para (Urochloa 
mutica)631 and Manila grass (Zoysia matrella).632 The polygalacturo-
nase components Pas n 13 of Bahia and Sor h 13 of Johnson grasses, 
are the second most abundant protein and frequently recognized 
allergens from pollen of Panicoideae family of subtropical regions. 

F I G U R E  4 8 Clinically important examples of common temperate (Pooideae) and subtropical (Panicoideae and Chloridoideae) grass pollen 
allergen sources. Species origin, geographical distribution and peak pollinating periods in common regions are included. Timing of pollination 
of Pooideae species refers to the Northern Hemisphere. 
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    |  105 of 386DRAMBURG et al.

F I G U R E  4 9 A Venn diagram showing allergens of different sources that are similar to temperate and/or subtropical grass pollen 
allergens. Major allergens are in bold. Allergens of the same biochemical family are shown in boxes of the same colour. Pan-allergens 
including profilins (dark green boxes, e.g., Phl p12) and polcalcin (pink boxes, e.g., Phl p 7) are in small font. 

TA B L E  1 6 Overview of the most relevant allergenic molecules from timothy grass and clinically relevant subtropical grasses.
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Several allergens have been described from Bermuda grass pollen 
including the berberine bridge enzyme orthologue Cyn d 4 that is 
a major allergen. IgE reactivity with a group 2 allergen Sor h 2 of 
Johnson grass pollen has recently been discovered.633 Notably, how-
ever, to date no allergen with significant homology with the Pooideae 
group 5 allergen has been discovered by proteomic or transcriptomic 
analysis of subtropical grass pollens.

As mentioned above allergen molecules from different members 
of the Pooideae subfamily are highly IgE cross-reactive.629 As both 
wild and cultivated grasses in the temperate climate zones belong 
to the Pooideae subfamily, Phleum pratense allergens can be used 
for diagnostic and therapeutic purposes in grass pollen allergic pa-
tients living in the temperate parts of the world. However, depend-
ing on the biogeographical region and presence of different types of 
grasses, sensitization to pollen of different subfamilies differs across 
Australia which climate zones range from tropical to temperate,634 
and there were significant differences in inhibition of sIgE to Lol p 1 
(Pooideae), Cyn d 1 (Chloridoideae), and Pas n 1 (Panicoideae) by pol-
len extracts from these different subfamilies for patient originating 
from temperate compared with subtropical regions.

3 – Sensitization to individual molecules and their 
clinical relevance

The specific IgE response against grass pollen (e.g., Phleum prat-
ense) usually evolves from an initial, monomolecular stage to an 
oligomolecular stage and eventually to a polymolecular sensitization 
stage.309 This phenomenon has been described during childhood 
and is defined as “molecular spreading,” that is, “The sequential de-
velopment of antibody (IgE) response to distinct non-cross-reacting 
molecules from the same antigenic (allergenic) source, starting with 
an “initiator” (allergenic) molecule.”95 (Figure 50). Phl p 1 is the prob-
able “initiator” molecule in most patients with (temperate) grass 
pollen allergy, and the response involves then Phl p 4 or Phl p 5, 

thereafter also Phl p 2 and Phl p 11 and at a later stage Phl p 12 or 
Phl p 7. This has been confirmed in other birth cohort studies.311 
The pathophysiological consequence of this phenomenon is that the 
longer is the duration of disease, the broader is the repertoire of IgE 
sensitization against the different molecules of the pollen source.635

This has led to the consideration that AIT could be started ear-
lier in a patient's clinical care, possibly even immediately after the first 
season in which the allergic respiratory symptoms are initiated (“early-
AIT”).95 However, the molecular spreading process follows different 
pathways in different children: some patients remain sensitized only 
to the “initiator” molecule while a few patients become sensitized to 
most or all allergenic molecules. Consequently, a population of grass-
pollen allergic patients “apparently” homogeneous if tested with an 
allergen extract reveals remarkably heterogeneous when examined 
with the corresponding molecules.82,311 clinical relevance of the in-
dividual profile of sensitization is being tested in large populations 
both in cross-sectional, observational studies (Dramburg S. et al., in 
preparation) and in longitudinal intervention studies (Potapova et al. 
submitted). However, only few data have yet been published; in a re-
cent study a higher risk of asthma at 11 years was observed in children 
being sensitized at 5 years to almost all grass pollen allergen molecules 
in comparison with those who had a late onset of sensitization.311,635

IgE to Phl p 1 - Clinical relevance – Phl p 1 (or another one of the 
“group 1” antigens of grass pollen, such as Lol p 1, from Lolium perenne) 
is the “initiator” molecule in most patients. Moreover, even in the few 
grass-pollen allergic patients who start their sensitization process 
with other molecules, IgE against Phl p 1 is produced soon thereaf-
ter. Consequently, IgE sensitization to Phl p 1 is an essential marker 
to establish “true sensitization” in grass pollen allergic patients. The 
presence of IgE to Phl p 1 confirms that the patient with a positive 
Skin Prick Test or serum IgE assay to extract is truly sensitized to grass 
pollen. The absence of IgE to Phl p 1 does not exclude “true” sensitiza-
tion to grass pollen, which might be due (in a few cases) to isolated IgE 
sensitization to other major allergenic proteins (e.g., Phl p 5) but makes 
it rather unlikely. Then patients with skin prick test-IgE positivity to a 

F I G U R E  5 0 The molecular spreading of the IgE response to Timothy grass and possible implications for AIT intervention. 
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grass pollen extract but lacking specific IgE to Phl p 1 should be tested 
for IgE to other Phl p molecules. The group 1 allergens are the major 
and clinically most important allergen of subtropical Panicoideae grass 
pollens. Whilst other allergen components are present in subtropical 
grass pollens, specific IgE to Pas n 1 of Bahia grass pollens accounts 
for nearly all of the detectable IgE reactivity to the whole extract.636 
Similarly, specific IgE reactivity to Sor h 1 of Johnson grass pollen is 
highly correlated with IgE reactivity with the whole pollen.633 For 
Bermuda grass pollen, Cyn d 1 is the major allergen, but the complex-
ity of described allergen components is broad.624

IgE to Phl p 5 - Clinical relevance – Phl p 5 is rarely the only mol-
ecule inducing grass pollen sensitization and the presence of specific 
IgE to Phl p 5—observed in around 50% -95.5% of the European grass 
pollen allergic patients—confirms that a positive SPT reaction is the 
expression of true sensitization to grass pollen. However, although 
IgE to Phl p 5 usually appears later than that to Phl p 1 in the sensiti-
zation process, its concentration grows rapidly in many patients and 
higher and its contribution to patients' symptoms has been demon-
strated.637 Testing IgE to Phl p 5 can be useful as a second line test 
and has been shown to be useful for distinguishing between allergy 
to grass and olive pollen in Southern Europe. Specific IgE to Phl p 5 
may have some prognostic value for indicating disease severity or 
likely progression from allergic rhinitis to asthma, but this needs to 
be confirmed with well-designed studies. As group 5 allergens have 
not been found in subtropical grass pollens, specific IgE to Phl p 5 
may particularly indicate sensitization to temperate grass pollens. 
This needs to be investigated in relevant patient populations.

IgE to Phl p 12 - Clinical relevance (see also Chapter C01) – Phl p 
12, is the highly cross-reactive profilin of Phleum pratense. As a heat-
labile, relatively weak allergenic molecule, specific IgE sensitization 
to profilin comes later in the molecular spreading process, reaches 
only moderate levels of IgE antibodies and only in a minority of pa-
tients. Hence, IgE to Phl p 12 mark in general those patients with 
a higher atopic background and/or longer disease duration. Patients 
with a positive skin prick test/serum IgE to grass pollen extract but 
no detectable IgE to Phl p 1 and/or Phl p 5 must be tested for IgE re-
activity to Phl p 12 as these antibodies—that can be induced by other 
pollens containing profilin—is the first cause of “false” positivity to 
assays based on grass pollen extract. In the presence of specific IgE 
to Phl p 12, patients should be asked about Oral Allergic Syndrome 
triggered by the ingestion of fruits and vegetables containing profilin.

IgE to Phl p 7 - Clinical relevance (see also Chapter C06) – Phl p 7, 
is the highly cross-reactive polcalcin of Phleum pratense. This is a heat-
stable, relatively potent allergen that can induce quite high specific 
IgE antibody levels. An IgE response to Phl p 7 is observed only infre-
quently among grass pollen allergic patients and usually many years 
after disease onset. Specific IgE to Phl p 7 indicates a relatively distinct 
category of grass pollen allergic patients, with more severe symptoms, 
a higher prevalence of asthma, and a higher frequency of allergic co-
morbidities.638 Moreover, many other pollens and allergenic sources 
contain polcalcin so that the original sensitization to polcalcin in a grass-
pollen allergic patient must be carefully searched.638,639 These other al-
lergenic sources could be indeed responsible for a more severe disease.

IgE to Phl p 4 - Clinical relevance (see also Chapter A03) – Phl p 
4 is a major allergenic protein of grass pollen. In its native form, that 
is still used in most commercial available assays, Phl p 4 contains 
extremely highly cross-reactive carbohydrate determinants (CCD). 
This explains why in several epidemiological studies IgE positiv-
ity to Phl p 4 scores over 90% of the grass pollen allergic patients. 
However, when the recombinant form of the molecule is used in as-
says, about 50% of that positivity is not confirmed any more639,640 
(Matricardi PM, data on file). As extracts contain the native Phl p 4, a 
weak positivity to SPT/serum IgE test based on grass pollen extracts 
can be “false” in some patients and simply explained by IgE recog-
nition of CCD determinants. Phl p 4 may also serve as a marker of 
sensitization to Bermuda grass pollen due to its similarity with Cyn 
d 4, a major allergen of Bermuda grass pollen, but this needs to be 
investigated in relevant patient populations. Recently, sIgE to Phl p 4 
as well as Phl p 1 and Phl p 5 have been identified as an early indica-
tor of allergic rhinitis in 763 children from Sweden.640

IgE to Phl p 2, 6, 11 – Phl p 2 and Phl p 11 are both rarely the only 
molecule inducing grass pollen sensitization and the presence of IgE 
antibodies to Phl p 2—observed in around 60-80% of the European 
grass pollen allergic patients—just confirms that a positive SPT reac-
tion is the expression of true sensitization to grass. Phl p 6 is highly 
cross-reacting with Phl p 5 and does not add a lot of diagnostic infor-
mation, once IgE to Phl p 5 has been documented.

4 – Predictive Value of Specific IgE responses to 
Allergenic Molecules

IgE to grass pollen molecules as biomarkers of disease – The pres-
ence of allergen-specific IgE towards airborne allergen molecules 
has been investigated as a putative predictive biomarker for the 
development of asthma throughout childhood and adolescence. In 
the case of seasonal allergic rhinitis to timothy grass pollen, indi-
vidual risk profiles the predictive power of IgE sensitization to cer-
tain marker molecules, such as the profilin grass pollen allergen Phl 
p 12, which correlates with an increased risk for the development of 
an Oral Allergy Syndrome (OAS), has been confirmed in a cohort of 
over 1000 grass pollen allergic Italian children.85 Similarly, the same 
study confirmed a strong association between IgE sensitization to 
Phl p 7 (polcalcin) and asthma. A molecular combinatorial analysis 

Tips for the use of molecular diagnostics for grass 
pollen allergy

•	 IgE to Phl p 1 is a marker of “true sensitization” to grass 
pollen

•	 Exceptions: In a few rare cases with skin test positivity 
to a grass pollen extract but no detectible IgE to Phl p1, 
IgE to Phl p5, may confirm the diagnosis of grass pollen 
allergy.
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confirmed that the qualitative homogeneity of IgE sensitization to 
the extract of Phleum pratense among grass pollen-allergic patients 
is only apparent. The number of described grass pollen IgE sensi-
tization profiles, originally limited was expanded to 87, suggest-
ing that, theoretically, all the 256 possible combinations could be 
observed in the general population of patients allergic to timothy 
grass pollen, limiting potential prognostic value. However, some IgE 
sensitization profiles were much more frequent than others, so that 
their hypothetical clinical relevance could be investigated. Thus far, 
no association between any of those frequent specific profiles of 
IgE sensitization to the eight most relevant allergenic molecules of 
Phleum pratense pollen, with the clinical phenotype of allergic rhini-
tis and conjunctivitis could yet be identified.638 In other words, the 
study excluded that a combinatorial analysis of the spectrum of mo-
lecular IgE sensitization to Timothy grass pollen is of any diagnostic 
relevance, probably for the highly multifactorial origin of allergic rhi-
nitis in this cohort was enriched in highly polysensitized children.638 
Whether or not the characterization of the IgE sensitization profile 
to the full set of eight Phl p molecules could be more relevant in pa-
tients sensitized only to grass pollen remains an open research ques-
tion. Interestingly, a 6-year long prospective study of 401 patients 
of the same cohort highlighted that the observation of IgE to Phl p 1 
is relevant for persistence of seasonal allergic rhinitis; IgE to Phl p 5 
is predicting persistence of both rhinitis and asthma,638 which may 
have clinical value if confirmed in other populations.

Ryegrass pollen and components as markers for thunderstorm 
asthma risk – In other parts of the world, including temperate re-
gions of Australia, where timothy grass is rare and ryegrass (Lolium 
perenne) is common, sensitization to ryegrass pollen, and more spe-
cifically Lol p 5 or ryegrass pollen starch granules, containing Lol 
p 5, have been associated with patients presenting with asthma in 
the context of thunderstorm asthma epidemics.641 Southeastern 
Australia and, in particular, Melbourne, has experienced the high-
est number of thunderstorm asthma events and the highest number 
of patients affected globally, making understanding and controlling 
acute thunderstorm asthma risk an imperative.642 Positive skin prick 
test to ryegrass pollen occurs at increased frequency and magnitude 
in thunderstorm asthma cases vs. controls presenting with asthma at 
other times.643,644 Circumstantial evidence also indicates that during 
thunderstorm asthma events, ruptured grass pollen does occur.644,645 
Whilst there is high similarity between the major allergens of timo-
thy grass and ryegrass pollen, the amino acid composition differs be-
tween isoforms of Phl p 5 of Lol p 5, and it may be relevant, that sIgE 
to major ryegrass pollen serve as prognostic biomarkers of seasonal 
allergic asthma risk including thunderstorm asthma risk, in patients 
with allergic rhinitis in temperate regions of Australia.646

5 – Specific IgE responses to allergenic molecules and 
response to allergen immunotherapy

Nasal IgG4 to Phl p 1 & Phl p 5 and SCIT efficacy – Encouraging 
and very interesting information emerged from a trial discovering 

that IgG4 to Phleum pratense molecules in the nasal secretions are 
biomarkers of efficacy of allergen immunotherapy in grass pollen al-
lergic patients.647 In this trial, the levels of nasal IgG4 to Phl p 1 and 
to Phl p 5 were increased during the pollen season compared with 
out of season among the patients treated with SCIT compared to 
those untreated. IgG-associated inhibitory activity in nasal fluid and 
serum was significantly increased in the SCIT group compared with 
the untreated group. Inhibitory activity associated to IgG4 antibod-
ies to Phl p 1 and Phl p 5 correlated therefore closely with the clinical 
response to allergen immunotherapy in patients with allergic rhinitis 
with or without asthma. Nasal secretions might become therefore a 
valuable alternative for in vitro tests searching antibodies against al-
lergen molecules in patients with respiratory allergies.648 However, 
recent studies on nasal IgE showed that the concentration of sIgE 
is much lower in nasal secretions than in the serum. Consequently, 
sIgE assays with very high analytical sensitivity and sampling meth-
ods with minimal dilution are needed before nasal secretions can 
be validated as alternative to serum in testing the sIgE repertoire in 
patients with seasonal allergic rhinitis.649

Pre-SCIT I IgE sensitization pattern predicts IgG4 response 
to SCIT – In a study of 18 grass pollen allergic patients treated 
with SCIT, the pretreatment IgE repertoire to the different grass 
pollen components predicted the repertoire of the induced IgG4 
antibodies after completing updosing. This may indicate, that 
sIgE to specific components is a prerequisite for the induction of 
competing IgG4 antibodies during SCIT650 At the same time, this 
study did not find induction of new sensitizations to grass pollen 
components, the study subjects had not been sensitized to before 
starting SCIT.

BM32 hybrid molecule – A single recombinant hybrid molecule, 
consisting of the four major Timothy grass pollen allergens (Phl p 
1, Phl p 2, Phl p 5, and Phl p 6) was suitable for in vivo diagnosis 
of genuine grass pollen allergy in children suffering from pollinosis 
in Greece282 With this hybrid molecule, genuine grass pollen sen-
sitization was confirmed through SPT in 94% of the children with 
positive SPT to grass pollen extract by SPT and IgE reactivity to the 
hybrid. Only 4 hybrid-negative children showed IgE reactivity to SPT 
with grass pollen extract, but they were confirmed to react against 
cross-reactive allergens such as Phl p 4, Phl p 11, and Phl p 12 and 
had also sensitizations to pollen allergens from unrelated plants. This 
study demonstrated therefore that a recombinant hybrid molecule 
approach represents a useful tool for in vivo diagnosis of genuine 
grass pollen sensitization and opened a new avenue to the use of 
bioengineered molecules in in vivo diagnostics of allergic diseases 
in general.

In patients allergic to grass pollens specific IgE testing to allergen 
molecules should be oriented to answer the following questions:

A.	 Is the patient really sensitized to grass pollen major allergen 
molecules? (test Phl p 1, if negative also Phl p 5 and the other 
molecules);

B.	 Is the patient sensitized also to highly cross-reacting molecules? 
(test Phl p 12 and Phl p 7);
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C.	 In case of negativity to Phl p 1 and the other species-specific 
allergenic molecules and positivity to Phl p 12 and/or Phl p 7, 
which pollen is inducing a “false” IgE sensitization to grass pollen 
extracts?

After having answered these questions the doctor should be 
able to decide whether the patients' symptoms are consistent or 
not to IgE sensitization to grass-pollen, and consequently can decide 
whether to prescribe an AIT based on grass-pollen extract. Whilst 
orthologues such as Cyn d 7 and Sor h 12 have been reported in 
subtropical grasses, there is currently limited evidence available of 
IgE reactivity in relevant patients primarily sensitized to subtropical 
grass pollens. A diagnostic algorithm for a decision making process, 
which summarizes the information provided in the previous section 
is proposed (Figure 51).

6 – Clinical cases

Case 1
Clinical history: A 35 year old male from Central Italy patient pre-

sented with allergic rhinitis from April to July but not in September 
or October. The patient had experienced conjunctival and nasal 
symptoms that did not respond to antihistamines and were only 
partly controlled with nasal steroids. He reported the condition was 
steadily increasing each season and that he, occasionally, experi-
enced a tight chest after spending time outside. Since the last year, 
he had experienced oral symptoms (pruritus, swelling) after eating 
either melon or watermelon.

Testing: SPT positive for birch (5 mm), Timothy grass (8 mm), pel-
litory (4 mm), olive (3 mm) pollens. Serum IgE antibody levels were 7.1 
kU/L to birch, 17.3 kU/L to timothy grass, 6.7 kU/l to pellitory, 3.2 
kU/l to olive extracts.

Treatment: No AIT was started as the doctor was not sure which 
pollen(s) was/were responsible of the patient's symptoms.

Added CRD value: positive response to Phl p 1 (12.2 kU/l), Phl p 5 
(6.5 kU/l), and Phl p 12 (4.3 kU/l) but not to Bet v 1, Ole e 1, and Par 
j 2. The patient commenced SLIT with grass pollen and responded 
well to this treatment. OAS was also explained by IgE sensitization 
to profilin (Phl p 12).

Case 2
Clinical history: A 26 year old Danish woman with a 10 year his-

tory of persistent severe seasonal rhinoconjunctivitis during birch 
and grass pollen season. Symptoms most severe in early summer, 
with persistent conjunctival (redness, itching, watering, light sensi-
tivity) and nasal (blocked nose, itching and secretion) symptoms. Very 
poor response to systemic antihistamines and topical antihistamine 

Clinically Relevant

•	 The major allergen Phl p 1 serves as a specific diagnos-
tic marker for grass pollen allergy in temperate regions. 
Phl p 5 and Phl p 2 may serve as secondary diagnostic 
or prognostic markers for some patients. Exceptions: In 
rare cases a grass pollen allergic patient can lack IgE to 
Phl p 1.

•	 Whilst minor pan-allergens Phl p 12 and Phl p 7 may 
not increase diagnostic specificity, in some geographi-
cal regions Phl p 12 IgE appears to be associated with 
true grass pollen allergy.

F I G U R E  51 Diagnostic algorithm for AIT prescription in grass pollen allergic patients—Patients with AR symptoms during the grass 
pollen-season and a positive SPT/IgE assay to grass pollen extracts are further investigated to detect serum IgE antibodies to Phl p 1, Phl 
p 2, Phl p 5, Phl p 7, Phl p 11, and Phl p 12. The identification of one or more of IgE antibodies to Phl p 1, Phl p 2, Phl p 5 and/or Phl p 11 is 
followed by the prescription of grass pollen AIT. The identification of IgE to Phl p 12 (profilin) is followed by further investigation of OAS and 
influences is relevant to better interpret results of SPT/IgE assays with other pollen extracts or vegetables. The identification of IgE to Phl p 
7 alerts the doctor of a worse prognosis and greater severity of the disease. 
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(eyes and nose) and to intranasal corticosteroid. Had some benefit 
from systemic corticosteroid. Good symptom control during birch 
pollen season.

Testing: SPT positive for birch and grass pollen 7 mm diameter. 
IgE to grass pollen 10.9 kU/l, birch pollen 3.9 kU/l

Treatment: Starts standard SCIT with natural grass pollen ex-
tract'. Poor clinical effect after 2 years of treatment. Added CRD 

value = Missing Step 2b - In vitro testing: We found a sensitizations 
to Phl p 4 in the grass pollen panel, as well as Bet v 1. She was not 
sensitized to typical other CCD reactive natural molecules. The con-
clusion was that she truly was grass pollen allergic, and she received 
anti-IgE treatment during grass pollen season with good clinical 
outcome.
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B03 – Weed pol len al lerg y

Michael Hauser, Janet M. Davies, Thomas Hawranek, 
Gabriele Gadermaier

Highlights

•	 Common invasive weeds like ragweed, mugwort and plantain, are 
important allergen sources typically flowering in summer through 
to autumn.

•	 The biogeographical range and pollination periods of allergenic 
weeds can overlap confounding accurate allergy diagnosis.

•	 Specific IgE to Amb a 1 can be a useful marker for ragweed sensi-
tization, but it shows cross-reactivity with Art v 6 from mugwort 
and Hel a 6 from sunflower. Likewise specific IgE to Art v 1 can 
be a useful marker for mugwort sensitization, but it shows partial 
cross-reactivity with ragweed Amb a 4.

•	 Art v 3 reactivity plays a major role in LTP-related allergies in pa-
tients from the Mediterranean region and Northern China.

•	 Par j 2 is a highly specific marker for pellitory sensitization while 
Pla l 1 is a useful marker for genuine plantain sensitization.

1 – The allergen sources

The term “weed” does not constitute a botanical family but rather 
refers to diverse plants used as culinary herbs, medicinal plants that 
are ecologically adaptive, as well as invasive segetal plants. Pollen of 
weeds mediating IgE-related allergic reactions are found in the dicots 
of the Asteraceae, Urticaceae, Plantaginaceae, Euphorbiaceae, and 
Amaranthaceae plant families.651 Pollen of ragweed, mugwort, sun-
flower, feverfew, pellitory, English plantain, Annual mercury, goose-
foot, Russian thistle and amaranth are considered main weed pollen 
allergy eliciting sources (Figure 52). Allergenic monocot weeds of the 
family Poaceae (e.g., Johnson grass) can be found in Chapter B02.

The impact of climate change on pollen load, allergenicity, distri-
bution, and flowering season is well acknowledged and is of particu-
lar interest in regard to weeds since they can dominate groundcover, 
adapt to various environmental conditions or reside in ecologic 
niches.651,653,654,830 Due to globalization, neophytes such as ragweed 
have been imported to Europe as ballast grain, spreading readily 
with predictions to reach Northern Europe.651 Furthermore, signifi-
cant increases in duration of pollen seasons of ragweed and pellitory 
were recorded during the last decades.655,656,1650 Additional influ-
ence on the allergenicity might arise from environmental pollution, 
as was shown for ragweed pollen collected along high-traffic roads 
presenting elevated IgE reactivity.657 Weeds are often considered 
nondesired invasive species and thus combated using herbicides. 
On the other hand, there are some species actively cultivated for 
economic purposes, e.g., sunflower or Artemisia annua to obtain the 
anti-malaria drug artemisinin.

Plants of the genus Ambrosia comprise around 50 species native 
to Northern and Central America. In the past decades, the neophyte 

is rapidly spreading in Europe due to the pollen's ability to travel 
long distances. The genus Artemisia comprises around 350 species 
and representatives can be found throughout the Northern hemi-
sphere and Australia. Mugwort is frequently used as herb in tradi-
tional Chinese medicine and A. annua is cultivated for harvest of 
artemisinin. There are parts of Europe and America where the range 
and pollination of mugwort and ragweed overlap (www.disco​verli​
fe.org; Altas of living Australia and US Department of Agriculture), 
confounding accurate allergy diagnosis. Common sunflower is pri-
marily grown for commercial use of its oil and birdseed. Parthenium 
spp are found in Southern US, Central and South America and inva-
sive in India, Australia and parts of Africa. Allergenic members of 
the Parietaria genus are frequently found in Southern and Central 
Europe showing a long pollination season with recurrent flowering 
periods. The genus Plantago includes around 250 species and was 
spreading from Europe throughout the world. Mercurialis annua is 
a highly prevalent weed throughout Europe. Chenopodium album, 
Salsola kali and Amaranthus retroflexus can be found in arid regions of 
the Northern hemisphere and Australia. Due to use in greening pro-
grams or as ornamental flowers, these weeds are highly abundant 
in Iran, Kuwait, or Saudi Arabia as well as the South East of Spain.

2 – The allergen families

The most relevant weed pollen allergens belong to the families of 
pectate lyases, defensin-like proteins, nonspecific lipid transfer pro-
teins (nsLTP) and Ole e 1-like proteins (Table 17). Additionally, the 
pan-allergens profilin and polcalcin have been identified as cross-
reactive molecules present in weed pollen (see Chapters C01 and 
C04). Currently, 70 weed pollen allergens are listed as allergens 
by the WHO/IUIS Allergen Nomenclature Sub-Committee. Recent 
additions of relevant allergens include homologues of defensin-
like proteins (feverfew and Artemisia spp.), nsLTPs (Artemisia spp.) 
and a pectate lyase (sunflower). The acidic glycoprotein at 60 
kDa in Artemisia was identified as galactose oxidase Art an 7.655 
Furthermore, two new allergens belonging to the cysteine protease 
and enolase family were identified in ragweed pollen (Table 17).658a

3 – Allergenic molecules

Ambrosia spp are major elicitors of type I pollen allergies in 
Northern America with a sensitization frequency in the general 
adult population of 15.3% in Canada and 8.7-26% in U.S.626,658b In 
Europe, SPT positivity among allergic patients was determined to 
be in average lower (2.6%) but can be very high in distinct regions, 
e.g., Hungary 53.8%.658c In Germany, sensitization to ragweed in 
the general population is 10%, in allergic patients it ranges be-
tween 19.5 and 36.3%.659a,659b Notably, ragweed sensitization in 
Europe is estimated to double within the next decades due to pro-
gressive spreading of the invasive plant, fuelled by the impact of 
climatic changes.654 Korean children suffering from allergic rhinitis 
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showed a sensitization prevalence of 0.2-3.6%. Among close to 
20,000 requested specific IgE tests in Japan, 17% of adults and 
18.1% of children showed positive results for ragweed pollen, and 
in some regions of Japan 26.1% of adults and 24.9% of children 

were sensitized.660 In eastern parts of Australia, sensitization fre-
quencies ranging from 34-38% were observed among allergic pa-
tients.661 Ragweed allergy is mainly driven by the major allergen 
Amb a 1, a pectate lyase with high sensitization prevalence and 

F I G U R E  5 2 Important allergenic weeds. Figure adapted from “Marker allergens of weed pollen”652. Flowering periods given refer to the 
Northern Hemisphere. 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  113 of 386DRAMBURG et al.

TA B L E  17 Clinically relevant weeds

Pectate lyase 

Defensin-like protein with polyproline rich region

Polcalcin (2 EF-hand  calcium binding protein)

Polcalcin (3 EF-hand  calcium binding protein)

Cysteine protease

Enolase

Defensin-like protein with polyproline rich region

Polcalcin (2 EF-hand  calcium binding protein)

Pectate lyase, Amb a 1-homologue

Galactose oxidase

Potential defensin-like protein with polyproline rich region

Pectate lyase

 

Defensin-like protein with polyproline rich region

Polcalcin (2 EF-hand  calcium binding protein)

Ole e 1-like protein

Ole e 1-like protein

Polcalcin (2 EF-hand  calcium binding protein)

Pectin methylesterase family

Cobalamin independent methionine synthase

Amb a 1

Amb a 4

Amb a 6

Amb a 8

Amb a 9

Amb a 10

Amb a 11

Amb a 12

Art v 1*

Art v 3*

Art v 4

Art v 5

Art v 6

Art an 7

Hel a 1

Hel a 2

Hel a 6

Par h 1

Par j 1

Par j 2

Par j 3

Par j 4

Pla l 1 

Pla l 2

Mer a 1 

Che a 1 

Che a 2

Che a 3

Sal k 1 

Sal k 3

Sal k 4

>95%

20-40%

20%

35-50%

10-15%

10-15%

66%

66%

95%

22-70%

35%

10-28%

26%

16-94%

65%

31%

36%

40-60%

95%

80%

nd

6%

86%

86%

50-60%

70%

55%

46%

65%

63%

46%

38

13-15

10

14

9

17

37

48

13-15

10

14

10

38

62

34

14

42

12

15

11

14

9

18

15

14

18

14

10

38

85 (35+45)

14

Ambrosia artemisiifolia (ragweed), Ambrosia spp

Artemisia vulgaris (mugwort), Artemisia spp

Helianthus annuus 

Parthenium hysterophorus (feverfew)

Parietaria judaica (pellitory)

Plantago lanceolata (English plantain)

Mercurialis annua (pellitory)

Chenopodium album (goosefoot)

Salsola kali (Russian thistle)

Allergenic molecule Protein family Frequency of IgE reactivity MW (kDa)

Ole e 1-like protein

Polygalacturonase

Polcalcin

Ole e 1-like protein

Sal k 5

Sal k 6

Sal k 7

Ama r 1

Ama r 2

30-60%

32%

40%

38%

25%

18

47 

9

18

14

(amaranth)

Data on sensitization frequency according to Gadermaier et al.680 and the WHO/IUIS allergen nomenclature database. nd not determined.
*Besides Art v 1 and Art v 3, several recently identified homologs from Artemisia spp of the defensin-like and nsLTP family are listed in the WHO/
IUIS database (https://www.allergen.org).680
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allergenic potency. The cysteine protease Amb a 11 is also classi-
fied as a major allergen662; however, sensitization studies in larger 
cohorts remain to be conducted.

Artemisia spp contains more than 350 species that seem to be 
highly similar in their allergen profile, and IgE reactivity. Artemisia is 
considered one of the most relevant allergenic pollen source in Asia 
with a sensitization prevalence of 11% and 14.5% in allergic adults 
and children from China, respectively. In the same areas, reactivity to 
ragweed is only 6.5 – 8.7%.663,1713 Among weed allergics in Northern 
China, high and correlating IgE reactivity to Artemisia (58.3%) and Art 
v 1 (49%) was found. By contrast, specific IgE to Ambrosia (14.7%) 
and Amb a 1 (11.2%) was lower in frequency and level, not correlated 
with each other, and uncommon in the absence of specific IgE to 
Art v 1 suggesting primary sensitization with Artemisia species.664 
Among Korean children with allergic rhinits, sensitization to mug-
wort ranges from 2.4-11.7%, depending on the geographic region.665 
In Japan, 16.1% of adults and 14.1% of children tested showed spe-
cific IgE to mugwort pollen; sensitization reached up to 25.4% for 
adults and 19.9% for children in some areas660. Among allergic pa-
tients, 26.1 - 27.4% tested positive for mugwort in Germany, while 
a cross-sectional study among Austrian adolescents revealed a sen-
sitization frequency of 7.2% to the major allergen Art v 1.659,666 In 
the Canary islands, Artemisia, as determined by Art v 1 sensitization 
dominates pollen allergy, associated to the endemic species Artemisia 
thuscula and strong trade winds. Up to 40% of pollen allergic patients 
are mono-sensitized to Artemisia.667 Both, Art v 1 and the nsLTP Art 
v 3 present homologous allergens with high similarity and IgE cross-
reactivity in the numerous Artemisia species, with sensitization fre-
quencies of 84% and 66%, respectively, among Chinese mugwort 
allergic patients.668,669 In Northern China, Art v 3 sensitization in 
mugwort pollen allergic patients is high and in many cases respon-
sible for Pru p 3-related peach allergy.669 In addition, the galactose 
oxidase Art an 7 seems to be a relevant allergen as it was recognized 
by 87% of Artemisia-sensitized patients from China.670

Sensitization to Helianthus pollen is reported with 23.5% among 
Turkish sunflower processing workers and 21% among pollen aller-
gic patients from India.671,672 No sequence was so far assigned to 
the major allergen Hel a 1; however, a highly cross-reactive allergen 
was detected using Art v 1-specific antibodies.673 Recently, Hel a 6, 
a pectate lyase from sunflower pollen, was identified showing 57% 
sensitization prevalence among sunflower pollen allergic patients.356 
Positive SPT reactivity to Parthenium was noted for 35% of fall pol-
linosis patients in the U.S. and 35.7% of type IV allergy in atopic 
dermatitis patients in India.674 The recently identified defensin-like 
allergen Par h 1 was recognized by 60% of Austrian Asteraceae and 
40% of Indian feverfew sensitized patients. In addition, other aller-
genic proteins, e.g., a pectate lyase and pan-allergens were identified 
in feverfew pollen.675

Parietaria pollen is one of the most relevant causes of pollen 
allergy in the Mediterranean region, with an average sensitization 
prevalence of 46.5% and 58.9% in elderly and adolescent allergics 
in southern Italy, respectively.676,677 The major contributors to 
Parietaria allergy are the nsLTPs Par j 1 and Par j 2, which demon-
strate no cross-reactivity with nsLTPs from other sources. Although 

the weed is highly prevalent throughout Europe, sensitization in the 
non-Mediterranean population is marginal.569

A high sensitization prevalence to Plantago was shown in allergics 
of distinct regions of northern Spain569 and in South Australia where 
37% SPT positivity is reported (Dr. Frank Kett, personal communi-
cation). Recent studies in Central/Northern Europe showed that 
among German allergic patients sensitization increased from 26.6% 
to 50.5% within 20 years.659 In the general adolescent population in 
Austria, sensitization to the genuine and major allergen Pla l 1 was 
as high as 10.4%.666 While an association with grass pollen or pan-
allergen sensitization is frequently observed, genuine Pla l 1-related 
plantain allergy represents a true co-sensitization.358,678,679

High levels of reactivity to Mercurialis annua pollen ranging from 
28-56% were observed in several areas of Spain.680

Due to use of Chenopodium album in greening programs, the weed 
gained relevance in countries with desert and semi-desert areas ac-
counting for up to 70.7% sensitization in asthmatic patients. Clinical 
incidences have been reported in southern Spain and Saudi Arabia, 
while they even represent the main sensitizer for allergic rhinitis and 
asthma in Kuwait and Iran. The ornamental plant Amaranthus retro-
flexus is also described as a major trigger of allergic reactions in Iran, 
with a sensitization frequency of 69% among allergic patients.681 So 
far, two allergens have been identified and designated Ama r 1 (Ole 
e 1-like protein) and Ama r 2 (profilin).585,1714 Salsola kali allergy, as 
determined by specific sensitization to Sal k 1, the major Salsola aller-
gen absent in Chenopodiaceae species, is overall the third cause of 
pollinosis in Spain and a dominant pollen allergen in the

South East region.667 In some of the drier areas of the south, 
up to 80% of the patients suffering from seasonal allergy are sensi-
tized to Sal k 1, and are frequently mono-sensitized. In other areas 
such as the Ebro river valley it is the second cause of pollinosis 
after grasses.585,667 This allergy is also very prevalent in other dry 
areas like Iran where up to 72.5% of pollen allergic patients are 
sensitized to Salsola.680,681 Additional S. kali allergens have been 
identified and characterized in detail with IgE frequencies ranging 
from 30 to 60%.682–685

4 – Sensitization to individual molecules and their 
clinical relevance

Exposure to weed pollen and primary sensitization to relevant al-
lergens predominantely leads to rhinoconjunctivitis and/or asthma. 
Occupational allergies, i.e., to sunflower pollen are observed in 
workers and citizens in close vicinity. Sensitization to weed pollen 
allergens can show complex profiles including genuine, specific al-
lergens (e.g., Pla l 1), as well as (partially) cross-reactive allergens 
from weeds and/or pan-allergens (Table  17). Frequent IgE cross-
reactivity is observed within allergenic pollen of the Asteraceae 
and Amaranthaceae plant family.680,686 The level and clinical conse-
quence depends on the identity of underlying allergenic molecules 
while it is to a certain degree patient-specific.

Amb a 1 from ragweed pollen represents a dominant, major aller-
gen with moderate IgE cross-reactivity to the minor allergen Art v 6 
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from mugwort.687 Recently, Hel a 6 from sunflower was identified as 
a major allergen356 and cross-reactivity with ragweed and mugwort 
pectate lyases was demonstrated (Figure 53A).

The major mugwort pollen allergen Art v 1 shows different de-
grees of cross-reacitivity with Amb a 4 and Par h 1 from ragweed and 
Parthenium pollen, respectively.688 Based on sequence similarity, 
cross-reactivity with SF18 from sunflower is anticipated. IgE cross-
reactivity was demonstrated for the novel defensin-like allergen Api 
g 7 from celeriac689 as well as Aes h 1 from horse chestnut seeds 
(Gadermaier, unpublished data) (Figure 53B).

Art v 3, the nsLTP from mugwort pollen demonstrates frequent 
IgE cross-reactivity to homologous molecules in plant food (e.g., Pru 
p 3) (Figure 53C). By contrast, source constrained sensitizations are 
observed for the major Parietaria allergen Par j 2 and the minor aller-
gen Amb a 6.690–692

The Ole e 1-like protein Pla l 1 from plantain presents low se-
quence similarity to other family members and is thus not in-
volved in cross-reactivity. By contrast, substantial cross-reactivity 
is observed for Che a 1 and Sal k 5 due to 74% sequence identity 
(Figure 53D).358,678,681

Pollen-food syndromes mediated by weeds are mainly involv-
ing mugwort and ragweed allergic patients. In addition to oral 

allergy syndromes, more severe clinical pictures as observed, 
e.g., in the celery-mugwort-spice syndrome are reported. Cross-
reactive allergens were identified in the family of nsLTPs, profilins, 
defensin-like proteins and high-molecular weight allergens including 
CCDs.669,689,690,693

5 – Clinical management

Diagnosis of weed pollen allergy can be difficult due to frequent 
polysensitization and inconclusive anamnesis owing to overlapping 
flowering seasons with other pollen. Thus molecule-based allergy 
diagnosis is particularly advantageous and work-ups facilitating di-
agnosis of some weed pollen allergies are presented in (Figure 54).

Case history
Weed pollen allergic patients typically present seasonal respi-

ratory symptoms (rhinitis and/or conjunctivitis and/or asthmatic 
symptoms, sometimes also itching of the throat and/or contact urti-
caria). Since clinical symptoms coincide with flowering periods of the 
respective weeds (Figure 52), principal information can be obtained 
by narrowing down the eliciting allergen source(s).

F I G U R E  5 3 (A) Model of Amb a 1.0101 (template 1PXZ); (B) Structure of Art v 1.0101 defensin-domain (2KPY); (C) Structure of Art v 
3.0201 (6FRR); and (D) Structure of Pla l 1.0101 (4Z8W). Models were generated using Swiss-Model (www.swiss​model.expasy.org) and 
ribbon cartoons are shown using UCSF Chimera (www.cgl.ucsf.edu/chimera). Lines represent documented IgE cross-reactivity, dotted lines 
represent potential IgE cross-reactivity based on high sequence identity. Lack of lines indicates absent IgE cross-reactivity. 
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Skin prick test (SPT)
The choice of commercially available weed pollen extracts 

for SPT is highly depending on pollen exposure and clinical 
references. Based on current GA2LEN recommendations for 

harmonization of skin prick tests in Europe, mugwort, ragweed 
and pellitory are included in routine diagnostic panels, while plan-
tain and allergenic pollen of the Amaranthaceae family are not 
considered. Since the allergological relevance can considerably 

F I G U R E  5 4 Diagnostic work-up for (A) ragweed and mugwort, (B) pellitory and (C) English plantain pollen allergy
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vary between regions, local modifications are, however, useful 
and necessary. Since Parietaria extracts are virtually missing pro-
filin, a positive SPT with this weed is generally diagnostic of pri-
mary sensitization unless the patient is sensitized to the pollen 
pan-allergen polcalcin.694

IgE testing
Apart from in vitro testing using weed pollen extracts, molecule-

based approaches offer a valuable tool for refined diagnosis limit-
ing unspecific results due to polysensitizations. All major allergens 
of weed pollen are commercially available for diagnosis using the 
single component ImmunoCAP Specific IgE test, except for Che a 
1, which is only present in multiplex arrays (ImmunoCAP ISAC and 
ALEX2) (Table 18). Components are available as nonglycosylated 
recombinant molecules (e.g., rPla l 1, rPar j 2), CCD (N-glycan)-
free, natural molecules like nAmb a 1 (nonglycosylated), nArt v 1 
(O-glycosylated), and CCD-containing nSal k 1 (N-glycosylated). 
Art v 1, Art v 3 and Che a 1 are either provided as purified natural 
molecules (ImmunoCAP Specific IgE test) or recombinant proteins 
(ALEX2), respectively. To discriminate ragweed and mugwort pri-
mary sensitization, Art v 6 and Amb a 4 would be useful diagnostic 
markers as they are homologues of the respective major allergens 
(but these components are limited available for routine diagnosis). 
In the case of Sal k 1, false-positive results might arise due to N-
glycosylation. Mer a 1 is so far the only allergen identified from 
Annual mercury and owing to expected broad IgE cross-reactivity 
with other profilins should not be considered a marker allergen for 
the source (see Chapter C01).

Therapeutic options
Besides recommendations to generally limit exposure during 

pollen season, symptomatic treatment is considered a first line of 

defence for weed pollen allergic patients. In addition, allergen im-
munotherapy (AIT) is recommended based on the identification of 
the primary sensitizer using highly specific marker allergens. Weed 
allergic patients frequently present multiple sensitizations, and thus 
typically allergen sources triggering most profound symptoms are 
selected for therapeutic interventions.

Various subcutaneous extracts of weed pollen (single and com-
bination products) and recently also a tablet for sublingual immuno-
therapy (ragweed allergen), are available in the U.S. (www.fda.gov), 
in Canada and in Europe.

In addition, individual recipes may be prescribed for allergens not 
mentioned in these regulations. However, economic considerations, 
regulation and standardization requirements are prompting some 
providers to withdraw their weed pollen products.

6 – Clinical Cases

Case 1 (educational)
Clinical History: A 42-year old man from Central Europe with in-

creasing rhinoconjunctival symptoms from February to September 
for 12 years; additionally asthmatic symptoms for 2 years occurring 
only between May and September.

Test with extracts: Histamine-equivalent sensitization to tree 
pollen (hazel, alder, birch, ash) and to mugwort; weak skin prick reac-
tivity to ragweed and goosefoot; strong sensitization to grass pollen. 
Specific IgE to birch (10.7 kU/L), ash (1.31 kU/L), grass (17.7 kU/L), 
mugwort (10.4 kU/L) and ragweed pollen (1.26 kU/L).

Test with molecules: The patient had positive IgE results to Bet 
v 1 (13.2 kU/L), Ole e 1 (2.56 kU/L), Phl p 1 (9.26 kU/L), Phl p 5 (3.58 
kU/L), Art v 1 (12.8 kU/L), Art v 3 (10.8 kU/L) and Amb a 1 (0.68 
kU/L).

TA B L E  1 8 Molecular components for diagnosis of weed pollen allergy

Pectate lyase 

Defensin-like protein 

Defensin-like protein

nsLTP

Pectate lyase

nsLTP

Ole e 1-like protein

Ole e 1-like protein

Pectin methylesterase

Marker for ragweed, IgE cross-reactivity with Art v 6 from mugwort 

Minor ragweed allergen with partial IgE cross-reactivity to Art v 1

Marker for mugwort, partial cross-reactivity with Amb a 4 (ragweed), 

Cross-reactive with nsLTP from food e.g. Pru p 3 from peach or Cor a 8 

from hazelnut

Amb a 1 cross-reactive allergen

Marker for goosefoot, partial IgE cross-reactivity with minor Salsola 

allergen Sal k 5

Marker allergen for Russian thistle allergy, natural allergen contains 

N-glycans (result might be false positive if patient is CCD positive)

nAmb a 1

rAmb a 4#

nArt v 1/rArt v 1

nArt v 3/rArt v 3

nArt v 6*

rPar j 2

rPla l 1

rChe a 1§ 

nSal k 1

Ragweed

Ragweed

Mugwort

Mugwort

Mugwort

Pellitory

English plantain

Goosefoot

Russian thistle

Allergenic source Protein family Diagnostic use

nsLTP, non-specific lipid transfer protein.
Marker allergens shown bold, #available only on ALEX2, *test not commercially available, §available only in multiplex analyses.
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Conclusion: The patient presents a complex pollen sensitization 
profile involving tree, grass and weed pollen. Symptoms in autumn 
are mainly caused by mugwort pollen; primary sensitization to rag-
weed is not indicated as Amb a 1 levels are very low and might arise 
due to the cross-reactive molecule Art v 6 in mugwort.

Case 2 (original)
Clinical History: A 20-year old woman from Western Austria 

with severe rhinoconjunctival symptoms from end of April to the 
middle of September since early childhood.

Test with extracts: The patient had a weak SPT positivity with 
hazel pollen, histamine-equivalent reactivity to grass pollen and 
strong sensitization to English plantain, all other standard inhalatory 
allergens negative. Positive in vitro IgE test to grass (14.2 kU/L) and 
plantain pollen (14.6 kU/L).

Test with molecules: The patient had positive IgE results to Phl p 
1 (9.72 kU/L) and Pla l 1 (15.5 kU/L), while Phl p 7, Phl p 5, and Phl p 
12 were negative. Multiplex results showed sensitization to Cyn d 1 
(6.20 ISU), Phl p 1 (29.2 ISU), Phl p 2 (10.2 ISU), Phl p 11 (5.25 ISU), 
and Pla l 1 27.2 ISU.

Conclusion: In addition to grass pollen, the patient presents a 
weed pollen allergy to English plantain, which explains symptoms 
observed in autumn after the grass pollen season.

Case 3 (educational)
Clinical History: A 36-year-old male living in northern Italy with 

a long lasting history of mild seasonal rhinitis from the beginning 
of May to the end of June experiences severe rhino-conjunctivitis 
associated with asthma as soon as he moves to Sicily for work at 
the beginning of March 2013. Gradual symptoms worsening force 
the man to ask for assistance at an Emergency Department where 
systemic corticosteroids were administered.

Test with extracts: Strong skin reactivity to pellitory pollen was 
observed (12 mm mean wheal diameter) along with a weak sensitiv-
ity to grass pollen (3 mm).

Test with molecules: The patient had positive IgE results to Par j 
2 (37.3 kU/L), Phl p 1 (0.88 kU/L), Phl p 5 (0.41 kU/L).

Conclusion: Allergy to pellitory pollen is diagnosed, which was 
caused by high pollen exposure in Southern Italy.

7 – Research and future perspectives

Further research on weed pollen allergy includes the following:

•	 In addition to sunflower, an allergenic cross-reactive pectate lyase 
was identified in feverfew pollen.675

•	 Recently, two defensin-like proteins from horse chestnut (Aes h 
1) und celeriac (Api g 7) were described as novel allergens. Clinical 
reactivity to horse chestnut is elicited by Aes h 1 and considered 
a consequence of primary sensitization to Art v 1 from mugwort 
pollen (Gadermaier et al, unpublished). The involvement of pec-
tate lyases and defensin-like proteins in food allergy remains to 
be investigated.

•	 In a murine model, virus-like particles expressing shielded Art v 1 
were hypoallergenic, which could be useful for future preventive 
treatment targeting T cells.695

•	 Structural IgE-binding epitopes of Art v 3 were recently identified 
by NMR and stable epitope variants revealed strongly hypoaller-
genic candidate molecules for use in allergen immunotherapy.696

In general, effects of climatic changes will lead to a consider-
able increase in weed pollen load and thus allergic reactions.653,654 
In light of this, there should be efforts to stop the continuing with-
drawal of therapeutic possibilities for weed pollen allergic patients.

Clinical Relevance

•	 Art v 3 reactivity frequently indicates LTP sensitization 
and may be associated with oral allergy syndrome.

•	 Par j 2 is an excellent marker molecule for Parietaria al-
lergy due to its high specificity

•	 The habitat and flowering period of plantain coincides 
with grass and should be thus consequently tested espe-
cially if symptoms persist for some weeks after the grass 
pollen season. Pla l 1 is a reliable marker molecule while 
Ole e 1 should NOT be used as a surrogate diagnostic as 
it lacks IgE cross-reactivity.
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B04 – Dust mite al lerg y

Thomas Platts-Mills, Luis Caraballo, Alain Jacquet, 
Josefina Zakzuk

Highlights

•	 House dust mite allergy is an important risk factor for rhinitis and 
asthma.

•	 Most recognized house dust mites are Dermatophagoides pteron-
yssinus, Dermatophagoides farinae and Blomia tropicalis.

•	 In the majority of cases, a skin test with mite extracts is able to 
detect sensitization and define the specificity of immunotherapy 
in asthmatic patients.

•	 However, the use of component-resolved diagnosis could be use-
ful when genuine sensitization is not clear and has to be defined.

1 – The allergen sources

Within the phylum Arthropoda there are three main taxonomic divi-
sions with allergological importance (Figure 55). Among crustaceans, 
several species are important sources of food allergens. Also, both 
classes, insects and arachnids, contain species, which are sources 
of inhalant allergens. Arthropods separated from other animals ap-
proximately 600 million years ago (MYA) and the major classes were 
established within 100 million years. Dust mites and cockroaches, 
for example, have been separated for at least 400 million years and 
not surprisingly most of these allergens are so different in their pri-
mary sequences that they do not cross-react. This should be com-
pared with the mammals, which separated approximately 65 MYA 
and still have extensive similarity among proteins. Of the hundreds 
of thousands of arthropod species only a few have been recognized 
as significant sources of indoor allergens. Indeed, more than 90% 

F I G U R E  5 5 A. Phylogenetic tree of the main arthropod taxonomic groups. B. Evolutionary relationship of the main allergenic house dust 
and storage mite species 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



120 of 386  |     DRAMBURG et al.

of the literature is related to five genera: Dermatophagoides, Blomia, 
Euroglyphus, Blatella, and Periplaneta. One important aspect of the 
house dust mite (HDM) allergenic sources is that they can play a very 
important role in asthma, without their role being obvious to the 
patients.

While there are many possible explanations for this, the most 
obvious ones are perennial exposure, that the organisms are small 
and often not noticed and that particles carrying these allergens are 
sufficiently large not to remain airborne for more than a few minutes 
after disturbance.697 Because the role of exposure to mite or cock-
roach allergens had not been obvious to patients, learning about 
these species has been essential to increase our knowledge on the 
causal role of allergen exposure in asthma. The relevance of particle 
size became obvious shortly after the purification of Der p 1 and the 
development of accurate assays for this allergen.8 For D. pteronyssi-
nus and D. farinae, allergens become airborne via fecal particles and 
fragmented mite bodies in household dust.698

These allergen-carrying particles are particularly relevant for 
the type of exposure, as allergenic proteins with a size of 15,000 to 
50,000 Daltons are not volatile and significant exposure can only 
occur via particles. Mite fecal pellets have an average diameter of 
20–30 μm699 and those with a size between 2–6 μm can be trans-
ported into small airways.700 The nature of these particles is relevant 
to, both, the induction of an IgE response and the subsequent con-
tribution to inflammation of the nose and lungs. For dust mite par-
ticles, they not only carry a high concentration of several allergens 
but also are an important source of microbial compounds (at least 
LPS, β-glucans and chitin) capable of eliciting strong innate immune 
responses.

A significant feature of the epidemiology of HDM allergens is 
that there are areas of the world where some species are more pres-
ent, for example, the high prevalence of B. tropicalis in the tropics. 
Both climate and housing conditions play a major role in these dif-
ferences because mites absorb moisture from their environment and 
are absolutely dependent on the level of humidity in the air or on 
either carpets or upholstered material, which will retain humidity for 
long periods of time. In addition, the immature forms of D. farinae 
can withstand longer periods of dryness than D. pteronyssinus.

Before 1960, it was well recognized that house dust contained 
allergens other than those derived from domestic or pet animals as 
well as pollens or fungi; indeed, several groups had attempted to 
identify a house dust atopen by immunochemical analysis of house 
dust extracts. However, the breakthrough was made by microscopic 
identification of dust mites in house dust. It was fitting that these 
observations were made in the Netherlands since the Dutch scien-
tist Antonie van Leeuwenhoek had first described mites in 1693. In 
addition, to evidence that mites of the genus Dermatophagoides were 
the major source of allergens in house dust, Spieksma and Voorhorst 
also developed the technique for culturing these organisms.700 This 
in turn made it possible to manufacture dust mite extracts for com-
mercial use and subsequently facilitated the purification of mite 
allergens.8

2 – The allergen families

Dust mites belong to the order Astigmata, which is part of 
the Arachnids (Figure  55). This order includes the well-known 
Pyroglyphidae family but also the Acaridae and a superfam-
ily (Glycyphagoidea) then divided into three main families: 
Echimyopodidae (Blomia tropicalis), Glycyphagidae (Glycyphagus 
domesticus and Lepidoglyphus destructor), and Chortoglyphidae 
(Chortoglyphus arcuatus). Sarcoptes scabiei (the scabies mite) is a 
member of the Sarcoptidae family, which has also been found as 
allergenic to humans. The mites generally recognized as house dust 
mites are D. pteronyssinus, D. farinae, Euroglyphus maynei, and B. 
tropicalis. However, four species of storage mites, which are best 
recognized as pests on farms or in food storage have also been 
recognized in house dust (Table 19). In addition, mites of the family 
Tarsonemidae may be found in significant numbers in house dust. 
The best evidence that a given mite species is relevant to allergic 
disease comes from studies in an area where a given species domi-
nates all other mites in the house dust. This is true for D. pteronys-
sinus in the UK and New Zealand, for D. farinae in some areas of the 
United States, and for B. tropicalis in areas of South America and 
other tropical regions.701,702

3 – Allergenic molecules. Epidemiology and function

Der p 1 was the first identified dust mite allergen in 1980, purified 
by conventional chromatographic techniques8; the purification of 
the Group 2 allergens Der p 2 and Der f 2 in 1989 was performed 
by immunoaffinity chromatography.703 Over the last 20 years, the 
techniques for cloning and sequencing proteins have become well-
defined and much simpler. As a result, many mite-derived proteins 
have been described with convincing data about their amino acid 
sequence and the tertiary structure for some of them.704–708 More 
than 35 HDM allergen groups have been identified so far; this 

TA B L E  19 Common mite species found in house dust

House Dust Mites

Blomia tropicalis
Dermatophagoides pteronyssinus
Dermatophagoides farinae
Euroglyphus maynei

14
31
36
5

Storage Mites

Acarus siro
Chortoglyphus arcuatus
Glycyphagus domesticus
Lepidoglyphus destructor 
Tyrophagus putrescentiae

1
1
1
5
15

Mite Species Number of 
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functional classification was based on amino acid sequence and/or 
structural homologies. Some of the most studied groups are pre-
sented in (Table 20); other groups can be found in the WHO/IUIS 
Database (www.aller​gen.org).

Of note, proteomic analyses showed that Der p 1, Der p 2 and 
Der p 23 together with Der p 3, Der p 6, Der p 9, Der p 15 and Der 
p 28 represent the most abundant allergens in mite fecal pellets.709

In addition, the biological functions of some HDM allergens from 
groups 1 (Der p 1, Der f 1), 2 (Der p 2, Der f 2), 3 (Der p 3), 5 (Der p 
5), 6 (Der p 6), 7 (Blo t 7), 9 (Der p 9), 12 (Blo t 12) and 13 (Der p 13, 
Blo t 13) were experimentally confirmed.40

Component-resolved diagnosis using a collection of purified 
natural or recombinant HDM allergens greatly improved the char-
acterization of IgE reactivity profiles for each HDM-allergic patient. 
sensitization patterns in random cohorts and birth cohorts evi-
denced clear serodominance of Der p 1/Der f 1, Der p 2/Der f 2 
and Der p 23 (prevalence above 50%).710 The IgE-binding frequen-
cies for Der p 4, Der p 5, Der p 7, Der p 21 range from 20 to 40%. 
Seroprevalence below 20% is commonly measured for the other al-
lergen groups.28,711,712 Also, there are calculations suggesting that 
IgE antibodies specific to Der p 1, Der p 2, and Der p 23 account 
for more than 80% of the IgE to D. pteronyssinus. IgE to middle-tier 
allergens (i.e., 4, 5, 7) and 21 only adds around 10% to the cumulative 
amount of mite-specific IgE, whereas the contribution of the other 
identified proteins is even weaker.708,713

Monosensitizations to groups 1, 2 and 23 can be detected in 
3-5% of the HDM allergic patients.712 In a general way, IgE levels to 
Der p 1/Der p 2/Der p 23 were higher in HDM allergic patients de-
veloping asthma in comparison to those suffering from allergic rhi-
nitis only. Moreover, sensitization profiles measured in HDM allergic 
asthmatics were broader than those detected in allergic rhinitis co-
horts. The percentage of sensitization to mid-tier allergens such as 
Der p 5, Der p 7 or Der p 21 is also higher in HDM allergic patients 
developing asthma.711,712 The pattern of IgE sensitizations and HDM 
allergen-specific IgE levels displayed clear geographical variability, 
for example, Blo t 2, Blo t 5 and Blo t 21 are714 serodominant in aller-
gic patients living in tropical areas and sensitized to Blomia tropica-
lis,714,715 strengthening the concept of global personalized medicine 
to improve allergen immunotherapy (AIT) outcomes.712,715 Another 
interesting issue is the heterogeneity and molecular spreading of the 
IgE responses to mite allergens, which is further analyzed in Chapter 
A07 on “Basic and theoretical aspects of allergens.”

Der p 1 and Der p 2 are present in fecal particles and strongly 
associated with asthma. In addition, for Der p 1, there is specific ev-
idence about the effects of reducing exposure from 13 to 0.2μg/g 
on symptoms among mite allergic individuals.716 Thus, for these 
allergens there is good evidence of their important clinical role in 
rhinitis and asthma. Clearly, it will be very difficult to have an ac-
curate assessment of the relative importance of all HDM allergenic 
components in the development of allergic diseases, but the trends 

TA B L E  2 0 Main HDM allergen groups, taken from WHO-IUIS Database (www.aller​gen.org)
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of basic and clinical research on HDM allergy indicate that it could be 
possible.24 For example, a recent study found associations between 
the IgE sensitization to the novel allergen Der p 37 and asthma.717

4 – Sensitization to individual allergens and their 
clinical relevance

Most clinically relevant allergenic molecules have been identified 
using serum from allergic patients because, by definition, they should 
bind specific IgE. However, most of them have been characterized 
only in terms of IgE-binding frequency (allergenicity) (Figure  56) 
with less robust evidence about allergenic activity. Since allergenic 
activity (the property of inducing inflammation, not necessarily 
IgE-mediated) is closer to clinical relevance than IgE-binding alone, 
during the last years some groups have focused their efforts on de-
termining the allergenic activity of individual allergenic molecules, 
as was done before for allergenic extracts. Several assays have been 
useful to explore the allergenic activity of HDM molecules, among 
them in vivo and in vitro provocation tests, case-control studies, ex-
perimental animal models, mechanisms of action, avoidance stud-
ies and, of course, IgE-binding.55 Although important advances have 
been made in this field, only a few HDM allergenic molecules have 
been evaluated in terms of allergenic activity; (Figure 57) shows ex-
amples from D. pteronyssinus and B. tropicalis.

Non IgE-mediated allergenic activity of HDM allergens
The inflammatory response triggered by HDM allergens is com-

monly mediated by the allergen binding to IgE immobilized to the 
cell membrane, inducing cell activation and the release of a plethora 
of pro-inflammatory factors; this mechanism seems to be relevant 
for all allergens. In addition, some allergens can stimulate innate 
immune inflammatory responses acting directly on immune or non-
immune cells, without an IgE-dependent mechanism. The sum of 

both reaction types builds the allergenic activity of an IgE-binding 
molecule.

The intrinsic allergenic activities of HDM allergens stimulate key 
innate immune responses in the skin or airway epithelium leading 
to the release of epithelial-derived proinflammatory cytokines and 
innate alarmins such as IL-1α/β, GM-CSF, IL-25, IL-33 and TSLP.718

This pro-Th2 environment is central for the development of the 
HDM allergic response. To date, deciphering the innate sensing of 
HDM allergens remains extremely challenging by their natural asso-
ciation with microbial/environmental compounds present in mites 
and house dust, including LPS, β-glucans or chitin, which are potent 
stimulators of innate immune signaling. The cysteine proteases from 
group 1 HDM allergens and group 3, 6 and 9 serine proteases are 
able to disrupt epithelial barrier integrity through cleavages of tight 
junction proteins.719 Whereas HDM serine protease allergens can di-
rectly activate protease-activated receptor (PAR)-2 and -4, Der p 1 
indirectly stimulates PAR-1/PAR-4 signaling pathways through their 
canonical activator thrombin. This Der p 1-Thrombin-PAR-1/-4 axis 
generates TLR4-dependent reactive oxygen species (ROS) leading to 
the release of IL-33.720 Der p 1 disrupts the lung homeostasis through 
proteolysis of surfactant proteins (SP-A/D) or protease inhibitors 
(elafin, α-antitrypsin). Furthermore, it cleaves key receptors involved 
in Th1 responses such as CD40, DC-SIGN, and CD25721 or in the con-
trol of IgE production (CD23).722,723 Finally, nociceptors, transient 
receptor potential vanilloid 1 (TRPV1)+ sensory neurons, represent 
the primary sensors of HDM-associated cysteine protease activity 
and the activation of sensory neurons is necessary for the initiation 
of the HDM allergic response.724 While the key role of the LPS/
TLR4 axis in the HDM airway inflammation has been evidenced,725 
HDM allergens with fatty acid/lipid-binding capacity could represent 
potent activators of TLR2 and/or TLR4 signaling. Group 2 mite al-
lergens, having structural homology with myeloid differentiation fac-
tor-2 (MD-2), the TLR4 co-receptor, can present LPS to TLR4.317,704 
However, their large hydrophobic pocket can transport other lipid 

F I G U R E  5 6 Relevant house dust mite 
allergens. Those with experimentally 
detected cross-reactivity with Ascaris are 
shown in orange. In addition, Blo t 5 and 
Der p 5 have moderate cross-reactivity, 
and there is high cross-reactivity among 
Dermatophagoides species. 
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cargos than LPS to trigger TLR2/4 signaling pathways. Recombinant 
forms of Der p 5, Blo t 7, Der p 13 and Der p 21 stimulate TLR2 signal-
ing pathways.474,726–728 Serum amyloid A1 (SAA1) can sense Der p 13 
or Blo t 13 to promote pulmonary type 2 immunity.38 HDM allergens 
from groups 12 and 23 or 15 and 18 could stimulate chitin-dependent 
innate immune mechanisms according to their sequence homologies 
with chitin-binding peritrophins or glycosyl hydrolase family 18 chiti-
nases, respectively. However, the chitin-binding capacity of HDM 
allergens was only evidenced for Blo t 12.729 Finally, the HDM group 
tropomyosins can modulate the HDM airway inflammation through 
interactions with Dectin-1 expressed in airway epithelium.730 More 
recently, the pro-inflammatory activity of Der f 38 through TLR4 has 
been reported.731 A list of some HDM allergens innate mechanisms 
of action is presented in (Table 21).

5 – Clinical Management

Diagnosis of sensitization
As stated in the introduction, the role of dust mite allergy in 

asthma is generally not obvious to all patients. Indeed, histories 
of specific allergy to mites are not usually clear. Many patients will 
report sneezing on awakening or sneezing during house cleaning. 
During vigorous cleaning they may also notice eye irritation or 
wheezing, but conjunctivitis is not a common symptom of dust mite 
allergy. Skin prick testing is the primary means of diagnosis, and dust 
mite extracts are included in all inhalant panels. Most authorities 
would regard a wheal of 3 mm greater than the negative control as 

positive. The common practice is to test with both D. pteronyssinus 
and D. farinae. In some areas, one mite or the other is the dominant 
cause of sensitization, but in general testing for the two provides 
convincing positive or negative results. However, D. pteronyssinus 
extracts might lack important allergens and often show great vari-
ability regarding allergen composition.732 Notably, intact Der p 23 or 
Der p 5 are absent in HDM commercial allergen extracts. Moreover, 
as these allergen extracts are standardized for group 1 and group 
2 allergens, the diagnosis of patients sensitized to HDM allergens 
other than Der p 1/Der p 2 is very challenging. Component-resolved 
diagnosis based on the use of individual natural/ recombinant HDM 
allergens could solve these detection issues and could enhance the 
percentage of successful allergen immunotherapy through the strat-
ification of HDM allergic patients.733

Also, testing with B. tropicalis has become a very useful rou-
tine in tropical regions. In vitro assays for IgE to dust mite are well 
established and the units are given in IU/ml or KA Units/L. In vitro 
testing for specific IgE can be done using extracts of D. pteronyssi-
nus (Dp), D. farinae (Df) and B. tropicalis (Bt). For multiplex testing, 
assays are available from several manufacturers, for example, rDer 
p 1, nDer p 1, nDer f 1, rDer f 2, rDer p 2, rDer p 23 and rDer p 
10 are available on ImmunoCAP ISAC112 (ThermoFisher Scientific, 
Uppsala, Sweden). Der p 1, Der p 2, Blo t 5 and Der p 10 are avail-
able on the ImmunoCAP Specific IgE test, but Der p 23 is only 
available on the ImmunoCAP Specific IgE test (d 209) in Europe. 
Serum assays can provide a wide range of positive results from 
0.1 IU/ml to > 300 IU/ml. There is also good evidence that wheal 
sizes and IgE titers are useful as risk predictors for allergic disease, 

F I G U R E  5 7 Allergenic activity assays 
completed for house dust mite IgE-binding 
molecules. PT: Provocation test. PCA: 
Passive cutaneous anaphylaxis. AIT: 
Allergen immunotherapy 
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also in combination with a rhinovirus infection in childhood.734 
Although the criteria for judging sensitization can be defined con-
vincingly, it is not so easy to define these criteria for the role of 
dust mites in individual cases. However, several sets of information 
can help. If the patient is only allergic to mites, or skin tests/IgE as-
says are much stronger for mites than for other allergens, it could 
be relevant for perennial symptoms. Although not widely accepted 
as a diagnostic procedure, a nasal provocation test with mite ex-
tracts is another important tool for defining the clinical relevance 
of sensitization and detecting cases of local rhinitis associated to 
negative skin tests. Also, conjunctival and nasal provocation tests 
with B. tropicalis have been suggested as a diagnostic procedure 
in the clinic.735 Measurement of mite allergens in dust from the 
house can be very helpful. However, the criteria of >2 μg Der p 1 
per gram of dust for sensitization and >10 μg Der p 1 per gram of 
dust for severe symptoms should not be regarded as more than 
an orientation guide. Still, it is a major advantage to know the av-
erage levels of mite allergens in homes or apartments in the area 
where the patient lives. Cross-reactivity between D. pteronyssi-
nus and D. farinae extracts is high but between Dermatophagoides 
and B. tropicalis is low. The use of species-specific components 
might be necessary in places like the tropics where co-exposure to 
both genera is common. Tropomyosin is the main cause of cross-
reactivity among mites, cockroaches, shellfish and helminths (e.g., 
Ascaris lumbricoides), but Glutathione-S-Transferase may also be 
involved736 (Figure 58).

In the majority of cases skin test with mite extracts can detect 
sensitization and define the specificity of immunotherapy in asth-
matic patients. However, the use of component-resolved diagnosis 
could be useful in special circumstances where genuine sensitization 
is not clear and has to be defined. Figures 59 and 60 represent algo-
rithms that could be applied for diagnosing mite allergy in temperate 
and tropical countries. Not all suggested components are commer-
cially available.

Management
The management of allergic disease in patients who are aller-

gic to dust mites consists of several different phases, most of which 
are like those for many other inhalant allergens (Table 22). However, 
education and allergen avoidance require extra care because of the 
complex biology of dust mites, and the fact that their presence in 
the home is not visible. Therefore, significant education in relation 
to avoidance is needed.

There is a wide range of evidence that dramatically decreasing 
exposure to dust mite allergens can help both asthma and rhinitis re-
lated to dust mites. This comes both from controlled trials of avoid-
ance and from moving patients to a sanatorium or a hospital-based 
allergen “free” unit.24,491,737,738 Some of the most dramatic results 
have come from sanatoria in the Alps, but these are complicated to 
interpret because exposure to animal dander and fungi, as well as 
mites will be reduced.738–740 In addition, most of these sanatoria have 
regular exercise regimes, which may also contribute to the improved 
lung function and decrease in nonspecific bronchial hyper-reactivity 

TA B L E  2 1 Main non IgE-mediated allergenic activities of HDM allergens
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(BHR). Following the initial study in Davos (Switzerland), further 
studies were carried out in Briancon (France) and Misurina (Italy). 
The studies in Misurina provided compelling evidence that there 
was a progressive decrease in inflammatory markers in parallel with 
decreases in BHR among mite allergic children who spent 3 months 
in the sanatorium. To study the role of mite allergens, mite allergic 

asthmatics in London spent 3 or more months living in a hospital 
room, which had filtered air and was designed to have no sites where 
mites could live. The level of Der p 1 in dust from their homes was 
13.6 μg/g, while dust from the hospital room had less than 0.2 μg/g. 
The patients not only improved their symptoms but also experi-
enced a major decrease in BHR.716

F I G U R E  5 8 Clinically relevant cross-reactivity of mite allergens. Species-specific components are shown in green. 

F I G U R E  5 9 Possible decision 
algorithm for mite allergy in temperate 
countries. SPT: Skin Prick Test. CRD: 
Component Resolved Diagnosis. CR: 
Cross-reactivity. EC: Environmental 
Control. AIT: Allergen Immunotherapy. 
Dp: Dermatophagoides pteronyssinus 
extract. Df: Dermatophagoides farinae 
extract 
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6 – Clinical Case

Clinical history: A 32-year-old male faculty member in cardiology 
presented to clinic because of increasing episodes of shortness 
of breath during exercise. He was an enthusiastic runner (up to 
10 miles) and had only developed symptoms since moving into a 
basement apartment one year earlier. His history did not include 
seasonal nasal symptoms or reactions on exposure to animals. 
When seen in clinic, his examination and spirometry were normal 
(Table 22).

Tests with extracts: Skin prick tests were strongly positive for 
D. pteronyssinus and D. farinae with 8 × 8 and 7 × 6 mm wheals. Blood 
count was unremarkable with absolute eosinophil count of 350. 
Total IgE 230 KU/L; IgE to D. pteronyssinus extract was 32 UA/ml. He 
was given a peak flow meter (Mini Wright) and instructed to record 
values before and after running, in addition, we arranged to collect 
samples from his apartment.

Test with molecules: Serum assays for components using 
ImmunoCAP ISAC (TFS, Uppsala, Sweden) showed Der p 1 IgE 28 
ISU/ml; Der p 2 33 IgE ISU/ml; Der p 10 IgE (tropomyosin) <0.5 ISU/
ml. Peak flow value (mean of 3 values) before running was 510 +20 
liters/min and fell to 400 +40 liters/min and 320 +20 liters/min 2 
and 4 minutes after running for 6 minutes. Dust samples from his 
apartment: 8.4 μg Der p 1/g carpet dust, 10.6 μg Der p 1/g sofa dust 
and 4.6 μg Der p 1/g bedding dust.

Treatment Advice and Outcome: Initially he was treated with al-
buterol inhaler, two puffs 10 min. prior to exercise and inhaled flu-
ticasone 100 μg twice a day. In addition, he was advised to move to 
a second-floor apartment without carpeting and with minimal up-
holstered furniture. He was given routine advice about controlling 
mites in his bedding. He moved one month later and within 3 months 
his exercise breathing returned to normal. When seen 1 year later, he 
was no longer using inhalers and was without significant symptoms.

7 – Research and future perspectives

Given that HDM sensitivity is a major risk factor for asthma 
worldwide, the definition of the clinical impact of each of the 

F I G U R E  6 0 Possible decision 
algorithm for mite allergy in the tropics. 
SPT: Skin Prick Test. CRD: Component 
Resolved Diagnosis. CR: Cross-
Reactivity. EC: Environmental Control. 
AIT: Allergen Immunotherapy. Dp: 
Dermatophagoides pteronyssinus extract. 
Df: Dermatophagoides farinae extract. Bt: 
Blomia tropicalis. 

TA B L E  2 2 Management of Allergic Disease Related to Dust 
Mite
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serodominant and mid-tier IgE-binding molecules is essential. 
Although there are no important difficulties for diagnosing HDM 
allergy using the whole extracts and some molecules, the complete 
profile of cross-reactivity among individual components remains 
to be experimentally analyzed. For example, groups 1 and 2 cross-
reactivities are very high as these allergens share most of their 
conformational IgE-binding epitopes.741 The complete mapping 
of these antigenic determinants would allow the identification of 
unique IgE-binding sites in Der p 1 or Der f 1 as well as Der p 2 or 
Der f 2.507,742 This research would improve the elucidation of HDM 
sensitization profiles.

Studies showing geographical variabilities in the patterns of HDM 
sensitization have been mainly focused on cohorts of Caucasian 
HDM allergic patients.712,713 The elucidation of the IgE reactivity 
profiles must be further broadened to populations from other eth-
nicities. This aim, together with the definition of the allergenic ac-
tivity of additional IgE-binding molecules, could show the need for 
regional arrays for component-resolved diagnosis. In addition, since 

the HDM allergen repertoire has been recently extended through 
“omic” analysis, recombinant forms of these new HDM allergens 
could complete the panels of molecules to improve the elucidation 
of the sensitization profile.

Future research on HDM allergy will keep the interest on the 
definition of the clinical impact of individual IgE-binding mole-
cules,55 and to investigate the mechanisms by which they induce 
symptoms. To achieve this, other technologic resources will be 
very helpful, but it is also necessary to better understand the rela-
tive role of IgE in the allergic responses, considering the increasing 
evidence of non-IgE-mediated inflammatory mechanisms associ-
ated to the allergenic activity of IgE-binding molecules. Therefore, 
a wider idea of the potential mechanisms of action of allergens will 
improve the research proposals in this field. In connection with 
this, it will be necessary to search for new ways to define the clin-
ical impact of allergens, leaving the constraints of the “major and 
minor” allergen classification.
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B05 – Cockroach al lerg y

Luis Caraballo, Thomas Platts-Mills, Anna Pomés, L. 
Karla Arruda

Highlights

•	 Cockroach allergens are strong inducers of sensitization and 
asthma.

•	 Clinically important species include American, German, Oriental, 
Asian, brown-banded and smoky-brown cockroaches.

•	 Bla g 2 and Bla g 5 have the higher frequency of IgE positivity 
among cockroach allergens, but there are important differences 
among individual patients and populations.

•	 Currently, diagnosis is performed by skin testing and/or measure-
ment of specific IgE to cockroach, using crude extracts.

1 – The allergen sources

Cockroaches belong to the phylum Arthropoda; class Insecta, Order 
Blattaria or Blattodea. Species causing allergy symptoms such as 
asthma are listed in (Table 23). These ubiquitous scavenger organ-
isms have inhabited the planet long ago and domiciliary species are 
currently a serious problem for humans. Those that live in human 
dwellings (around 25 species) include American, German, Oriental, 
and Asian, which, together with the brown-banded and the smoky-
brown cockroaches are sources of important allergens, inducers of 
allergic asthma.743

sensitization to cockroach usually occurs by inhalation. Potential 
sources of relevant allergens in the environment include whole bod-
ies, cast skins, secretions, egg casings, and fecal material. Level of 
exposure for increased risk of asthma symptoms is 8 U/g of dust (104 
ng/unit for Bla g 1 and 40 ng/unit for Bla g 2744) and a US national 
study found that 10% of living rooms were above this point. There 
is inter-species cross-reactivity (e.g., American, German, Asian and 
Oriental) and extra-species cross-reactivity (“pan-allergy”) with sev-
eral other arthropods such as crustaceans (shrimp, crab, and lobster), 
insects (silverfish, butterflies), arachnids (dust mites) and mollusks 

(oysters, mussels, scallops, clams). Since both exposure and allergy 
to cockroach are very common, patients with asthma or rhinitis 
should be routinely evaluated for this type of allergy. Based on their 
molecular and biological properties, cockroach allergens have been 
distributed in several groups, most of them are shown in (Figure 61) 
and (Table 24).

2 – The allergen families

Group 1 allergens are composed by multiple consecutive amino acid 
repeats originated by gene duplication of an original 100 amino acid 
domain.745 Two repeats (each with 6 alpha-helices) define a basic 
structural unit and encapsulate a large and nearly spherical hydro-
phobic cavity that binds lipids such as palmitic, oleic, and stearic 
acids (Figure 62). There is cross-reactivity between Bla g 1, Per a 1 
and homologous proteins from other cockroach species such as P. 
fuliginosa and Blatta orientalis and from other insects. The protein 
is most prevalent in the midgut, probably because the Bla g 1 gene 
is exclusively expressed by midgut cells. The presence of Bla g 1 in 
fecal particles makes this molecule, together with Bla g 2, a good 
marker of cockroach allergen exposure.

Group 2 Bla g 2 is an unusual (inactive) aspartic protease with 
strong allergenic properties. There is three times more Bla g 2 in 
cockroach feces compared with the whole extract. It was origi-
nally found to be the allergen with the highest IgE antibody prev-
alence among 5 cockroach allergens in a US population.746 The 
crystal structure shows that Bla g 2 has a bilobal shape.747 The 
antigenic structure of this allergen was analyzed by X-ray crys-
tallography and site-directed mutagenesis, providing important 
information about function, key amino acids and carbohydrates 
determining epitopes and antigen-antibody interactions748,749 
(Figure 62). Even a role for Bla g 2-associated glycans in allergen-
induced immune reactions through basophil activation has been 
reported.750

Group 3 Allergens of this group show high homology to insect 
hemolymph proteins. Per a 3 induces IL-4 expression in PBMC from 
allergic patients and this correlates with skin reactivity and clinical 
symptoms.751

TA B L E  2 3 Clinicallly relevant cockroaches species

Leucophaea maderae

Blattella germanica

Blattella asahinai

Supella longipalpa

Periplaneta americana

Periplaneta australasiae

Periplaneta brunnea

Periplaneta fuliginosa

Blatta orientalis

Madeira

German

Asian 

Brown-banded

American

Australian

Brown

Smoky brown

Oriental

Asia, Africa, America, Oceania

Mainly temperate dry zones

Japan, tropical and subtropical

Tropical

Mainly tropical and subtropical

Cosmopolitan

Mainly tropical

China, Russia, Korea, Japan, Australia and USA

America, United Kindom, Germany

Blaberidae

Ectobiidae

(formerly Blattellidae)

Blattidae

Family Genus/species Common name Geographic distribution
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F I G U R E  61 Some allergen components from American and German cockroaches. Homologous molecules have the same color. Complete 
in Table 24 

TA B L E  2 4 Cockroach allergenic molecules

Bla g 1

Bla g 2

Bla g 3

Bla g 4

Bla g 5

Bla g 6

Bla g 7

Bla g 8

Bla g 9

Bla g 11

Bla g 12

Per a 1

Per a 2

Per a 3

Per a 4

Midgut microvilli protein-homologue 

Unusual aspartic protease 

Arylphorin/hemocyanin

 Lipocalin 

Glutathione S-transferase 

Troponin C 

Tropomyosin 

Myosin light chain 

Arginine kinase 

Alpha-amylase 

Chitinase

Midgut microvilli protein-homologue 

Unusual aspartic protease 

Arylphorin/hemocyanin

 Lipocalin 

20-50 

18-73 

22 

11-47

39-73 

14-0 

16 

14 

25-53 

29-73 

30

30 - 50, 100

63

26-95

15

21-90

36

78.9 

21

23

17

33 

21 

40

57

58

26-51

42

46-79

17

B. germanica

P. americana

Species Allergenic 
molecule

Biochemical 
name IgE among patients (%)

a MW in kDa

Per a 5

Per a 6

Per a 7

Per a 8

Per a 9

Per a 10

Per a 11

Per a 12

Per a 13

Glutathione S-transferase 

Troponin C 

Tropomyosin 

Myosin light chain 

Arginine kinase 

Serine protease 

Alpha-amylase 

Chitinase

Glyceraldehyde-3-phosphate 

dehydrogenase

100 

17

13-54

20

80-100

82 

83 

64 

3’’3 

23

17

33 

23

43

28

55 

45

36
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Group 4 Bla g 4 and Per a 4 are lipocalins. These molecules 
are very stable, and their structure consists of a C-terminal α-helix 
and a β-barrel enclosing an internal hydrophobic cavity that binds 
small ligands such as retinoids, glucocorticoids, and pheromones 
(Figure 62).

Group 5 Bla g 5 is a sigma class glutathione S-transferase (GST) 
that has a high IgE response in cockroach sensitized individuals 
(Figure 62). Cross-reactivity with GSTs of several sources (for exam-
ple, Der p 8 and Tyr p 8) is known. However, lack of significant IgE 
cross-reactivity among GSTs from cockroach, mite and Ascaris was 
found in a temperate US population.708

Group 6 The allergens of this group are homologues to insect 
troponin C and vertebrate calmodulins (61% to 78% and 42% to 
44% amino acid identity, respectively) and have 2 EF-hand calcium-
binding domains. Interestingly, IgE binding to Bla g 6 has proven to 
be calcium dependent indicating that IgE preferably binds to one of 
the conformers.752

Group 7 Invertebrate tropomyosins are important pan-allergens 
among dust mites, chironomids, silverfish, crustaceans, nematodes 
and mollusks. Tropomyosins from B. germanica and P. americana have 
been described. IgE-binding frequency to cockroach tropomyosins 
are very different in some populations and this may reflect differ-
ences in environmental conditions (see chapter C05).

Group 8 Bla g 8 shares 81-84% amino acid sequence identity with 
the myosin light chain of several insects and the shrimp Litopenaeus 
vannamei. The myosin regulatory light chains are small acidic poly-
peptides noncovalently bound to the neck region of the myosin 
head, which regulate the interaction of the myosin head with actin.

Group 9 Per a 9 and Bla g 9 were identified as major allergens 
in Thai and US patients, respectively.753,754 Arginine kinase homo-
logues have also been reported in the shrimp Penaeus monodon 

(Pen  m 2), D. pteronyssinus (Der p 20) and the Indian meal moth 
Plodia interpunctella (Plo i 1). There is evidence suggesting that argi-
nine kinase is an invertebrate pan-allergen.755

Group 10 Per a 10 is a serine proteases isolated from P. ameri-
cana and an important allergen in Indian allergic patients.756 Other 
important allergens are also serine proteases (Der f 3, Der p 3, 
Der p 6 and Der p 9), but cross-reactivity between cockroach and 
mite serine protease is unlikely due to low amino acid identities (32-
41%) among these molecules.

Group 11 Bla g 11 shares 56% sequence identity with pig α-
amylase and with group 4 mite allergens Blo t 4 (50%), Der p 4 (50%) 
and Eur m 4 (47%). Bla g 11 seems to be an important novel allergen 
because the recombinant α-amylase inhibited 55% of specific IgE of 
German cockroach extract.757 The Per a 11 allergen has been de-
scribed in China.758

Group 12 These allergens are chitinases, essential for digestion 
of chitin. Per a 12 and Bla g 12 have been reported in Chinese and 
US populations, respectively, with very different IgE prevalence 
(Table 24).758,759 Their amino acid identities with the house dust mite 
chitinases Der p 15 and Der f 15 are low (~35%).

Group 13 Allergens from this group are glyceraldehyde-3-
phosphate dehydrogenases and have only been reported for P. amer-
icana as Per a 13.

4 – Sensitization to individual molecules and its 
clinical relevance

Cockroach allergens are strong inducers of sensitization and 
asthma760,761 and cockroach allergy is an important risk factor for 
emergency room visits and hospital admissions. Most characterized 

F I G U R E  6 2 Crystal structures of the 
cockroach allergens Bla g 2 in complex 
with Fab' of the monoclonal antibody 
7C11, Bla g 1, Bla g 4 and Bla g 5 (Protein 
Data Bank accession numbers are 2nr6, 
7jrb, 3ebk, and 4q5r, respectively). The 
heavy and light chains of the mAb 7C11 
Fab' are shown in dark and light grays, 
respectively. The allergen molecules are 
shown from the N- (blue) to the C-termini 
(red). One of the two molecules in the Bla 
g 5 dimer is shown in gray. 
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allergens are from B. germanica and P. americana, although homolo-
gous from other species have been purified. Satinover S et al. found 
that Bla g 2 and Bla g 5 have the highest IgE prevalences among five 
cockroach allergens tested in US patients,746 but there are important 
differences in the profiles of IgE reactivity among individual patients 
and populations worldwide. Three recent studies in US cohorts, 
using a larger set of 8-10 cockroach allergens, highlight that other 
allergens (Bla g 3, Bla g 6, Bla g 9, Bla g 11) also show high prevalence 
among subjects highly sensitized to cockroach.754,759,762 One of the 
main findings from these studies is that there are no immunodomi-
nant cockroach allergens for B and T cell reactivity.

In a study performed in Taiwan to determine whether sensitiza-
tion to different cockroach allergenic components correlates with 
different clinical manifestations and severities, eight P. americana 
allergens (Per a 1 through Per a 7 and Per a 9) were evaluated. IgE 
binding to Per a 2 was more frequent in patients with persistent 
asthma than in patients with rhinitis only, suggesting that this aller-
gen could be a marker for more severe airway disease. Also, IgE to 
Per a 9 was strongly associated with rhinitis.763

The availability of cloned and purified allergens is allowing 
further investigation of their particular effects on the immune re-
sponses and the possibilities to be used as reagents for component-
resolved diagnosis (CRD) and markers of severity and response to 
treatment. A recent study reported unique B and T cell reactivity 
patterns to 10 cockroach allergens per subject, without correla-
tion with clinical phenotype/disease severity.759 The B cell reactiv-
ity to an expanded set of 8 cockroach allergens was compared in 
the URECA cohort between subjects with asthma and rhinitis, and 
subjects without these diseases. Recognition of more cockroach al-
lergens with higher allergen-specific IgE levels was associated with 
asthma and rhinitis.762

In the US cockroach allergy was first recognized as a risk factor for 
asthma in 1979 in Kansas City, MO.764 Subsequently, it became clear 
that this group of insects, but particularly, the German cockroach, 
Blattella germanica, was an important cause of sensitization in many 
large cities.765–767 However, even within the US there are large regional 
variations related to climate and housing conditions.

Notably, the large Inner City Asthma Study published in the New 
England Journal in 1997 found that among children cockroach al-
lergy and exposure to cockroach allergens were more relevant for 
asthma morbidity than dust mite.768 On the other hand, it is import-
ant to realize that that study was largely carried out among children 
living in apartments in Chicago and New York, where the winters are 
very dry, which impairs growth of dust mites. By contrast, in most 
southern towns, including Atlanta, Wilmington DE, and Dallas, par-
ticularly in areas of single housing, the pattern of sensitization is con-
sistent to both cockroach and dust mite allergens.765–767 A further 
element of this pattern was that cockroach infestation is not com-
mon in single homes, as distinct from large apartments, unless there 
are at least eight months of the year where these insects can live 
outdoors. Thus, it is easy to see why cockroach infestation of houses 
and sensitization of children to cockroach allergens are significant 
factors in towns from tropical or sub-tropical areas and completely 
absent in Scandinavia and rare in suburban areas of northern states 
in the USA and in most northern areas of Europe. In Southern China 
and Korea, sensitization to cockroach allergens has been reported, 
sometimes associated with co-sensitization to shrimp and moth.769 
The important practical fact is that home interventions to reduce 
exposure is possible. Since mite and cockroach co-exposure is com-
mon, a differential CRD of sensitization might be necessary. In some 
populations (e.g., from Colombia), there is cross-reactivity between 
Bla g 5 and other Glutathione-transferases (GST), such as Der p 8 
and or Asc l 13. In these areas, the high correlation between IgE 
antibodies to Bla g 5 and Ascaris lumbricoides GST (Asc l 13) suggests 
the presence of cross-reactivity between these molecules. However, 
the frequency of sensitization to Asc l 13 and Bla g 5 in a tropical 
Caribbean population is only around 23% and, in comparison to that 
of the mite allergen Der p 2, the strength of the IgE response to 
these allergens was low, which makes it difficult to assess cross-
reactivity.770 By contrast, no significant cross-reactivity was found 
among cockroach, mite and Ascaris GST allergens in temperate areas 
of the US. This result is consistent with low amino acid sequence 
identity at the level of the allergen molecular surfaces, despite shar-
ing a similar three-dimensional structure.708 The clinical importance 
of potential cross-sensitization between helminth and cockroach 
GSTs should be further investigated.

Bla g 7 and Per a 7, two of the cockroaches' tropomyosins, are pan-
allergens and positive correlations between shrimp, cockroach, and 
dust mite IgE levels have been described. In this study, high exposure 
to cockroach in the home showed significant correlation to higher IgE 
levels to cockroach and shrimp but not to mite. Sensitization rates to 
tropomyosins, including the ones from mites and cockroaches, are 
low in the US and Europe and high in tropical countries771,772 more 
likely because of cross-reactivity with helminth tropomyosins.773–775 
Arginine kinases have been described as allergens not only in sea-
food and other sources but also in cockroaches (Per a 9) and mites 
(Der p 20). Figure  63 shows predicted (thin lines) and experimen-
tally confirmed (solid lines) cross-reactivity of B. germanica. Potential 
species-specific components are also shown (no lines).

Clinical relevance

•	 Cockroach allergens are strong inducers of sensitization 
and asthma

•	 Sensitization to cockroach allergens needs to be further 
investigated in asthmatic patients worldwide

•	 In some places co-exposure to cockroaches and mite al-
lergens occurs

•	 CRD could help to detect genuine sensitization to mite 
and cockroach allergens
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5 – Clinical Management

Cockroach allergy should be investigated in all patients with respira-
tory allergy (Figure 64). Diagnosis is performed by skin testing and/
or measurement of specific IgE to cockroach, using crude extracts. 
However, inconsistent protein and allergen contents and relative B 
and T cell potencies have been reported in the commercially avail-
able cockroach extracts.754,776,777 To investigate the quality of com-
mercial diagnostic skin testing extracts, Mindaye et al quantified B. 
germanica allergen levels in US extracts and compared them to what 
patients are exposed to in the environment. They used a multiple re-
action monitoring assay involving liquid chromatography combined 
with mass spectrometry.777 While Bla g 1, Bla g 2, Bla g 3, Bla g 4 
and Bla g 11 levels were similar in commercial extracts and environ-
mental samples, of concern was the fact that Bla g 5, Bla g 6, Bla g 
7 and Bla g 8 were readily present in the environment but largely 
absent in commercial diagnostic extracts. The absence of select al-
lergens in US extracts may contribute to the skewing of cockroach 
sensitization profiles reported in the literature.777 In vitro testing for 
sensitization to components (CRD) is commercially available for Bla 
g 1, Bla g 2, Bla g 5 and Bla g 7. In contrast to allergens cross-reactive 
between mite and cockroach (e.g., tropomyosins), Bla g 1 and Bla g 
2 are useful for detecting genuine sensitization to cockroaches in 
patients co-exposed to mites and cockroaches. The effectiveness of 
recombinant Bla g 2, Bla g 4, Bla g 5, Per a 1 and Per a 7 for skin test-
ing was evaluated in cockroach allergic patients living in Brazil.772 In 
this study, sensitization to Per a 7 was dominant with a frequency of 
42% (likely due to frequent Ascaris infections in this area that can 
cause sensitization to tropomyosin), in contrast with results from 
other places where a heterogeneous IgE-reactivity profile among 
cockroach-allergic patients has been found. For example, in the US, 
a panel of 5 recombinant allergens (rBla g 1, rBla g 2, rBla g 4, rBla 

g 5, and rPer a 7) could identify 64% of cockroach-allergic patients, 
and group 7 was not the dominant one as in Brazil.746 A larger bat-
tery of recombinant allergens was tested in cockroach-allergic pa-
tients in Taiwan showing that all patients reacted to at least one 
allergen and discovering that vitellogenin is an important allergen 
of B. germanica.778 Together, these studies suggest that a cocktail of 
five cockroach allergens (Bla g 1 and/or Per a 1, Bla g 2, Bla g 4, Bla g 
5, Bla g 7, and/or Per a 7) would be expected to diagnose 50–64% of 
cockroach allergic patients worldwide. The use of an extended set of 
cockroach allergens (reported up to 10) can improve the diagnostic 
capacity of cockroach allergy.754,759

Bla g 1 and Bla g 2 allergens are secreted in the digestive 
system and excreted in fecal particles, being good markers of 
cockroach allergen exposure. Threshold levels of exposure for 
sensitization and asthma symptoms in the susceptible population 
are 2 and 8 U/g of dust; however, sensitization by chronic expo-
sure of very low levels (1 – 10 μg/g of dust) of Bla g 2 is associ-
ated with asthma and also a risk factor for wheezing in children.779 
Reducing the environmental allergen exposure in homes of pa-
tients with cockroach-induced asthma, could lead to improvement 
of symptoms.780 However, cockroach allergens may persist for 
months following eradication of the insects. A controlled inter-
vention including professional cleaning, bait traps, insecticides, 
and HEPA filters, decreased allergen levels, which correlated with 
decreased asthma symptoms, suggesting that allergen reduction is 
possible but difficult because continuous efforts and nonaccessi-
ble equipment might be necessary; also, the level of expertise that 
would be required to achieve significant cockroach extermination 
should be determined.

Immunotherapy (IT) is currently performed with crude ex-
tracts and there are reports supporting its effectiveness.781 In a 
work including four pilot studies of IT with B. germanica extract, 

F I G U R E  6 3 Clinically relevant cross-reactivity of cockroach allergens 
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subcutaneous IT was more effective at modifying immune param-
eters than sublingual IT, although both types proved to be safe. 
Potential cockroach allergen immunotherapy has been tested in 
mouse models for prophylaxis (Bla g 2 DNA vaccine) or treatment (li-
posome entrapped Per a 9) of airway inflammation.782 Currently the 
Inner-City Asthma Consortium is performing a subcutaneous cock-
roach immunotherapy trial (CRITICAL) that includes allergen B and T 
cell component analyses. Cockroach extracts for immunotherapy are 
not standardized and are highly variable in allergen content.754,776 
Since both, the allergen content in German cockroach extracts and 
the sensitization profiles determine in vitro extract potency for IgE 
reactivity, the selection of appropriate extracts to be used for immu-
notherapy is important.754

6 – Clinical Cases

Case 1
Asthma in an African American Child in Atlanta
An eight-year-old boy presented to an emergency department 

(ED) of Grady Memorial Hospital with acute asthma. He responded 
well to treatment in the ED and was subsequently seen in clinic. 
Serum assays showed high total IgE and high specific IgE to both 
dust mite (94 kU/L) and German cockroach (65 kU/L). A subsequent 
home visit identified high levels of both dust mite (Der p 1 and Der 
p 2) and very high levels of Bla g 2 in the dust from the bedroom and 
the kitchen areas (see765 for methods).

Case 2
56-year-old African American Lady with Severe Atopic 

Dermatitis in Central Virginia
A 56-year-old lady presented to clinic in Virginia with poorly con-

trolled AD. In the clinic she was unable to stop scratching her legs 
and they were severely excoriated. Her serum showed a total IgE 
of 3,043 kU/L and specific IgE to cockroach of 204 kU/L and to D. 
pteronyssinus of 9.4 kU/L. Furthermore, she had class 5 IgE specific 
for both Bla g 1 and Bla g 2. A subsequent visit to her home found 
extensive evidence of cockroach infestation and high levels of Bla g 
2 measured by monoclonal antibody ELISA assay, on extracts of dust 
obtained from both bedroom and kitchen.

7 – Research and future perspectives

Clinical and basic research on cockroach allergy is expanding, giving 
a broader perspective of its successes and limitations. One impor-
tant aspect will be the definition of the allergenic activity and clini-
cal relevance of the individual IgE-binding molecules, including the 
evaluation of the statistical association of the IgE-binding frequency 
of each molecule between cases and controls. Besides, the detailed 
analyses of potential non-IgE-mediated mechanisms will bring a 
more balanced landscape of the clinical impact of individual aller-
gens. This, together with the epidemiological surveys on IgE sensi-
tization in additional developing countries will help to evaluate the 
need of regional arrays for CRD.

F I G U R E  6 4 Decision algorithm 
for cockroach allergy. Please note: 
No evidence-based proof of efficacy 
or long-term safety of cockroach. 
Immunotherapy in patients with asthma is 
available. 
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B06 – Furr y animals

Marianne van Hage, Jon R Konradsen, Christiane 
Hilger

Highlights

•	 IgE to Fel d 1 is as good as IgE to cat extract for diagnosing cat 
allergy

•	 Multisensitization to dog allergen molecules is associated with 
dog allergy

1 – The allergen sources

Mammalian furry animals are an important source of indoor aller-
gens.783 They are considered as risk factors for the development of 
allergic rhinitis and asthma in the domestic and occupational envi-
ronment. Pets are present in up to 60% of European and US house-
holds, with cats and dogs being the most popular pets, followed by 
birds and small mammals. Horse riding is a favorite leisure activity 
for many people. Animal allergens are present in urine and saliva784 
(Figure 65). They stick to animal hair and dander and are dispersed 
indoors. They also adhere to human clothes and are easily trans-
ported to public places. Exposure measurement studies have shown 
their presence in schools, day-care centres, public transport and 
households of nonpet owners.785

Allergic reactions have been described upon:

•	 Inhalation by direct contact with the animal
•	 Inhalation by indirect contact in a contaminated environment
•	 Animal bite
•	 Ingestion of raw or medium cooked meat

Most sensitized patients experience allergic symptoms like 
rhinitis or asthma upon direct exposure to the animal. As animal 
allergens are easily transported by human clothes, they are ubiq-
uitous. There is evidence that exposure to cat allergens in schools 
may lead to asthma exacerbations in cat-sensitized students.786 
In classrooms with a high number of cat-owners, allergen levels 

measured are considered to be high enough to induce sensitiza-
tion to cat.787 Animal bites are also capable of provoking anaphy-
lactic reactions. Several cases of anaphylaxis upon rodent bites 
have been described in the literature.788 Anaphylaxis to cat, dog or 
horse bites does not seem common. However, anaphylaxis to bites 
from cat, horse, hamster, and laboratory animals have been re-
ported in the literature.789–791There is a market for “hypoallergenic 
pets” that are claimed to shed less allergens into their surroundings 
or are supposed to have genetic mutations making the responsible 
molecules less allergenic. However, there is no scientific evidence 
proving the existence of hypoallergenic dog, cat, cattle or horse 
breeds.792–794

Serum albumins present in meat are easily inactivated by heat, 
but they can induce symptoms in sensitized patients upon ingestion 
of raw meat such as ham or sausages.795 Horse and donkey milk have 
been reported as allergen source upon ingestion or upon application 
on the skin as an ingredient of cosmetics.796

2 – The allergen families

Although a number of furry animal allergens have been described, 
cats and dogs are the best characterized pet animals (Table 25 and 
Figure  66). Lipocalins constitute the most important allergen pro-
tein family and lipocalin allergens have been isolated for each furry 
animal477,345 (Figure 67). Lipocalins are characterized by a common 
three-dimensional structure and a low sequence identity (see chap-
ter C07). They are synthesized in salivary glands and are dispersed 
into the environment by saliva and dander. Serum albumins are 
highly cross-reactive molecules generally considered as minor aller-
gens (see chapter C04). They are abundant in saliva and dander. Fel 
d 1, the major cat allergen, is a secretoglobin expressed in salivary 
glands and skin. Two allergens that are members of the latherin pro-
tein family are known to have surfactant properties, Equ c 4 and Fel 
d 8. Can f 5, a prostatic kallikrein was isolated from urine of male 
dogs. Fel d 3 and Can f 8 belong to the cystatin A protein family. 
These allergens were isolated from skin and are detected in dander. 
The lysozymes Equ c 6 and Equ a 6 were identified as allergens in 
donkey and horse milk. Recently, Niemann pick type C (NPC2) pro-
teins have been identified in both cat and dog.257,797

F I G U R E  6 5 Animal allergen sources 
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TA B L E  2 5 Allergenic molecules from furry animals

Bos d 2  

Bos d 3  

Bos d 4 

lipocalin  

S100 calcium-binding protein A7  

alpha-lactalbumin  

 

>90- (of cow allergic patients)  

Single cases 

>90 (of cow milk allergic patients)  

20

11

14.2

Domestic cattle
Bos taurus

Allergen source Allergen Biochemical name IgE among patients (%) MW (kDa)

Bos d 5  

Bos d 6  

Bos d 7  

Bos d 8-12  

Bos d 13 

Can f 1  

Can f 2  

Can f 3  

Can f 4  

Can f 5  

Can f 6  

Can f 7  

Can f 8 

Cav p 1  

Cav p 2  

Cav p 3  

Cav p 4  

Cav p 6

Equ a 6 

Equ c 1  

Equ c 2  

Equ c 3  

Equ c 4  

Equ c 6

Fel d 1  

Fel d 2  

Fel d 3  

Fel d 4  

Fel d 5 

Fel d 6  

Fel d 7  

Fel d 8

Mes a 1

Mus m 1 

Ory c 1

Ory c 2

Ory c 3

Ory c 4

Phod s 1

Rat n 1

Sus s 1

beta-lactoglobulin  

serum albumin  

immunoglobulin  

caseins  

myosin light chain 

lipocalin  

lipocalin  

serum albumin  

lipocalin  

kallikrein  

lipocalin  

Niemann Pick type C2  

cystatin  

lipocalin  

lipocalin  

lipocalin  

serum albumin

lipocalin

lysozyme

lipocalin  

lipocalin  

serum albumin  

latherin  

lysozyme 

secretoglobin  

serum albumin  

cystatin-A  

lipocalin  

immunoglobulin A  

immunoglobulin M  

lipocalin  

latherin 

lipocalin

lipocalin

lipocalin

lipocalin

secretoglobin

lipocalin

lipocalin

lipocalin

serum albumin  

>90 (of cow milk allergic patients) 

 >90 (of cow milk allergic patients)  

IgE reactivity not reported in allergen.org  

63 (of milk-allergic children had 

IgE to Bos d 8)  

27 (of beef allergic patients)  

50-90  

22-35  

25-60  

35-59  

31-76  

56  

10-20  

10-14 

83  

62  

45  

41  

59 

single cases 

76-100  

33-62  

50  

77-100  

single cases

 >90  

14-23  

10  

63  

20-40 

not reported in allergen.org  

38  

19

single cases

>90  

>90  

75

77

46

>90 

>90 

single cases of cat allergic individuals 

18.3  

67  

160  

19-30  

21  

23-25  

19  

69  

18  

8  

27-29  

14  

14 

20  

17  

18  

66  

18

15

25  

17  

67  

17, 20.5  

15 

18  

69  

11  

22  

400  

800-1000  

17.5  

24

20.5, 24, 30

17

17-18

22

19-21

24

23

17

60

Dog
Canis familiaris

Guinea-pig
Cavia porcellus

Donkey 
Equus asinus
Domestic horse
Equus caballus 

Domestic cat
Felis domesticus

Golden hamster
Mesocricetus auratus

Siberian hamster
Phodopus sungorus

Domestic pig
Sus scrofa 

House mouse
Mus musculus

Rat
Rattus norvegicus

Rabbit
Oryctolagus cuniculus

Molecular weight (MW) is as stated on WHO/IUIS Allergen Nomenclature Sub-Committee Website, unless otherwise referenced. Prevalences are from 

www.allergen.org, reference 803 and Florin-Dan P et al. World J Methodol. 2021;11:46-60 and Torres JA et al.J Biol Chem. 2014;289(34):23382-8.
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3 – Epidemiology and geographical variation of 
allergenic molecules

Large epidemiology studies are based on skin prick test results and 
determination of specific IgE to animal dander. These studies are 
hampered by the fact that cross-reactive molecules such as serum al-
bumins are present in the extracts used and this may lead to an over-
estimation of sensitization rates to a particular animal. Furthermore, 
commercial skin prick test extracts for, e.g., dog allergy diagnosis 
have shown extensive variation in allergen composition.261

A survey of almost 13,000 German children and adolescents re-
ported sensitization rates of 9.7% to dog, 8.1% to cat and 4.4% to 
horse dander.798 Interestingly, animal sensitization prevalence raised 
from 5.7% in the age group 3-6 years to 17.2% in the 14-17 years 
old adolescents. The Swedish BAMSE study, which is an unselected 
population-based birth cohort of more than 4000 children, lately re-
ported a similar increase from 4 to 24 years, reaching 19.6% to cat, 
16.9% to dog and 9.8% to horse in young adulthood.799 Furthermore, 
an increase in sensitization to furry animals has also been reported 
among adults in two population based studies measured 15 years 
apart, where sensitization to cat increased from 16% to 26% and 
to dog from 13% to 25%.800 The GA2LEN skin test study has re-
vealed striking geographic sensitization pattern among 14 European 
countries.801 Among patients presenting at allergy centres with sus-
pected allergic reaction to inhalant allergens, prevalence to cats and 
dogs was highest in Denmark and lowest in Austria. sensitization 
to animals tended to be higher in Nordic countries, which proba-
bly depends on the fact that, e.g., cats are kept indoors in a higher 
frequency in the Northern part of Europe. Moreover, as much as 
26% of European adults coming to the clinic for suspected allergy to 
inhalant allergens are sensitized to cat and 27% to dog.802

4 – Sensitization to individual molecules and their 
clinical relevance

A number of furry animal components are now available and their 
clinical value has been addressed in several studies.803 IgE to the 
major cat allergen Fel d 1 has shown to be as good as IgE to cat ex-
tract for diagnosing cat allergy.804 Moreover, children with asthma 
due to cat have also been reported to have higher IgE antibody levels 
to Fel d 1 compared to children with rhinoconjunctivitis.804

Fel d 1 has likewise been reported to be the most common 
sensitizing cat component (8.9%) in an adult population.805 In a 
study among Swedish schoolchildren current asthma and asthma 
symptoms following contact with cats were associated with co-
sensitization to the cat lipocalin Fel d 4806. Furthermore, sensitiza-
tion to Fel d 4 and Fel d 2 has shown to be independently related to 
type-2 inflammation among young patients with asthma.807 In a lon-
gitudinal study, adults sensitized to at least one cat component (Fel 
d 1, Fel d 2 or Fel d 4), in addition to cat extract, had more bronchial 
hyperresponsiveness, higher fractional exhaled nitric oxide (FeNO) 
and were more likely to develop rhinitis and asthma compared to 
those sensitized to cat extract only.808 Moreover, IgE to Fel d 4 and 
Fel d 2 have also been associated with atopic dermatitis in children 
with cat allergy809 [32] and a single case of a cat-induced anaphy-
lactic reaction in a child sensitized exclusively to Fel d 1 has been 
reported.810

Molecular allergy diagnostics has shown to refine characteri-
zation of children sensitized dog dander. So far 6 dog allergen mol-
ecules (Can f 1 – Can f 6) are available for dog allergy diagnosis. 
Most children sensitized to dog are sensitized to more than one 
component, and co-sensitization to Can f 5 and Can f 1 or Can f 
2 has shown to be related with asthma.806 Käck U et al. found a 

F I G U R E  6 6 Molecular structures of 
animal allergens. The secretoglobin family 
is represented by Fel d 1 (1ZKR), lipocalins 
by Equ c 1 (1EW3), serum albumins by Equ 
c 3 (4F5U), cystatins by human cystatin A 
(1GD3) and latherins by Equ c 4 (3ZPM). 
In parentheses, ID numbers of the crystal 
structures are accessible in the PDB 
databank https://www.rcsb.org 
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significant association between sensitization to the lipocalins Can 
f 4 and Can f 6 as well as with an increasing number of sensitiz-
ing allergen components and clinical symptoms of dog allergy in 
children evaluated by nasal provocation with dog dander ex-
tract.811 Furthermore, multi-sensitization to allergens from furry 
animals and high IgE levels to dog lipocalins were associated with 
asthma and asthma severity.1638 However, monosensitization to 
the male dog allergen Can f 5 has been related to a negative nasal 
challenge.811 As Can f 5 is a kallikrein, monosensitization to this 
allergen has shown to be highly specific for sensitization to male 
dogs.812 Recently Schoos et al, showed that patients allergic to dog 

and monosensitized to Can f 5 tolerated a conjunctival challenge 
with female dog extract but not with male dog extract.813 Can f 5 
has been reported to be the most common sensitizing dog compo-
nent (3.6%) in an adult population.805 Up to 76% of patients with 
horse allergy are sensitized to Equ c 1.814 In an adult Swedish popu-
lation, sensitization to Equ c 1 was present in 2% and in 12% among 
patients with asthma.805

Using an allergen chip (MeDALL chip) containing several in-
dividual pet allergens, sera from nearly 800 randomly collected 
children from the BAMSE birth cohort at 4, 8 and 16 years were an-
alyzed in relation to symptoms to these animals up to 16 yrs. The 

F I G U R E  67 Known allergens of furry animals, as listed in the database of the WHO/IUIS Allergen Nomenclature Sub-Committee (www.
aller​gen.org). Proteins belonging to the lipocalin family are depicted in blue, serum albumins are shown in orange, latherins in dark green, 
immunoglobulins in light grey, cystatin in purple, secretoglobin in dark red, NPC2 in light orange, kallikrein in dark grey, and lysozyme in light 
green. 
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authors reported that IgE to Fel d 1 and Can f 1 in childhood are 
predictive markers of allergy to cat or dog, respectively, at 16 years. 
Furthermore, IgE to Can f 1 was the most important prognostic 
marker of dog allergy and superior to IgE to dog allergen extract. IgE 
to Can f 5 is to a lower extent associated with allergy to dog than IgE 
to Can f 1.312

Sensitizaton to lipocalins, which are predominantly derived from 
furry animals, has been associated with asthma in children815 and 
multiple sensitization towards lipocalins, kallikrein and sectretoglo-
bin components with increased bronchial inflammation in severe 
asthmatics.816 In addition, in children with severe asthma and al-
lergy towards furry animals, sensitization to Can f 2 (22% vs. 0%, 
p = 0.009) and Equ c 1 (51% vs. 25%, p = 0.03) was shown to be more 
common than in children with controlled asthma.817 Furthermore, 
in adults, sensitization to Fel d 1, Can f 1, Can f 2 and Can f 3 and 
polysensitization (sensitization to more than 2 components) was as-
sociated with rhinitis, asthma and asthma severity and related with 
increased FeNO and eosinophil levels.818

Although a number of small furry animal allergens have been iso-
lated, there are no epidemiological studies nor studies on the clinical 
relevance of single components.

With respect to allergen-specific IgG and IgG4, Käck et al. found 
no significant differences in IgG- or IgG4 levels to dog dander or to 
any dog allergen molecule between dog dander sensitized children 
with a positive and a negative provocation test with dog dander ex-
tract.262 They concluded that the responses rather reflected expo-
sure than tolerance to dog, in line with the study by Burnett and 
colleagues.819

Epidemiological studies have shown that the presence of animal 
allergens in the indoor environment has been associated with an in-
creased risk of developing allergic symptoms. Monitoring of aller-
gen contamination allows to determine allergen levels and to assess 
eviction strategies. Methods of dust collection and antibody-based 
allergen quantification assays allow to measure allergen levels of Fel 
d 1, Fel d 4, Can f 1, Equ c 1, Mus m 1, Ory c 3, Cav p 1 and Rat n 1 in 
settled dust, but not all are commercially available.820

5 – Clinical management

Exposure to furry animals can lead to different sensitization patterns 
with different clinical implications. A careful record of the clinical 
history such as the presence of pets at home or regular pet contact 
is of great value. Skin prick test or allergen-specific IgE using ex-
tracts from furry animals will confirm sensitization. In this context 
the dose of exposure is also of importance. As furry animals contain 
cross-reactive molecules such as serum albumins, some of the cross-
reactive lipocalins and potentially other cross-reactive molecules, 
it is important to define the primary allergenic source, especially 
if a specific immunotherapy is intended. Co-sensitization has to be 
distinguished from cross-sensitization. It is important to acknowl-
edge that IgE-cross-reactivity may not always imply clinical cross-
reactivity. If the cross-reactive IgE is against allergens with low to 

moderate degree of sequence homology, which is the case for many 
of the lipocalins, the patient may not experience symptoms to these 
allergen sources. However, if the cross-reacting lipocalin allergens 
have high sequence homology, patients may experience symptoms 
to all these allergen sources. Moreover, there are few data on symp-
toms clearly related to cross-reactive molecules as monosensitiza-
tion to these components seems to be rare.

Taken together: Fel d 1, Fel d 2, Fel d 4, Fel d 7 and, Can f 1 to Can 
f 6 are commercially available markers of cat and dog sensitization. 
Equ c 1 may cross-react with Fel d 4 and Can f 6.821 The coverage is 
rather good for cat and dog, but only two cross-reactive molecules, 
Equ c 1 and Equ c 3, are available for horse and some molecules are 
available for component-resolved diagnosis of small furry pets. Cav 
p 1 and Ory c 3 are specific markers of allergy to guinea-pig and rab-
bit.822,823 Mes a 1 and Phod s 1 are marker allergens of the golden 
and dwarf hamster, respectively.477 Not all components, however, 
are available on all platforms.

Sensitization to major cat/dog/horse allergens (e.g., Fel d 1 / Can 
f 1, Can f 5/Equ c 1) are specific markers of cat/dog/ horse sensitiza-
tion. Sensitized patients may experience symptoms from the upper 
and/or lower airways to cat/ dog/horse. IgE to Fel d 1 and Can f 1 in 
childhood have shown to be predictive markers of cat or dog allergy 
in adolescence.312 In patients with suspected horse allergy, only sen-
sitization to Equ c 1 had been found to be clinically relevant.816 Some 
lipocalins (Can f 6, Fel d 4, Equ c 1; Fel d 7 and Can f 1) share a high 
sequence identity and are markers of cross-sensitization (Table 26). 
As Can f 1 is also a primary marker of dog allergy, the decision algo-
rithms in chapter C07 may be helpful. See also Figure 68 for clinical 
algorithm. The newly identified cat allergen, NPC2, has shown to 
have high cross-reactivity to Can f 7.257

Cross-reactive animal allergens with high sequence homology 
are, e.g., serum albumins. Serum albumins are involved in pork-cat 
syndrome, where sensitization to cat serum albumin represents the 
primary event in the development of cross-reactive IgE.795 For fur-
ther information, please see chapter C04 on Serum albumins.

Other domestic animals
Bovine allergens are important inducers of occupational allergic 

airway diseases in cattle-exposed farmers. The European Farmers' 
Project Study Group has determined that the prevalence of work-
related respiratory symptoms was 21.8% among cattle farmers. The 

TA B L E  2 6 Cross-reactive allergen from furry animals

moderate risk of cross-reactivity 

high risk of cross-reactivity with 

other serum albumins

moderate risk of cross-reactivity 

with some lipocalins

moderate risk of cross-reactivity

high risk of cross-reactivity

Can f 1, Fel d 7

Can f 3, Fel d 2, 

Equ c 3, Sus s 1

Can f 6, Fel d 4, 

Equ c 1, Cav p 6, 

Mus m 1

Can f 8, Fel d 3

Equ c 6, Equ a 6

Allergen Degree of cross-reactivity
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main sources of bovine allergens are cow hair and dander, but al-
lergens are also found in urine, saliva, milk, and beef. Early inves-
tigations of bovine dander extracts have identified 17 different 
antigenic components. Three of these, having molecular weights 
of 24, 22 and 20 kDa, have been characterized as major allergens. 
Subsequent studies have shown that the 20-kDa protein, designated 
as Bos d 2, is the most important allergen in cow allergen extracts 
and belongs to the lipocalin family of proteins (see chapter C07). 
ELISA are available to quantify Bos d 2 or cow hair proteins824 in the 
air and dust samples to monitor the allergen load in occupational and 
home environment.

Clinical diagnosis
1. Skin prick test (SPT):
Commercial cat extract can be used, but dog extract has shown 

marked variations between companies in their content of major dog 

allergens.261 There are no data available on the usefulness of horse 
extract.

2. IgE-Testing:
Total IgE has no added value in this context. Testing of single 

components will allow to determine the primary sensitization source 
(Figure  68). Different sensitization patterns are discussed in the 
chapters C07 on Lipocalins and C04 Serum albumins.

3. Challenge tests
Nasal provocation testing using natural extracts is feasible in 

complicated cases and this option may be particularly relevant in 
patients sensitized to several dog allergen molecules811. Challenge 
tests using natural cat extracts are usually not needed but may be 
indicated in selected cases such as polysensitization or when discor-
dances are observed between skin tests and IgE results. Challenge 
tests using a cat challenge chamber are only performed in clinical 

F I G U R E  6 8 Diagnostic algorithms for cat, dog, and horse allergy 
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trials to evaluate efficacy of new molecules used for immunotherapy 
or pharmacological treatment.

4. Advices and avoidance
A - If the patient experiences asthma symptoms at exposure to 

dog or cat even after proper medication the patient should be in-
formed that such direct and continuous exposure may have detri-
mental effects on health.

B - If the patient experiences asthma at indirect exposure to cat 
or dog despite symptomatic treatment, allergen-specific immuno-
therapy is recommended.

5. Pharmacotherapy
Symptomatic treatment as required.
6. Allergen-specific immunotherapy (AIT)
Allergen-specific immunotherapy with extracts from cat yield 

better clinical results than those from dog. The higher complexity 
of dog allergy sensitization patterns, the lack of preparations with 
an adequate balance of major allergens is likely to explain this di-
vergence.261,825,826 AIT for cat or dog is recommended if the patient 
experiences asthma at indirect exposure to cat or dog despite symp-
tomatic treatment.

6 – Clinical cases

Case 1 (original): Dog allergy
Clinical history: A 17 year-old-boy, diagnosed with asthma, and 

symptoms triggered following exposure to some but not all dogs. He 
had no symptoms of rhinitis.

Test with extract: Specific IgE to dog dander was positive 
(12 kU/L).

Test with molecules: Specific IgE was analysed against Can f 1-6 
and only IgE to Can f 5 was positive (7.0 kU/L).

Nasal challenge with dog dander extract: The patient did not de-
velop symptoms.

Conclusion: As the patients was IgE positive to the male kallikrein 
Can f 5, it may be possible that the patient tolerates female dogs but 
develop symptoms upon exposure to male dogs.

Case 2 (original): Dog allergy
Clinical history: A 16 year-old-boy, diagnosed with rhinitis and 

asthma. He develops symptoms of rhinitis but no symptoms of 
asthma upon exposure to dog. His family wants to get a dog.

Test with extract: Specific IgE to dog dander was positive (9 kU/L).
Test with molecules: Specific IgE was analysed against Can f 1-6 

and was positive to Can f 1 (5.3 kU/L), Can f 4 (0.5 kU/L) and Can f 
6 (0.8 kU/L).

Nasal challenge with dog dander extract: The patient developed 
symptoms.

Conclusion: As the patient is sensitized to three dog allergens his 
asthma will probably worsen if the family gets a dog.

Case 3 (theoretical): Cat allergy
Clinical history: A female, 25 years old, experiencing asthma symp-

toms to cat at indirect exposure, e.g., when travelling by public transport 
or visiting public places. The patient is investigated for AIT against cat.

Test with extract: Specific IgE to cat dander was positive (15 kU/L).
Test with molecules: Specific IgE was analysed against Fel d 1, Fel 

d 2, Fel d 4 and Fel d 7 and only IgE to Fel d 1 (12 kU/L) was positive.
Conclusion: As the patient is sensitized to Fel d 1, which is the 

major allergen in cat extract, she will most likely benefit from AIT 
with cat extract.

7 – Research and future perspectives

Molecular allergy testing in furry animal allergy is still to be con-
sidered as a complement to extract based testing. More knowledge 
regarding sensitization patterns associated with severe respiratory 
symptoms and the impact of polysensitization are needed. With 
respect to treatment, sensitization profiles that are likely to be as-
sociated with a positive outcome of AIT are lacking. Furthermore, 
studies revealing whether molecular allergy testing can be used to 
monitor the effect of AIT are required. This issue is further compli-
cated by the fact that allergen extracts used for AIT vary in their 
content of allergens and more clinical studies are needed for evalu-
ating AIT to dog and horse. AIT for small furry animals is still lacking.

The most important allergen molecules from furry animals are 
available and they may have a role in improving AIT for furry ani-
mal allergy by developing patient-tailored treatment. A vision would 
be to aim for mixtures of allergen molecules matching the patients' 
profiles. However, clinical studies testing whether AIT with furry al-
lergen molecules will improve symptoms, efficacy, safety and quality 
of life are warranted.

A new approach for treating allergy to furry animals is to reduce 
the secretion of immunologically active allergens from the pet. This 
was demonstrated for Fel d 1 in a study by Satyaraj et al.827 where 
introduction of anti-Fel d 1 immunoglobulin Y in cat food reduced 
secretion of the immunologically active Fel d 1 and lowered Fel d 1 
levels in the environment.
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B07 – Al lerg y to moulds

Sabine Kespohl and Monika Raulf

Highlights

•	 Of the huge variety of moulds worldwide, only few species can be 
tested.

•	 The mould species with greatest clinical relevance are: Alternaria 
alternata and Cladosporium herbarum (outdoor); Aspergillus fu-
migatus and Penicillium chrysogenum (indoor).

•	 Moulds are ubiquitous, but in contrast to spores in the air, the 
sensitization rate to mould is relatively low.

•	 Guidelines recommended diagnostic tools are skin prick tests and 
serological IgE measurement.

•	 A mould mix may be recommended as serological screening tool.
•	 Compentent-resolved mould allergen diagnosis is available for Alt 

a 1, Alt a 6, Cla h 8, Asp f 1 - 4 and Asp f 6.
•	 Component-resolved diagnosis is useful to verify allergic broncho-
pulmonary aspergillosis (ABPA) and also for patients sensitized to 
Alternaria alternata before starting specific immunotherapy (SIT).

1 – The source

The predicted number of fungal species varies from 0.6 – 1 million 
worldwide.828 In principle, IgE-mediated sensitization can occur 
against any fungal species. Fungi reproduce by spores, which are air-
borne spreading units, usually between 2 and 100 μm in diameter, 
which is small enough to infiltrate lungs and alveoli. The concentra-
tion of spores in the air depends on the temperature and humidity. 
The highest concentration of mould spores in outdoor air occurs in 
northern Europe from June to October and in southern Europe from 
May to August.829 But climate changes can increase total atmospheric 
mould by mean of longer spore season with possibly quantitatively 
higher spore releases. Furthermore, extreme weather conditions such 
as frequent storms, extreme rainfalls and increased flooding in many 
aereas of the world contribute to the increased growth and spread of 
moulds and spores. This applies both to outdoor mould, which often 
gets into indoor areas due to strong winds, and to the problem of pro-
longed dampness in buildings due to water damage, resulting in sig-
nificantly increased occurrence of indoor mould.830 Besides spores, 
fragments of mycelial filaments (0.2 - 10 μm) are also airborne allergen 
carriers and can occur in even greater amounts than spores. In real life 

patients are exposed to both spores and hyphae. Several studies have 
shown that spores and hyphal fragments are liberated from natural 
occurring mould cultures and became airborne.831 It was shown that 
particular mould allergens, Asp f 1832 and Alt a 1 were detected in 
spores.833,834 But other allergens like Alt a 8, a mannitol dehydroge-
nase, were exclusively localized in vacuole-like compartments of the 
hyphae.834 Fungal source material, used for preparation of diagnostic 
test solution, e.g., for skin prick tests, was shown to consist of a spore 
and hyphal material mixture.

According to medical mycology, fungi are divided into: dermato-
phytes, yeasts and moulds. Dermatophytes, which cause dermato-
phytosis on the horny layer of the skin, hair and nails. Unlike other 
skin fungi, they can feed on keratin (keratinase). Yeasts, on the other 
hand, are unicellular, spherical fungi that reproduce by budding. The 
most common diseases are candidiasis (Candida species) or infec-
tions / type IV allergy of the skin caused by Malassesia. By contrast, 
moulds often trigger respiratory problems in the form of an allergic 
type I (IgE-mediated) immune reaction, or an allergic type III / IV 
reaction as hypersensitivity pneumonitis. In immuno-compromised 
individuals, moulds, especially thermotolerant species such as 
Aspergillus fumigatus, can also grow in the lungs (mycosis / aspergil-
losis). The rate of sensitization to moulds in the general population 
is below 5%, which is significantly lower compared to those of other 
environmental allergens like pollen, animal allergens or mites shown 
in Table 27. Sensitization to fungi is more common when individuals 
already have allergic sensitization or suffer from asthma. In partic-
ular, Aspergillus fumigatus seemed to be important in patients with 
severe asthma with fungal sensitization (SAFS).835

2 – Allergen families and allergic molecules

Altogether, there are currently 113 fungal allergens listed in the of-
ficial WHO/IUIS database allergens originating from 30 fungal spe-
cies (www.aller​gen.org; 10/2021). From these 106 allergens could 
be found in 42 allergen families. The AllFam database of allergen 
families (http://www.medun​iwien.ac.at/allfa​m/) summarizes com-
mon phylogenic, structural and functional properties of allergens. 
In the following table fungal allergens are grouped according to their 
biological function, molecular weight, way of exposure, sensitization 
rates of single allergens. sensitization rates have been summarized 
as minor allergen (< 50% sensitization in study group) or major al-
lergens (> 50% sensitization in study group) (Table 28) modified and 
updated from836.

TA B L E  2 7 Prevalence of mould sensitization among different population groups (modified from 836)

General populationMoulds Asthmatic groupPatient group with allergic symptoms

Alternaria

Aspergillus

Cladosporium 

Penicillium

3-4%1231; 5%1624                             8-10%801; 3%1627; 9-12%1626                                 22%835; 6%1627  

2-3%1231; 3%1624                             4-5%801; 3%1627; 7-10%1626                                   45%835; 11%1627  

1-2%1231; 2%1624;                            4-6%801; 2%1627; 8-10%1626                                   24%835; 4%1627  

5%1624 ; 8%1625                                13-29%1626                                                                       29%835 
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TA B L E  2 8 Major and minor relevant allergen molecules from fungi

Alt a 15

Asp f 5

Asp f 10

Asp f 13

Asp f 18

Asp n 18

Asp o 13

Asp v 13

Cla c 9

Cla h 9

Cur l 1

Cur l 4

Epi p 1

Fus p 9

Pen b 13

Pen ch 13

Pen ch 18

Pen c 13

Pen o 18

Rho m 2

Tri r 2

Tri r 4

Tri t 4

Alt a 5

Alt a 12

Asp f 8

Asp f 23

Cla h 5

Cla h 12

Fus c 1

Pen b 26

Pen cr 26

Serine protease

Alkaline serine protease

Metalloprotease

Aspartate protease

Alkaline serine protease

Vacuolar serine protease

Vacuolar serine protease

Alkaline serine protease

Extracellular alkaline serine protease

Vacuolar serine protease

Vacuolar serine protease

Serine protease

Subtilisin like serine protease

Serine protease

Vacuolar serine protease

Alkaline serine protease

Alkaline serine protease

Vacuolar serine protease

Alkaline serine protease

Vacuolar serine protease

vacuolar serine protease

Putative secreted alkaline protease Alp1

Serine protease

Serine protease

Ribosomal protein P2

Acid ribosomal protein P1

Ribosomal protein P2

L3 ribosomal protein

Acid ribosomal protein P2

Acid ribosomal protein P1

Ribosomal protein P2

Acidic ribosomal prot. P1

60S acidic ribosomal phosphoprotein P1

Alternaria alternata

Aspergillus fumigatus

Aspergillus niger

Aspergillus oryzae 

Aspergillus versicolor

Cladosporium cladosporioides

Cladosporium herbarum

Curvularia lunata

Epicoccum purpurascens

Fusarium proliferatum

Penicillium brevicompactum

Penicillium chrysogenum

Penicillium citrinum

Penicillium oxalicum

Rhodotorula mucilaginosa

Trichophyton rubrum

Trichophyton tonsurans

Alternaria alternata

Aspergillus fumigatus

Cladosporium herbarum

Fusarium culmorum

Penicillium brevicompactum

Penicillium crustosum

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Mould

Yeast

Dermatophyt

Dermatophyt

Mould

Mould

Mould

Mould

Mould

Mould

58 kDa

34 kDa

40 kDa

34 kDa

34 kDa

34 kDa

34 kDa

34 kDa

43 kDa

36 kDa

45 kDa

31 kDa

54 kDa

30 kDa

36.5 kDa

33 kDa

34 kDa

32 kDa

33 kDa

34 kDa

31 kDa

29 kDa

85 kDa

83 kDa

11 kDa

11 kDa

11 kDa

44 kDa

11 kDa

11 kDa

11 kDa

11 kDa

11 kDa

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Contact

Contact

Contact

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Minor allergen

Major allergen

Major allergen (ABPA)

Minor allergen (ABPA)

 -

Major allergen (asthma)

 -

Major allergen (asthma)

Minor allergen

Major allergen

Minor allergen

Major allergen

Major allergen

Minor allergen

Major allergen

Major allergen (asthma)

Major allergen (asthma)

Major allergen (asthma)

 -

Major allergen (asthma)

Major allergen

Minor allergen

 -

Major allergen

Minor allergen

 -

 -

 -

Minor allergen

 -

Minor allergen

 -

Minor allergen

Type of proteinAllergenMedical 
mycology

Species MW 
(SDS-PAGE)

Exposure

Proteases (Serin proteases*) n=24

Ribosomal proteins (P1* and P2*) n=9

Asp f 11

Asp f 27

Asp t 36

Mala s 6

Psi c 2

Rhi o 2

Peptidyl-prolyl cis-trans isomerase 

(Cyclophilin)

Peptidyl-prolyl cis-trans isomerase 

(Cyclophilin)

Triosephosphate isomerase (TIM)

Peptidyl-prolyl cis-trans isomerase 

(Cyclophilin)

Peptidyl-prolyl cis-trans isomerase 

(Cyclophilin)

Peptidyl-prolyl cis-trans isomerase 

(Cyclophilin)

Aspergillus fumigatus

Aspergillus terreus

Malassezia sympodialis

Psilocybe cubensis 

Rhizopus oryzae

Mould

Mould

Dermatophyt

Mushroom

Mould 

24 kDa

18 kDa

28 kDa

17 kDa

16 kDa

18 kDa

Airway

Airway

Airway

Contact

Airway

Airway

Major allergen

Major allergen

Minor allergen

Minor allergen

Major allergen

Major allergen

Isomerases (Cyclophillins*) n=6

ABPA: allergic bronchalpulmonary asperillosis; *cross-reactive pan allergen families according to [1629]
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Alt a 6

Asp f 22

Cla h 6

Cur l 2

Pen c 22

Rho m 1

Alt a 8

Alt a 10

Cand a 1

Cla h 8

Cla h 10

Mala f 4

Asp f 3

Cand a 3

Cand b 2

Pen c 3

Mala f 2

Mala f 3

Mala s 5

Alt a 4

Asp f 28

Asp f 29

Fus c 2

Cop c 2

Mala s 13

Alt a 3

Asp f 12

Pen c 19

Mala s 10

Alt a 14

Asp f 6

Mala s 11

Cla c 14

Fus p 4

Pen ch 35

Alt a 7

Cla h 7

Enolase

Enolase

Enolase

Enolase

Enolase

Enolase

Mannitol dehydrogenase

Aldehyde dehydrogenase

Alcohol dehydrogenase

Mannitol dehydrogenase

Aldehyde dehydrogenase

Mitochondrial malate dehydrogenase

Peroxysomal protein (Redoxin)

Peroxysomal protein (DJ-1/Pfpl family)

Peroxisomal membrane protein A (Redoxin)

Peroxysomal membrane protein (Redoxin)

Peroxysomal membrane protein (Redoxin)

Peroxysomal membrane protein (Redoxin)

Peroxysomal membrane protein (Redoxin)

(Thioredoxin)

Thioredoxin

Thioredoxin

Thioredoxin-like protein

Thioredoxin

Thioredoxin

Heat shock protein 70

Heat shock protein P90

Heat shock protein P70

Heat shock protein 70

Manganese superoxide dismutase

Mn superoxide dismutase

manganese superoxide dismutase

Transaldolase

Transaldolase

Transaldolase

YCP4 protein

YCP4 protein

Alternaria alternata

Aspergillus fumigatus

Cladosporium herbarum

Curvularia lunata

Penicillium citrinum

Rhodotorula mucilaginosa

Alternaria alternata

Candida albicans

Cladosporium herbarum 

Malassezia furfur 

Aspergillus fumigatus 

Candida albicans

Candida boidinii 

Penicillium citrinum

Malassezia furfur

Malassezia sympodialis

Alternaria alternata

Aspergillus fumigatus

Fusarium culmorum

Coprinus comatus

Malassezia sympodialis

Alternaria alternata

Aspergillus fumigatus

Penicillium citrinum

Malassezia sympodialis

Alternaria alternata

Aspergillus fumigatus 

Malassezia sympodialis

Cladosporium cladosporioides

Fusarium proliferatum

Penicillium chrysogenum

Alternaria alternata

Cladosporium herbarum

Mould

Mould

Mould

Mould

Mould

Yeast

Mould

Yeast

Mould

Dermatophyt

Mould

Yeast

Yeast

Mould

Dermatophyt

Dermatophyt

Mould

Mould

Mould

Mushroom

Dermatophyt

Mould

Mould

Mould

Dermatophyt

Mould

Mould

Dermatophyt

Mould

Mould

Mould

Mould

Mould

45 kDa

46 kDa

46 kDa

48 kda

46 kDa

47 kDa

29 kDa

53 kDa

40 kDa

28 kDa

53 kDa

35 kDa

19 kDa

20 kDa

20 kDa

18 kDa

21 kDa

20 kDa

18 kDa

57 kDa

13 kDa

13 kDa

13 kDa

12 kDa

13 kDa

70 kDa

90 kDa

70 kDa

86 kDa

24 kDa

26.5 kDa

23 kDa

36.5 kDa

37.5 kDa

36.5 kDa

22 kDa

22 kDa

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Airway

Contact

Airway

Airway

Airway

Airway

Contact

Contact

Contact

Airway

Airway

Airway

Airway

Airway

Contact

Airway

Airway

Airway

Contact

Airway

Airway

Contact

Airway

Airway

Airway

Airway

Airway

Minor allergen

Minor allergen

Minor allergen

 -

Minor allergen

Minor allergen

Minor allergen

Minor allergen

Major allergen (asthma)

Minor allergen

Minor allergen

Major allergen

Major allergen

 -

 -

Minor allergen

Major allergen

Major allergen

Minor allergen

Minor allergen

Minor allergen (ABPA)

Major allergen (ABPA)

Major allergen

 -

Major allergen

Minor allergen

Minor allergen (ABPA)

Minor allergen

Major allergen

 -

Major allergen (ABPA)

Major allergen

Minor allergen

Minor allergen

 -

Minor allergen

Minor allergen

 

Enolases* n=6

Dehydrogenases n=6

Peroxisomal protein (Redoxin*) n=6

Thioredoxins* n=6

Heat shock proteins* n=4

Mn Superoxid dismutases* n=3

Transaldolases n=3

YCP (Flavodoxin) n=2

Alt a 1

Ulo c 1

acidic glycoprotein

Alt a 1 homologue

Alt a 1 family n=2

Alternaria alternata

Ulocladium chartarum

Mould

Mould

15.3/16.4 kDa

17 kDa

Airway

Airway

major allergen

major allergen

Alt a 1 family n=2
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Fungal allergens can be distinguished from other allergen 
sources, like pollen or animal dander, by typical protein families, 
particularly by subtilisin-like serine proteases.9 These subtilisin-
like serin proteases are characterized mostly as major allergens, 
that means more than 50% of mould sensitized subjects had spe-
cific IgE to these serine-protease allergens.837–839 Unfortunately, 
these allergens are currently not available for diagnostic pur-
poses, therefore their clinical relevance could not be investigated 
in clinical trials or patient collectives. Cross-reactions were de-
scribed for alkaline as well as for vacuolar serine proteases (group 
13 and 18 allergens of Asp f, Asp fl, Pen b, Pen c, Pen ch and 
Pen o) based on positive sIgE in 20 to 80% of mould-sensitized 
subjects.840,841

Another fungal specific cross-reactive allergen family belongs to 
60S acidic ribsomal proteins. For Fus c 1 sensitization prevalence 
of 35% was measured in Fusarium-allergic subjects.840,841 It was 
further shown that the mycoprotein (Quorn) produced for human 
consumption by continuous fermentation of Fusarium venenatum 
on glucose substrate could induce IgE-mediated gastrointestinal 

reaction 1-4 hs after ingestion.842 In this clinical case the 60S acidic 
ribosomal protein P2 of F. venantum was probably the reason.

The term fungal isomerases summarized five peptidyl-prolyl-
cis-trans isomerase (cyclophilin) and one triosephosphate isomerase 
(TIM) as allergens. Protein family of cyclophilin were identified as 
allergens in mould and pollen. Mould Asp f 11 was ascertained as the 
major allergen (90% sensitization rates in Aspergillus sensitized sub-
jects and Mala s 6 induced sensitization rates between 21 and 25% 
in patients with atopic dermatitis841 {Twaroch, 2015 #1434}. The 
first fungal TIM was identified as allergen in Aspergillus terreus as Asp 
t 36 inducing allergic rhinitis and asthma in sensitized patients.843 
TIM is highly conserved and a common allergen of sea food and mite 
allergy. Clinical relevance of fungal TIM has to be determined.

The Allfam enolase protein family comprised currently 12 aller-
gens, of which six were identified in mould, four in fish, one in latex 
and one in chicken (Figure 69). Cross-reactions are described among 
enolase, Alt a 6, Cla h 6 and Hev b 9,844 as well as among Asp f 22, 
Pen c 22 and Alt a 6. Sensitization prevalence to fungal enolases was 
about 14 – 30% (minor allergen) in mould-sensitized subjects.840,841

F I G U R E  6 9 Ribbon diagram of commercially available mould allergens from EMBL-EBI Protein Data Bank in Europe (www.ebi.ac.uk/
pdbe) showing (A) Homo dimer of Alt a 1 from Alternaria alternata (pdbe-No: 3v0r); (B) Homo dimer of enolase of Aspergillus fumigatus 
(pdbe-No: 7rhv); (C) Homo tetramer of NADP-dependent mannitol dehydrogenase from Cladosporium herbarum (Cla h 8) (pdbe-No: 3gdf); 
(D) homo dimer of peroxiredoxin of Aspergillus fumigatus (Asp f 3) (pdbe-No: 5j9b); (E) Homo tetramer of MnSOD of Aspergillus fumigatus 
(Asp f 6) (pdbe-No: 1KKC). * not classified as AF031 allergen family but with biochemical function of beta-enolase according to WHO/IUIS 
database; ** not listed in Allfam 
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Fungal dehydrogenase were characterized as allergens cover-
ing four different allergen families and cross-reactivity was shown 
among mannitol dehydrogenases from Cladosporium herbarum Cla 
h 8 and Alt a 8.845,846 The sensitization rate against mould dehydro-
genases was between 41 and 57% in mould-sensitized subjects.841

Peroxisomal membrane proteins belong to the redoxin allergen 
family (Figure 69) and were exclusively found in fungi. Cross-reactive 
epitopes were described for Asp f 3 and peroxisomal membrane pro-
tein in Candida boidinii.847 In particular, Asp f 3 demonstrated high sIgE-
binding potential of 49 - 72% in Aspergillus-sensitized subjects841 and 
is useful for diagnostic differentiation between asthma and ABPA in 
Aspergillus-sensitized subjects. Five out of eight allergens character-
ized as thioredoxins are derived from moulds. About 50% of patients 
allergic to Fusarium had specific IgE against thioredoxin Fus c 2.841 
Another cross-reactive fungal allergen family comprised heat shock 
proteins (HSP 70) with Alt a 3 (5% sensitization (www.aller​gen.org)) 
and Pen c 19 (41% sensitization) in mould-sensitized subjects.840

Highly conserved protein structure is also found in manganese 
superoxide dismutases (MnSOD) with confirmed cross-reactivity 
between Asp f 6 and Alt a 1840 (Figure 69). MnSOD from Aspergillus 
fumigatus, Asp f 6, is also useful for diagnostic differentiation be-
tween asthma and ABPA in Aspergillus-sensitized subjects.

Three fungal transaldolase allergens have been identified exclu-
sively in mould species. IgE cross-reactivity of Cla c 14 and Pen ch 
35848 as well as Fus p 4 and Cla h 14849 has been shown. A possi-
ble contribution of transaldolase to allergic disorders has been dis-
cussed due to its homology to human autoantigens.848,849

Mould allergens Alt a 7 and Cla h 7 belong to the flavodoxin pro-
tein family840 but had only minor sIgE-binding potency of 7 – 22% 
in mould-sensitized patients (www.aller​gen.org). Alt a 1, the major 
allergen of Alternaria alternata with a sensitization prevalence of 
more than 90% is one of the most clinically relevant fungal aller-
gens.840,850 Alt a 1 consists of two subunits of a unique, dimeric 
β-barrel structure.852 and a new allergen family with unknown func-
tion, but exclusively occurrence in fungi was introduced in AllFam 
list, as Alt a 1 family (Figure 69).

Among clinically important A. fumigatus single allergens Asp f 1 
is a major allergen in patients suffering from ABPA (80 - 85%) as well 
as in A. fumigatus sensitized asthmatics (50 - 84.5%).853–855 Asp f 1 is 

related to ribotoxins, which are known to inhibit protein translation 
and are highly toxic for humans and effectiveness of this allergen in 
diagnosis and therapy is still controversial.840 The protein family was 
not structurally classified by Allfam until now and cross-reaction to 
other allergens were not published. Asp f 2 has been described as 
major allergen in ABPA patients (87 - 100%)840,856 and was classified 
as metalloprotease M35 family AF211. However, there are no other 
allergens listed in this allergen family. Regarding Asp f 4, there was 
no classification to any allergen family, but in patients with cystic 
fibrosis or ABPA, Asp f 4 is a major allergen with about 80%.840

3 – Sensitization to individual molecules and their 
clinical relevance

The clinical availability of both skin prick tests and serological tools 
for IgE-mediated mould allergy diagnosis are continuously reduc-
ing, and standardization of mould extract is still difficult.857,858 The 
comparison of mould test solutions from different manufacturers 
showed a heterogeneous protein content, despite being prepared 
from supposedly identical allergen sources.858 This might be one 
reason for the discrepancy between skin prick test results and se-
rologic IgE determinations. The concordance between skin tests 
and serological tests can be less than 30% depending on the mould 
species,835,1383 and skin tests were more sensitive compared with 
serological IgE-diagnosis. Therefore, molecular allergy diagnosis 
with recombinant mould allergens can offer valuable results. Using 
component-based serological tests rAlt a 1 and rAsp f 1, 2, 3, 4, 6 
to measure serological sensitization to Aspergillus fumigatus and 
Alternaria alternata, 80% of extract-based serological senitization 
were covered.869 Even though numerous fungal allergens have been 
identified, there are currently only eight single mould allergens com-
mercially available for testing as shown in (Figure 70).

IgE to rAlt a 1 (available as single allergen and on multiplex plat-
form) was measured in patients with sensitization to Alternaria alter-
nata in 47% with atopic dermatitis and up to 98% in patients with 
allergic asthma.841,849,859 IgE-mediated sensitizations to Alternaria 
can be detected by testing rAlt a 1, which makes this single allergen 
valuable for standardization of test extracts.835,840,850,869 Among 

F I G U R E  7 0 Electron-microscopic image of mould species with commercially available single allergens 
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Alternaria alternata sensitized patients (92% reported allergic rhi-
nitis and 64.2% asthma) Alt a 1 sensitization occurred significantly 
more frequently in children (69.8%) than in adults (30.2%) as shown 
in a recent Spanish study.860 Sensitization to Alt a 1 is closely as-
sociated with asthma and increased asthma medication.55,841 The 
protein structure of Alt a 1 (Figure  69) is formed as a dimer of 
acidic glycoprotein without known biochemical function, with a 
unique butterfly-like dimer protein structure, which was exclusively 
found among mould proteins.852 Cross-reactive structures of Alt a 
1-homologues were identified in other Pleosporaceae genera like 
Ulocladium but not in mould genera such as Aspergillus, Penicillium, 
or Cladosporium. A clinical trial of Alt a 1 specific immunotherapy 
was recently published,861 showing efficacy and safety of the applied 
subcutaneous immunotherapy, particularly with higher dose of Alt a 
1. A comparison of this newly introduced component-based Alt a 1 
SIT with extract-based Alternaria alternata SIT has to be evaluated.

IgE to Alt a 6 (available as allergen on multiplex platform) be-
long to enolase family and is a minor allergen in Alternaria alternata-
sensitized patients with sensitization rates between 20 and 30%.862 
There are currently six fungal enolases (5 mould, 1 yeast, Figure 69) 
sharing sequence identity of 72 –  94% and IgE-binding epitopes 
were shown to be highly conserved and cross-reactive.862 Enolases 
were identified further as allergens in animals (food) and plants 
(pollen and natural rubber latex) as shown in (Figure 69). Based on 
the known sequence homology, and conserve IgE-binding epitopes 
cross-reactions between these allergens are likely.862 To date, IgE-
cross-reactions were shown by inhibition studies for rHev b 9, rAlt a 
6 and rCla h 6.840 IgE to Cla h 8 (available as allergen on a multiplex 
platform) is a short-chain dehydrogenase (Figure 69), with sensitiza-
tion prevalence of 57.1% among Cladosporium herbarum-sensitized 
subjects.841 Cross-reactions to other members of the short chain 
dehydrogenase family was described for Alt a 8 from Alternaria 
alternata.840

IgE to Asp f 1, 2, 3, 4, 6 (available as single allergens and multi-
plex platform ) are valuable tools in differential diagnosis of ABPA 
in asthmatics with Aspergillus fumigatus sensitization854-856,863 (see 
clinical case864 below). Diagnostic criteria of ABPA in patients with 
asthma are still based on Rosenberg-Patterson criteria,865 which 
are applied until today with small modifications.855 The diagnosis of 
ABPA can be made if six out of eight main criteria are given. One 
of these main ABPA diagnosis criteria is sIgE-binding to Aspergillus 
fumigatus and previous studies showed sIgE to Asp f 2 plus Asp f 4 
plus Asp f 6 occurred more frequently in patients with ABPA than 
in asthmatic.854,866 A more recent meta-analysis863 investigating 
Asp f recombinant allergens in 26 studies (including 1694 patients) 
revealed that IgE to Asp f 1 or Asp f 3 had the highest sensitivity 
(96.7% in asthmatics and 93.3% cystic fibrosis (CF)—patients) to dif-
ferentiate ABPA among these patients, but Asp f 4 or Asp f 6 had 
the highest specificity with 99% in asthmatics versus Asp f 6 alone 
with 98% in CF-patients. It is therefore not trivial to designate one 
specific Asp f allergen or a combination pattern of Asp f single aller-
gens as diagnostic markers for ABPA. What has almost always been 
shown, however, is that sIgE to recombinant Asp f allergens were 

detected significantly more often and withhigher concentrations in 
patients with ABPA.

Regarding type I allergy diagnosis a typical major allergen, com-
parable to Alt a 1 in Alternaria alternata, is missing in Aspergillus 
fumigatus, as well as in all other mould species. Recombinant Asp 
f allergens can be grouped into secreted allergens comprising Asp f 
1 and Asp f 3 and nonsecreted allergens (Asp f 4 and Asp f 6).863 In 
a study869 investigating single Aspergillus fumigatus components in 
Aspergillus-sensitized patients with and without asthma most fre-
quently sIgE to rAsp f 1 with 53% and rAsp f 3 with 47% were mea-
sured, followed by rAsp f 2 and rAsp f 4 with 26% and rAsp f 6 with 
16% in all sensitized subjects. There was no significant difference in 
sIgE sensitization to single rAsp f components depending on asthma, 
sIgE to rAsp f 1 / rAsp f 3 was measured in 46% / 46% of asthmatic 
and 67% / 50% of nonasthmatic Aspergillus sensitized patients. 
Frequency of sIgE to rAsp f 2, Asp f 4 and Asp f 6 were 15 – 31% 
in asthmatics and 17% in nonasthmatics comparable. These results 
correspond with the previously described compartments of Asp f 1 
and Asp f 3 as secretory proteins with high IgE-binding frequency 
compared with Asp f 2, Asp f 4 and Asp f 6 as intracellular proteins 
with lower IgE-binding frequency.

4 – Clinical management

For clarification of a mould-associated respiratory allergy anamne-
sis, prick testing or serological IgE determination are recommended 
according to the diagnostic allergy algorithm (Figure 71). Since more 
and more mould test solutions are being withdrawn from the mar-
ket,867 serological IgE determination is almost the only test tool 
available, although it is often less sensitive than skin prick tests.1383 
In principle any mould can cause IgE sensitization and the exact de-
termination of mould exposure is not possible in most cases. In vitro 
testing of a mould mixture (mx1) consisting of Alternaria alternata, 
Cladosporium herbarum, Aspergillus fumigatus and Pencillium chry-
sogenum was shown to be sufficient to detect IgE reactions to all the 
contained individual mould species.868,1383 If mould-associated IgE is 
measurable, a possible exposure should be verified anamnestically 
(indoor versus outdoor) and possible co-sensitizations such as grass 
pollen or house dust mites, which represent overlapping allergen ex-
posures, must be investigated (Figure 71).

5 – Clinical Cases

The presented case report was recently published by.864

Patient history
A 55 year old man reported rhinitis and cough with viscous se-

cretion over two month and occasional discrete shortness of breath 
and mucus plug secretion associated with cough in 2010. Tree pollen 
allergy with seasonal rhino-conjunctivitis in March - April and oral 
allergy syndrome to Rosaceae fruits (e.g. apple) has been known for 
many years but had improved during last years. The patient had a 
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good general condition and was neither obviously exposed to dust 
or mould nor to pets.

Clinical examination
The clinical examination in 2010 showed apically attenuated 

breath sounds on auscultation in both lungs with otherwise normal 
findings. Lung function showed a borderline obstructive disorder 
with normal vital capacity, but fractionated FeNO was significantly 
elevated at 95 ppb, indicating a Th-2 asthma bronchiale.

SPT
In 2010 strong skin reactions were shown in prick test to birch 

and ash pollen, as well as to the moulds Aspergillus fumigatus and 
Alternaria alternata and a weak reaction to house dust mites.

In-vitro testing
Serologically, a massively increased total IgE (> 6000 kU/L) 

was measured, as well as strongly increased sIgE concentrations 
to Aspergillus fumigatus (78.5 kU/L, CAP class 5) and Alternaria 
alternata (100 kU/L, CAP class 6). Additionally, high sIgG concen-
tration on Aspergillus fumigatus in the sense of a type III allergic 
reaction, as well as an eosinophilia, were indicative of a possible 
ABPA. Serological testing for the components rAsp f 2 (11.1 kU/L, 

CAP class 3), rAsp f 4 (0.53 kU/L, CAP class 1) and rAsp f 6 (0.40 
kU/L, CAP class 1) underlined the suspicion of ABPA.

Diagnosis
According to the Rosenberg-Patterson diagnostic criteria,865 five 

major and two minor criteria were present and the criteria of the 
International Society for Human and Animal Mycology (ISHAM)855 
were also fulfilled, therefore the diagnosis of ABPA was made.

Disease progression
After a long stable course under inhaled asthma therapy and a 

steady decrease in total IgE and sIgE to Aspergillus fumigatus, clinical 
worsening occurred in 2014 and 2015 with significant increases of 
total IgE and sIgE to Aspergillus fumigatus and the components rAsp 
f 2, rAsp f 4 and rAsp f 6. The relapses were ameliorated by systemic 
steroid administration for several weeks, and no further attacks oc-
curred during the last four years under inhaled asthma therapy. A 
chest CT performed in May 2016 did not reveal bronchiectasis.864

Diagnostic tools
The importance of sIgE to Asp f 2, 4 and 6 in the diagnosis of 

ABPA in both asthma and cystic fibrosis (CF) patients, as described 
initially,866 and calculation of a recent meta-analysis863 showed 

F I G U R E  7 1 Decision algorithm for patients with clinical history of mould associated respiratory allergy; Mould mix (mx1): Aspergillus 
fumigatus, Penicillium chrysogenum, Cladosporium herbarum, Alternaria alternata; D recommendation according to 145; *recommendation 
according to 1397 **optional, a cut-off IgE to Asp f 1 > 4.47 kU/L; b cut-off IgE to Asp f 2 > 1.3 kU/L; c cut-off total IgE > 417 IU/ml according to 
856, SBS: sick building syndrome; MMIS: mucous-membrane irritation syndrome, ODTS: organic dust doxic syndrome (endotoxin, mycotoxins)
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that ABPA diagnose specificity based on sIgE ≥ 0.35 kU/L for Asp 
f 4 plus Asp f 6 was 99.2%. A further study from India856 was able 
to show that Asp f 1 (≥ 4.4 kU/L) and Asp f 2 (≥ 1.3 kU/L) are valu-
able tools to differentiate between Aspergillus fumigatus-sensitive 
asthmatics and asthmatic patients with ABPA with a sensitivity of 
100% and a specificity of 81%. Thus, in the future, sIgE to Asp f 1 
and Asp f 2 in combination with total IgE can prevail instead of sIgE 
to Aspergillus fumigatus extract. To confirm the ABPA diagnosis, 
sIgE against Asp f 4 and Asp f 6 could be measured. However, the 
transfer of results obtained with the serological parameters (Asp 
f 1 and Asp f 2) to European patient collectives still needs to be 
verified. As general recommendation for patients with asthma or 
cystic fibrosis determination of total IgE is useful to avoid over-
looking ABPA.864

6 – Research and future perspectives

Due to the difficult production and standardization of mould aller-
gen extracts, it is highly demanded to improve mould allergy diagno-
sis using single allergen components.

In the future, subtilisin-like proteases and other mould typical 
cross-reactive allergen families could be helpful in molecular allergy 
diagnosis of moulds.

Especially diagnostic evaluation of single Asp f allergens for dif-
ferentiation between asthma and ABPA should be verified for more 
ethnic groups of patients.
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B08 – Microbial  a l lergens /antigens

Carole Guillet, Rebecca Czolk, Philipp Bosshard, Peter 
Schmid-Grendelmeier, Annette Kuehn

Highlights

•	 Malassezia species are commensals of the normal skin flora and are 
part of the skin microbiome.

•	 Sensitization to Malassezia species allergens can frequently be 
found in head and neck type atopic dermatitis.

•	 Fourteen allergens from 3 Malassezia species have been charac-
terized to date.

•	 The skin microbiome, especially Malassezia spp and Staphylococcus 
aureus, can be a target in AD therapy.

•	 The impact of commensal microbiomes on allergies and other bar-
rier diseases is a rapidly growing research field.

1 – Introduction

The skin is a complex ecosystem harboring diverse and site-
specific microbial communities referred to as the skin microbiome. 
Phylogenetic profiling of the skin microbiome of healthy individu-
als revealed that bacteria are predominant at most body sites.870 
Additionally, fungi—also referred to as skin mycobiome—play an 
essential part in these microbial communities. They account for 1% 
to 22% of the phylogenetic composition of the skin microbiome. In 
healthy skin, the fungal flora almost exclusively harbors Malassezia 
species (spp.).870

Studies suggest a significant role of the skin microbiome in the 
development and progression of atopic dermatitis (AD).871,872 AD is 
a chronic inflammatory skin disease characterized by eczematous le-
sions, pruritus, and a chronic/ relapsing history of symptoms.872,873 
Its prevalence has increased over the last decades affecting 15-30% 
of children and 10% of adults.873,874 Several factors such as an im-
paired barrier function of the skin, altered skin immune system, and 
skin microbial dysbiosis contribute to the development of AD.874,875 
Cutaneous yeasts can trigger or aggravate inflammation of the skin 
in AD. Especially in patients with head and neck type AD, a common 
subtype, IgE specific to Malassezia antigens, can be found.875,876 This 
can be explained by an increased sebaceous gland activity in this 
area.875,876

Malassezia spp. specific IgE levels were identified as a marker for 
the severity of AD876,877 and in AD patients with elevated specific 
IgE to Malassezia allergens, antifungal treatments can be benefi-
cial.877,878 In the following sections, we will discuss the importance 
of the skin microbiota in AD and review the possible interactions 
between microbial allergens and the immune system in atopic skin. 
We will focus on fungal allergens, but we will also briefly discuss the 
role of allergens from bacteria.

2 – The allergen sources

Malassezia is a genus of lipophilic yeasts and belonging to the phy-
lum of Basidiomycota. Of currently 14 known species, nine can be 
isolated from human skin and five from animal skin (Table 29).878,879 
Zoonotic transmission of M. pachydermatis, for example, from dogs 
to neonates by dog owning health care workers is possible.879,880

Malassezia spp. lack genes for synthesizing fatty acids and are 
therefore dependent on an exogenous fatty acid source, such as 
skin lipids, to meet their nutritional needs.880,881 M. globosa and M. 
restricta are the two predominant species found on healthy human 
skin and different body sites.882,883,884 A geographical variation in 
distribution patterns of Malassezia species owing to climatic factors 
was found in several studies. In Japan, M. furfur was the most fre-
quent species, and in Canada, Russia, and Sweden, M. sympodialis was 
the most common.883,884 Furthermore, a study from Switzerland and 
Tanzania recently showed that Swiss AD patients living in Switzerland 
are quite frequently sensitized to Malassezia spp.—whereas patients 
from patients with AD living in Tanzania are rarely sensitized to it. 
This finding suggests that there may also be significant ethnic differ-
ences between Malassezia sensitization.884,885 Several studies have 
compared the colonization of different Malassezia spp. in healthy and 
AD skin, though no consistent difference was found.883,884

3 – Allergen families

Currently, 14 different Malassezia allergens are characterized, and 
all of them are produced by three Malassezia species, namely M. fur-
fur, M. sympodialis, and M. globosa (Figure 72). The function of some 
Malassezia spp. allergens are known.

M. furfur allergens Mala f 2 and Mala f 3 are peroxysomal mem-
brane proteins, and Mala f 4 is a mitochondrial malate dehydroge-
nase. The functions of M. sympodialis allergens are known for Mala s 
6, s 10, s 11, s 12, and s 13. Mala s 6 is a cyclophilin, and Mala s 13 is 
a thioredoxin—both being potential pan-allergens. The crystal struc-
ture of some of these allergens has been resolved (Figure 73).885,886

4 – Allergenic molecules (epidemiology incl. 
geography and function)

Thirteen Malassezia allergens, all of which are produced by M. 
furfur or M. sympodialis, are listed in the official allergen nomen-
clature list of the International Union of Immunological Societies 
(IUIS, www.aller​gen.org). Two Malassezia allergens have raised 
special attention, namely Mala s 11 and Mala s 13. Mala s 11 is 
50% homologous in its amino acid sequence with human manga-
nese superoxide dismutase (MnSOD)888 and 56% homologous to 
the MnSOD from Aspergillus fumigatus (rAsp f 6). On the Compare 
Database (https://compa​redat​abase.org) cross-reactivity to other 
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MnSODs such as Hev b 10 and Alt b 14 is below 50% and thus 
cross-reactivity should not be expected. Mala s 13 is a thioredoxin 
and has a 45% sequence identity with human thioredoxins and can 
thus also lead to cross-reactivity and autoreactivity in patients 
suffering from AD.871,887,889 Furthermore, the allergen MGL_1304 
derived from M. globosa was shown to induce mast cell degranula-
tion and trigger the release of IL-4 in basophils. Elevated levels of 

IgE against this allergen in sweat were detected in AD patients and 
patients suffering from cholinergic urticaria.890 Crystal structures 
are given in (Figure 73).

5 – Sensitization to individual molecules and their 
clinical relevance

As Malassezia spp. are part of the normal skin flora, specific IgG and 
IgM antibodies to Malassezia spp. can regularly be found in non-
atopic human patients.881 However, healthy individuals usually do 
not have detectable levels of Malassezia-specific IgE antibodies.

By contrast, 30-80% of adult AD patients are sensitized to 
Malassezia spp. as demonstrated by positive atopy patch tests, skin 
prick tests (SPT), or detectable serum levels of specific IgE antibod-
ies.892,893 Malassezia-specific IgE is found in 5 - 27% of children and 29 
- 65% of adults with AD, consistent with the rates found by SPT.876,877 
The lower frequency of Malassezia sensitization in children com-
pared with adults could be related to the poor growing conditions for 
Malassezia spp. in children. The lipid content of sebum, a prerequisite 
for skin colonization for most Malassezia spp., is low in children but 
rises during puberty.894 Accordingly, sensitization to Malassezia spp. 
seems to occur preferably in adulthood, and therefore later than the 
sensitization to food allergens and aeroallergens, which frequently 
occurs during childhood.877 The sensitization rate against particu-
lar allergens from Malassezia spp. is shown in the Online Repository 
Table 29. The currently proposed role of Malassezia allergens in the 
pathogenesis of AD is depicted in (Figure 74).

TA B L E  2 9 Currently identified Malassezia species

M. caprae  

M. cuniculi  

M. dermatis  

M. equina  

M. furfur  

M. globosa  

  

species
Degree of 
cross-reactivity

Isolated 
from Animal

Description 
as species (year)

x

x

x

x

x

x

x

x

2007  

2011  

2002  

2007  

1889  

1996    

M. japonica  

M. nana  

M. obtusa  

  sitamredyhcap .M

M. restricta   

M. sympodialis 

 M. yamatoensis  

x

x

x

x

x

x

x

x

x

x

2003

2004  

1996  

1925  

1996  

1996  

1990  

2004  

Malassezia

F I G U R E  7 2 14 known Malassezia 
allergens from three Malassezia 
species 
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6 – Clinical relevance of sensitization

An elevated skin pH as in AD leads to an increase in release 
of Malassezia spp. allergen. These allergens can consecutively 

penetrate the skin barrier, which is disturbed in atopic skin. Allergens 
are recognized by dendritic cells and keratinocytes via Toll-like re-
ceptor II. This stimulates the release of pro-inflammatory cytokines 
and induces the production of IgE antibodies. Autoreactive T cells 

F I G U R E  7 3 (A) Crystal structure of 
Mala s 13. Image from the RCSB PDB 
(rcsb.org) of PDB ID 2J23.886. Image 
created with Mol*.891 (B) Crystal structure 
of Mala s 6. Image from the RCSB PDB 
(rcsb.org) of PDB ID 2CFE.887 Image 
created with Mol*.891 

F I G U R E  74 Proposed mechanisms of Malassezia spp. allergen-induced skin inflammation in atopic dermatitis (AD) 
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cross-react between fungal and human manganese-dependent su-
peroxide dismutase (Mala s 11) or thioredoxin (Mala s 13), hence sus-
taining skin inflammation.

The interaction between Malassezia and the skin immune sys-
tem contributes to the inflammation typical of AD. M. sympodialis 
produces higher amounts of the allergen Mala s 12 when cultured 
under high pH conditions reflecting the higher pH of atopic dermati-
tis compared with normal skin. This might contribute to Malassezia-
related skin inflammation in AD.895

7 – Clinical management

Diagnosis
The diagnosis of Malassezia-associated AD is based on the 

clinical picture. It may be supported by a positive type I aller-
gic reaction to Malassezia spp, measured by a positive skin prick 
test, or by measuring Malassezia-specific serum IgE with a com-
mercially available standardized assay (the ImmunoCAP Specific 
IgE test m227) based upon three different Malassezia species.876 
Furthermore, a recently developed multiplex IgE macroassay 
(MacroArray Diagnostics GmbH, Vienna, Austria) is available, in-
cluding the allergens Mala s 5, 6, and 11. Based on its sequence 
homology,Asp f 6 shows high cross-reactivity with Mala s 11 and 
can be measured additionally. Total IgE measurements can allow 
to determine the sensitization attributable to the whole extract, 
e.g., it can be expressed as a ration or percentage; it also gives 
hints on the reduced sensitivity of specific gE in very low amounts 
of total IgE (<25 kU/l). Atopy patch testing has shown varying re-
sults. Some studies have shown no correlation between IgE and 
atopy patch test for Malassezia. By contrast, others have found 
a positive atopy patch test in 41% of patients with head and neck 
dermatitis and 30% in AD patients without head and neck involve-
ment.876,892,896 Culturing Malassezia spp. from the skin is not com-
monly used in the routine clinical care of AD patients.

Treatment
The benefit of topical or systemic antifungal treatment for clin-

ical improvement of AD is controversial. Azole antifungals are the 
most commonly prescribed class of antifungals for AD patients. 
Azole antifungals show inhibitory effects against Malassezia spp 
in vitro.894,897

Based on our anecdotal experience in routine clinical practice, 
topical application of ketoconazole to the face of patients with head-
and-neck-type AD often improves eczema.

Several randomized, placebo-controlled trials have investigated 
the effect of systemic antifungal treatment on AD. Some have 
shown a significant difference in reduction of AD severity in patients 
treated with oral ketoconazole vs. placebo or oral itraconazole vs. 
placebo.898,899 However, the relevance of these results to routine 
clinical practice remains to be demonstrated.

8 – Clinical case900

Clinical history
A 37-year-old patient presented with severe head and neck 

type atopic dermatitis (EASI score: 43). Since childhood, the patient 
had suffered from AD. The eczema flare-ups occurred mainly after 
physical exertion and heavy sweating. Other trigger factors, such as 
seasonal factors or the consumption of certain foods, were nega-
tive. Previous therapies included topical emollients, topical steroids, 
phototherapy for three months, and the use of cyclosporine for one 
month (intolerance due to severe headache).

Test with extracts and molecules
Skin prick tests with the most common seasonal and year-round 

inhaled allergens were negative. Serum levels of total IgE (523 kU/L; 
norm < 100 kU/L) and specific IgE against Malassezia spp. (m227) 
(53.2 kU/L; norm < 0.35 kU/L) and rAsp f 6 (22.4 kU/l; norm < 0.35 
kU/L) were markedly elevated while, IgE against rAsp f1 and rAsp f4 
were not elevated.

Patch testing showed positive reactions to Malassezia spp. ex-
tract (+++), as well as to the isoforms of manganese superoxide dis-
mutase (MnSOD) from Aspergillus fumigatus, rAsp f 6, (+++), and 
humans (++). (Table 30)

Conclusion
These findings are consistent with a marked sensitization to fun-

gal allergens (MnSOD) and their human homologues. Treatment with 
a peroral antifungal (itraconazole 100 mg 2× daily for two weeks) in 
addition to emollients and topical steroids was initiated resulting in 
rapid but transient improvement of his AD. Currently, the patient 
uses topical antifungals on his face and neck and an antifungal sham-
poo every four to six weeks, which has resulted in a marked improve-
ment in eczema and a decrease in the frequency of AD flare-ups.

TA B L E  3 0 Test results

Total IgE  

Inhalant allergen screening (sx1)  

Food Screening (fx5)  Malassezia 

spp (m227)  Aspergillus 

fumigatus (m3)  

rAsp f 6 (m222)  

rAsp f 1 (m218)   

rAsp f 4 (m221)  

Mold mix (mx2)    

Malassezia spp. Extract  Fungal 

MnSOD (r-Asp f 6)  Human 

MnSOD  

Serum IgE InterpratationValue [KU/L]

523.0  

0.2  

0.3  

53.2  

12.4  

22.4  

0.2  

0.3  

24.1 

+++  

++++  

++  

Elevated  

CAP-Class 

0  CAP-Class 

0  CAP-Class 

5  CAP-Class 

3  CAP-Class 

4  CAP-Class 

0  CAP-Class 0  

CAP-Class 4        

Highly positive  

Highly positive  

Positive  

Patch testing (assessment after 48 hours)
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Suggested serological investigations in patients with confirmed 
atopic eczema and suggested analyses in patients with suspicion of 
AD are shown in Figure 75.

9 – Research and future perspectives

Atopic Dermatitis: skin microbial agents and their role Singleplex 
assays currently used in the diagnosis do not provide component-
resolved analysis based on Malassezia allergens: Complementary to 
the usual skin prick and extract tests, allergen-specific IgE might give 
an outlook on disease prognosis and severity, as said earlier. Even 
though molecular diagnostic tools are not yet well established in rou-
tine use, as a perspective, they might even become a helpful marker for 
disease endotypes. Widespread clinical use of allergen-based assays 

will contribute to the elucidation of these connections. Malassezia 
spp. do not overgrow in AD patients, giving rise to the question how 
Malassezia becomes a sensitizing agent specifically in AD.883 From a 
mouse model it seems that Malassezia spp may have important regula-
tory function in AD by inducing IL-17 and related cytokines.899

Another hypothesis is that a disturbed skin barrier leads to an al-
tered interplay between fungal and bacterial communities, triggering 
allergic sensitization. Staphylococcus aureus, one of the main bacteria 
in the skin microbiome, more frequently colonizes lesional (70%) and 
nonlesional skin (39%) of AD patients than the skin of healthy in-
dividuals (10%). Staphylococcus aureus enterotoxins are the primary 
source for sensitization. 33% of AD patients have specific IgE against 
enterotoxin A (SEA), and 35% against enterotoxin B (SEB), with lower 
sensitization numbers for other SEs. Sensitization to S. aureus aller-
gens correlates with the severity of AD. Other bacterial strains, such 

F I G U R E  75 Diagnostic algorithm in suspected atopic dermatitis and suggested serological investigations in patients with confirmed 
atopic eczema. Abbreviations: PFT Pulmonary Function Test. Reference: 873 
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as Corynebacterium and the Proteobacteria, have been associated 
with AD severity; however, no IgE-reactive proteins could be identi-
fied so far.901 Further research is needed to understand the interplay 
between fungal and bacterial skin microbiome components, to illu-
minate different possible cause and effect mechanisms of antigen–
immune interactions on the skin.

Asthma: disrupted barriers and pathogen interactions Other 
barriers between host and microbiome are also the scene of allergic 
reactions, such as the respiratory tract in allergic asthma or rhinitis. 
In the lungs, fungal and bacterial antigens appear implicated in ag-
gravating allergy symptoms. Fungal allergens from

Aspergillus, Cladosporium, Penicillium, and Alternaria have been 
shown to play a significant role in asthma (see additionally chapter 
B07). The IgE-reactive S. aureus proteins involved in AD are also of 
importance in asthmatic lungs. Approximately 25% of asthma pa-
tients present with SEB-sIgE and 15% were sensitized to SEA. Other 
bacterial proteins, mostly from strains associated with lung infec-
tions, also seem to elicit an allergic response. Chlamydia pneumoniae's 
cysteine-rich membrane protein A (CrpA), major outer membrane 
protein (MOMP), lectin-binding proteins (LBPs), chlamydial heat 
shock protein 60 (HSP60), and lipopolysaccharide (LPS) were identi-
fied to bind specific IgE. For Haemophilus influenzae, IgE is bound to 
the outer membrane proteins P4 and P6 and the surface protein C 
(PspC) of Streptococcus pneumonia. The presence of Moraxella in the 
lungs early in life has also been associated with increased asthma 
risk, although the mechanism and reactive structures are not known 
yet.902 So far, known IgE reactive bacterial antigens are not classi-
fied as named allergens and therefore not yet available for diagnos-
tic purposes, although the field is evolving rapidly. Measurement of 
IgG against bacteria may be useful in the diagnostic workup of other 

immune-mediated diseases, such as hypersensitivity pneumonitis; 
however, this is beyond the scope of this article.

Food allergy: intestinal microbiome and immune modulation 
The intestinal tract is one of the body's most significant barriers be-
tween the host, a complex microbial community, and foreign agents, 
such as food. The commensal microbiome has been associated with 
beneficial immune modulation, but a disturbance in the cross-talk 
between microbes and host may have the opposite effect. This field 
of research is ever-expanding and has established connections be-
tween the corruption of host barriers and allergy. Primary sensitiza-
tion to peanuts through the skin, S. aureus colonialization of the skin 
as a driver for food allergy, or gut microbial dysbiosis in asthmatic 
children have been reported.

A disrupted and dysfunctional intestinal barrier appears to be 
relevant in the pathogenesis of food allergy.903 An increase of IgE+-
B-cells in patients with peanut allergy gives even credence to the 
thought of tissue-specific effects in allergic disease.904 This seems 
to be accompanied by dysbiosis, showing a pattern of over- or un-
derrepresentation of bacterial strains to be food allergy-specific.903 
Fecal bacteria turned out to be a target for IgE binding, leading to 
the question of the role of the microbiome in eliciting allergic re-
sponses.903 The concept of bacteria mimicking disease-related tar-
gets has recently been demonstrated in celiac disease, a chronic 
autoimmune disorder.905 Overall, disruptions in the delicate balance 
between host immune system, barrier integrity, and microbiome 
seem to have an influence on disease development, as well as pro-
gression and severity.907 More research will be needed to identify di-
agnostically relevant antigen structures on commensal bacteria and 
fungi to verify their IgE reactivity and biomarker capacity.

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  155 of 386DRAMBURG et al.

B09 – Edible insects

Kitty C. M. Verhoeckx, André C. Knulst

Highlights

•	 Clinically relevant cross-reactivity between mealworm and 
shrimp has been found.

•	 Primary sensitization to insects (mealworms) is possible.
•	 Important allergenic proteins are tropomyosin and arginine kinase 
(cross-reactivity).

•	 Currently good diagnostic tools for insect food allergy are missing.
•	 In case of unclear clinical history and serology, food challenges 

are necessary to confirm the diagnosis.

1 – The allergen sources

With an increasing world population and demand for sustain-
able food sources, insects are a promising alternative source of 
protein.907 Almost 2000 insect species are consumed globally 
by approximately two billion people.908 Insects are consumed in 
Asia, Latin America, and Africa. Entomophagy is not yet common 
practice in Europe and North America (FAO, 2013). Nevertheless, 
people already unknowingly ingest approximately 500 g of in-
sect traces per year.910 The top eight most frequently consumed 
insect orders are Coleoptera (beetles), Lepidoptera (caterpil-
lars), Hymenoptera (ants, wasps, and bees), Orthoptera (locusts, 
grasshoppers, and crickets), Hemiptera (leafhoppers, plant hop-
pers, cicadas, scale insects, and true bugs), Odonata (dragonflies), 
Isoptera (termites), and Dyptera (flies).

Because insects were not frequently eaten in Europe before May 
1997, they are classified as novel food by the EU Commission.911 
Recently the EU Commission approved the introduction of the 
yellow mealworm (Tenebrio molitor) on the food market.912 Insects 
such as the yellow mealworm consist mainly of protein, fat and 
fibre and are proposed to be consumed as a whole, dried insect or 
in the form of powder, added to various products such as energy 
bars, pasta, and biscuits. Information on adverse reactions after 
eating insects is scarce, they are sporadically reported in case re-
ports. The prevalence of food allergy to insects was only described 
in three population studies. In Laos a prevalence of 7.6% was found 
under entomophagists consuming insects,913 in China 18% of re-
ported cases of anaphylaxis to food was related to the ingestion of 
insects914 and in Korea 3.1% of food allergic patients were allergic 
to silkworm.915 More information can be found on allergic reac-
tions caused by insect sting bites or inhalant allergies due to insect 
exposure, e.g., to cockroach. For information on these allergies we 
refer to other chapters (B05, B20, and B21).

2 – Allergen families

According to the simplified phylogenic tree (Figure 76) insects are 
part of the Arthropoda phylum and closely related to Crustacea 
(shrimp and lobster) and to the subclass Acari (house dust mite), 
which are (food) allergenic sources. They contain the well-known in-
vertebrate pan-allergens tropomyosin and arginine kinase.916

Tropomyosin belongs to the tropomyosin family and has been 
identified as a major allergen in house dust mite (Der p 10), crus-
taceans (Pen m 1), moths (Bomb m 3), and cockroach (Bla g 7) but 
also in herring worm Anisakis simplex (Ani s 3) and common round-
worm Ascaris lumbricoides (Asc l 3) (see also chapters B04, B05, B12, 
B13, C05). Until now 39 tropomyosins have been registered, 27 as 
food allergen, 11 as airway allergen and one as injection allergen, 
according to the WHO/ IUIS allergen nomenclature subcommittee. 
Tropomyosin typically consists of two parallel alpha-helical tropomy-
osin molecules that are wound around each other forming a coiled-
coil dimer and are characterized by high amino acid (AA)-sequence 
identity (Figure 77).334 Arginine kinase, belongs to the ATP guanido 
phosphotransferase family, and is an enzyme present in insects and 
crustaceans. According to the WHO-IUIS allergen nomenclature 
committee until now 13 arginine kinases have been registered as 
allergens, 7 food allergens (crab (Cal b 2, Scy p 2 ), shrimp (Pen m 
2, Cra c 2, Lit v 2), crayfish (Pro c 2), silk moth (Bomb m 1), 6 airway 
allergens (cockroach (Bla g 9, Per a 9), house dust mite (Der p 20, Der 
f 20), Indian meal moth (Plo l 1), and storage mite (Tyr p 20). Arginine 
kinases have a highly conserved amino acid sequence among various 
invertebrate species that are characterized by a β-sheet domain sur-
rounded by α-helices.917 No 3D structure of insect arginine kinase is 
currently available.

3 – Allergenic molecules (epidemiology including 
geography and function)

In UniProt many isoforms of tropomyosin (7566 entries) and arginine 
kinase (8754 entries) can be found. Of these, officially only silkworm 
(Bombyx mori) arginine kinase (Bomb m 1) and tropomyosin (Bomb m 
3) are recognized by the WHO-IUIS (www.aller​gen.org) database as 
an insect food allergen.

Mealworms (Tenebrio molitor) were recently authorized by the 
European Commission as (novel) food for humans. IgE binding to 
many different proteins from mealworm was described, namely: 
tropomyosin, arginine kinase, paramyosin, chitinase, troponin 
C, myosin light and heavy chain, hexamerin, α-amylase, trypsin-
like proteinase, cockroach-like allergen and larval cuticle pro-
tein. These proteins were identified using immunoprecipitation 
with serum from shrimp and mealworm allergic patients and LC-
MS918,919 (Figure 78).
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Allergenic proteins where also reported for locust (Patanga 
succincta): arginine kinase, enolase, GAPDH, hexamerin and pyru-
vate kinase920; for cricket: arginine kinase, hexamerin-like protein 
2, tropomyosin921–924 and for Indian meal moth: arginine kinase.755 
Table 31 only lists allergenic proteins where information on preva-
lence of IgE binding was previously reported.

Below the different putative allergens are briefly described. 
Tropomyosin is a muscle protein that, together with myosin and 
actin, is involved in muscle contraction.

Arginine kinase is an enzyme present in insects and crustaceans 
and contributes to cellular homeostasis by catalysing the transfer of 
phosphate between ATP and arginine.925

Other putative allergenic proteins in silkworms are paramy-
osin, chitinase926 and a 27-kDa glycoprotein.927 Paramyosin is a 
myosin filament-related protein found in the striated muscle of 
invertebrates, which plays an important role in the process of my-
osin filament assembly and mainly acts as a major muscle com-
ponent in invertebrates. Paramyosin belongs to the paramyosin 
family. Paramyosin is known as an inhalation allergen in mites (Blo 
t 11, Der f 11, and Der p 11) and as a food allergen in Veined rapa 
whelk, Rapana venosa, a sea snail (Rap v 2) and Anisakis simplex 
(Ani s 2).

Chitinase belongs to the chitinase family (family 18 of glyco-
side hydrolases (GH18) and is a component of the exoskeletal of 

F I G U R E  76 Simplified representation of the phylogenetic relationship between insects, mites, and crustaceans 
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arthropods. Chitinase is a hydrolytic enzyme that breaks down gly-
cosidic bonds in chitin.928 Allergenic chitinase (inhalant and food) 
can be found in mites (e.g., Der p 15) and in cockroach (Bla g 12 and 
Per a 12), fruits such as bananas (Mus a 2), pomegranate (Pun g 14) 
and avocado (Pers a 1) (see chapter B15).

Troponin C belongs to the troponin C family and is the calcium-
sensing component of the troponin complex that can attach to 
and detach from tropomyosin. Troponin C is involved in muscle 

contraction.929 Troponin C is also recognized as a food allergen in 
shrimp (Cra c 6 and Pen m 6). Myosin light and heavy chain belonging 
to the myosin family, are part of the sarcomeric units in muscle tis-
sue. Myosin is involved in muscle contraction.929 Myosin light chain 
is also recognized as a food allergen in various shrimp species (Art fr 
5, Cra c 5, Lit v 3, and Pen m 3).

Hexamerin belongs to the tyrosinase family, closely related to 
arthropod hemocyanins, is present in insect haemolymph as a stor-
age protein and sometimes has a transporter function. In addition, 
hexamerin is incorporated in the cuticle and possibly involved in hu-
moral immune defence.930 Alpha-amylase belongs to the glycoside 
hydrolase 13 (GH13) family and serves as a key digestive enzyme 
in most insects. Alpha-amylase hydrolyses starch into simple sugar 
units, which provides energy for survival and the development of 
insects.931 Allergenic α-amylases can be found in mites (Der p 4, Der 
f 4), cockroach (Bla g 1, Per a 11), all inhalation allergens and as food 
allergens in barley (Hor v 16).

Trypsin like proteinase belongs to the proteases of the mixed 
nucleophile, superfamily A and is involved in protein digestion. 
Allergenic trypsin is mostly found in mites (Blo t 3, Der f 3, and 
Der p 3) as an inhalant allergen. Cockroach like allergen is a nitrile-
specifier protein with a detoxifying function localized in the midgut 

F I G U R E  7 7 3D structure of tropomyosin from Bombyx mori 
(Q1HPU0 (TPM1_BOMMO), Q1HPU0 | SWISS-MODEL Repository 
(expasy.org) 

F I G U R E  7 8 Allergen components from silkworm and mealworm. The same colour is used for related proteins. 

TA B L E  3 1 Relevant insect allergens *unpublished data

Bomb m 1

Bomb m 3

NA

NA

NA

Arginine Kinase

Tropomyosin

Arginine Kinase

Tropomyosin

LCP AIA

100% (n=10)1705 [doi:10.1159/000210375]

53.3% (n=15)1706 [doi:10.3892/mmr.2017.6373]

23.1% (n=13)*

76.9% (n=13)*

100% (n=2)915

42

38

27

34

18

Silkworm
Bombyx mori
Mealworm
Tenebrio melitor

Species Allergenic molecule Protein family Frequency of IgE MW (kDa)
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microvillar part of the insect. The cockroach allergen-like protein can 
only be found in the yellow mealworm (Tenebrio molitor). Larval cuti-
cle protein (family unknown) is a mealworm specific protein, having 
a conserved domain in arthropod cuticles known as R&R consensus 
and binds chitin. The chitin-binding complex links the soft internal 
tissue to the exoskeleton of the larvae.918

4 – Sensitization to individual molecules and their 
clinical relevance

Cross-reactivity/co-sensitization was assessed for mealworm, 
cricket, grasshopper, black soldier fly, moth, locust, termite, and 
cockroach with serum obtained from crustacean and/or house dust 
mite (HDM) allergic patients. The pan-allergens arginine kinase and 
tropomyosin were frequently involved in insect cross-reactivity be-
tween different insect species and crustaceans (e.g., shrimp) because 
tropomyosins and arginine kinases from different species are highly 
homologous (> 70% sequence identity) (Figure  79). The sequence 
identity of other allergenic proteins from insects (e.g., paramyosin, 
chitinase) ranges from 35 to 90%.933 Unfortunately, the clinical rel-
evance of this cross-reactivity has not been investigated.933

Only one study with 15 shrimp allergic patients showed clinically 
relevant co-sensitization of mealworm in 13 patients in a double-
blind placebo-controlled food challenge (DBPCFC). All 15 patients 
were sensitized to mealworm extract (basophil activation test (BAT), 
the ImmunoCAP Specific IgE test and Western blot).934

Ten mealworm allergic patients had IgE against tropomyosin and 
3 against arginine kinase (Table 31). These 15 patients had also sIgE 

against House cricket, Giant mealworm, Lesser mealworm, African 
grasshopper, Large wax moth and Black soldier fly and this sIgE was 
able to activate basophils. Tropomyosin and arginine kinase were 
the most dominant allergens responsible for cross-reactivity be-
tween shrimp and the tested insects, but cross-reactivity to other 
allergens could not be excluded. It is most likely that shrimp allergic 
patients will react to various edible insects, but the clinical relevance 
needs to be further assessed.935 Primary sensitization to edible in-
sects (mealworm) was demonstrated in two studies, within a total 
of 6 subjects, that all worked in a facility that reared or processed 
mealworms, which suggests exposure different from ingestion (e.g., 
inhalation or skin contact) and might have played a role in the onset 
of primary mealworm allergy as well.

Two employees, who worked in the production of yellow meal-
worm flour, complained after repetitive exposure to mealworm (rhi-
noconjunctivitis, itching and contact erythema) when entering the 
rearing room. Both subjects were used to eat edible insects such 
as wax moth, crickets and black soldier fly without any complaints. 
They experienced oral allergy syndrome (OAS) the first time eating a 
hamburger containing mealworms. Both patients refused to undergo 
a provocation test. The skin prick test for inhalant and food allergens 
were negative except for grass in subject 1 and Alternaria in subject 
2. Specific IgE was found for mealworm extract but was negative for 
HDM and shrimp. The results indicate a primary food allergy to meal-
worm. The cockroach allergen like protein, early-staged encapsula-
tion protein and troponin C were identified as responsible proteins.936

Another study showed that two mealworm breeders became 
food allergic to mealworm after repeated ingestion and exposure 
to mealworm (DBPCFC proven mealworm allergy) while two other 

F I G U R E  7 9 Cross-reactivity of tropomyosin (TM) and arginine kinase (AK) between different allergenic sources (Solid line=tropomyosin; 
dashed line=arginine kinase) 
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mealworm breeders only experienced complaints when working in 
the rearing facility. The mealworm food allergic breeders had higher 
sIgE to mealworm, consumed larger amounts of mealworm (~50 g), 
and were exposed for a longer period (7-9 years) than the two with 
respiratory allergy (~1 g mealworm and 2-5 years of exposure). This 
might suggest that occupational exposure for a longer period of time 
and/or oral exposure with high doses are required to develop a food 
allergy to mealworm. The mealworm allergic breeders were not al-
lergic to shrimp (the open challenge was negative) or any other food, 
which suggested a primary food allergy to mealworm. The culprit al-
lergens were the larval cuticle proteins A1A, A2B, and A3A.918 The 
serum of the 4 mealworm allergic breeders had only sIgE against some 
of the tested insects (House cricket, Giant mealworm, Lesser meal-
worm, African grasshopper, Large wax moth, and Black soldier fly) 
and basophils' activation was not seen for all insects. This might sug-
gest that primary mealworm allergy is not indicative of insect allergy 
and suggests the possibility of species-specific insect allergy when 
primarily sensitized to insect-specific proteins.935 This is confirmed 
by the fact that the mealworm allergic workers were able to eat wax 
moth, crickets and black soldier fly without any complaints.936

Insects intended for food formulations are necessarily subjected 
to postharvest processing, e.g., blanching, pasteurization, and ster-
ilization to ensure their microbiological safety. It is well known that 
heat processing could affect the allergenic potency of proteins. 
Unfortunately, there is limited information concerning the effects of 
processing on the allergenicity of insects. Most studies investigated 
the effect on IgE binding, and the results are contradictory, possibly 
due to solubility issues.933,937 Furthermore, the impact of treatment 
on the IgE-binding capacity does not necessarily correlate with clin-
ical symptoms. One study investigated the effect of thermal pro-
cessing of mealworms on IgE-binding capacity and IgE cross-linking 
(basophil activation and skin prick test) and showed that process-
ing did not lower IgE binding and functionality of mealworm aller-
gens.938 Another study showed that both, thermal processing and 
hydrolysis using food grade enzymes of locust proteins abrogated 
the functionality of locust allergens in a skin prick test (n=5).939

5 – Clinical management

Diagnosis of insect food allergy is not routinely performed, because 
insects are seldom eaten in Europe and North America and diagnos-
tic tests are not available yet.

The diagnosis of food allergy to insects has to start with a careful 
clinical history, followed by a prick-to-prick test or skin tests with 
commercial extracts (not yet available) and/or sIgE tests. Many in-
sects can cross-react with shrimp/shellfish, so that it is advisable to 
include these in the evaluation (Figure 80).

In addition, sera can be tested for the presence of IgE to tropo-
myosin of the insect or to other (more or less related) species (e.g., 
shrimp, HDM, anisakis), because tropomyosins are very homolo-
gous amongst different species, a positive test could indicate cross-
reactive insect food allergy to shrimp.

Availability of other individual allergens from insects is limited 
and can therefore not be used for the diagnosis of primary or sec-
ondary insect food allergy. Extracts of the whole insect can also be 
used to measure sIgE (ELISA, BLOT). A positive test could either in-
dicate a cross-reactive or primary food allergy.

Ideally, a food challenge (open or DBPCFC) is performed with 
the suspected insect(s) to confirm or exclude food allergy. A food 
challenge with shrimp/shellfish should be considered to determine 
if insect allergy is cross-reactivity or a primary food allergy. In case 
of confirmation of food allergy to insect(s), elimination from the diet 
has to be advised and cross-reactive allergies need to be discussed 
(Figure 80).

6 – Clinical cases

Various case reports were described, reporting on food allergic reac-
tions to different insects, e.g., (larvae of) beetles: mealworm, sago 
worm, lentil weevil, larvae of moths: silkworm, mopane worm, pine 
processionary caterpillar, woolly bear caterpillar, Clanis bilineata, 
and other insects such as locusts, crickets, grasshoppers, cicadas, 
and bees. Allergy was also reported following ingestion of carmine 
(E120), a colour additive, which is not a protein but a chemical pig-
ment, obtained from female Dactylopius coccus var. Costa.933 Of all 
insects, allergy to silkworm (7 cases) and the food additive carmine 
(9 cases) were most frequently described. It is highly likely that not 
all clinical cases are described, so the prevalence of insect allergy is 
underestimated. Moreover, it can be expected that the prevalence of 
allergy to insects will increase, as the global consumption is increas-
ing, due to the recent acceptance of mealworms to the European 
market. Below 3 cases of insect food allergy are highlighted.

Case 1940

Clinical History
A 47-year-old man experienced a severe allergic reaction, 

within 30 min anaphylaxis after the first consumption of approx. 
5 grams of cricket (Acheta domestica) and mealworm (Tenebrio 
molitor) mixture. He developed nausea, erythema of the neck, 
cough and difficulty of breathing, requiring the use of antihis-
tamines, corticosteroids and epinephrine followed by a 24-hour 
hospitalization. No co-factors, such as alcohol, NSAIDs, or exer-
cise were reported by the patient. The patient reported, anaphy-
lactic reactions occurring at the age of 20 and 24 years following 
consumption of crab, mussels, and ground snails. These reactions 
manifested as hives, gastrointestinal symptoms and breathing dif-
ficulties which led to practicing strict exclusion of all crustaceans, 
molluscs and gastropods from his diet.

Test with extracts
The patient had positive skin prick tests (SPT, not commercially 

available) to native cricket, mealworm, crab, mussel, and snail. Skin 
prick tests were also positive for shrimp despite the absence of any 
clinical reaction and negative for house dust mite (HDM). Specific 
IgE was positive to shrimp extract, and HDM. Reactivity was fur-
ther investigated with basophil activation tests (BAT) with cricket, 
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mealworm, shrimp, and snail extracts. All but shrimp extract induced 
basophil activation.

Food challenge
An open oral food challenge test was carried out with shrimp and 

was negative up to 100 g, excluding shrimp allergy.
Test with molecules
No sensitization to shrimp allergens Pen m 1 (tropomyosin), Pen 

m 2 (arginine kinase) or Pen m 4 (sarcoplasmic calcium-binding pro-
tein) was found with the ImmunoCAP ISAC allergen microarray. In 
addition, no IgE(s) to HDM, cockroaches or Anisakis simplex allergens 
was detected with ImmunoCAP ISAC.

Conclusion
Taken together, the data suggested that the occurrence of an 

anaphylactic reaction upon the first consumption of insect was ex-
plained by cross-allergy between crickets and mealworm, with mus-
sel, crab, and snail, however, without the involvement of shrimp or 
HDM. In addition, the culprit allergen did not appear to be either 
tropomyosin, arginine kinase or the sarcoplasmic calcium-binding 
protein of crustaceans.

Case 2922

Clinical History
A 50-year-old woman experienced oral pruritus, oral itching, and 

oropharyngeal and lingual oedema after cricket ingestion. She could, 

however, handle them in the kitchen without any problem. She also 
showed similar symptoms with the grasshopper. She ate scorpions, 
worms, and tarantulas without any symptoms.

Test with extracts
The patient had sIgE-positive for shrimp and against four cricket 

extracts: 0.6 kU/L for G. assimilis, G. bimaculatus, and A. domesticus, 
and 0.8 kU/L for G. sigillatus, A. domesticus, and G. bimaculatus being 
the species most frequently used in human food.

A skin prick test for D. pteronyssinus and D. farinae was positive, 
and so was a prick-to-prick test with shrimp head; however, a prick-
by-prick test with shrimp body was negative. Prick-to-prick with 
four cricket species, including Gryllus assimilis, Gryllus bimaculatus, 
Grylloides sigillatus, and Acheta domesticus were also positive.

Food challenge
An oral provocation test with shrimp showed that she could 

safely eat them peeled.
Test with molecules
The patient's serum recognized a 75 kDa protein on the immuno-

blot, which was identified as hexamerin-like protein 2 with LC-MS.
Conclusion
The patient was food allergic to cricket and probably grasshop-

per but not to peeled shrimp. This is most likely due to sIgE against 
hexamerin-like protein 2, which is present in the shrimp head.

F I G U R E  8 0 Diagnostic algorithm for insect food allergy 
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Case 3941

Clinical History
A 15-year-old Zimbabwean boy experienced within 10 min-

utes headache, dyspnea, cough, wheeze, palatal pruritus, urticaria, 
tongue, and lip swelling after eating mopane worm, the larva of the 
emperor moth (Imbrasia belina). Symptoms gradually resolved after 
antihistamine use, but drowsiness persisted for 48 hours. The boy 
had eczema, which resolved after the age of 2 years. Since the age 
of 8 years, he had mouth and ear itching to mopane worm inges-
tion. Summer seasonal rhinitis started at the age of 3 years. He was 
neither asthmatic nor drug or latex allergic. His mother has allergic 
rhinitis, asthma, and oral allergy syndrome. Two siblings had a food 
allergy and allergic rhinitis, respectively. No long-term medications 
are used.

Test with extracts
Skin prick testing was positive for tree pollen (oak, Acacia), grass 

pollen (Bermuda, Timothy, maize), English plantain, dust mite mix 
(Dermatophagoides farinae, Dermatophagoides pteronyssinus), and 
cockroach (Blattella germanica). SPT results were negative to moulds, 
cats, and dogs. SPT with mopane worm was strongly positive (7 mm 
wheal and 15 mm flare).

A total IgE level of 622 kU/L was found. Positive the ImmunoCAP 
Specific IgE test results were as follows: D. pteronyssinus, 5.07 kU/L; 
Anisakis, 0.06 kU/L; tree mix, 0.06 kU/L; weed mix, 0.55 kU/L; grass 
mix, 4.98 kU/L; mealworm, 3.39 kU/L; Schistosoma, 0.59 kU/L; and 
Ascaris, 0.18 kU/L.

Food challenge
Not available.
Test with molecules
Allergen microarray test results (ImmunoCAP ISAC, Thermo 

Fisher Scientific, Uppsala, Sweden) were positive for the following: 
Bermuda grass (nCyn d 1): 23 ISU - Timothy grass (rPhl p 1): 4.6 ISU 
- Japanese cedar (nCry j 1): 1.7 ISU - cypress (Cup a 1): 14 ISU - D. 
pteronyssinus (nDer p 1): 2.3 ISU - D. pteronyssinus (nDer p 2): 2.8 ISU 
- D farinae (rDer f 2): 3 ISU - olive (nOle e 2): 0.9 ISU - and latex (rHev 
b 8): 0.7 ISU.

Microarray test results were negative to foods (fruits, nuts, pea-
nut, milk, egg, soybean, wheat, shrimp, codfish, carp), pollens (plane, 
ragweed, mugwort, saltwort), tropomyosin in shrimp (rPen a 1, nPen 
i 1, nPen m 1), D. pteronyssinus (rDer p 10), cockroach (nBla g 7), and 
Anisakis simplex (rAni s 3). Western blot with mopane worm extract 
showed a positive band at 50 kDa, which was not identified.

Conclusion
The results of both SPT and Western blot to MW were pos-

itive, confirming sensitization. sensitization to dust mites (SPT, 
ImmunoCAP Specific IgE and ImmunoCAP ISAC tests), cock-
roach (SPT), Ascaris (the ImmunoCAP Specific IgE), and Anisakis 
(ImmunoCap RAST and Western blot) suggest a cross-sensitization. 
This may result from glutathione transferases or tropomyosin, which 
have been implicated in cross-reactivity among Ascaris, dust mites, 
cockroaches, crustaceans, and molluscs.

7 – Research and future perspectives

Currently only allergens (tropomyosin and arginine kinase) from 
silkworms are recognized by the WHO-IUIS (www.aller​gen.org) 
database as a food allergen, while more and more evidence is 
available that also other insects contain putative food allergens. In 
addition to tropomyosin and arginine kinase, other proteins might 
be involved.

Clinically relevant IgE binding and cross-reactivity was only 
found for mealworm in shrimp allergic patients. Unfortunately for 
other insects, no data are available yet.

None of the case reports found confirmed the food allergy to 
insects with a food challenge.

Mealworms were recently approved by the EU Commission as a 
novel food. Allergic patients and their health care providers should 
be informed about the possible risk the introduction of insect pro-
teins might pose and labelling of mealworm allergens should be re-
quired by authorities. Not only cross-reactive risk may be expected 
but also primary food allergy caused by insects may occur.

Most studies investigated shrimp allergic and HDM allergic pa-
tients with IgE to tropomyosin but also 22% of the HDM allergic pa-
tients without tropomyosin, arginine kinase or shrimp sensitization 
and 16% of a seasonal rhinitis population showed mealworm-protein 
reactive IgE. Although a higher prevalence of sensitization to meal-
worm was found in the population of shrimp allergic patients (88%), 
HDM allergy and seasonal rhinitis are much more prevalent.942 The 
clinical relevance of this IgE binding should therefore be investigated. 
It should be noted that sensitization to mealworm in the seasonal rhi-
nitis and HDM allergic populations could be caused by cross-reactivity 
to other insects. Such primary sensitization may result from historical 
exposure to insect proteins. We are all exposed to insect allergens, 
both aerosolized and as food contamination. Primary allergy to meal-
worms was also demonstrated. In theory, besides the development 
of such primary insect allergy, cross-reactive allergies might develop 
leading to broader insect-protein sensitization and allergy. Reasoning 
the other way around, theoretically, primary insect allergy could lead 
to the development of cross-reactive allergy to shrimp or HDM. This 
should be investigated in the future for instance by post-launch mon-
itoring. Post-launch monitoring would help to identify new allergies 
when novel (insect) foods will enter the food market and to increase 
awareness in patients at risk and their caregivers.

Advices for use of molecular diagnostics for insects

1.	Specific IgE to tropomyosins of different species (Shrimp, 
HDM and Anisakis) is a marker for potential sensitization 
and (cross)allergy to insects.

2.	Different extraction buffers should be used to extract as 
many proteins from insects as possible for a good diag-
nosis of insect sensitization.
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B10 – Cow's milk a l lerg y

Anna Nowak-Wegrzyn, Rebecca Grohman, Antonella 
Muraro

Highlights

•	 Cow's milk allergy is the most common food allergy universally 
and is often outgrown.

•	 The utility of IgE to allergen components does not exceed that of 
IgE to cow's milk extract to support the diagnosis of cow's milk 
allergy.

•	 Sensitization to heat-resistant proteins (e.g., casein) and sequen-
tial epitopes have been associated with reactivity to baked milk 
and persistent milk allergy.

1 – The allergen sources

Cow's milk (CM) is a liquid product of the mammary glands of cow's 
(Bos domesticus). It is commonly consumed in large quantities by chil-
dren and adults in a liquid form, as well as in a form of various dairy 
products, such as cheeses, butter, yogurt, and cream. CM is a base 
source for the majority of infant formulas, including hypoallergenic 
hydrolyzed and amino acid-based formulas. CM is commonly the 
first foreign protein introduced into the diet of infants who are not 
exclusively breast-fed. CM and dairy products are the major source 
of protein, calories, and calcium in a diet of infants and young chil-
dren under the age of 2 years, and elimination of CM poses a risk for 
nutritional deficiencies. CM proteins are among the most common 
food allergens in infant and children with IgE and non-IgE-mediated 
food allergy, and among adults with eosinophilic esophagitis. The 
frequency of CM allergy has been estimated to range from 0.5 to 
7.5% in westernized countries.73,74,940,941 Nevertheless, the per-
ceived prevalence of allergic reactions to CM milk is much higher 
than the actual number of true cases of CM allergy. CM proteins are 
classified as class I food allergens, due to their resistance to diges-
tion and heating. They do induce sensitization via gastrointestinal 
tract. Proteins in CM have a high sequence homology (>80%) with 
proteins from goat and sheep and are highly clinically cross-reactive 
(>90%) with these species. By contrast, the laboratory and clinical 
cross-reactivity is very low (<5%) with milks from donkey, mare, buf-
falo, or camel.942

2 – Major and relevant minor allergenic molecules

CM contains approximately 30 to 35 g of proteins per liter. Under 
the influence of rennin or upon acidification of the milk to pH 4.6, 
proteins segregate into 2 fractions: casein which contains approxi-
mately 80% of the CM proteins and whey (lactoserum) which con-
tains approximately 20% of the CM proteins (Table 32). All of the 
proteins present in cow's milk are also present in human breast milk, 
with an exception of beta-lactoglobulin. Caseins, beta-lactoglobulin 

and alpha-lactalbumin are considered major allergens, i.e., more than 
50% of the individuals with CMA are sensitized to these proteins. 
Most of the patients are polysensitized to several proteins.943,944

Casein supplies amino acids, carbohydrates, and the two inor-
ganic elements calcium and phosphorus. Casein fraction is very re-
sistant to high temperatures, retaining strong IgE binding after 90 
minutes of boiling at >90°C.945 Except for short alpha-helical regions, 
caseins have little secondary or tertiary structure.946,947 The caseins 
of cow's milk exist in the form of colloidal complexes called micelles. 
The micelles contain an amorphous micellar calcium phosphate core, 
surrounded by a casein shell.946,947 (Figure 81, from ref 10).947

Alphas1-casein is the most abundant protein of bovine milk. 
It exists as a major and minor form and is highly phosphorylated. 
Alphas2-casein is also highly phosphorylated and has four isoforms. 
Beta-casein has one isoform. Limited hydrolysis of beta-casein 
by endogenous peptides (e.g., plasmin) present in milk produces 
gamma-caseins 1, 2, and 3. Kappa-casein is the only casein soluble 
in the presence of calcium ions. It also has the smallest amount of 
phosphate, with phosphorylation sites being present only in the C-
terminal region. Kappa-casein is the only casein to contain carbohy-
drate moieties.

Whey is a mixture of beta-lactoglobulin (~65%), alpha-lactalbumin 
(~25%), bovine serum albumin (~8%) and immunoglobulins.948 These 
are soluble in their native forms, independent of pH. Whey proteins 
are more sensitive to heating than caseins and lose IgE binding fol-
lowing 15-20 minutes of boiling at >90°C.945

Alpha-lactalbumin is a protein present in the milk of almost all 
mammals. In primates, alpha-lactalbumin expression is upregulated 
in response to the hormone prolactin and increases the production of 
lactose.942 Alpha-lactalbumin forms the regulatory subunit of the lac-
tose synthase (LS) heterodimer and beta-1,4-galactosyltransferase 
forms the catalytic component. Together, these proteins enable LS 
to produce lactose by transferring galactose moieties to glucose. As 
a multimer, alpha-lactalbumin strongly binds calcium and zinc ions 
and may possess bactericidal and / or antitumor activity.

Beta-lactoglobulin under physiological conditions forms dimers 
but dissociates to a monomer below pH 3. Beta-lactoglobulin solu-
tions form gels in various conditions, when the native structure is 
sufficiently destabilized to allow aggregation.943 No clear function 
has been identified for beta-lactoglobulin, although it binds to sev-
eral hydrophobic molecules, suggesting potential role in their trans-
port. Beta-lactoglobulin is the only CM protein that is not present in 
the human breast milk.

Bovine serum albumin (BSA) is a globular, water-soluble, un-
glycosylated serum protein. Albumin functions primarily as a carrier 
protein for steroids, fatty acids, and thyroid hormones in the blood 
and plays a major role in stabilizing extracellular fluid volume by con-
tributing to oncotic pressure of plasma. BSA is highly homologous 
with human serum albumin and albumins of other species, e.g., cow 
(beef), cat, and dog. BSA has been identified as one of the major beef 
allergens and is responsible for clinical cross-reactivity between CM 
and raw beef.948–951 Immunoglobulins present in CM are predom-
inantly of the G class. Immunoglobulins may play a role in cross-
reactivity with beef.949
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Lactoferrin is a multifunctional protein of the transferrin family. 
Lactoferrin is a globular glycoprotein with a molecular mass of about 
80 kDa that is widely represented in various secretory fluids, such 
as milk, saliva, tears, and nasal secretions. Lactoferrin is one of the 
transferrin proteins that transfer iron to the cells and control the 
level of free iron in the blood and external secretions. Lactoferrin is 
one of the components of the immune system of the body; it has an-
timicrobial activity (bacteriocide, fungicide) and is part of the innate 
immune defense, mainly at mucosal surfaces. In particular, lactofer-
rin provides antibacterial activity to human infants. Lactoferrin inter-
acts with DNA and RNA, polysaccharides and heparin. Lactoferrin is 
a minor allergen in CM.944

3 – Sensitization to individual molecules and its 
clinical relevance

The patterns of sensitization to the individual CM proteins vary 
significantly by study population and age of the affected individu-
als. In general, most of the affected subjects are polysensitized to 

several casein and whey proteins. Caseins, beta-lactoglobulin and 
alpha-lactalbumin are the major allergens, with over 50% of CM-
allergic subjects having evidence of IgE antibodies directed at these 
proteins. IgE sensitization to caseins, beta-lactoglobulin and alpha-
lactalbumin is closely related, whereas IgE sensitization to BSA is 
independent of other CM proteins, and may reflect cross-reactivity 
with beef.949 (Table 33).

Effect of heating on CM protein allergenicity
CM proteins contain both conformational and sequential IgE-

binding epitopes. Children with persistent milk allergy have been 
shown to predominantly generate IgE antibodies directed against 
sequential casein epitopes.952,953 Extensive heating e.g., baking, af-
fects the allergenicity of CM protein, with caseins being more resis-
tant to heating compared with whey proteins that are susceptible 
to heating. Heating of beta-lactoglobulin results in formation of the 
intermolecular disulphide bonds and binding to other food proteins 
that result in a reduced allergenicity of beta-lactoglobulin.954 The 
majority (70-80%) of the CM-allergic children tolerate CM as an in-
gredient in the baked products.385,954 Reactivity to baked milk is a 
marker of a more severe and more persistent CM allergy. Inclusion 

TA B L E  3 2 Allergens in Cow's Milk (source: IUIS Allergen Database, July 2015)

Allergen nameProtein name Tertiary structureMolecular mass (kDa) AA #

Caseins  

Alpha s1-casein  

Alpha s2-casein  

Beta-casein  

Kappa-casein  

Alpha-lactalbumin 

Beta-lactoglobulin  

Protein family:  

lipocalins  

Bovine serum albumin;  

 Serum albumins

 Immunoglobulins (mostly IgG) 

 Family: Immunoglobulins  

Lactoferrin  Family: Transferrins  

Bos d 8  

Bos d 9  

Bos d 10  

Bos d 11  

Bos d 12  

Bos d 4 

Bos d 5

Bos d 6

Bos d 7  

20-30  

23.6  

25.2  2

4  

19  

14.2  

18.3; exists as a dimer  

67  

160  

80  

199 

207  

209  

169  

123; 4 disulphide bridge, 70% 

homology with human alpha-

lactalbumin  

162; 2 disulphide bridges, one free 

cysteine; exists as isoforms A and 

B;  binds and carries hydrophobic 

molecules  

583    

703; forms two homologous 

globular domains named N-and 

C-lobes  Lactoferrin exists in various 

polymeric forms: monomers to 

tetramers  xac

Caseins don’t have a rigid 

tertiary structure but develop 

a random coil conformation 

stabilized by hydrophobic 

interactions

Curd (coagulum) - Casein family

Whey (lactoserum)
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of the baked products containing CM into the diet of children with 
CM allergy is associated with more rapid advancement to inclusion 
of liquid milk, but there is no conclusive evidence that it accelerates 
development of tolerance to unheated CM.955 High levels of spe-
cific IgE antibodies directed against casein are predictive of clinical 
reactivity to baked milk.956,957 In a peptide microarray assay, sub-
jects with persistent milk allergy had increased epitope diversity to 
caseins and beta-lactoglobulin compared with those who outgrew 
their CM allergy.958 Baked milk-tolerant subjects had IgE-binding 

patterns similar to those who had outgrown CM allergy, but IgG4-
binding patterns that were more similar to those of the allergic 
group. Binding to higher numbers of IgE peptides was associated 
with more severe allergic reactions during an oral CM challenge. 
There was no association between IgG4 peptides and clinical fea-
tures of milk allergy. Using a competitive peptide microarray assay, 
CM-allergic patients had a combination of high- and low-affinity IgE 
binding, whereas baked milk-tolerant subjects and those who had 
outgrown their CM allergy had primarily low-affinity binding.

4 – Clinical management

Diagnosis of CM allergy begins with an assessment of clinical his-
tory and an assessment of the potential immunologic mechanism 
involved in the reactions.

Suspected IgE-mediated CM allergy
Diagnostic testing: Routine testing involves skin prick (SPT) and/

or serologic testing with complete CM extract. Molecular diagnosis 
is not recommended for standard evaluation of suspected CM al-
lergy. Diagnostic decision points have been proposed; they vary by 
population studied and age. Negative SPT and undetectable serum 
level of CM-specific IgE antibodies have a very high negative predic-
tive value >90% for IgE-mediated CM allergy. The positive predic-
tive value of the test increases with an increased size of the wheal of 
the SPT and serum level of the specific CM-IgE antibody (Table 34).

Molecular diagnosis may be helpful for evaluation of reactivity 
to baked milk, based on the differential resistance to heating among 
the CM protein. As caseins are more resistant to extensive heating, 
higher levels of casein-specific IgE are associated with increased 
likelihood of reactivity to baked milk. Basophil activation test with 
CM proteins has been utilized in a research setting, but it is not yet 
recommended for a routine diagnosis of CM allergy.956,959

TA B L E  3 3 Sensitisation and cross-reactivity patterns of the CM proteins

AllergenicityAllergen 
name

Clinical cross-reactivitySensitisation   rate % 
among those reactive to CM 

Laboratory 
cross-reactivity

Caseins (Bos d 8) 

Alpha s1-casein (Bos d 9)  

Alpha s2-casein (Bos d 10)  

Beta-casein (Bos d 11)  

Kappa-casein (Bos d 12)  

Alpha-lactalbumin   (Bos d 4)  

Beta-lactoglobulin   (Bos d 5)  

Bovine serum albumin (Bos d 6) 

Immunoglobulins   (Bos d 7)  

Lactoferrin  

Major

Major

Major

Major

Major

Major  

Major  

Minor  

Minor   

Minor 

63  

98 *  

94 *  

91 *  

91 * 

51  

61  

43  

36  

35  

>85% with sheep and 

goat milk caseins

80% with beef

>90%

15-20% with raw beef 

Curd (coagulum) - Casein family

Whey (lactoserum)

F I G U R E  8 1 Casein supplies amino acids, carbohydrates, and 
the two inorganic elements calcium and phosphorus. Casein 
fraction is very resistant to high temperatures, retaining strong 
IgE binding after 90 minutes of boiling at >90°C950. Except for 
short alpha-helical regions, caseins have little secondary or 
tertiary structure951, 952. The caseins of cow's milk exist in the 
form of colloidal complexes called micelles. The micelles contain 
an amorphous micellar calcium phosphate core, surrounded by a 
casein shell951, 952. (Figure from ref947). 
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Not recommended: Testing for CM-specific IgG / IgG4 antibod-
ies is not recommended in the diagnosis of CM allergy as these anti-
bodies reflect the presence of CM in the diet, not an allergy.

Elimination-Challenge testing: In general, the conclusive diagno-
sis of CM allergy requires elimination of CM proteins from the diet 
followed by a supervised oral food challenge. Double-blind placebo 
controlled oral food challenge (DBPCFC) remains the gold standard 
for food allergy diagnosis and it is commonly utilized in the research 
setting. Open controlled challenge can replace DBPCFC in the chil-
dren younger than 2 years of age and serve as a useful screening 

test for patients of any age in the clinical setting. The initial assess-
ment of reactivity to baked milk is also recommended to be con-
ducted under the physician-supervised food challenge condition 
because children reactive to baked milk may experience anaphylaxis. 
However, such approach may be unnecessarily restrictive and not 
practical when access to food challenges is limited due to the paucity 
of allergy specialists or during the COVID-19 pandemic.960 Several 
reports indicated that home introduction of baked milk and egg may 
be safely done in carefully selected young children, e.g., under the 
age 3 years, without prior history of anaphylaxis or wheezing from 
any causes and skin prick test wheal diameter less than 8 mm for 
cow's milk.961,962 Home introduction starts from a significantly lower 
dose of baked milk and progresses slowly over the course of days 
as compared to a single supervised feeding over hours to a higher 
dose of baked food. However, severe and even delayed reactions are 
possible and caution is needed.963,964 The implementation of this ap-
proach must be adapted to the local context including quick access 
to emergency facilities, if required.

Suspected non IgE-mediated CM allergy
Laboratory testing: There is no reliable laboratory diagnostic 

testing for non-IgE-mediated CM allergy.74,944 Atopy patch testing 
may be considered in selected cases of EoE but not as a routine di-
agnostic test.74 Lymphocyte transformation test, serum CM-specific 
IgG / IgG4 antibodies, or stool measurements of pro-inflammatory 
mediators (e.g., calprotectin, eosinophilic cationic protein, eosin-
ophil derived neurotoxin) are not recommended [1]. As some non-
IgE-mediated disorders may be associated with a concomitant 
IgE-mediated food allergy, testing for CM-specific IgE antibodies 
may be utilized in such cases, e.g., eosinophilic esophagitis (EoE) 
and food protein-induced enterocolitis syndrome (FPIES) to diag-
nose IgE-mediated CM allergy. The ultimate confirmation of diag-
nosis in non-IgE-mediated CM allergy requires an elimination of CM 
proteins from the diet and followed by an oral CM challenge. With 
an exception of FPIES, reintroduction of CM can be done at home. 
When FPIES is suspected, reintroduction during a supervised food 
challenge should be considered, due to the risk of severe reactions 
(hypotension). Tolerance to baked milk among patients with non-
IgE-mediated CM allergy has not been systematically characterized. 
Based on anecdotal reports, a subset of patients with EoE might tol-
erate baked milk in the diet; however, such patients likely represent 
a minority, unlike with IgE-mediated CM allergy.

Management of CM allergy
Management primarily relies on dietary avoidance of CM pro-

teins. However, emerging data emphasize a shift from the traditional 
passive approach of avoidance, to a proactive one that seeks to 
modulate the immune system.965 In infants and young children, sub-
stituting alternative sources of protein, calories, and calcium with a 
specialized hypoallergenic formula may be necessary. The alterna-
tive formula choices include casein-hydrolysate, whey-hydrolysate, 
and amino-acid based formulas, as well as soy-based and rice hydro-
lysate.966 The selection of the most appropriate formula depends on 
the age and allergic profile of the child. Soy formulas are based on 
an intact protein and are not hypoallergenic but can be a suitable 

TA B L E  3 4 Proposed specific IgE diagnostic decision points for 
CM allergy diagnosis derived from studies in children, majority of 
whom had atopic dermatitis. This might be a practical guidance 
for the clinical ambulatory setting, aiming to identify the optimal 
candidates for OFC and to limit unnecessary OFC. It would 
however be recommended that specific values are developed for 
the local population. It is important to recognize that OFC can 
always be performed at the discretion of the treating physician 
despite the elevated results of the allergy tests. In the research 
setting, DBPCFC OFC are recommended regardless of the CM-sIgE 
level.

>15; 52

> 5 if less than 1 year 

old 53

 5-15  

<5  

CM skin prick test mean 

wheal diameter, mm  

>8 54

  Casein-sIgE [kU/L]  

>10 21

  5-10  

<5 21

CM skin prick test mean 

wheal diameter, mm 

<12 55

Casein skin prick test mean 

wheal diameter, mm 

<9 55

Defer   

Consider the OFC based on 

the clinician and patient’s/

family preference, social and 

nutritional importance of dairy, 

history of recent reactions and 

type of symptoms    

Perform     

Defer  

OFC to baked milk  

Defer   

Consider the OFC based on 

the clinician and patient’s/

family preference, social and 

nutritional importance of dairy, 

history of recent reactions and 

type of symptoms    

Perform     

Perform  

Perform  

>95% PPV  

>50% to <95% PPV 

 <50% PPV 

>95% PPV  

>95% PPV  

>50% to <95% PPV

<50% PPV    

>90 NPV  

>90% NPV  

CM-sIgE [kUA/L] OFC to unheated 
milk
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alternative to cow's milk. Soya milk should be used with caution, es-
pecially in younger infants with gastrointestinal manifestations as 
they are at risk of reacting to soya when this is introduced in place 
of cow's milk via an inflamed gut. In non-IgE-mediated food allergy, 
co-reactivity between cow's milk and soya in the first 6 months 
of life is about 40%. Nutritional consultation is recommended for 
those with severe form of CM allergy, multiple food allergies and 
poor growth. Multiple studies of CM allergy have shown that avoid-
ance of CM compared with avoidance of other allergens resulted in 
greater deficits in height and weight.967 Education about recognition 
of allergic symptoms and prompt treatment of anaphylaxis is crucial 
in the patients at risk for anaphylaxis. As most children outgrow CM 
by school age, periodic re-evaluations every 6-12 months with lab-
oratory testing and oral food challenges are recommended. A drop 
in the specific CM IgE level by 50% or more over 12-24 months is a 
favorable prognostic indicator of developing tolerance.968 Basophil 
activation tests, in combination with serum specific IgE and SPT, can 
also help identify patients that have developed tolerance to CM.181 
Children with peak lifetime CM-IgE >50 kU/L are more likely to 
retain milk allergy until teenage years and may need less frequent 
testing.969 Introduction of baked products with CM should be at-
tempted under physician supervision for patients with IgE-mediated 
FA. Baked milk products may be tolerated by a subset of patient with 
EoE.970 It is unknown if children with FPIES can tolerate baked milk 
products and therefore strict avoidance is recommended.

Cross-reactivity with beef and oligosaccharide galactose-
α−1,3-galactose (α-gal) syndrome

The prevalence of beef allergy among those with CM allergy 
has been estimated as 13-20%.971 Conversely, the prevalence of 
CM allergy among those with beef allergy is considerably higher. 
In a double-blind placebo-controlled food challenge study of 335 
patients with atopic dermatitis (AD) and possible food hypersensi-
tivity, 11 were found to have symptomatic beef allergy, 8 (73%) of 
which were also sensitive to CM. Mammalian meat allergy or α-gal 
syndrome is a recently identified delayed food allergy associated 
with tick bites, leading to the development of IgE to the α-gal. Many 
patients with α-gal syndrome have IgE antibodies that recognize α-
gal present in CM extract and have positive SPT to CM. However, 
avoidance of dairy products is not routinely recommended in these 
patients, as most patients are able to tolerate CM or cheese.20 In a 
study of 24 patients with IgE to α-gal, 14/24 participants showed tol-
erance to CM despite positive skin prick test and serum titers. While 
avoidance of mammalian meat is recommended in α-gal syndrome, 
avoidance of cow's milk is not always required, in patients with clin-
ical tolerance of CM.972

Natural history of CM allergy
CM allergy is the most common childhood allergy with a preva-

lence estimated of 2.5% including both IgE and non-IgE-mediated re-
actions.969,973,974 Sensitization typically occurs within 1 year of age. 
Multiple prospective and retrospective observational cohort studies 
in the US, UK and Israel have estimated the rates of resolution to be 
approximately 50% by age 10.975 A study of 244 with CM allergy by 

Wood et al found resolution at 52.6% at median age of 63 months, 
with CM-IgE, milk SPT wheal size and AD severity as important pre-
dictors of prognosis.976 Skripak et al reviewed 807 patients with CM 
allergy and estimated rates of resolution at 4, 8, 12, and 16 years 
to be 19%, 42%, 64% and 79% respectively. Those with persistent 
CM allergy had higher CM-IgE levels up until 16 years of age and 
those with concurrent asthma and allergic rhinitis were associated 
with worse outcomes.969 Other studies have shown faster rates of 
tolerance. A Danish birth cohort of 1749 children with CM allergy 
showed tolerance in 56% at 1 year and 77% at 2 years.977 Resolution 
in non-IgE-mediated CM allergy have been shown to occur more 
rapidly compared with IgE-mediated CM allergy. The EuroPrevall 
birth cohort study found that tolerance at 1 year occurred in 100% 
of those with non-IgE CM allergy, compared with 57% in those with 
IgE-mediated CM allergy. In contrast to childhood CM allergy, adult 
onset of IgE-mediated CM allergy is rare but characterized by more 
severe reactions including anaphylaxis that occur with low eliciting 
doses starting at 0.3 mg CM protein.978

Prevention of CM allergy
Early introduction of peanut and egg has been now established 

in the prevention of peanut and egg allergies, especially in popula-
tion with high prevalence of the disease.979 However, the evidence 
has been less clear with regards to CM ingestion. A recent review 
article of very early CM introduction within the first month of life 
discussed three observational studies associated with decreased 
incidence of CM allergy.975 A randomized control of 491 infants 
showed that daily ingestion between 1-2 months of age of at least 
10 mL of CM formula reported 2 CMA cases (0.8%) among the 242 
members of the ingestion group and 17 CMA cases (6.8%) among 
the 249 participants in the avoidance group (risk ratio = 0.12; 95% 
CI = 0.01-0.50; P < .001). The risk difference was 6.0% (95% CI = 
2.7-9.3)..980 This is an area ongoing area of research that may impact 
future consensus guidelines on timing to introduce CM.

Novel therapies for CM allergy
Oral (OIT), sublingual (SLIT) and epicutaneous (EPIT) immuno-

therapy routes have been evaluated for CM allergy with promising 
results in clinical trials.981,982 OIT, SLIT, and EPIT utilize native CM 
proteins in a form of a CM powder. In a trial comparing CM OIT and 
SLIT, 10% receiving SLIT (maintenance daily dose 7 mg CM) were de-
sensitized, 60% receiving SLIT/low dose OIT (maintenance daily dose 
1000 mg CM) were desensitized, and 80% receiving SLIT/high dose 
OIT (maintenance daily dose 2000 mg CM) were desensitized.405 In 
general, CM SLIT was associated with very mild side effects mostly 
oro-pharyngeal pruritus, whereas CM OIT was associated with more 
systemic side effects, involving gastrointestinal tract (nausea, vom-
iting, abdominal pain, diarrhea), or respiratory system (rhinorrhea, 
sneezing, congestion, cough, wheezing).383 CM OIT has been asso-
ciated with cases of EoE. More studies are needed to determine the 
potential of inducing permanent oral tolerance to milk with CM OIT. 
In a small pilot study, after 90 days, CM EPIT treatment tended to 
increase the cumulative tolerated dose, from a mean ± SD of 1.77 
± 2.98 mL at day 0 to 23.61 ± 28.61 mL at day 90.967
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5 – Clinical cases

Case 1:
Parents of a 2-year old child with atopic dermatitis and history of 

milk-induced generalized urticaria at the age 6 months inquire about 
the likelihood of their child outgrowing milk allergy. There are no 
additional allergic reactions to milk or milk products. Skin prick test 
with a commercial cow milk extract is positive at a mean wheal di-
ameter at 10 mm. Serum CM-specific IgE antibody level is 17 kU/L. 
Based on these results, the child has more than 95% chances of re-
acting to liquid milk. However, considering that about 70-80% of 
milk allergic children tolerate milk in the baked products, further di-
agnostic testing is performed. Serum specific IgE antibodies directed 
against casein level is 4.5 kU/L and beta-lactoglobulin IgE is 25 kU/L. 
Based on the level of the casein-specific IgE, it is estimated that the 

likelihood of tolerating baked milk products in form of a muffin is ap-
proximately 50%. A physician-supervised oral challenge with baked 
milk in a form of a muffin is performed in the office and the child 
tolerates it without an adverse reaction. Baked milk products are 
incorporated into the diet.

Case 2:
A 10-year-old asthmatic male has history of severe anaphylaxis 

to trace amounts of milk in a cookie. He wants to know what his 
chances of outgrowing his milk allergy are His CM-IgE is 75 kU/L, 
casein IgE is 90 kU/L; SPT to CM extract is 20 mm diameter. Based 
on his past history of anaphylaxis to baked milk and the current test 
results highly predictive of clinical reactivity to both baked and un-
heated milk, it is likely that he will remain-milk allergic until his teen-
age years.
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B11 – Al lerg y to egg

Mattia Giovannini, Philippe A. Eigenmann, Jean-
Christoph Caubet, and Antonella Muraro

Highlights

•	 Egg allergy is one of the most frequent food allergies in children.
•	 The use of egg white components can help distinguishing be-

tween allergy to baked, cooked and raw egg.
•	 The use of egg white components is clinically helpful for distin-

guishing between transient and persistent allergy to eggs.
•	 The result of an IgE test can confirm the diagnosis of egg allergy 
in the case of a clear clinical history of reaction; in equivocal 
cases, an oral food challenge to egg may be needed to clarify the 
diagnosis.

1 – The allergen sources

Hen's egg is a ubiquitous food eaten in most parts of the world. It 
is a cheap and easily accessible food source, used in many home-
made dishes but also widely used by the food industry in processed 
foods. Allergenicity of baked egg (180°C for at least 20 minutes) 
might be reduced because interaction with the food matrix might 
block epitope access, and heating might destroy conformational 
epitopes. Individuals are mostly exposed to egg proteins in foods. 
Nevertheless, egg proteins can be found in aerosolized particles 
produced by cooking. Respiratory clinical manifestations to aero-
solized egg proteins have been reported in bakery workers.983 
Exposure to egg proteins via the respiratory route might also con-
tribute to primary sensitization to eggs, similar to what has been 

shown for peanut proteins984 Moreover, an increased risk of pea-
nut allergy has been reported in infants with atopic dermatitis after 
a low-dose exposure to peanut proteins through the skin. It ap-
pears likely that low-dose cutaneous exposure can end in allergic 
sensitization to egg.986

2 – Major and relevant minor allergenic 
molecules and their clinical relevance

Five proteins most commonly involved in allergic reactions to 
hen's egg have been identified and characterized (Gal d 1 to 5, see 
Figure 82 and Table 35). Despite being present in a lower quantity in 
egg white than ovalbumin, ovomucoid is probably the immunodomi-
nant egg allergen.988,989 Among the various physicochemical char-
acteristics, resistance to chemical denaturation has a direct clinical 
significance. Structural modification of egg allergens might allow 
safe consumption of cooked/baked egg-containing foods.

Clinical cross-reactivity occurs between various bird egg pro-
teins (e.g., hen, turkey, duck and seagull).987 Thus, avoidance of other 
bird's eggs should be recommended when providing dietary guid-
ance to egg-allergic patients.

3 – Clinical relevance, diagnosis and management

According to the IgE sensitivity of a given patient, three different 
clinical scenarios should be distinguished in a patient with a positive 
skin prick test or detectable levels of IgE to egg proteins990,991:

1. Sensitized to eggs but clinically tolerant
Can eat all forms of eggs. Such patients will generally present 

a positive serum IgE test to egg white, in a low to mid-range value, 

F I G U R E  8 2 Major egg allergens 
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as well as a negative or low serum IgE test to ovomucoid. Serum 
specific IgE to ovalbumin might be elevated in a similar range to the 
test to egg white.

2. Allergic to raw or partially raw eggs only
Tolerant to baked eggs or cooked eggs. These patients will gen-

erally present similarly to scenario one, with a positive serum IgE test 
to egg white, in a low to mid-range value, as well as a negative or low 
serum IgE test to ovomucoid. Serum specific IgE to ovalbumin might 
be elevated in a similar range to the test to egg white.

3. Allergic to all forms of egg
These patients generally have serum specific IgE to egg white 

in the middle to upper range. They might also have elevated serum 
specific IgE to ovomucoid and to ovalbumin.

Clinical history
The case history is decisive. It needs to be assessed if the patient 

has a concomitant atopic disease (e.g., atopic eczema), which might 
predispose to a positive test to egg white. If the child has a history 
of an allergic reaction after eating eggs, the history needs to specify 
to which form of egg the child reacted (baked, cooked, or raw eggs).

Skin prick test (SPT)
Skin prick test can be done with commercial egg white extracts 

or with raw eggs. Both have good accuracy for showing IgE sensi-
tization. Extracts of major egg allergens (ovomucoid, ovalbumin or 
others) are not commercially available and are not used in routine 
diagnostic testing. A systematic review on diagnosis of egg allergy 
in children using cut-offs estabilished that heated egg allergy seems 

TA B L E  3 5 Allergenic molecules of hen's egg and clinical relevance of specific proteins Adapted from [989]

28

45

76-77

14.3
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Ovomucoid 

(Gal d1)

Ovalbumin 

(Gal d 2)

Ovotransferrin 

or conalbumin

(Gal d 3)

Egg lysozyme 

(Gal d 4)

Ovomucin

Kazal-type serine 

protease inhibitor

serine protease inhibitor

transferrin

glycoside hydrolase 

family 22

contains trypsin inhibi-

tor-like domains

serine protease 

inhibition activity 

antibacterial activity

storage protein?

iron-binding capacity 

with antimicrobial 

activity

antibacterial activity

heavily glycosylated 

protein with potent 

antiviral activities

high

low

low

moderate

n.a. 

Protein 
name

MW
(kDa)

Protein 
family

Biological 
function(s)

Resistance to heating and 
chemical denaturation

Clinical relevance

Egg White  Proteins

Heat-stable and highly allergenic. Risk 

for reaction to all forms of egg. High 

sustained egg allergy.

Heat-labile. Most abundant egg white 

protein. Risk for clinical reaction to 

raw or slightly heated egg.

Heat-labile. Risk for clinical reaction 

to raw or slightly heated egg.

Risk for clinical reaction to raw or 

slightly heated egg.

35

65-70

9.5

170

Phosvitin

α-livetin  

(Gal d 5)

Apovitellenins I

Apovitellenins VI 

(orapoprotein B)

transferase? 

serum albumin

very low-density lipo-

protein 

unknown

Metal-chelating agent 

bind ions, fatty acids, 

hormones in physiological 

conditions

potent lipoprotein lipase 

inhibitor

lipid-binding activity

n.a. 

n.a. 

n.a. 

n.a. 

Egg Yolk  Proteins
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very likely if SPTs with egg white extract are >5 mm in children 
<2 years and >11 mm in children ≥2 years. In children <2 years, raw 
egg allergy appears very likely when SPTs with egg white extract are 
≥4 mm; in children ≥2 years, raw egg allergy appears very likely when 
SPTs with egg white extract are ≥10 mm.992

Specific IgE testing
IgE to the following allergens are commercially available for test-

ing: egg, egg white, egg yolk, ovomucoid (Gal d 1), ovalbumin (Gal d 
2), ovotransferrin (Gal d 3), egg lysozyme (Gal d 4).

Testing for specific IgE to egg white is, in general, mostly recom-
mended for primary diagnosis of egg allergy in children. Egg white 
extract combines the most common major allergens recognized by 
egg allergic patient (ovomucoid and ovalbumin) and therefore con-
stitutes the most accurate test for the initial diagnostic step.993 
Moreover, levels of specific IgE to egg white might indicate the se-
verity of egg allergy.994 In addition, egg white specific IgE levels have 
been studied in order to determine cut-off values indicative of true 
clinical egg allergy. However, diagnostic cut-offs vary with the char-
acteristics of the patient populations, for instance age and presence 
or absence of eczema, and thus should be applied to populations 
with similar characteristics995–998A systematic review on diagnosis 
of egg allergy in children using cut-offs established that in children 
<2 years, raw egg allergy seems very likely when specific IgEs are 
≥1.7 kU/l and in children ≥2 years raw egg allergy seems very likely 
when specific IgEs are ≥7.3 kU/l.992

Molecular diagnosis can be helpful to distinguish patients who 
are reactive to raw or partially raw eggs only from patients who are 
allergic to all forms of egg. Previous studies have defined a positive 
decision point for at least 95% clinical specificity for ovomucoid-
specific IgE to diagnose allergy to cooked/ baked eggs.999,1000 
Differences between studies done with different patient popu-
lations can limit the application of cut-off values to other popula-
tions.992,1001 However, high levels of specific IgE to ovomucoid can 
support the diagnosis of cooked/baked eggs allergy and persistent 
egg allergy as well1002,1003 (Table 35).

The heat-labile egg white allergen ovalbumin can contribute 
to distinguish between the various pattern of clinical reactivity 
to eggs. Sequential testing starting with IgE measurement to egg 
white, followed by measuring IgE to ovalbumin and ovomucoid, can 
significantly improve the diagnosis of raw and cooked/baked egg al-
lergy999,1000 (Table 35).

It has been postulated that egg extracts modified by denatur-
ation for mimicking the heating of eggs or egg digestion in the gut 
might provide more accurate proteins for clinical diagnosis. For dis-
tinguishing between egg sensitized subjects and patients allergic to 
all forms of eggs, native egg proteins provide reliable extracts for 
diagnosis as determined by receiver operating characteristic curves. 
For more refined diagnosis, denatured egg allergens might be help-
ful.1000 Nevertheless, the clinical utility of such tests needs to be 
confirmed in larger patient populations.

Oral food challenge
The oral food challenge can be performed as open, single 

blind or double-blind, placebo-controlled challenge. Patients with 

subjective symptoms should preferably be challenged in a double-
blind, placebo-controlled challenge. Food challenges are helpful to 
get a definite diagnosis, in cases with a discrepancy between the 
clinical history and specific IgE results, as well as for the follow-up 
of food allergy. Depending on the clinical question, eggs might be 
given as raw, cooked, or in baked forms. Routine testing does not 
include challenges with isolated egg proteins. A study regarding the 
natural history of egg allergy reported that it resolved in 49.3% of 
egg-allergic children at a median age of 72 months.1004 Thus, due 
to the natural history of egg allergy, which is frequently outgrown 
by 5-7 years of age, natural tolerance acquisition should be tested 
at regular intervals in average 6-12 months in the absence of an ac-
cidental reaction.73 Moreover, introduction of baked egg might ac-
celerate tolerance acquisition to all forms of eggs, but this requires 
further research.392,1005

Clinical Management
Avoidance diet should be restricted to the form of egg not toler-

ated by the patient. All other forms should be regularly consumed. 
The diagnostic work-up, including history, SPT, specific IgE and oral 
food challenge as appropriate should aim to correctly identify forms 
of eggs to which the patient is tolerant. In addition to allergen avoid-
ance, patients should be provided with medication, such as anti-
histamines, adrenaline auto-injectors and salbutamol, for treatment 
of acute allergic reactions due to accidental ingestions.

Allergen-specific immunotherapy
Various studies have shown clinical efficacy for specific oral tol-

erance induction protocols.377 Nevertheless, this procedure is not 
yet applicable to all patients.

5 – Clinical cases

Case 1
History: Girl, 8 months old, severe atopic eczema. Allergy testing 

is performed for ruling out food allergy as a triggering factor of her 
severe atopic eczema. She has never eaten eggs, neither isolated nor 
in processed foods.

SPT: 10 mm to egg white, negative to milk, wheat, soy, fish, pea-
nut and hazelnut.

In-vitro testing: Total IgE 1825 kU/L, specific IgE to egg white 
5.02 kU/L, ovoalbumin 1.64 kU/L, ovomucoid 0.82 kU/L.

Oral challenge: Negative with baked products, well-tolerated, 
without immediate reactions or flaring of atopic eczema. The egg 
is progressively introduced at home in baked forms and in pasta 
with eggs.

Diagnosis: Sensitization to egg white in the context of severe 
atopic eczema.

Recommendation: Continue eggs in baked forms, retesting and 
perform a food challenge before introducing egg in cooked or raw 
forms.

Case 2
History: Girl, 13 months old, in good health. She has eaten 

cooked eggs, either isolated or processed foods, without any clinical 
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manifestations from 8 months of age. The girl is given for the first 
time a chocolate mousse made with raw beaten egg white. She pres-
ents within minutes a facial rash spreading to the upper thorax, a dry 
cough, and several episodes of sneezing. The signs and symptoms 
rapidly disappear after the administration of an oral antihistamine.

SPT: 5 mm to egg white.
In-vitro testing: Specific IgE to egg white 3.65 kU/L, ovoalbumin 

1.56 kU/L, ovomucoid 0.78 kU/L. A low ovomucoid allergen-specific 
IgE (relatively to the specific IgE to egg white) is indicative of proba-
ble tolerance to cooked egg, which the girl tolerated.

Diagnosis: Allergy to raw eggs only.
Recommendation: Eggs well-tolerated in baked foods or cooked 

can be eaten. Elimination diet of incompletely cooked or raw eggs in 
any form. Follow-up at 25 months of age with measurement of SPT 
and allergen-specific IgE to egg white, ovoalbumin and ovomucoid, 
assess clinical reactivity with oral food challenge if there is a reason-
able chance of tolerance acquisition.

Case 3
History: Boy, 9 months old, history of moderate atopic eczema. 

He eats for the first time a hard-boiled egg. Present within minutes 
an urticarial rash over the thorax, followed by an episode of vomit-
ing. The clinical manifestations rapidly disappear after the adminis-
tration of an oral antihistamine.

SPT: 9 mm to egg white.

In-vitro testing: Specific IgE to egg white 18.23 kUA/L, ovoal-
bumin 17.12 kUA/L, ovomucoid 8.56 kU/L. Diagnosis: Allergy to all 
forms of eggs.

Recommendation: Eggs in all forms and foods containing eggs 
need to be avoided. Follow-up at 21 months of age with measure-
ment of SPT and allergen-specific IgE to egg white, ovoalbumin and 
ovomucoid, assess clinical reactivity with oral food challenge at first 
to the baked eggs if there is a reasonable chance of tolerance acqui-
sition. Not thoroughly cooked eggs and raw eggs will probably need 
to be continued to be avoided.

6 – Conclusion

At the present stage, the measurement of serum IgE or skin prick 
testing to egg white should represent the first diagnostic test when 
assessing a patient with suspected egg allergy. Using tests with egg 
white components is most helpful for fine-tuning the diagnosis to 
predict tolerance to baked, cooked and raw eggs and for the follow-
up of egg allergy. A definite diagnosis should always be made in rela-
tion to the clinical history, and if necessary, by a standardized food 
challenge. For general recommendations about food allergy diagno-
sis, the reader might also refer to the European Academy of Allergy 
and Clinical Immunology Food Allergy Guidelines.
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B12 – Al lerg y to f ish and Anisakis 
s implex

Leticia de las Vecillas, Lars K. Poulsen, Martine 
Morisset, Annette Kuehn

Highlights

•	 Fish species may differ by their allergenic potency.
•	 Proteins present in fish muscle, roe, skin or blood can elicit fish 

allergy.
•	 Less than 1% of the general population suffer from a fish allergy.
•	 Allergens from fish versus from shellfish and the fish parasite 

Anisakis simplex are not the same.
•	 Parvalbumin is the major fish allergen, but IgE spreading to other 

allergens is also common.
•	 Anisakis simplex allergy is diagnosed best using a combination 
of extract and single molecules while excluding sensitization to 
other parasites.

1 – The allergen source

FISH—Fish together with egg, milk and crustaceans represent the an-
imal kingdom in the “big eight” group of food allergens, to which the 
majority of food allergic patients react. As fish is both an important 
food component and a potent source of food allergen, fish has also 
become a part of the European Union regulation of food labelling 
(EU regulation No 1169/2011), as allergy hazard of fish-containing 
commercial food products.195 Despite the broad biodiversity among 
fish (more than 30,000 individual species have been described), 

commonly consumed species are members of the Osteichthyes group 
(bony fish) and belong to a limited number of orders, the salmon-
like (Salmoniformes), cod-like (Gadiformes), perch-like (Perciformes), 
herring-like (Clupeiformes), carp-like (Cypriniformes), catfish-like 
(Siluriformes), and platfish (Pleuronectiformes) (Figure 83).

Globally, a high number of fish species is commercially available. 
The market share of these species varies in different countries ac-
cording to regional production sites and eating habits. While cod 
and salmon are important food fish in Europe, other low-value fresh-
water species are popular in Asia (e.g., grass carp and Asian carp). 
Fish allergens have been described in about 40 species, but detailed 
analysis of the allergy-eliciting molecules was performed mainly for 
fish, which are commonly consumed in the European area such as 
carp, cod, salmon, trout and tuna.195 Meanwhile the knowledge on 
food allergy to other species such as barramundi and catfish is grow-
ing.1009,1010 A large and clinically relevant cross-reactivity seems to 
exist between parvalbumins of different fish species (see chapter 
C11). The following fish products can be elicitors of mild to severe 
allergic reactions in sensitized patients.

Fish meat—The largest allergenic activity resides in the muscle of 
the fish.195 Fish is consumed as cooked, fried, pickled or even raw 
food product. Food processing seems not to affect the allergenic po-
tency of the fish but rather the allergen content, which varies in dif-
ferent species.1009 Parvalbumins, the major fish allergens, are highly 
abundant in the fish muscle. With a serving size of 200 g cod filet, the 
consumer might ingest up to 0.5 g of parvalbumin per meal. Other 
fish allergens present in the muscle are enolases, aldolases, collagen, 
tropomyosin and others. As a food ingredient, fish must be listed spe-
cifically on a product label regardless of the percentage of content.

Eggs, roe, caviar—There are case reports that caviar has elicited 
allergic reactions. Typically, roe is consumed in its raw form. Fish 

F I G U R E  8 3 Most important food fish are members of seven taxonomic orders. 
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muscle allergens are not relevant in this context. Vitellogenin has 
been identified as an important fish egg allergen.195 This protein and 
its metabolites represent nearly the total protein content in roe. The 
knowledge about fish egg allergens improved over the past year, in-
cluding the production of the first recombinant molecules.1011

Fish gelatin, isinglass, and similar products—Concern has been 
raised as to whether fish-derived products such as fish gelatin may 
have allergenic properties. Fish gelatin, hydrolysed collagen, is made 
from fish skin and bones. Isinglass is derived from fish swim bladder 
and largely contains collagen. Food (beverages, candy), pharmaceu-
tical (gel capsules and coatings) or biological (vaccines, sublingual im-
munotherapy) products may contain these ingredients. Allergenicity 
appears to be inherent to collagen-like products1012 but might also 
stem from contaminations by fish meat residues. Consumers are not 
aware of these fish-derived food ingredients as they are exempted 
from the food labelling regulation.

Fish blood—Fish hemin (fish blood) or other blood proteins have 
been used by the food industry as additives or processing aids, but it 
seems to be a relevant source of allergens only in the fish-processing 
environment. Occupational asthma might be linked to the aerosol-
ization of potentially blood-derived allergens during processing of 
fish. Serum albumin has been suggested as a potential allergen, but 
this and other allergens could be not confirmed so far.1013,1014

The term seafood comprises both fish and shellfish (e.g., shrimps, 
crabs, lobster, mussels, oysters, octopus, squid1015). Considering the 
large phylogenetic distance between fish and these other organisms 
it is not surprising that little cross-reactivity occurs. Therefore, sea-
food other than fish as allergenic food will not be discussed further 
in the context of fish allergy (see chapter B13). Nevertheless, a case 
of cross-allergy between fish and shrimp tropomyosins has recently 
been reported.1016

ANISAKIS SIMPLEX—Anisakis simplex is a parasite of the Nematoda 
phylum, which is able to induce IgE sensitization.1017 It is increasingly 
recognized as a relevant allergenic component mostly in fish.1018 It is 
important to keep Anisakis simplex allergy in consideration when diag-
nosing patients experiencing allergic reactions after eating fish mainly 
when specific fish such as European hake, Atlantic horse mackerel, 
blue whiting or anchovies are involved.  Debenedetti et al (2019); see 
comment in reference list 1016 Humans become an incidental host after 
eating raw or undercooked fish containing live larvae. Freezing fish at 
-20°C for at least 24 h will kill the larvae, however. When parasitized 
fish is consumed, larvae can penetrate the gastrointestinal mucosa 
and induce abdominal pain, digestive symptoms and sometimes fever 
(anisakiasis). Upon reexposure, sensitized individuals may also develop 
allergic signs. Reactions can include typical allergic and/ or gastrointes-
tinal symptoms (gastroallergic anisakiasis). It is assumed that sensitiza-
tion can also occur to dead larvae material i.e., without first developing 
anisakiasis. In this case freezing will not ascertain full safety, albeit the 
parasites are killed. It is important to keep Anisakis simplex in consid-
eration when diagnosing patients experiencing allergic reactions fol-
lowing fish ingestion. When testing for IgE against parasites it should 
be remembered that there is a considerable cross-reactivity between 
different nematode species e.g., Anisakis and Ascaris.1020,1021

2 – Fish allergens (parvalbumin and others) and 
Anisakis allergens.

FISH—A search in the WHO/IUIS database currently reveals 40 en-
tries while the database Allergen Online (www.aller​genon​line.org, 
version 21) comprises 83 fish allergens of known sequence. Sixteen 
and 40, respectively, of these belong to the parvalbumin family 
(Table  36). Further allergens are enolases (n=5), aldolases (n=4), 
tropomyosin (n=3), vitellogenin from salmon roe (n=1) and others 
(n=11). These are discussed further below.

Fish meat—The dominating major allergen in fish muscle is par-
valbumin of which the codfish molecule Gad c 1 was the first to 
be identified (see chapter C11).195 Subsequently, studies were per-
formed with a number of homologous proteins such as Gad m 1 from 
Atlantic cod, Cyp c 1 from Common carp and Sal s 1 from Atlantic 
salmon (Figure 84; left panel). Parvalbumins are small muscle pro-
teins (10-12 kDa) of remarkable stability towards physicochemical 
effects by food processing. During fish preparation and cooking, 
these allergens may become aerosolized and inhaled causing respi-
ratory symptoms.1014,1022,1023 Because of specific characteristics of 
their protein structure, these calcium-binding allergens belong to 
the so-called EF-hand family (Figure 85).1024 The parvalbumin lev-
els vary considerably in different fish tissues and species.1009 Carp 
and herring muscle contain about 100-times more parvalbumin 
than mackerel and tuna. Most fish-allergic patients have specific 
IgE to these allergens (Table  36). Highly conserved parvalbumin 
epitopes have been used to explain not only IgE but also clinical 
cross-reactivity among various fish species. Parvalbumins cluster 
into two molecular subtypes, parvalbumins from the alpha- and 
the beta-lineage. Common fish allergens, as listed in Table 36, are 
beta-parvalbumins. Alpha-parvalbumins, such as parvalbumins 
found in ray and shark, appear to have minor cross-reactivity with 
beta-homologues (see chapter C11). Beyond parvalbumin, other 
fish allergens were identified, namely 50 kDa-enolases and 40 kDa-
aldolases from cod, salmon, tuna and more recently Cyp c 2 from 
carp and Pan h 2 and Pan h 3 from catfish.1010,1022 These glycolytic 
enzymes are highly expressed in the fish muscle. Their potency as 
food allergens still needs to be defined as they are less stable than 
parvalbumins. However, a number of fish-allergic subjects seem to 

Fish as an allergenic source

•	 Fish species may differ by their allergenic potency.
•	 Allergy might be elicited by proteins present in fish mus-

cle, skin or blood.
•	 Allergens from fish and shellfish (e.g., crustaceans, mol-
luscs) are not the same.

•	 Anisakis simplex, a parasite residing in fish muscle, can 
be another source of IgE-mediated hypersensity after 
fish ingestion.

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.allergenonline.org


174 of 386  |     DRAMBURG et al.

have IgE against these allergens (Table 36). In-vitro cross-reactivity 
occurs for homologues from cod, salmon and tuna. Other fish mus-
cle allergens are relevant, e.g., tropomyosin, creatine kinase and 
triosephosphate isomerase described in salmon and catfish as well 
as pyruvate kinase, lactate dehydrogenase, glucose-6-phosphate 

dehydrogenase, and glyceraldehyde-3-dehydrogenase discovered 
in catfish.1010 It can be expected that further studies will confirm 
the clinical value of including those allergens into a diagnostic panel.

Fish gelatin and collagen—Collagen consists of three individual 
polypeptide chains corresponding to two alpha-subunits (a1, a2; 

TA B L E  3 6 Major and relevant minor fish allergenic molecules

Clupeiformes    

Cypriniformes

Gadiformes        

Perciformes                  

Pleuronectiformes  

Salmoniformes                    

Scorpaeniformes  

Siluriformes                    

Herring (Clupea harengus)  

Pilchard (Sardinops sagax)  

Carp (Cyprinus carpio)    

Grass carp   (Ctenopharyngodon idella)  

Atlantic cod (Gadus callarias)  

Atlantic cod (Gadus morhua) 

     

Tuna (Thunnus albacares)      

Barramundi (Lates calcarifer)   

 

Mozambique tilapia (Oreochromis mossambicus)  

Indian mackerel   (Rastrelliger kanagurta)  

Atlantic mackerel   (Scomber scombrus)  

(Xiphias gladius)  

Megrim 

(Oncorhynchus keta)  

Rainbow trout   (Oncorhynchus mykiss)  

Salmon (Salmo salar)         

       

(Sebastes marinus)  

(Pangasianodon hypophthalmus)                    

Clu h  1  

Sar sa 1  

Cyp c 1  

Cyp c 2  

Cten i 1  

Gad c 1  

Gad m 1  

Gad m 2  

Gad m 3  

Thu a 1  

Thu a 2  

Thu a 3  

Lat c 1  

Lat c 6  

Ore m 4  

Ras k 1  

Sco s 1  

Xip g 1  

Lep w 1  

Onc k 5  

Onc m 1  

Sal s 1  

Sal s 2  

Sal s 3  

Sal s 4  

Sal s 6  

Sal s 7  

Sal s 8  

Sal s 9  

Seb m 1  

Pan h 1  

Pan h 2  

Pan h 3  

Pan h 4  

Pan h 7  

Pan h 8  

Pan h 9  

Pan h 10  

Pan h 11  

Pan h 13  

parvalbumin  

parvalbumin  

parvalbumin  

enolase  

parvalbumin  

parvalbumin  

parvalbumin  

enolase  

aldolase  

parvalbumin  

enolase  

aldolase  

parvalbumin  

collagen  

tropomyosin  

parvalbumin  

parvalbumin  

parvalbumin  

parvalbumin  

vitellogenin  

parvalbumin  

parvalbumin  

enolase  

aldolase  

tropomyosin  

collagen  

creatine kinase  

triose-P isomerase  

nd  

parvalbumin  

parvalbumin  

enolase  

aldolase 

tropomyosin  

creatine kinase  

triose-P isomerase  

pyruvate kinase  

lactate DH  

glucose-6-P DH  

glyceraldehyde-3-P DH  

Order English name 
(species)

Allergenic 
moleculeA 

Biochemical 
name

Prevalence 
[%]B 

MW [kDa]

45  

80  

100  

17  

94  

100  

100  

56  

37  

95  

19  

13  

77-83  

22  

100  

83  

95  

71  

100  

nd  

95  

49-64  

24-34  

16-26  

13  

22  

14  

34  

nd  

95  

42  

21  

21  

6-32  

10  

19  

6  

13  

8  

6  

12  

12  

12  

47  

9  

12  

12  

50  

40  

11  

50  

40  

11.5  

130, 140  

33  

11.3  

12  

11.5  

11.5  

18  

12  

12  

50  

40  

37  

130, 140  

43  

25  

nd  

11  

11  

50  

40  

35  

43  

21  

65  

34  

60  

36  
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each 110 kDa) and one beta-subunit (210 kDa). These chains form-
ing a tight right-handed twist causing them to form a rod shape triple 
helix. Fish gelatin is a heterogeneous product being obtained from 
acidic acid extraction of collagen followed by chemical hydrolysis. 
According to the molecular weight of fish gelatin components, it is 
available at different hydrolysate grades. Anaphylaxis to fish gelatin 
has been documented in case reports.1025,1026 Fish gelatin differs 
considerably by its amino acid composition from mammalian ho-
mologues. It is therefore coherent that there is no cross-reactivity 
among these products. More recently, the allergenic potency of fish 
collagen was confirmed in several fish species, salmon, barramundi 
and catfish, corroborating earlier reports.1012,1025 It is important to 
be aware that fish gelatin and collagen may be used as additives 
or processing aids in drugs, vaccines and food products normally 
thought to contain fish proteins, and may therefore be more prone 
to act as a hidden allergen.

Roe—The allergens of roe, also referred as caviar or fish eggs, 
are different from those of fish meat and fish skin. Patients with roe 
allergy often tolerate fish meat and vice versa. Vitellogenins are gly-
colipoproteins of high molecular weight (>150 kDa) belonging to the 

family of lipid transport proteins. Studies of allergens from salmonid 
roe have led to the identification of a 35-kDa vitellogenin fragment 
consisting of two partly identical subunits (18 and 16 kDa) named 
Onc k 5 (Figure 84).195 Cross-reactivity has been proven for roe aller-
gens from different fish species by IgE and skin testing. However, no 
cross-reactivity was found to homologues from chicken yolk.

ANISAKIS SIMPLEX—Fourteen allergens are available via offi-
cial allergen names (Table  37), allergen online contains 33 entries 
in total.1027 These cluster according to their origin from the para-
site into allergens from dead/ disintegrated (somatic, SO; cuticular, 
C) and from living larvae (excretory/secretory, ES) 1028. There is a 
notion that ES allergens are more potent than SO/C allergens.1017 
Further allergens are known from Anisakis pegreffii; however, focus 
will be given here to the officially approved allergens.

SO allergens—They are present in the body of the parasite. 
Specific IgE reactivity to those allergens relates to sensitization but 
not necessarily clinical allergy.

Ani s 2 (paramyosin) and Ani s 3 (tropomyosin) bear high homol-
ogy and strong cross-reactivity to house dust mite and crustacean 
homologues.1017,1028 The biological function of Ani s 10, another SO 
allergen, remains to be clarified.

C allergens—They are released during a specific window of the 
larval life cycle in transition from L3 to L4 stage. It seems that these 
antigens are involved in a chronic stimulus inducing granulomas and 
other chronic lesions. Ani s 4, an antigen that belongs to the cysteine 
protease inhibitors family, it has been shown to be presented not 
only in the excretory gland but also in the cuticle of the parasite.

ES allergens—These antigens are histolytic enzymes secreted 
through the dorsal oesophageal gland and the excretory cells on 
the digestive tract of L3-stage larvae. Their function is to facilitate 
the parasite's infiltration through the digestive mucosa of its host. 
Ani s 1, Ani s 4, Ani s 5, Ani s 6, Ani s 7, Ani s 8, Ani s 9 and Ani 
s 13 can induce both sensitization and elicitation of allergic symp-
toms.1029–1031 Three of these are considered major allergens, Ani s 
1, an inhibitor of Kunitz-type serine proteases, Ani s 7, a protein of 
unknown biological function and Ani s 13, a protein of haemoglobin 
function. Structural homologues to Ani s 7 and Ani s 13 in other 
allergen sources are unknown so far.

F I G U R E  8 4 Most important allergens from Atlantic salmon muscle, roe, and contamination with Anisakis simplex 

F I G U R E  8 5 Protein structure of parvalbumin Cyp c 1 from 
carp (pdb 4CPV). Two EF-hand motifs bind each a Ca2+-molecule. 
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3 – Sensitization to individual molecules and its 
clinical relevance

FISH—So far, epidemiological studies on fish allergy are missing to 
present consistent data of sensitization to fish and fish allergens. 
Prevalence rates specifically to fish have been determined in stud-
ies of variable design and methodology.1032–1034 Overall, it seems 
that <1% of the global population are affected by allergy to fish. 
A higher percentage is observed in paediatric cohorts and in coun-
tries with long coastlines, which have a high fish consumption, as 
well as in regions with fish-processing industries (up to 3%). Patients 
get sensitized to fish not only upon ingestion but also skin contact 
and inhalation of fish steam during processing of this food.195,1018 
Occupational asthma has been reported in 7-36% of workers in in-
dustrial fish production lines.1023

Parvalbumins have been defined as pan-allergens in fish.195 In this 
chapter, we will focus on parvalbumins from the beta-lineage, which are 
known as important fish allergens. More details on alpha-parvalbumins, 
including their low cross-reactivity with beta-homologues can be 

found in the chapter C11. Sensitization rates for beta-parvalbumins 
were based on studies of allergen characterization. First it was con-
cluded that 90-95% of the patients had specific IgE to these muscle 
proteins. Studies of the past decade showed that the fish-allergic pop-
ulation can be subdivided into the following clinical clusters, i. highly 
sensitized patients reacting to all fish, ii. oligo-sensitized patients 
reacting to several, specific fish and iii. patients with “selective reac-
tions” to individual fish species only.195,1035 Patients of these clinical 
clusters vary by their IgE-recognition profiles. It was shown that the 
prevalence of IgE binding to parvalbumin was lower than assumed for 
long time. The sensitization rate to this major allergen might be rather 
range at about 70 to 95%, depending on the study cohort. Beyond 
parvalbumin, a polyclonal immune response to multiple fish allergens 
correlates with clinical reactivity, as demonstrated for cod, salmon and 
catfish allergy.1025,1036 A single study demonstrated that fish-allergic 
patients with specific IgE to cod parvalbumin might be co-sensitized 
to cod enolases (81%) and aldolases (58%).1010 The clinical origin and 
relevance of this co-sensitization is still not yet resolved. However, 
specific parvalbumin-negative patients seem to develop IgE antibod-
ies to fish enolase (47%) and aldolase (41%), which is rather linked to 
species-specific fish allergies.1037 It is important to note that there are 
still limited data available to delineate how many patients can be cat-
egorized in each proposed clinical cluster. Also, it has to be taken into 
consideration that a geographical and/or a temporal gradient might be 
relevant for such a prevalence date collection.

ANISAKIS SIMPLEX—The seroprevalence appears to vary be-
tween countries, such as a pronounced occurrence reported in 
Mediterranean countries.1031,1038 The vast majority of allergic 
cases to the parasite are after food intake; however, contact der-
matitis and conjunctivitis as well as occupational bronchial asthma 
have been described as well.1017 In the literature, there is a lack 

Clinical relevance of fish allergens

•	 Less than 1% of the general population suffer from a fish 
allergy.

•	 Parvalbumin is the major fish allergen (prevalence rates 
70-95%).

•	 Most patients have often sIgE to multiple fish allergens, 
including enolases, aldolases, collagen and tropomyosin.

TA B L E  3 7 Major and relevant minor Anisakis simplex allergenic molecules

Ani s 1  

Ani s 2  

Ani s 3  

Ani s 4  

Ani s 5  

Ani s 6  

Ani s 7  

Ani s 8  

Ani s 9  

Ani s 10  

Ani s 11  

Ani s 12  

Ani s 13  

Ani s 14  

Kunitz serine protease inhibitors   

Paramyosin  

Tropomyosin  

Cysteine protease inhibitor  

SXP/RAL-2 family protein  

Serine protease inhibitor  

Glycoprotein  

SXP/RAL-2 family protein  

SXP/RAL-2 family protein  

nd  

nd  

nd 

Haemoglobin  

nd  

Allergenic molecule A Biochemical name Prevalence [%] B MW [kDa]
85  

88  

nd  

27  

25  

18  

83–100  

25  

nd  

39  

47  

57  

64  

54  

24  

97  

41  

9  

15  

7  

139  

15  

14  

21 

27  

31  

37  

24  
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of consistency to differentiate between allergy and asymptomatic 
sensitization. In fact, traditional test such as skin prick test (SPT) 
and Anisakis simplex-specific IgE using the whole extracts have 
shown low specificity.1038 Various studies approached the iden-
tification of clinically relevant allergens in order to discriminate 
genuine allergy from molecular cross-reactivity. IgE reactivity to 
ES-allergens showed to correlate with clinical reactivity. Due to 
the lack of homology with other allergens, Ani s 1 and Ani s 7 
bear a good diagnostic capacity to identify true Anisakis simplex 
allergy.1039,1040 Ani s 1-specific IgE are found predominantly on 
patients presenting with severe allergic reaction. Though Ani s 7 is 
a frequently IgE-recognized molecule, it seems less clinically rele-
vant, which can be explained by a parallel IgG4-response resulting 
into a protection against adverse symptoms.1041 The ES allergen 
Ani s 13 has been reported as another marker for primary sensi-
tization and clinical allergy. Ani s 2 and Ani s 3 are Anisakis sim-
plex pan-allergens but with high cross-reactivity to other allergen 
sources such as mites, insects, shellfish, cockroach, and chirono-
mids, thus a less specific marker.1017,1018,1029

4 – Clinical management

FISH—Fish allergy diagnosis is mostly based on clinical history, skin 
tests (prick tests to fish extract or prick-to prick with the culprit 
fish -raw and cooked-) and IgE tests, followed (if needed) by an 
oral food challenge (ideally, double-blind placebo-controlled chal-
lenge) with the fish that has elicited the reaction.195,1031 Level of 
serum IgE antibodies have been correlated with the clinical reac-
tivity to predict allergy to fish. In a US population, an IgE level of 20 
kU/L to cod extract (ImmunoCAP Specific IgE test, Thermo Fisher) 
allowed to predict an allergy to this fish with 95% certainty.1042 
More recently, a large food challenge-based study reported that 
combining an obvious clinical history of patients with sIgE to cod 
extract >8.2 kU/L or to salmon extract >5 kU/L should result in 
advising to avoid consuming all fish species.1036 A specific cod IgE 
titer >5 kU/L has been even reported to be useful regarding an 
unfavorable prognosis to outgrow fish allergy.1035 The availability 
of individual allergens for IgE testing is still limited and thus, not of 
much help in predicting whether the patient is allergic to other fish 
species. However, an outline of the future diagnosis using single 

allergens is presented in the “Clinical cases” and in the chapter 
C11. Meanwhile, a novel multiplex platform (MadX, MacroArray 
Diagnostics) made a number of parvalbumins from several fish spe-
cies available, in addition to the other fish allergens cod enolase 
and aldolase (Gad m 2, Gad m 3).

Two important questions should be addressed if the initial 
suspicion of fish allergy is confirmed by the challenge procedure 
(Figure 86). Firstly, how sensitive is the patient? This can normally 
be deduced from the titrated challenge procedure, and the pa-
tient should be advised for future dietary precautions based on his 
or her individual threshold. Of note, the scheme in (Figure 87) re-
flects a complete workflow, rather than a temporal sequence. Skin 
test results might be earlier available than IgE serology. Food chal-
lenges are advised against in case of a suspected severe reaction. 
As reviewed under “Parvalbumins,” some fish-allergic patients can 
develop a cross-reactivity to chicken meat due to parvalbumin cross-
reactivity.195 Prick-to-prick testing with chicken meat (both, leg and 
breast meat) and serum IgE testing to chicken meat might be recom-
mended in case of a positive clinical history. During the procedure 
of diagnosis as proposed in Figure 86, the assessment of a putative 
Anisakis simplex allergy shall be included, especially if results of fish 
allergy tests are unequivocal.1017 Skin prick tests and IgE serology 
can be useful to demonstrate sensitization. It is important to keep 
in mind that IgE testing with Anisakis-extracts can produce false-
positive results due to molecular cross-reactivity, such as to shellfish 
or insect allergens.

The second question relates to the degree of cross-reactivity 
between fish species (Figure  87). If the patient reacts with IgE of 
similar magnitude and reacts to a parvalbumin it is likely that there 
is a broad cross-reactivity. If the sensitization pattern suggests a 
more “selective” reaction to specific fish, an open challenge may 
be performed to confirm this tolerance. For this, the choice of the 
fish can be adapted according to the clinical history of the patient. 
Especially fish with a low parvalbumin content, such as tuna, as well 
as fish distantly related to cod, such as ray, a cartilaginous fish with 
low cross-reactive alpha-parvalbumins, might be of importance to 
test for oral tolerance and alternative introduction into the diet 
(see chapter C11).208 If the patient presents primarily with digestive 
symptoms without cutaneous signs, non-IgE-mediated food allergy 
might be suspected (food protein enterocolitis syndrome/FPIES in 
children, eosinophilic oesophagitis (EoE) in children and adults.1043 
Also, histamine fish poisoning leads to the induction of allergy-like 
symptoms.

History of exposure—As for diagnosis of fish-allergic patients, it 
should be remembered that most people are aware of ingesting fish, 
and thus the patient history is often quite reliable as for the exposure 
(which does of course not exclude other ingredients in a meal). While 
probably extremely rare, there are examples of patients reacting to 
fish allergens that are hidden in foods.195 It is obviously difficult to 
demonstrate a 100% safety level, but several studies have suggested 
that some fish-derived food additives seem to have a quite low risk 
of causing reactions in previously sensitized fish allergic persons.

Clinical relevance of Anisakis simplex allergens

•	 The seroprevalence ranges between 0.2 and 15% in the 
general population.

•	 Specific IgE to the whole extract is not always related to 
symptomatic allergy.

•	 Ani s 1 appears to be a clinically relevant allergen from 
Anisakis simplex.
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Quantitative risk assessment—As relating to the dose of fish 
producing food-allergic symptoms only data for fish meat are avail-
able in the published literature. According to the literature, the low-
est provoking dose is in the low milligram range. A larger population 
was tested in the EuroPrevall project, an EU-funded project the 
prevalence, costs, and basis of food allergy across Europe, and an 
ED10 of 27.3 mg of cod protein was found, which was confirmed 
later.554,988,1036

Other risk factors—It is important to notice that parvalbumins, 
the major fish allergens, are highly heat-stable.195,208 Thus, their al-
lergenicity cannot be expected to be reduced upon food processing. 
However, its proteolytic resistance seems to be lower, for example, 
to pepsin at low pH. Accordingly, maintenance of a well-functioning 
digestive system with low ventricular pH may be of importance for 
avoiding fish allergy.

ANISAKIS SIMPLEX—The diagnosis of anisakiasis is mainly based 
on the clinical presentation and the observation of larvae during an 
endoscopy.

Differential diagnosis—How the differential diagnosis is pro-
ceeded along with a genuine fish allergy diagnosis, is represented 
in (Figure  86). When specific IgE to Anisakis extract is positive in 
a patient with ambiguous clinical history, sensitization to inverte-
brates (e.g., house dust mites, crustaceans and nematodes) should 
be considered.1017,1028,1038 Previous studies have also shown that 
the Anisakis simplex allergy evaluation should also include IgE test-
ing to Ascaris, another potentially cross-reacting nematode. When 
doing this, it has been shown that diagnostic specificity increases: by 
forming the ratio between both (Anisakis/Ascaris-IgE ≥4.4, specific-
ity >95%).1038 Further studies will be needed to elaborate on reliable 
diagnostic cut-off points.1039,1044

Risk factors—In addition to fish consumption habits, such as raw 
fish intake and intake of species that are known to be more often 
contaminated with parasites (e.g., hake, mackerel, anchovies), cer-
tain professions related to fish handling appear to be also a risk fac-
tor for sensitization.1044

F I G U R E  8 6 Diagnostic algorithm in patients with suspected fish allergy 
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5 – Clinical cases

Most cases of fish allergy present with classical food allergic symp-
toms short after intake of fish. Symptoms may include oral allergy 
syndrome, rhinitis/conjunctivitis, asthma, urticaria, and gastro-
intestinal symptoms. There is an increasing number of reports on 
non-IgE-mediated fish allergy (FPIES and EoE), involving mostly 
symptoms of the digestive tract.1043 For the clinical cases, we will 
focus on IgE-mediated fish allergy to demonstrate the value of mo-
lecular diagnosis. However, FPIES and EoE should be always consid-
ered in alignment with clinical symptoms and negative IgE tests. Like 
genuine fish allergy, clinical manifestations of Anisakis simplex aller-
gic occur also very quickly, leading to food allergy-typical symptoms.

Case 1 (published)1036 (Figure 88)	
Clinical History: A young patient, 11 years, had a clinical his-

tory of fish allergy with clinical symptom development on several 
occasions.

Test with extracts: Specific IgE were positive for cod extract 
(117 kU/L), salmon (144 kU/L) and mackerel (52.1 kU/L). Food 
challenge—The patient has a positive food challenges with cod, 
salmon and mackerel (cumulative eliciting doses 1 g, 1 g and 2 g, 
respectively).

Test with molecules: Specific IgE were found for cod, salmon and 
mackerel parvalbumins (121.7 kU/L, 30.3 kU/L and 49.2 kU/L, re-
spectively) but also for enolases (61.5 kU/L, 9.5 kU/L and 1.1 kU/L, 
respectively) and aldolases (63.1 kU/L, 18.3 kU/L and 0.5 kU/L, 
respectively).

Conclusion: In this case, the clinical cross-reactivity to unspecific 
fish was confirmed by the detection of specific IgE to a broad panel 
of fish allergens, including parvalbumins, enolases and aldolases.

Case 2 (published)1012 (Figure 89)
Clinical History: Female patient, 17 years old, presenting with 

oral allergy syndrome and rhinitis upon consumption of fish (species 
unknown, tuna suspected).

F I G U R E  8 7 Diagnostic algorithm in patients with suspected allergy to single or specific fish 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



180 of 386  |     DRAMBURG et al.

Test with extracts: Skin testing was negative with tuna and 
salmon. ImmunoCAP Specific IgE test for tuna extract was 3.2 kU/L.

Food challenge: The patient refused a food challenge. Test with 
molecules—IgE-ELISA was positive for purified collagen from tuna, 
barramundi, and salmon. IgE ELISA was negative for tuna parvalbu-
min. IgE reactivity was further confirmed by immunoblot analysis 
using purified tuna collagen and in basophil activation assay.

Conclusion: The patient demonstrated IgE reactivity to tuna col-
lagen but absence of reactivity to tuna parvalbumin. Negative SPT 
to tuna extract may be explained by low amount of collagen in the 
fish extract used for SPT.

Case 3 (published)1045 (Figure 90)
Clinical History: Male patient, 7 years old, presenting with ur-

ticaria and vomiting upon consumption of fish as well as vomiting 
upon consumption of chicken meat.

Test with extracts: Skin testing were positive with cod and 
chicken. ImmunoCAP Specific IgE test for cod extract was 5.4 kU/L 
and with chicken meat 8.9 kU/L.

Food challenge: The patient reacted in a food challenge upon in-
gestion of a dose of 100 mg chicken meat.

Test with molecules: IgE-ELISA was negative with purified par-
valbumins and aldolases from cod and chicken. IgE ELISA was posi-
tive for both cod and chicken meat enolase (4.3 kU/L and 4.6 kU/L, 
respectively).

Conclusion: A clinical cross-reactivity was confirmed by positive 
IgE reactivity for cross-reactive allergens cod Gad m 2 and chicken 
Gal d 9.

Case 4 (original) (Figure 91)
Clinical History: A 45-year-old woman presented left hemi-

abdominal pain, urticaria and dyspnea with desaturation, 30 minutes 
after eating raw anchovies.

Test with extracts: Skin testing was positive for Anisakis simplex 
extract. Specific IgE were positive for Anisakis simplex (14.3 kU/L) 
and borderline positive for anchovy (0.3 kU/L) and Ascaris (0.5 kU/L). 
The ratio for Anisakis/Ascaris-IgE was 28.6.

Food challenge: The patient refused a food challenge with anchovy.
Test with molecules: Specific IgE were positive for Ani s 1 and 

Ani s 7 in allergen-specific ELISA.
Conclusion: In this case, Anisakis simplex allergy was confirmed 

by the detection of IgE to specific allergen Ani s 1.

F I G U R E  9 0 Diagnostic procedure Case 3. Orange text box = established diagnosis 

F I G U R E  8 9 Diagnostic procedure Case 2. Orange text box = established diagnosis 

F I G U R E  8 8 Diagnostic procedure Case 1. Orange text box = established diagnosis 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  181 of 386DRAMBURG et al.

F I G U R E  9 1 Diagnostic procedure Case 3. Orange text box = established diagnosis 
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B13 – Al lerg y to crustacean and 
molluscs

Sandip D. Kamath, Roni Nugraha, Dianne E. Campbell, 
Andreas L. Lopata

Highlights

•	 Tropomyosin and arginine kinase are highly cross-reactive aller-
gens and are responsible for clinical cross-reactivity among crus-
taceans, molluscs, insects, and mites.

•	 Some shellfish allergens can sensitize via the oral and inhalation 
route (tropomyosin, arginine kinase, triosephosphate isomerase, 
hemocyanin).

•	 There is a need for the incorporation of component allergen test-
ing for mollusc allergy.

1 – The allergen sources

The shellfish group is included among the “Big Eight” food groups, 
which are responsible for more than 90% of all food allergy cases. 
It is estimated that up to 3% of the population are affected by food 
allergy to shellfish, including the crustacean and mollusc groups, 
depending upon geographical region.1015,1018 Shellfish allergy, par-
ticularly to shrimps, has one of the highest rates of food-induced 
anaphylaxis with nearly 42% of shellfish allergic adults and 12-20% 
of allergic children reporting anaphylaxis.1046,1047

It is noteworthy that although shellfish, along with fish are com-
monly termed as seafood, these two groups are very distinct in evo-
lutionary terms and contain different molecular repertoires of food 
allergens. All shellfish species are invertebrate animals, in contrast 
to fish, which are regarded as lower vertebrates. Aquatic animals of 
other phyla have not been investigated comprehensively regarding 
allergy due to limited consumption (e.g., jellyfish) and hence are not 
discussed in this chapter. The culinary term “Shellfish” combines two 
major invertebrate groups, which are taxonomically very different, 
the crustaceans and the molluscs. The edible crustaceans belong 
to the subphylum Crustacea and more specifically to the order 
Decapoda, which can be broadly grouped into shrimps (prawns), 
crabs and lobsters. While “shrimps” and “prawns” belong to two dif-
ferent taxonomical classifications, the terms are often used inter-
changeably commercially and in research publications (Figure  92). 
The Mollusca is the second largest phylum with over 100 edible 
species recorded by the Food and Agriculture Organization (FAO). 
The three most important subphyla in terms of consumption include 
the Gastropoda (e.g., abalone, snail), Bivalvia (e.g., mussel, oyster) 
and Cephalopoda (e.g., squid, cuttlefish). Comparing evolutionary 
distance, crustaceans are placed closer to insects and arachnids but 
not molluscs, and this seems to be the major factor for molecular 
cross-sensitization and clinical cross-reactivity between crusta-
ceans, house dust mites and insects.

These classifications are important for understanding clinical 
and immunological cross-reactivities. The allergenic proteins pres-
ent in these shellfish species have frequently different isoforms and 
often present a challenge in allergen detection as well as accurate 
allergy diagnosis and management (see below). In addition, the avail-
ability and consumption of different shellfish species vary to a high 
degree in different parts of the world, with two-thirds of the global 
seafood production consumed in Asia.

Increased awareness of the high nutritional value of crustaceans 
and molluscs has led to a rise in shellfish consumption, and this has 
been associated with more frequent reported of allergic reactions. 
The following types of consumption and exposure can be potent 
elicitors of severe allergic reactions to shellfish;

A – Raw and cooked shellfish meat—Allergenic proteins are found 
in high concentrations in the edible muscle parts of shellfish. In crus-
taceans, it is found in the abdominal, tail and pincer meat. Food pro-
cessing methods such as thermal or pressure treatment do not seem 
to denature most of the allergens but, on the contrary, may enhance 
their allergenic activity.1048,1676 The tropomyosin family represents 
the major heat-stable allergen present in all shellfish species, may 
constitute up to 20% of the total protein content and can be con-
sidered as a shellfish pan-allergen (see also Chapter C05). For food 
safety, food products containing shellfish must be appropriately la-
belled. Moreover, the European Union has mandated separate food 
allergen labelling for crustaceans and molluscs; however, appropri-
ate tests are only available for crustaceans.1049 Determining the 
eliciting dose of shellfish allergic reactions threshold distributions 
is important for the appropriate allergen labelling on seafood-based 
products. Recent studies have demonstrated that approximately 
0.1-1.0 g of shellfish meat has to be ingested to trigger an allergic 
response.988 Of note, shrimp is estimated to have one of the highest 
ED50's (amount of allergic protein required to trigger an allergic re-
action in 50% of sensitized individuals) of the “big 8” allergen groups, 
with about 8 g of shrimp protein (approximately half a shrimp).554 
Only 1% of shrimp allergic individuals develop allergic reactions fol-
lowing exposures to 26 mg or more of shrimp meat. This high ED 
may explain variable clinical histories of tolerance to small ingested 
amounts, while subsequent severe reactions can be observed.

B –  Food additives containing shellfish-derived proteins—
Shellfish products such as dried shrimp or shrimp paste are widely 
used as flavouring agents in various packaged and processed foods 
such as instant noodles and soups. This may be a potential source 
and cause of accidental consumption and exposure to shellfish al-
lergens (see Table 38 for food products indicating the presence of 
shellfish groups).

C – Occupational exposure—In the seafood processing industry, 
workers are constantly exposed to aerosolized shellfish particulate 
matters arising from different processing activities leading to the 
inhalation of airborne allergens and/or cooking fumes.1050 Such oc-
cupational exposure to shellfish allergens may be a primary route of 
sensitization to shellfish, and upon re-exposure can elicit upper and 
lower respiratory tract symptoms such as cough, wheeze, laryngeal 
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symptoms, and rhinitis.1023 Occupational exposure may also result 
in contact urticaria1051 or contact dermatitis.1052,1053 Workers with 
shellfish-induced occupational asthma are at risk of developing al-
lergic reactions upon ingestion of seafood.1054

D –  Fish parasites –The food-borne parasite Anisakis or her-
ring worm is an important food allergen source. Anisakis is a par-
asitic nematode that mainly infects fish, but also crustaceans and 
squid, and the ingestion of contaminated fish or shellfish can result 
in severe allergic reactions.1055 More importantly, the allergens of 
the tropomyosin family are thought to be responsible for cross-
reactivity between Anisakis and other invertebrates such as insects, 
mites and crustaceans.

2 – Allergen families

Edible shellfish species can be broadly categorized into crustaceans 
and molluscs (Figure 92). Crustaceans include prawns, shrimp, crab, 
lobster, and several other species. Molluscs include oysters, mussels, 
squid, octopus, and abalone. Although a few hundred different shell-
fish species are consumed worldwide, nearly 80% of all allergic inci-
dences to shellfish are reported to shrimps or prawns. This is partly 
due to the high production and consumption rate in comparison to 
other shellfish species of commercial importance. Biologically, all ed-
ible shellfish species are invertebrates belonging to Arthropoda or 
Mollusca phyla. Naturally, most of the identified shellfish allergens 

F I G U R E  9 2 Classification of edible crustacean and mollusc species * The term prawn and shrimp are used synonymously or 
interchangeably in different regions. Taxonomically, they belong to different suborders of crustaceans. 
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belong to a common set of protein families that is shared across a 
diverse range of species.

Shellfish allergens currently identified belong mainly to the tro-
pomyosin (Protein family, PF00261), EF-hand (PF00036), phospho-
transferase (PF00217), triosephosphate isomerase (PF00121), fatty 
acid-binding protein (PF00061), and hemocyanin families (PF00372) 
(Figures 93 and 94). The major allergens found across all crustacean 
and mollusc species belong to the tropomyosin family. Multiple iso-
forms are found depending on function and location; for example, 
the fast-twitch or slow-twitch isoform is found in crab tail or pincer 
muscle respectively.

Allergens from the tropomyosin family have a highly conserved 
primary structure, and this is the main reason for immunological and 
clinical cross-reactivity not only among crustaceans and molluscs 
but also among insects, mites, and nematodes (Figure 95). Arginine 
kinase belongs to the phosphotransferase family while myosin light 
chain, sarcoplasmic calcium-binding protein, and troponin C belong 
to the EF-hand domain family. Interestingly, all identified shellfish 
allergens are proteins involved in cytoskeletal functions or metabolic 
enzymes (see Table 39).

Due to the complexity and heterogeneity of proteins among 
crustaceans and molluscs, the relationship between their struc-
ture and subsequent allergenicity has only partly been elucidated. 
In the past, mainly tropomyosin from many crustaceans and a few 
molluscs had been characterized in detail. The major allergen, tropo-
myosin was first identified in 1993 as the major shrimp allergen.1056 
Recently, fatty acid-binding protein, filamin C and hemocyanin have 
been identified and characterized as shrimp allergens. In addition, 
paramyosin was identified recently in whelk. In the past 10 years, 
five additional shellfish proteins have been identified to elicit IgE-
mediated hypersensitivity through ingestion and inhalation and are 
now officially accepted by the IUIS Allergen Nomenclature Sub-
Committee (Tables 39 and 40).

3 – Allergenic Molecules

As of 2021, 54 allergens from 20 crustacean and 8 mollusc spe-
cies have been identified and registered on the WHO IUIS Allergen 
Nomenclature database, despite an even higher number of species 
and allergens described in the current literature. All of the currently 

identified shellfish allergens demonstrate common properties such 
as low molecular weight (15-75 kDa), propensity to form a dimer 
or high oligomer, and good aqueous solubility (Tables 39 and 40).

F I G U R E  9 3 Three-dimensional structures of shellfish allergens 
currently identified and registered the WHO-IUIS Allergen 
nomenclature. The recently IUIS-registered Paramyosin and filamin 
C allergens are not depicted in this figure. 

TA B L E  3 8 List of ingredients that may contain allergenic Crustacean or Mollusc proteins
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Tropomyosin is an alpha-helical coiled-coil protein that interacts 
with actin filaments in muscle and nonmuscle cells. Present mainly in 
the edible meat, it is one of the most abundant proteins representing 
up to 20% of the total protein content in a shrimp. This allergen is 
shown to be highly heat stable and relatively resistant to proteases. 
Several studies have shown that tropomyosin is the prime cause 
for IgE cross-reactivity among shellfish, insects (including edible in-
sects) and mite species. Interestingly, recent studies have indicated 

that tropomyosin may not show T-cell cross-reactivity as a function 
of structural stability.1057

Arginine kinase has been identified in several crustaceans and 
one mollusc species. Arginine kinase is a phosphotransferase that 
catalyzes the reversible transfer of the phosphoryl group from ATP 
to arginine, yielding ADP and N-phosphoarginine. In higher verte-
brates, creatinine kinase catalyzes this reaction. Recent studies 
have shown that arginine kinase is susceptible to heat treatment or 

F I G U R E  9 4 A summary of the different crustacean and mollusc allergens identified and registered in the WHO/IUIS Allergen 
nomenclature database. Allergens belonging to a common protein family are highlighted in the same colour. 

F I G U R E  9 5 Clinically relevant cross-reactivities between shellfish (crustacean and mollusc) and invertebrate (mite, insect, and 
nematode) allergens. Cross-reactivity due to different allergen families is depicted in red (tropomyosin) or blue (arginine kinase) arrows. 
* indicates allergens that are not currently registered in the WHO-IUIS Allergen nomenclature database. 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



186 of 386  |     DRAMBURG et al.

thermal food processing. This is an important fact to consider while 
using in vitro diagnostics often based on heated shrimp or crab ex-
tract to avoid bacterial contamination and therefore include mainly 
heat-stable proteins; component resolved diagnostics might offer 
a better solution. Arginine kinase has been implicated in cross-
reactivity between shellfish and edible insects.937

Myosin light chain (MLC), troponin C & I, and sarcoplasmic 
calcium-binding protein (SCP) are EF-hand domain proteins. All 
have been identified in several crustacean species but only SCP is 
identified in molluscs. Similar to tropomyosin, MLC and troponin 
C are involved in muscle function. SCP, similar to parvalbumin, is 
a calcium-binding protein regulating cytosolic calcium concentra-
tion. Hemocyanin was first identified as an allergen in the giant 
freshwater shrimp. Hemocyanins are copper-containing, oxygen 
transport proteins mainly found in the hemolymph of invertebrate 
animals. Consumption of cephalothorax is common in Asian popu-
lations and could lead to higher exposure to this allergen.1058 The 
75 kD subunits create a hexameric structure for their physiological 

function. Hemocyanins-derived peptides are also known to have 
anti-microbial properties.1059 Hemocyanin (Pen m 7) from Black tiger 
prawn was recently registered as a shrimp allergen. A recent study 
evidenced the presence of more than 10 different isoforms in Black 
tiger prawn hemolymph.1060

Triose-phosphate isomerase is a glycolytic 28 kDa protein that, 
catalyzing the conversion of dihydroxyacetone phosphate to glycer-
aldehyde 3-phosphate. It has been identified not only in shrimps and 
crayfish but also in cockroaches.

Fatty acid-binding protein is a 20 kDa protein that belongs to a 
family of intracellular transport proteins for fatty acids, eicosanoids, 
retinoids, and other lipophilic molecules. This protein was recently 
registered as a shrimp allergen; Pen m 13. The thermal stability and 
presence of this protein in heated shellfish extracts are not known.

Additional IgE-binding proteins have been identified and par-
tially characterized in crustacean and molluscs, including myosin 
heavy chain, pyruvate kinase, enolase, and paramyosin, but not yet 
registered with the WHO/IUIS.1061

TA B L E  3 9 Allergenic molecules present in crustacean species and registered in the WHO/IUIS Allergen Nomenclature database

Tropomyosin

Arginine kinase

Myosin light chain

Sarcoplasmic calci-

um binding protein

Hemocyanin

Troponin C

34-38 kDa

40-45 kDa

17-20 kDa

20-25 kDa

75 kDa

20-21 kDa

Highly heat stable

Stable

Stable

Stable

Stable

Unknown

Muscle contraction

Energy metabolism 

in muscles

Muscle contraction

Muscle contraction

regulation

Copper-containing 

Oxygen transport protein, 

anti-microbial property

Calcium-dependent 

activation of muscle 

contraction

Ingestion 

Inhalation

Ingestion 

Inhalation

Ingestion

Ingestion

Ingestion 

Inhalation

Ingestion

Cha f 1, Cra c 1, 

Hom a 1, Lit v 1, 

Mel l 1, Met e 1, 

Pan b 1, Pen m 1, 

Por p 1, Scy p 1

Cra c 2, Lit v 2, 

Pen m 2, Scy p 2

Hom a 3, Lit v 3, 

Pen m 3, Cra c 5,

 Scy p 3

Cra c 4, Lit v 4, 

Pen m 4, Scy p 4

Pen m 7

Cra c 6, 

Hom a 6, 

Pen m 6

Penaeus monodan 
(black tigger prawn)

1

2

3

4

5

6

7

8

Litopeneaus vannamei 
(white leg shrimp)

Penaeus aztecus 
(Brown shrimp)

Homarus americanus 
(American lobster)

Charybdis feriatus 

Crangon crangon 
(Sand shrimp)

Biochemical 
name

Molecular 
weight

Heat 
stability

Physiological 
function 

Route of 
exposure

Allergenic 
name (IUIS)

Species frequently 
implicated

Fatty-acid binding 

protein

Triose-Phosphate 

isomerase

20 kDa

28 kDa

Unknown

Labile

Transport protein for 

lipophilic molecules 

(fatty acids)

Glycolysis 

(energy metabolism)

Ingestion 

Ingestion 

Inhalation

Pen m 13

Arc s 8, Cra c 8

Scy p 8

Portnus pelagicus 
(Blueswimmer crab)

Scylla paramamosain 
(Mud crab)
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4 – Sensitization to individual molecules and their 
clinical relevance

Previously published sensitization rates to shellfish were based pre-
dominantly on skin or IgE testing to whole shellfish extracts.335,1062 
Studies have estimated the prevalence of shellfish allergy to be up 
to 3% in the adult population.1018,1063 In the Asia-pacific region self-
reported rates of shellfish allergy in children range from 0.9%-1.19% 
among 7 years or below, and 5.12%-7.71% in adolescents and adults.

Allergen-specific IgE sensitization to various shellfish allergens 
have been demonstrated (Table 41). In general, 60% of individuals 
with confirmed allergy to shellfish elicit specific IgE binding to tro-
pomyosin. More importantly, it has been demonstrated that serum-
specific IgE to tropomyosin is a better predictor of shrimp allergy 
than shrimp SPT or IgE to whole shrimp extract.1064,1065 Tropomyosin 
(Pen m 1) and sarcoplasmic calcium-binding protein (Pen m 4) sensiti-
zation has been associated with clinical reactivity to shrimp allergy.15 
However, the sensitization profile to specific allergens can differ 
geographically. For example, sensitization to tropomyosin seems to 
be much lower in Asian countries, and this could be due to eating 
habits where in addition to the shellfish muscle tissue other parts 
are consumed, including the cephalothorax that is rich in enzymatic 
proteins and hemocyanin.1067

Notably, conclusions on true sensitization rates are hampered 
due to the highly cross-reactive nature of some shellfish allergens. 
The tropomyosin allergen group among the crustaceans demon-
strates very strong clinical cross-reactivity (see Figure 95 and chap-
ter C05), likely due to the high amino acid homology, with over 95% 
among all currently analyzed shrimps, crabs and lobsters. For exam-
ple, 75% of shrimp allergic patients elicited immunological IgE cross-
reactivity to crab tropomyosin Por p 1.1068

By contrast, there is very limited information about tropomyosin 
among the mollusc group. This allergen from various mollusc species 
such as abalone, mussel, oysters, squid and cockle can have amino 
acid homologies as low as 70%, and even lower when compared with 
crustacean tropomyosin Por p 1.1068

This can result in limited clinical cross-reactivity of allergic pa-
tients as demonstrated in a study where 54% of the recruited pa-
tients anaphylactic to crustaceans were tolerant to molluscs.1069 
Myosin light chain and Sarcoplasmic calcium-binding protein have 
a lower IgE-binding frequency; however, a higher rate of IgE sensi-
tization is observed in children as compared to adults and may be 
used as diagnostic markers for shrimp allergy in children.15,1066,1677 
IgE sensitization to shrimp hemocyanin has been reported to be 
29% in DBPCFC-confirmed shrimp allergic patients15 and 40% in a 
Spanish population.1070 In a recent study, strong IgE sensitization to 
crab hemocyanin was observed in crab-processing workers by inha-
lational exposure to aerosolized matter.1071 Therefore, hemocyanin-
specific IgE may be a potential diagnostic marker for occupational 
exposure and symptoms to shellfish allergens.

5 – Clinical Management

Patterns of initial sensitization
IgE-mediated allergy is most likely the most common form of ad-

verse reactions to shellfish; however, reliable population-based epide-
miological studies are lacking. As recently reviewed by Cox et al, based 
upon most observational cohorts and case series, it would appear that 
prevalence of shellfish allergy generally follows shrimp/ prawn> lob-
ster >crab > mollusc, although this may be confounded by first ex-
posures and subsequent avoidance of other types of shellfish.1072 As 

TA B L E  4 0 Allergenic molecules present in mollusc species and registered in the WHO/IUIS Allergen Nomenclature database

Tropomyosin

Paramyosin

Arginine kinase

Actin

Sarcoplasmic calcium

binding protein

34-49 kDa

99 kDa

40-45 kDa

42 kDa

20-25 kDa

Highly heat stable

Unknown

Stable

Heat - Labile

Unknown

Muscle contraction

Muscle contraction

Energy metabolism 

in muscles

Muscle contraction

Muscle contraction

regulation

Ingestion 

Inhalation

Ingestion 

Ingestion 

Inhalation

Ingestion 

Ingestion 

Hel as 1, Hal m1, 

Tod p 1

Rap v 2

Unassigned

Unassigned

Cra a 4

Haliotes midae 
(Abalone)

Helix aspersa 
(Garden snail)

(Flying squid)

Amphioctopus fangsio 
(Octopus)

Crassostrea gigas
and  Crassostrea 
angulata

Fulvia mutica 
(Cockle)

1

2

3

4

5

Biochemical 
name

Molecular 
weight

Heat 
stability

Physiological 
function 

Route of 
exposure

Allergenic 
name (IUIS)

Species frequently 
implicated

Todarodes pacificus
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previously described, initial sensitization to shellfish may arise from 
initial oral exposure or from occupational exposure, which may be air-
borne (via the respiratory tract), or cutaneous (via antigen-presenting 
cells resident in the dermis and epidermis) (see also Table 42). In ad-
dition, it is postulated that as cockroaches and house dust mites also 
have allergenic tropomyosin, sensitization and allergy to shellfish may 
occur via primary sensitization to an insect in some individuals.1072,1073

Non-IgE-mediated allergy to shellfish is also described, most com-
monly in the form of Food Protein-Induced Enterocolitis Syndrome 

(FPIES).1074 Shellfish is also a known trigger of IgE-mediated food-
dependent exercise-induced anaphylaxis (FDEIA), whereby the com-
bination of exercise and ingestion is required to trigger an allergic 
reaction. Subjects with FDEIA tolerate shellfish food in the absence 
of exercise. In several regions, including Japan, shellfish is the sec-
ond most common trigger of FDEIA, after wheat.1075

Clinical manifestations
In the most common manifestations of IgE-mediated shellfish al-

lergy, symptoms occur within minutes to 2 hours following ingestion 

TA B L E  41 Clinical relevance and IgE sensitization to allergenic molecules in crustaceans

Pen a 1 51% (total 45 subjects)

Lit v 1   94% (34 children)

              61% (19 adults)

Pen m 1 62% (16 subjects)

Cra c 1  68% (31 

subjects)

              71% (35 

subjects)

Pen m 2  50% (16 subjects)

Lit v 2   67% (34 children)

                21% (19 adults)

Cra c 2   29% (31 subjects)

Pen m 3  31% (16 subjects)

Lit v 3    70% (34 children)

                31% (19 adults)

 Cra c 3  19% (31 subjects)

Cra c 6  19% (31 subjects)

 

Pen m 8  19% (16 subjects)

Cra c 8   23% (31 subjects)

29% (58 subjects)

 47% (40 subjects)

Pen m 4  19% (16 subjects)

Lit v 4    59% (34 children)

                31% (19 adults)

Cra c 4   19% (31 subjects)

[1678]

[1085]

[1048]

[1679]

[1048]

[1085]

 

[1679]

[1048]

[1085]

 

[1679]

[1679]

[1048]

[1679]

[1048]

[1679]

[1048]

[1085]

 

[1679]

Tropomyosin (TM)

Arginine Kinase (AK)

Myosin light chain (MLC)

Troponin C (TnC)

Triose phosphate isomerase (TIM)

Hemocyanin

Sarcoplasmic calcium binding protein (SCBP)

IgE Sensitisation Reference Allergenicity (FC and SPT) Risk factor 

61% (24 subjects)

37% (45 subjects)

sIgE to tropomyosin is a better 

predictor of shrimp allergy than 

shrimp SPT or sIgE to whole 

shrimp

Not known

Not known

Not known

Not known

Not known

sIgE to SCBP may be a better 

predictor of shrimp allergy in 

children

Ingestion

Inhalation

Occupational exposure

Ingestion

Inhalation

Occupational exposure

Ingestion

Ingestion

Ingestion

Inhalation

Ingestion

Inhalation

Ingestion
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TA B L E  4 2 Characteristics of shellfish allergy

1. Inhalation of air-borne particulate 

sensitisation to allergens tropomyosin 

and arginine kinase

2. Ingestion-induced IgE sensitisation 

and subsequent inhalation related 

cross-reactivity to dust mite or insect 

tropomyosin

adolescents / seafood processing 

workers/restaurant workers

Tropomyosin, Arginine kinase

Moderate to high in aerosol allergen 

content of Pen m1 and Pen m2 near 

cooking stations

High

Mild, Moderate to severe respiratory 

symptoms which may lead to ingestion 

Mild, Moderate to severe respiratory 

symptoms which may lead to ingestion 

cooking vapours

Type I – immediate onset

Upper and lower respiratory tract 

symptoms: asthma. Ocular-nasal 

symptoms: rhinitis, conjunctivitis

1. Gastro-intestinal uptake and 

subsequent IgE sensitisation to stable 

allergens and subsequent IgE cross-

allergens

children/adolescents/ adults

TM (Pen m 1), AK (Pen m 2), MLC 

(Pen m 3), SCP (Pen m 4), TnC (Pen 

m 6), TIM (Pen m 8), HC (Pen m 7), 

FABP (Pen m 13)

High in fresh and cooked meat and 

related products

Very high stability

 2% adults

0.9% children

Mild, Moderate to severe food 

Type I – immediate onset

-

ing protein. Separate for crustaceans 

and molluscs (EU legislation)

Generalized reactions (anaphylaxis), 

cutaneous (urticaria, angioedema, 

atopic dermatitis), gastrointestinal 

(pain, nausea, diarrhoea, vomiting), 

oral allergy syndrome

No oral intake of crustacean or mollusc 

products, even small amounts

1. Primary uptake and IgE 

through IgE receptors on epidermal 

Langerhans’ (dendritic) cells

via gastro-intestinal or inhalational 

route and subsequent IgE reactivity 

on skin contact

children/ adolescents/ adults/ seafood 

processing workers/ restaurant workers

Not known

Not known

High

65% among shrimp workers 

(irritant or allergic origin)

Contact dermatitis and urticaria due to 

Wet aerosols, splash on hands and face

Type IV – delayed onset 

Contact dermatitis, urticaria, eczema

Use of hand gloves and facemask for 

protection

Routes of sensitisation

Affected age group

involved

Allergen abundance

Thermal stability

Prevalence

Medical diagnosis

Elicitors

Type of food allergy

Product declaration

Symptoms

Avoidance/Technical 

solution

Ingestion Inhalation Contact
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and are well known to clinicians. Allergic individuals who are primar-
ily sensitized via oral exposure are at risk of respiratory symptoms 
through inhalation of cooking fumes. Likewise, individuals who have 
been sensitized in an occupational setting are at risk of both symp-
toms on further respiratory exposure, and by ingestion. Sensitizing 
allergens in occupational settings comprise mostly heat-stable aller-
gens (e.g., tropomyosin and arginine kinase). In this setting, cross-
reactivity among members of the crustacean group is more common 
than among molluscs.

IgE sensitization can also evolve from exposure to different 
crustacean or mollusc species resulting in various degrees of cross-
reactivity, prompting severe clinical symptoms after ingestion of 
unrelated shellfish products. These reactions have mainly been 
described in adults but also reported in children. Skin exposure to 
heated and unprocessed shellfish induce IgE-mediated sensitization 
to shellfish allergens with subsequent inhalant and ingestion allergies 
in exposed individuals.1054 In food-dependent exercise-induced ana-
phylaxis (FDEIA) triggered by shellfish, several recent reports have 
attempted to identify the culprit allergens at a molecular level. 70-
kDa and 43-kDa Tris-soluble proteins identified as P75 homologue 
and fructose 1,6-bisphosphate aldolase (FBPA) were speculated to 
be the sensitizing molecules.1680 In FPIES, the clinical presentation is 
distinct from that of typical IgE-mediated symptoms and comprises 
of onset of profuse vomiting, typically between 1-3 hours after inges-
tion. Other typical features include diarrhoea, pallor, floppiness (in 
infants and young children), hypothermia and hypotension. Although 
typically described in young infants, shellfish and fish FPIES appears 
to be the most common form of FPIES in adults.1076 The specific al-
lergens responsible for shellfish FPIES are yet to be identified.

Clinical Cross-Reactivity
Clinical cross-reactivity among crustaceans, between crusta-

ceans and molluscs, as well as between crustaceans and molluscs 
and mites or cockroaches, is largely considered due to the high ho-
mology of several allergens, as discussed above. Based upon several 
case series, it was reported that approximately 45% of individuals 
with a crustacean allergy are also mollusc allergic, and between 
70-80% of individuals who report mollusc, allergy has also expe-
rienced allergic reactions to crustaceans.1062,1077 Individuals who 
appear allergic to only particular species of shrimp have also been 
reported, and exactly what determines an individual's likelihood of 
clinical cross-reactivity has not been established.1078,1079 To that 
point, more focus has been on the allergen tropomyosin, where sev-
eral linear and conformational epitopes have been reported, which 
might help to define these patterns of cross-reactivity.1080 Using a 
large directory of 96 shrimp tropomyosin IgE-binding epitopes, it 
was demonstrated that over 50% of the epitopes were conserved 
between shrimp, cockroach and mite tropomyosins.1081 By contrast, 
less than 20% were conserved across different molluscs, supporting 
the observation that less than 50% of individuals with crustacean 
allergy cross-react to a mollusc. Based on this epitope analysis a 
decision tree to diagnose molecular cross-reactivity to crustacean 
and mollusc tropomyosins has been developed.1082 Although incom-
pletely defined, recognition of epitopes and allergens appears to 

differ between shellfish allergic children and adults.1085 True rates 
of clinical cross-reactivity between crustaceans and molluscs are 
unknown, and to date, there are no specific biomarkers or molecular 
diagnostics, which can reliably identify such individuals. It is postu-
lated that developments in epitope mapping may assist in this regard.

Natural History
The natural history of IgE-mediated allergy to shellfish is not well 

described. Attainment of tolerance once allergic is not common, and 
unlike most other food allergies, although well described in child-
hood, onset in adulthood appear more frequent than with other 
foods.1063,1077,1084 Likely due to high homology, most individuals al-
lergic to one type of crustacean (shrimp, lobster, crab) will also react 
to other crustacea. Regarding FPIES to shellfish in adults, limited 
data suggest that adult FPIES is characterized by a significant delay 
in diagnosis and a prolonged course. Likewise, children appear less 
likely to attain tolerance to shellfish.1063,1085

Diagnosis
Specific targeted clinical questions related to the history of ex-

posure, interpretation of sensitization tests (e.g., SPT, IgE) and food 
challenges (open or blinded) help to establish the diagnosis of shell-
fish allergy. Following workup (Figure 96) may facilitate a correct di-
agnosis. It is also important to consider that the symptoms elicited 
upon shellfish exposure may have been not directly related to the 
shellfish, such as anisakis simplex allergy, or in the case particularly 
of mussels and oysters, paralytic shellfish /diarrhoetic shellfish poi-
soning, which are caused by shellfish contaminated with algae pro-
ducing toxins. Here, symptoms typically occur within 2 to 3 hours of 
ingestion and include tingling of the lips, tongue and throat, nausea, 
headache and fever, and are clinically quite distinct for a typical IgE-
mediated allergic reaction.

In terms of seeking a history to establish or assist in confirming 
a diagnosis of shellfish allergy, the following framework can assist in 
gathering the essential information required to assist with diagno-
sis, which includes history, route of exposure, any relevant cofac-
tors and/or relevant cross-sensitization (such as house dust mite/
insects).

Skin prick test (SPT)
Commercial whole shellfish extracts are available and provide 

reasonable results in situations where the allergen responsible is a 
highly abundant allergen such as tropomyosin but are limited value 
due to false-negative reactions in case of heat-sensitive allergens 
(e.g., MLC; hemocyanin) or weak or non-cross-reactive allergens 
(e.g., arginine kinase). Lack of availability of commercial extracts for 
specific shellfish species consumed by the patient (e.g., Asia-pacific 
and Southern hemisphere).

Prick-to-prick tests using fresh shellfish (with suspected offend-
ing food) are commonly performed; however, there are no estab-
lished positive and negative predictive values for determining the 
likelihood of clinical allergy based upon the results. In addition, fresh 
shellfish SPT should be performed with caution and in a setting ex-
perienced in the recognition and management of anaphylaxis, as the 
test itself is reported to be able to trigger anaphylaxis in sensitive 
individuals.
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Few studies have attempted to define a 95% PPV for SPT to 
shellfish in predicting clinical allergy based upon food challenges. A 
mean wheal diameter>20 mm using commercial shrimp extracts and 
prick-to-prick was reported to provide 95% PPV in a cohort from 
Thailand; however, many shrimp allergic subjects do not have SPT 
this large, potentially limiting the value of a PPV this high.1079

Allergen-specific IgE
Whole Shellfish extracts are commonly used, however do not 

have high sensitivity or specificity, and the positive predictive 
value of such tests appear to vary depending upon the region. 
Thalayasingam et al. reported shrimp-specific IgE by ImmunoCAP 
ISAC had relatively poor overall test performance, with a sensitivity 
of 62% and a specificity of 50% for detecting shrimp allergy in a 
Singapore based cohort of food challenge confirmed shrimp, allergic 
individuals.1086 In addition, with the use of whole allergen extracts, 
there is the potential for false-negative or low titers in individuals 

sensitized to low abundant allergens (such as triosephosphate isom-
erase). Moreover, in some situations, allergen extract does not rep-
resent the specific shellfish species consumed by the patient and 
may result in false-negative results (e.g., Southern versus Northern 
hemisphere).

Relevant major allergens are detailed in Table 43; however, they 
have limited commercial availability for routine diagnostics. Some 
purified allergens from shrimps, house dust-mite and anisakis are 
available on the allergen microchip (ImmunoCAP ISAC (Thermo 
Fisher Scientific); Alex (Macro Array Diagnostics) and used to quan-
tify allergen-specific IgE. The reported sensitivity of tropomyosin 
varies significantly in the literature, with some reports as high as 71–
88%. In a small selected cohort, tropomyosin specific IgE was found 
to be more specific for the diagnosis of clinical shrimp allergy than 
IgE to whole extract or SPT (with similar sensitivity across all three 
methods).1065 These results contrast with that of Thalayasingam 

F I G U R E  9 6 Diagnostic algorithm for shellfish allergy
* More common in fish/mollusk than crustaceans
**Consider exercise food challenge if history is suggestive of exercise related reaction and tolerance in other settings
*** Cooking at temperatures above 60◦C or storage in industrial freezers for 2 days is required to kill the parasite.
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et al, who reported a low sensitivity for tropomyosin-IgE for the 
challenge has proven shrimp allergy (by ImmunoCAP ISAC), at 
34%.1086 Specificity, however, was superior at 85.2%.

Overall, it has been reported that the reliability of specific IgE 
to the whole extract is similar to that of the SPT, whereby the iden-
tification of sensitization does not correlate with clinical reactivity 

TA B L E  4 3 Currently available in vitro and skin prick tests for diagnosis of crustacean or mollusc allergy

Pen a 1 (Penaeus aztecus) 

(ImmunoCAP, f351),

nPen m 1 (Tropomyosin) (ImmunoCAP ISAC)

nPen m 2 (Arginine kinase) (ImmunoCAP ISAC),

nPen m 4 (Sarcoplasmic calcium-binding protein) 

(ISAC),

nPen m 1 (Tropomyosin) (MADX, f517),

rPen m 2 (Arginine kinase) (MADX, f545),

rPen m 3 (Myosin light chain) (MADX, f552),

rPen m 4 (Sarcoplasmic calcium-binding protein) 

(MADX, f524),

rCra c 6 (Troponin C) (MADX, f529)

Shrimp- 

Black tiger prawn (Penaeus monodon), 

Northern shrimp (Pandalus borealis), 

Velvet prawn (Metapenaeopsis barbata), 

Shiba shrimp (Metapenaeus joyneri) 

(ImmunoCAP, f24),

Northern prawn (Pandalus borealis) 

(MADx, f515), 

Shrimp mix (Litopaenaeus setiferus, 

Farfantepenaeus aztecus,

Farfantepenaeus dourarum) (MADx, f24)

Crab Edible crab (Cancer pagurus) 

(ImmunoCAP, f23), Crab (Chionocetes 

spp.) (MADx, f23)

Abalone  (Haliotis spp.) (ImmunoCAP, f346),

Snail (Helix aspersa) (ImmunoCAP, f314)

Squid  (Loligo vulgaris, Loligo edulis) 

(ImmunoCAP, f258) (MADx, f258),

) 

(ImmunoCAP, f58),

Octopus (Octopus vulgaris) 

(ImmunoCAP, f59),

European Lobster 

(Homarus gammarus) (ImmunoCAP, f80), 

(MADx, f80),

Spiny Lobster 

(Panulirus vulgaris) (ImmunoCAP, f304),

(Astacus astacus) (ImmunoCAP, f320)

Blue mussel  (Mytilus edulis) 

(ImmunoCAP, f37) (MADx, f37),

Oyster  (Ostrea edulis) (ImmunoCAP, 

f290), (MADx, f290),

Clam  (Ruditapes spp.) (ImmunoCAP, 

f207), (MADx, f207),

Scallop  (Pecten spp.) (ImmunoCAP, 

f338), (MADx, f338)

Shrimp (6.89) ALK-Abello, 

Soluprick

(Pandalus borealis)

Shrimp (SHRI) ALK-Abello

(Penaeus spp.)

Shrimp (120) Stallergenes,

MISH) (crab, shrimp, 

lobster, oyster) ALK-Abello

SHM4) (crab, clam, 

lobster, shrimp)

Crab (6.9) ALK-Abello, Soluprick

(Cancer pagurus)

Crab (CRAB) ALK-Abello

(Paralithodescamtschaticus)

Lobster (LOBS) ALK-Abello

(Panulirus spp.)

Spiny lobster (131) Stallergenes

Oyster (OYST), ALK-Abello

Mussel (139), Stallergenes

Oyster (131), Stallergenes

Prawns, Shrimp

Crabs

Gastropods

Cephalopods

Lobsters

Bivalves

Whole extractSub-group Component allergens SPT (test code)

Crustaceans
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nor with symptom severity.1077 Reactivity to tropomyosin may be 
more specific but appears variable in sensitivity across reports and 
geographical regions. Furthermore, there are no purified allergens 
available from molluscs for diagnosis.

For further interpretation of SPT and IgE outcomes see also 
(Figure 96 and Table 43).

Food Challenge
Double-blind placebo-controlled food challenges are the gold 

standard for confirming a diagnosis of shellfish allergy. In clinical 
practice, they are, however, usually performed in an open, rather 
than blinded manner and usually in the circumstances where there 
is some doubt over the relationship between shellfish ingestion 
and allergic reaction, or where the history appears consistent, but 
the SPT/sIgE are low/absent. They may also be performed (much 
like a fish allergy) in cases where a shellfish allergic individual is 
interested in consuming a potentially cross-reactive mollusc. 
There are a variety of proposed schedules for shellfish challenges, 
usually commencing at low mg quantities of food, and then pro-
ceeding at 15-20 minutely intervals with sequentially larger (often 
semi-logarithmic) increases in quantities until an objective allergic 
reaction is observed. A variety of full cumulative doses are recom-
mended in published guidelines, and because of the ED distribu-
tion of shrimp, these tend to be significantly higher than those for 
cow's milk, egg or peanut (ranging up to 24 g of seafood, e.g., 1-2 
large shrimps).554

Management and avoidance
Because of the high degree of likely clinically relevant cross-

reactivity, it is generally recommended to avoid all shellfish contain-
ing products, even with small amounts, regardless of the grade of 
shellfish processing once a diagnosis of shellfish allergy has been 
made. Emergency action plans in case of severe reactions and per-
sonal adrenaline auto-injectors are recommended, along with avoid-
ance of inhalation of shellfish containing protein cooking fumes/ 
steam and vapours and touching or handling shellfish.

A common miscomprehension surrounds iodine and shellfish al-
lergy. Individuals who are allergic to seafood are not at an increased 
risk of allergic reactions to iodine (e.g., topical antiseptics such as 
Betadine or Povidine or intravenous x-ray radio-contrast agents). 
Conversely, people with iodine allergy are not at increased risk of 
seafood allergy.

Allergen-specific immunotherapy
At present commercially available products for allergen-specific 

immunotherapy of shellfish protein allergy are not available.

6 – Clinical cases

Case 1 (published1087)
History: 19-year-old male, developed hives, circumoral swelling 

and systemic symptoms—faintness, shortness of breath, vomiting, di-
arrhoea, and abdominal cramp after running. He was bought into the 
Emergency Department (EMD). He had consumed a home-cooked 

meal containing shrimp before exercise. The patient also had rashes 
when ingesting clams. He had previously been able to eat large 
amounts of shrimps without any problems but could not recall if he 
had ever exercised directly after eating a large shrimp meal.

SPT: Negative to an extensive list of foods, including wheat 
and shrimp but positive to Der p, Der f, Blo t. sIgE-omega-5-gliadin 
negative Diagnosis: Food-dependent exercise-induced anaphylaxis 
(FDEIA) triggered by shrimp.

Recommendation: Given adrenaline for anaphylaxis in ED. Must 
avoid shellfish 2 hours before or following strenuous exercise. In 
cases where the diagnosis is in doubt, an exercise challenge can be 
performed, both without any prior feeding (i.e., fasted) and then fol-
lowing consumption of a shrimp containing meal. Such challenges 
are complex and can potentially trigger severe anaphylaxis and 
should be performed carefully by staff and centres familiar with 
the procedures and with experience in the management of severe 
anaphylaxis.

Case 2 (published1088)
History: 22-months old Latin-American male with a history of 

cow's milk allergy, reactive airway disease, and eczema and no his-
tory of allergic rhinitis symptoms. On ingestion of one shrimp, there 
was immediate swelling of eyes and hives on his face without diffi-
culty in breathing. Symptoms subsided within 24 hours on the ad-
ministration of diphenhydramine.

In-vitro testing: Serum-specific IgE showed levels of 12.6 kU/L 
to shrimp, 12.3 kU/L to milk, 0.55 kU/L to egg white, 0.72 kU/L to 
wheat, 0.41 kU/L to soybean, 0.61 kU/L to peanut, and <0.35 kU/L 
to codfish.

Recommendations: Strict avoidance of shrimp and other shellfish 
in his diet. Autoinjector epinephrine was prescribed. No further epi-
sodes of angioedema or hives were observed.

7 – Research and future perspectives

The diagnosis and management of shellfish allergy are complicated by 
several homologous, cross-reactive proteins, including tropomyosin 
and arginine kinase. This results in patients having allergic sensitiza-
tion (positive test) to several crustacean and mollusc species, however, 
often without demonstrating clinical reactivity, hampering the iden-
tification of true sensitization rates to specific species. Future stud-
ies need to establish sensitization rates to different shellfish allergens 
in different geographic environments, as this will directly impact of 
sensitivity and specificity of different in vivo and in vitro tests. The 
impact of environmental exposure should be taken into account, as 
high exposure and sensitization rates to cockroaches and HDM could 
increase allergen-specific IgE reactivity. Further investigation into the 
cross-sensitization to pan-allergens such as tropomyosin from inhaled 
HDM and cockroach will provide greater insight into the pathogenesis 
of the mite-shellfish oral allergy syndrome. Further clinical research 
is needed to analyze the relationship between sIgE specific sensitiza-
tion profiles to tropomyosin from different shellfish species and other 
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invertebrates, including HDM and insects. Advice on future dietary 
precautions based on molecular reactivity is currently difficult to pro-
vide to patients, without oral food challenges. There is an urgent need 
to identify more specific marker allergens for IgE testing to discrimi-
nate between poly- or mono-sensitized patients to the crustacean, 

mollusc and other invertebrates. Advice for use of molecular diagnos-
tics for crustacean and mollusc (1) Specific IgE to shrimp tropomyosin 
has a positive predictive value of 0.72 in the diagnosis of shrimp al-
lergy. (2) Tropomyosin and sarcoplasmic calcium-binding protein sen-
sitization are associated with clinical reactivity to shrimp.
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B14 – Al lerg y to mammalian meat

Marianne van Hage, Tilo Biedermann, Christiane 
Hilger, Thomas A.E. Platts-Mills

Highlights

•	 Farm animals provide a major part of the diet in many parts of the 
world

•	 Sensitization to meat can be acquired through different routes 
(inhaled, oral, skin)

•	 New forms of allergic reactions to meat have been recognized 
(cat-pork and red meat)

•	 IgE assays including meat allergen sources and components will 
help identifying the patients

•	 The only effective treatment is avoidance of relevant meat 
sources

1 – The allergen sources

Meat derived from domesticated mammals has been an important 
part of the human diet for at least ten thousand years. The animal 
tissue sold and eaten as meat includes blood, fat, innards, and ten-
dons, as well as muscles. There is inevitably some cross-reactivity 
with serum proteins and milk proteins from the same animal. Milk is 
relevant only for goats, sheep, and cows in the USA and Europe, but 
it is important to remember that camels and other animals are milked 
in some parts of the world.

2 – Allergen families

Further, although there is a limited range of animals that are sold com-
mercially in the west, a much larger variety of wild animals may be 
hunted and eaten in rural communities worldwide (Table 44). Farm ani-
mals provide a major part of the diet in western societies and in many 
other parts of the world. These animals are prized for their meat and or-
gans (Figure 97). In addition, there are hundreds of forms of processed 
meat, including sausages, salami, bacon, etc. Meat also incorporates 
significant quantities of protein derived from serum, which includes 
many proteins that are recognized as allergens in cow's milk. Other 
products derived from these mammals include different forms of fat, 
paté, and gelatin, which is derived from tendons, cartilage, or skin.

3 – Allergen molecules, epidemiology and 
geographical variation

Initially the identification of meat derived allergens focused on pro-
tein antigens recognized by patients who reported allergic reactions 
that occurred rapidly after exposure. Most of these cases presented 
in childhood and many of the allergens were species specific pro-
teins.951,1089 However, it was already clear that some mammalian 
proteins showed cross-reactivity between species, and this included 
both immunoglobulins and albumins.1083,1090 The most important al-
lergens from beef, Bos domesticus, are serum albumin (Bos d 6), actin, 
myoglobulin and immunoglobulin IgG (Bos d 7) (Tables 44 and 45) 
and of these, serum albumin and immunoglobulin are the major al-
lergens.951,974,1083,1090 Beef-allergic children have been reported to 

TA B L E  4 4 Animals contributing to meat consumption and reactions

Bos domesticus (cow)

Sus domesticus (pig)  

Capra aegagrus (goat)  

Ovis aries (sheep)  

Equus caballus (horse)    

Odocoileus virginianus (deer)  

Oryctolagus cuniculus (rabbit)

Cavia porcellus (guinea pig)  

+++ 

No  

++  

++  

++    

No  

No  

No  

Twelve (10)  

Bos d 2-13  

Albumin (1)   

Sus s 1  

None (0)  

None (0)  

Six (2)  

Equ c 1-6  

None (0)  

Three (0)   

Ory c 2-4  

Five (0)  

Cav p 1-4,6  

Farm  

Farm/feral  

Farm/D/Feral  

Farm 

Farm    

Wild/Farm  

Wild/D/Farm 

D/Farm/wild  

Yes  

Yes  

Yes  

Yes  

Yes  

Yes  

Yes  

?  

SourceAnimals Milk Allergen molecules* # Alpha-gal Reactions

D= domesticated; *IUIS Allergen Nomenclature Sub-Committee at www.allergen.org; #Number in brackets indicates the number of allergens defined as food allergen. 

Alpha-gal is not included as single allergen in the table as the carbohydrate is basically present in all mammalian tissues and bound to many proteins
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react to bovine serum albumin on SPT, but only some of them do so 
during challenge.951

Despite the truly enormous quantities of meat eaten worldwide 
there are only a limited number of allergens defined (Table  44). 
Indeed, despite the extensive consumption of meat from sheep, 
goats and deer, there are no relevant allergens included in the IUIS 
database. Even for rabbit and guinea-pig, where there are 4 and 5 
allergens, respectively, in the database, all of the defined allergens 
were recognized on the basis of inhalant symptoms. Thus, the only 
species with a significant number of food allergens recognized is 
the cow where ten of the allergenic proteins are recognized as food 
allergens. However, even in that case, most of the allergens were 
initially identified as allergens in cow's milk. Indeed, the majority of 
reported reactions to beef in childhood have occurred in cow's milk 
allergic children.951,974,1091 The same can occur with reactions to goat 
or sheep meat, with goat's milk or sheep milk as the primary sensi-
tizer, but this is much less common. It is difficult to access the world 
literature on reactions to meat, because a large proportion of the 
populations eating goat and sheep have only primitive medical care. 
However, it is likely that the main meat proteins taken orally have 
very little allergenicity in man.1092

In the last twenty years, two new forms of allergic reactions to 
meat have been recognized. In both of these syndromes, presenta-
tion is most often in adult life and in both cases the relevant allergens 
are characterized by extensive cross-reactivity between different 
mammals. First, it was recognized that some patients who had al-
lergic reactions to pork, were reacting because of pre-existing IgE 
antibodies to cat albumin that cross-react with pork albumin (pork-
cat syndrome).795,1093 Secondly, an enigmatic allergic reaction to the 
monoclonal antibody cetuximab led to the recognition that a surpris-
ingly large number of individuals in the South East of the United States 
had IgE antibodies to the disaccharide galactose alpha-1, 3-galactose 
(alpha-gal).1094 This oligosaccharide is a blood group substance of the 
nonprimate mammals and is present on all forms of tissue including 
red meat,1095,1634 organs such as kidney,1096,1633 gelatin,1097 and cat 

IgA1098 but also in some drugs (e.g., cetuximab, anti-venom, pancre-
atic enzymes, gelatin-based plasma expanders) and gelatin contain-
ing vaccines (e.g., varicella, measles, mumps, rubella, Zostavax).1099 
For a detailed description of the alpha-gal epitope, please see chap-
ter “The role of CCD.” The term “alpha-gal syndrome” (AGS) is the 
preferred term to describe allergic reactions to mammalian meat, 
which are based on sIgE to alpha-ga20,1100 l. AGS has been reported 
worldwide.1101–1104

4 – Sensitization to individual molecules and their 
clinical relevance

Prior to the year 2000, it was generally assumed that sensitization to 
food antigens was induced by oral exposure. However, we now have 
at least two alternative routes of exposure (Table 46).

TA B L E  4 5 Allergens available for diagnosis for different forms 
of mammalian meat allergy

Fel d 2, Can f 3, Sus s 1, 

Bos d 6  

alpha-gal  

Bos d 4 -6,  Bos d 8  

Bos d 6, Sus s 1

Pork-cat syndrome  

Alpha-gal syndrome (AGS)  

Meat allergy related to milk  

Primary meat allergy  

serum albumins  

alpha-gal  

milk allergens  

meat allergens  

Allergens 
involved

Clinical 
syndrome

Available allergen
components

TA B L E  4 6 Routes of sensitization for allergens related to allergic 
reactions to meat

Inhaled:  

Oral:  

Skin:  

Cat albumins related to systemic reactions to pork  

Cow’s milk allergens related to anaphylactic reactions to beef  

Tick bites leading to alpha-gal sensitisation  

F I G U R E  9 7 Any of these products can include serum proteins including proteins present in cow's milk (e.g., albumins, globulins, 
thyroglobulin) *Gelatin is made from tendons, cartilage, or skin and is a protein with varying quantities of glycosylation, used widely in food. 
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Sensitization to cat albumin occurs predominantly in patients who 
own cats and is assumed to occur by inhaling dander particles carrying 
this protein. Thus the route of sensitization to the cross-reacting pork 
albumin reflects a sensitization that was initially established by in-
haled exposure. The second alternative route is through the skin. For 
the oligosaccharide alpha-gal, the only established route for sensiti-
zation is by tick bites, although sensitization by inhalation, e.g., animal 
dander, occupational allergens is conceivable. Different tick species 
that have been implicated: Amblyomma americanum in the USA; 
Amblyomma sculptum in Brazil, Ixodes holocyclus in Australia; Ixodes 
ricinus in Europe and Haemophysalis longicornis, and Amblyomma 
testudinarium in Japan. The presence of alpha-gal in the gut and 
salivary glands of I. ricinus has been reported1105,1106 as well as alpha-
gal–carrying proteins in saliva from the ticks I. ricinus, A. sculptum, H. 
longicornis, Hyalomma marginatum.1107,1108,1631,1632 Furthermore, the 
IgE-binding saliva proteins have shown to be vitellogenins.1108 There 
is good evidence that tick bites are necessary since children or adults 
raised in arctic areas, where ticks are not present, can eat meat carry-
ing this oligosaccharide without inducing IgE-mediated sensitization 
to alpha-gal.1109 However, it is possible that also other ecto-parasites 
such as “chiggers” could be relevant.1110

AGS has several novel features that are relevant to diagnosis 
and management.20 The onset is in the majority of cases in adult 
life after eating meat without problems for many years, the re-
actions start 2-6 hours after mammalian meat consumption, the 
patients have IgE against alpha-gal and nearly all report to have 
been tick bitten.975,1096,1111,1112 The majority of the patients suffer 
from urticaria and/or gastrointestinal symptoms. The most severe 
form of allergic reactions, anaphylaxis, is common. Furthermore, 
atopy has been shown to increase the risk of anaphylaxis.1114 
Some patients may tolerate red meat at some occasions but have 
severe reactions on others. This could be due to cofactors such as 
exercise, nonsteroidal anti-inflammatory medications, and alcohol 
that may modify the allergic response.1096 In addition, the reaction 
is dependent on the concentration of alpha-gal in the meal: It is 
highest in innards like kidney when compared to muscle meat.1113 
The presence of alpha-gal in furry animal extracts has revealed the 
need of molecular allergen diagnosis to successfully identified AGS 
patients who are primarily sensitized to, e.g., cat, dog or horse.1114

As the alpha-gal epitope is structurally related to blood group B, 
patients belonging to this blood group have been shown to have a 
reduced risk of developing the disease due to self-tolerance to the B-
antigen.1112,1115 Beyond allergy, Dr. Platts-Mills and colleagues have 
reported that alpha-Gal sensitization could be a risk factor for cor-
onary artery disease. They noted that there was significantly worse 
coronary artery disease in patients who had IgE to alpha-gal.1116

5 – Clinical management

The diagnosis is based on (i) history, (ii) skin test and/or IgE antibody 
assays, and (iii) challenge protocols (Figure 98).

The main parts of management are accurate diagnosis and ed-
ucation. The only effective form of treatment for allergic reactions 
to meat is to avoid the relevant source or sources. As AGS also plays 
a role in occupational settings, this may require a change of pro-
fession, i.e., if cooks are affected.1117 Discussion of avoidance may 
require written protocols, as well as discussion of the many forms 
in which proteins derived from meat are eaten. With meat sensitiza-
tion in childhood it may be necessary to go dairy-free to establish a 
symptom-free condition. After that it should be possible to carry out 
challenge tests if necessary and to progressively modify details of 
the diet. For pork-cat syndrome, it is usually sufficient to avoid pork 
and pork products. In some cases, the cross-reactivity with beef al-
bumin is strong enough to give symptoms with beef products. As 
albumins are thermolabile proteins, well-cooked meat is often toler-
ated whereas ham and sausage are not. Challenges may be useful to 
assess the tolerance of well cooked beef in children.

The diagnosis of alpha-gal sensitivity may be obvious from the 
history, skin tests or IgE analyses. However, it may be useful to have 
a panel of serum IgE assays to establish the diagnosis of meat reac-
tions. This will need to include IgE to alpha-gal, beef, and pork, as 
well as IgE antibodies to milk, cat and cat albumin. Chicken, turkey 
and cod can be used as negative controls. If the IgE antibody concen-
tration to alpha-gal is greater than or equal to 2 kU/L or more than 
2% of the total IgE, this makes the diagnosis very likely. Furthermore, 
if the patient responds clinically to a diet avoiding red meat, this is a 
good criterion for diagnosis.20

Full avoidance of all products containing alpha-gal is not easy 
because this includes all products derived from mammals including 
dairy.1118 However, most cases require a significant dose of red meat 
(i.e., ≥20 g of meat) to cause reactions, and over 80% of cases can tol-
erate milk and milk products. In many cases, the patients have already 
recognized what they can tolerate before they present to physicians. 
As in other IgE-mediated food allergies, mastocytosis increases the 
risk for severe reactions also for alpha-gal allergic individuals. Thus, 
measurement of serum tryptase in the investigation of red meat al-
lergy is recommended. Drugs of porcine origin such as pancrelipase 
and Enzynorm f contain alpha-gal and should be administered with 
caution in affected patients.1119 Oral challenge tests may be necessary 
in patients where the diagnosis remains unclear or who do not always 
show reactions in response to red meat exposure. In the latter, cofac-
tors may need to be included to elucidate clinically overt reactions. In 
these cases, patient management may also include the advise to reg-
ularly consume small amounts of meat that were tolerated in the ab-
sence of augmentation or cofactors to allow maintenance of tolerance.

Moreover, patients should be informed that further tick bites 
can maintain or lead to increases in the concentration of alpha-gal 
IgE.1120,1121 Appropriate avoidance, e.g., clothing and sprays should 
be recommended. Cofactors (for example, alcohol, ASS, physical ex-
ercise) can increase intestinal absorption and substitute for higher 
sensitivity to red meat.1096

There are no consistent studies using immunotherapy for meat 
allergy, nor are there studies using anti-IgE as therapy.

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



198 of 386  |     DRAMBURG et al.

6 – Clinical cases

Case 1 (original)
History: Patient, 56-year-old female, who visited the emergency 

room (ER) in early autumn due to urticaria. She had eaten a sausage 
five hours earlier. Two months later she once more visited the ER due 
to an anaphylactic reaction six hours after eating a hamburger. She 
had during the summer obtained several tick bites and had noted 
prolonged redness and itching at the site of the tick bite.

In vitro testing: IgE against alpha-gal 80 kU/L, beef 14 kU/L, pork 
7.6 kU/L and milk 1.7 kU/L.

Diagnosis: Red meat allergy.
Recommendation: She became symptom-free after avoiding red 

meat.
Case 2 (original)
Clinical history: An 18-year-old male patient described five, 

mostly nocturnal, anaphylactic reactions with hives, nausea, abdom-
inal pain, and dyspnea in the last ten years with unknown trigger. In 
four of five episodes, allergic reactions occurred 3–5 h after a meal 
containing pork meat, once with physical exercise (cycling) where cu-
taneous reactions occurred shortly (1 h) after. The patient was oth-
erwise healthy and had no history of atopy or other (food) allergies. 

No further episodes occurred as the patient had become a vegetar-
ian. There was a history of tick bites in the patient's childhood.

In vitro testing: Specific IgE to alpha-gal was highly positive (29.6 
kU/L) and negative to pork (<0.1 kU/L), beef (<0.1 kU/L), chicken 
(<0.1 kU/L) and omega-5 gliadin (<0.1 kU/L). The tryptase level was 
2.13 μg/L (<11.4 μg/L).

in vivo testing: Skin prick test was negative to beef, lamb, pork, 
and cow's milk, but prick-to-prick test revealed positive reactions to 
raw and cooked pork kidney. Intradermal testing was positive to the 
gelatin colloid plasma expander Gelafundin® 4% (gelatin polysucci-
nate) diluted 1:100.

Food challenge: An oral challenge was performed with cooked 
pork kidney (17 g) under careful monitoring. The patient developed 
urticaria approx. 3 h after challenge and was treated with antihista-
mines and corticosteroids.

Diagnosis: Late-onset anaphylaxis to red meat based on IgE rec-
ognizing alpha-gal.

Recommendation: The patient was informed to avoid red meat 
especially in combination with cofactors such as alcohol, acetylsal-
icylic acid or exercise as well as oral ingestion of large amounts of 
gelatin. Furthermore, an allergy pass listing Cetuximab and gelatin 
colloid plasma expander Gelafundin® was handed out.

F I G U R E  9 8 Diagnostic algorithm in patients with allergic reactions to meat 
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It should be emphasized that skin prick test responses to beef, 
lamb, pork, and cow's milk can be very small in size or negative. In 
adults, intradermal skin tests may give much clearer results (Figure 98).

Case 3 (original)
Clinical history: A 34-year-old female presented to the clinic with 

repeated episodes of oral itching, with or without systemic urticaria 
following eating pork. She had a long history of cat and dog exposure 
and was known to be clinically allergic to cats.

In vitro testing: Serum results showed IgE to cat 34 kU/L, pork 
13.5 kU/L, cat albumin (Fel d 2) 95 kU/L and alpha-gal <0.35 kU/L. 
Absorption studies showed 90% reduction with cat albumin, 70% 
with dog albumin and 10% with pork albumin.

Diagnosis: The implication is that her primary sensitization was 
to cat albumin and the symptoms after eating pork were due to 
cross-reactivity between the albumins. She responded fully to a diet 
avoiding pork.

7 – Research and future perspectives

As the tick population is increasing, mammalian meat allergy will be-
come more common. This underlines that more knowledge regarding 
the disease is needed, e.g., which are the mechanisms of the delayed 

reactions. From a clinical perspective biomarker/s that can identify 
early symptomatology that over time develops in severe allergic 
reactions, anaphylaxis, are warranted. Moreover, as only certain in-
dividuals develop anti-alpha-gal IgE there are possible other contrib-
uting factors, adjuvants, which need to be identified in tick saliva.

Textbox

•	 IgE to pork and cat albumin are markers of pork-cat 
syndrome

•	 IgE to alpha-gal is a marker of mammalian meat allergy 
(AGS)

•	 Patients with alpha-gal syndrome (AGS) should avoid 
tick bites

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



200 of 386  |     DRAMBURG et al.

B15 – Fruit  and vegetable al lerg y

Barbara Ballmer-Weber, Karin Hoffmann-
Sommergruber

Highlights

•	 Allergies to fruits and vegetables can either be due to cross-
sensitization with pollen allergens or are due to “true” food 
allergens

•	 The majority of plant food allergens can be assigned to a re-
stricted number of protein families

•	 Frequently observed IgE cross-reactivity does not always coin-
cide with clinical relevance

•	 Prick to prick testing using raw plant food is often superior to ex-
tract based testing

•	 Food challenges are the method of choice to rule out clinically 
silent IgE cross-reactivity

1 – The allergen sources

Plant foods, especially fruits and vegetables are part of a healthy diet 
and their consumption is recommended for prevention of cardiovas-
cular and metabolic disorders. However, in predisposed individuals, 
food allergic reactions are caused/induced upon uptake of a range 
of fruits and vegetables.

Fruits
While the range of allergenic fruits is broad, the majority of fre-

quent inducers of allergic reactions belong to the Rosaceae family. 
Therefore, this botanical family will be described in more detail. 
Among those, pyrenocarps (e.g., apple, pear) and stone fruits (e.g., 
peach) but also nuts (almond) are able to induce food allergic symp-
toms in atopic patients.

Fruits are consumed raw or processed, and peel, pulp and seeds 
contain allergens. For example, the nonspecific lipid transfer pro-
teins (nsLTPs) are accumulated in the outer layer of fruits, and by 
removing the peel, the allergen exposure can be reduced. Also, cer-
tain apple cultivars are known to have low allergen content for the 
Pathogenesis-related 10 (PR-10) proteins such as Santana and Elise 
and nsLTPs such as Santana and Ecolette, while others are express-
ing higher amounts of these allergens such as Golden Delicious (high 
Bet v 1 and LTP content).1122,1123 Unfortunately, the reduced levels 
of Mal d 1 do not always coincide with low levels of Mal d 3, thus an 
overall hypoallergenic apple is so far not available. Also postharvest 
treatment processes may have impact on allergen levels, as storage 
under defined conditions has suggested for Mal d 1 and Mal d 3 lev-
els.1124 Furthermore, fruits can be eaten in cakes, desserts, jams and 
jellies, as ingredients of dishes and as fruit juices either after pas-
teurization or without heat treatment, also mere cutting an apple 
into pieces may result in an improved tolerance due to oxidative deg-
radation of Mal d 1. In “biological cosmetics” fruit extracts are also 
used and may pose an unexpected risk in highly sensitized patients.

In this chapter kiwifruit has been chosen as an example of a 
“novel food,” entering the European market in the late 70 s of the 
20th century, and thus eventually developing into a relevant aller-
gen source, previously not anticipated as such. Furthermore, cit-
rus fruits, banana, melon, and grapes represent plant food allergen 
sources, affecting mostly Southern European patients/consumers. 
The well-known latex fruit syndrome, comprising allergic reactions 
against latex products and fruits and vegetables containing cross-
reactive allergens will only be briefly mentioned in this chapter, more 
detailed information is provided in chapter B22.

Vegetables
Also vegetables represent a relevant source of allergens, with 

celery being an allergenic food to be labeled on food products ac-
cording to the EU allergen legislation (European Directive 2007/68/
EC). Celery and carrot, both belonging to the botanical Apiaceae 
family can be consumed raw as well as cooked, and several studies 
have investigated the impact on heat treatment on individual aller-
gens, thus up- or downregulating their allergenic capacity. Especially 
in celery, the bulb (tuber; celeriac), and the green parts (stalks) are 
eaten raw as well as cooked. In addition, celery seeds can be used 
as a spice as well and are offered either as “celery salt” alone or as 
an ingredient in spice mixtures to be used for various dishes. In the 
latter case the presence of celery derived proteins may not be that 
evident and may lead to unexpected reactions in predisposed indi-
viduals. Also celery seed oil is sometimes used as a food ingredient 
or in cosmetics. In addition to celery and carrot, tomato and bell pep-
per are well known allergenic foods. In the recent past, additional 
tomato allergens belonging to the seed storage proteins have been 
identified from the seeds of the tomato fruit.

Finally a brief overview on Cannabis allergy is provided, reflect-
ing the increasing number of allergic cases upon Cannabis exposure.

2 – Major and relevant minor allergenic molecules

Fruits
Within the Rosaceae PR-10 protein family allergenic members 

are known from apple, peach, apricot, pear, raspberry, and straw-
berry. These proteins are major allergens for instance in apple and 
peach, and are located in the pulp and skin of the fruits. In gen-
eral, PR-10 proteins are labile proteins at extreme pH conditions 
and their structure is affected upon heat treatment and endoge-
nous inhibitors such as polyphenols.1126 They are constitutively 
expressed in plant tissues. In addition, they are upregulated upon 
environmental stress and pathogen attack. They are supposed to 
act as plant steroid carriers. PR-10 proteins in fruits are supposed 
to induce mild local reactions in patients. Also heat treatment of 
fruits (e.g., pasteurized fruit juices and jams) affects PR-10 aller-
genicity (see also further information on allergenic PR10-proteins 
in chapter C02). Nonspecific lipid transfer proteins (nsLTPs) are 
small proteins with a rigid tertiary structure formed by 4 disulfide 
bridges. Their function is to transport lipids across cell membranes. 
For example, allergens from this protein family are identified from 
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Rosaceae fruits (apple, peach, apricot, cherry, plum, pear, raspberry, 
strawberry, and mulberry),35 citrus fruits, kiwifruit, banana, and 
grape. They are major allergens and primarily located in the outer 
tissue layers (peel) of fruits. Upon pathogen attack they are upreg-
ulated and therefore classified as PR-14. In contrast to PR-10 aller-
gens, they are stable proteins not affected by low pH environment 
and heat treatment. However, at neutral pH their resistance to heat 
treatment is much lower as compared at acidic pH.1127 In general, 
severe, generalized allergic symptoms are correlated with nsLTPs' 
intake. An inverse relationship between severity of LTP induced 
symptoms in peach and co-sensitization to profilin and Bet v 1 has 
been reported.1128,1129 Further information on allergenic nsLTPs is 
provided in chapter C03.

Profilins are small proteins with an ubiquitous expression through-
out the plant kingdom. They are functional in various important 
cell-signaling pathways and bind actin. These small proteins are of in-
termediate to low stability when subjected to heat treatment. sensiti-
zation to profilin is frequently observed in patients; however; it often 
lacks clinical relevance. Allergens from the profilin family have been 
identified in Rosaceae fruits (e.g., apple, peach, pear, strawberry), cit-
rus fruits (sweet orange, litchi), banana, kiwifruit, and melon. Further 
information on allergenic profilins is provided in chapter C01.

Thaumatin-like proteins share a common 3 dimensional rigid 
structure defined by conserved cysteine residues forming 8 disulfide 
bridges. These proteins are expressed in ripening fruits and are up-
regulated upon biotic and abiotic stress (PR-5). They are regarded as 
minor allergens, based on data obtained from apple, peach, cherry, 
green kiwifruit, and banana.

The gibberellin-regulated protein (GRP), peamaclein, was iden-
tified from peach. This small protein is upregulated upon biotic 
stress and located in the peach peel.559 Later on, GRPs have been 
described in other fruits such as apricot, pomegranate, orange, and 
cherry591,1130 (see also chapter C09).

In pear another allergen, an isoflavone reductase related protein 
was identified, which showed allergenic activity in a small group of 
patients allergic to pear.1131

The green kiwifruit contains PR-10, nsLTP, profilin, and thaumatin-
like proteins with allergenic activity. The cysteine protease, actinidin, 
enzymatically degrades seed storage proteins and is upregulated in 
blossoms and fruits. In kiwifruit monosensitized allergic patients it is 
a major allergen. In addition, a number of minor allergens have been 
identified such as phytocystatin, kiwellin, pectin-methylesterase 
and its inhibitor and a major latex-protein, which belongs to the Bet 
v 1 superfamily. 2S albumins and 11S globulins localized in the seeds 
were also characterized as allergens.1132

While actinidin is abundantly expressed in green kiwifruits, its 
expression level and allergenic activity is much lower in golden kiwi-
fruits1133 and in certain kiwifruit cultivars.1134

Banana contains profilin, nsLTP and thaumatin-like proteins 
with allergenic activity. In addition, beta-1,3 glucanase (PR-2) and 
class I chitinase (PR-3), both degrading fungal cell walls and the 
exoskeleton of insects, are banana allergens and contribute to the 

cross-reactivity with latex allergens. In pomegranate, a class III 
chitinase has been described. From citrus fruits nsLTPs type 1 were 
identified, germin-like proteins, and gibberellin-regulated proteins as 
relevant allergens. In contrast to other fruits, profilins are regarded 
as major allergens with clinical relevance in citrus fruits.1135

From melon profilin,1136 cucumisin, an alkaline serine pro-
tease,1137 and a member of the PR-1 family are identified as 
allergens.1138

Papaya contains an allergenic endopolygalacturonase, Cari p 
11139 and a cysteine protease, Cari p 2,1140 (Figures 99 and 100, and 
Table 47).

Vegetable
In celery, the PR-10 protein is a major allergen, especially in 

Central Europe. Also, profilin is supposed to sensitize a relevant 
number of celeriac allergic patients. Less frequently, sensitization to 
the FAD-containing oxidase, a glycoprotein, is observed. In this case, 
the carbohydrate moieties of this enzyme seem to be relevant for 
the IgE-binding capacity.1141 In the recent past, nsLTPs have been 
identified from celery. While the nsLTP type 1 is expressed in the 
stalks, the nsLTP type 2 is found in the tuber.1142,1143 Only limited 
IgE-cross-reactivity is observed between those two different pro-
teins. Recently a new celery allergen, Api g 7, a defensin like protein 
1, was detected in celery tuber.1144 Similarly to celery, the PR-10 
protein is a major allergen in carrot. At least 2 isoforms of Dau c 
1 seem to be responsible for sensitization and provide only partial 
cross-reactivity. In addition, profilin has been identified as a minor 
allergen.

Finally, the isoflavone-reductase-like protein is the most recently 
characterized food allergen. However, neither data on the preva-
lence of sensitization are available nor the clinical relevance of this 
allergen is known to date. From tomato, profilin was identified as a 
minor allergen. Additionally, beta-fructofuranosidase and cyclophilin 
and a PR-10 protein, are minor allergens. Recently nsLTPs, both, type 
1 and type 2 were characterized; however, little is known about their 
prevalence in sensitization. For bell pepper, a gibberellin-regulated 
protein, profilin and the thaumatin-like protein—called osmotin-like 
protein—have been identified as allergens. However, data about 
their relevance for diagnosis are rather limited.

A class I chitinase was identified from avocado. Finally from po-
tato, several allergens were identified including patatin, cathepsin D 
inhibitor, cysteine protease inhibitor, and a serine protease inhibitor 
(Figures 99 and 101; Table 48).

3 – Sensitization to individual molecules and their 
clinical relevance

Epidemiology and sensitization/cross-reactivity rates
Prevalence data for plant food allergies are scarce, and the 

available data so far originate from a few studies. In a systematic 
review by Zuidmeer et al. the overall prevalence for fruits ranged 
from 0.1 to 4.3%.1145 Within a European Community Respiratory 
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Health Survey (ECRHS) overall sensitization rates for fruits were as-
sessed by Burney and colleagues in 2010 and 2014. Peach was the 
most frequent inducer of sensitization increasing from 5.4% to 7.9% 
in 2014. Apple ranked second with a sensitization rate of 4.2% and 
6.5% followed by kiwifruit with 3.6% and 5.2% sensitizing capac-
ity.1146, 1151 Prevalence data on allergen-specific sensitization have 
been generated by a few Europe-wide studies. For apple the SAFE 
study provided data on Mal d 1-Mal d 4,36 while the peach allergens 
were investigated in Spanish and Italian studies.999,1129,1148 reflecting 
the clear cut difference in the frequency of LTP-sensitization pre-
dominant in the Southern European areas as compared to the PR-10 
sensitization detected in areas with Fagales pollen exposure. Several 

kiwifruit studies were performed including a multicenter, within the 
Europrevall project and single center studies.1149,1150

Vegetables
In the systematic review the overall prevalence of food allergies 

caused by vegetables is around 1.4%.1145 The sensitization rates for 
vegetables were assessed by Burney et al. within the ECRHS study. 
Sensitization to carrot was determined as 3.6% and increased in 2014 
to 5.0%, while celeriac sensitization was observed in 3.5% and 6,3% 
of the general population, respectively.1146,1151 In celeriac allergy, 
allergen-specific sensitization prevalence was investigated within 
the EuroPrevall project.1152 For carrot allergy one study investigated 
the sensitization rate in Switzerland, Denmark and Spain.1152

F I G U R E  9 9 Molecular structures of 
well-known food allergen protein families. 
ID numbers of the crystal structures 
accessible in the PDB databank https://
www.rcsb.org: Non specific lipid transfer 
proteins (nsLTP from peach, Pru p 3; 
PDB:2B5S); Profilin (birch pollen; Bet v 2; 
PDB:1CQA); PR-10 proteins (celeriac, Api 
g 1; PDB:2BK0); Defensin like proteins 
(mugwort, Art v 1;PDB:2KPY); Thaumatin-
like proteins (TLP from cherry, Pru av 2; 
PDB:2AHN); Actinidin (from kiwifruit; 
A. arguta; PDB:3P5X); Gibberellin-
regulated protein (GRP; potato; snakin 
like; PDB:5E5Y); Chitinase (from papaya; 
PDB:3CQL) 

F I G U R E  1 0 0 Peach and kiwifruit 
as selected examples of fruit allergen 
sources. Proteins belonging to the PR-10 
family are depicted in yellow, TLPs in light 
blue, nsLTPs in green; profilins in red; 
GRP in light lilac; seed storage proteins 
(2S albumins and cupins in grey); kiwifruit 
specific allergens: Act d 1, Act 3-Act d 5 in 
dark blue 
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TA B L E  47 Allergens in Fruits (source: IUIS Allergen Database, Dec 2021; www.aller​gen.org). Molecular weight and IgE-prevalences are 
listed according to WHO/IUIS Allergen Nomenclature Sub-Committee Website (www.aller​gen.org), unless otherwise referenced.

15-70% of apple allergic patients 36   

5-18% of apple allergic patients 36   

1-50% of apple allergic patients 36  

10-40% of apple allergic patients 36   

5-32% (Central Europe – Iceland) 1149

2-18 %  1707  

Not available   

Not available  

2-18 % 1148, 1707

Not available  

Not available  

7-58% 1163, 1707   

7-31 % 1707   

3-2% 1149

24%  

71%  

18%  

11% of peach allergic pediatric cohort 1147; 

7-13% in adults (Spain, IT) 1129, 1148

Not available  

96% of peach allergic children 1147

10% peach allergic children (Spain), 7-34% 

adults (Spain, IT 1147, 1148

62-65% peach allergic adults (FR, PN) 231, 1130

Apple

(Malus domestica)

Green Kiwifruit

(Actinidia deliciosa)

Peach

(Prunus persica)

Mal d 1   

Mal d 2   

Mal d 3   

Mal d 4  

Act d 1   

Act d 2  

Act d 3   

Act d 4  

Act d 5   

Act d 6  

Act d 7  

Act d 8  

Act d 9  

Act d 10  

Act d 11  

Act d 12   

Act d 13   

Pru p 1  

Pru p 2  

Pru p 3   

Pru p 4   

Pru p 7  

17

23

9

14

30   

23     

40   

11   

28  

18  

50  

17     

14  

10  

17  

50  

11  

17

23

9

14

7

Pathogenesis related protein 10 (PR-10)   

Thaumatin-like protein (TLP)  

protein (nsLTP type 1)  

Actinidin   

TLP  

glycoprotein  

Phytocystatin  

Kiwellin  

Pectin methylesterase inhibitor  

Pectin methylesterase  

PR-10  

nsLTP type 1  

Major latex protein/ripening-related protein 

(MLP/RRP), Bet v 1 family member  

Cupin, 11S globulin  

2S albumin  

Pathogenesis related protein 10 (PR-10)   

TLP  

nsLTP  

Gibberellin regulated protein (GRP)  

AllergenAllergen source Biochemical name MW (kDa) IgE prevalence/ Sensitisation

ROSALES

ERICALES

78% 1674 

96% 1674  

Not available      

86% 1130  

44% (small cohort)  

Only few cases reported   

20%   

 72%   

74-84% in a pediatric cohort  

 Only few cases reported   

Not available

Only few cases reported  

Only few cases reported   

Sweet orange

(Citrus sinensis)

Banana

(Musa a - acuminata)

Melon

(Cucumis melo)

Cit s 1  

Cit s 2  

Cit s 3   

Cit s 7  

Mus a 1  

Mus a 2  

Mus a 3  

Mus a 4  

Mus a 5  

Mus a 6  

Cuc m 1   

Cuc m 2  

Cuc m 3 

23  

14  

9     

7  

14  

33  

9   

20  

30  

27  

67  

14  

17   

Germin like protein   

 nsLTP type 1  

Gibberellin regulated protein (GRP)  

Class I chitinase  

nsLTP type 1  

TLP   

Beta-1,3-glucanase  

Ascorbate peroxidase    

Alkaline serine protease (cucumisin) 

Pathogenesis-related protein PR-1

ZINGIBERALES

CUCURBITALES

SAPINDALES
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4 – Clinical relevance, diagnosis, and management

Although a number of well characterized components are available 
to facilitate the in vitro diagnosis in fruit and vegetable allergies, 
some important ones are still lacking1154 (the components offered 
for allergen specific in vitro diagnosis are indicated in the Appendix). 
To date the following proteins are used for CRD: cross-reactive al-
lergens derived from inhalant allergenic sources (Bet v 1 and Bet v 2 
from birch pollen and the latex allergens Hev b 6.01, 6.02, and 11) as 
well as food components from Rosaceae fruits (Mal d 1,2,3,4; Pru av 
1,3,4; Pru p 1,3,4,7; Fra a 1,3).36,999,1148,1155 kiwifruit allergens (Act d 
1,2,5,8,10; Act d 11), Apiaceae allergens (Dau c 1, Api g 1,2,6) and 
some tomato (Sola l 6) and potato (Sola t 1) allergens. Therefore, the 
following section focuses on Rosaceae, Apiaceae, kiwifruit allergy 
and the latex-fruit-syndrome.

Clinical relevance and clinical pattern
Rosaceae fruit allergy (Figure 102)
The Rosaceae family includes many edible fruits. Apple, cherry 

and peach are the best-studied species from an allergy point of 
view. Allergen components are available to date just from peach and 
apple. The allergens identified in the fruits of the Rosaceae family 
are 1) PR-10 (Bet v 1 family member, 2) profilin, 3) nsLTP type 1, 4) 
gibberellin-regulated protein and 5) thaumatin like protein. Due to 
high cross-reactivity between the PR-10 proteins, the profilins and the 
nsLTPs, the corresponding allergens derived from peach are usually ap-
plied for diagnostic approaches in all types of Rosaceae fruit allergies.

The Sensitization pattern to these allergens is geographically 
influenced. sensitization rates to the Bet v 1 homologous proteins 
are significantly higher in countries with high pollen exposure of the 
Fagales trees (birch, alder, hazel; see chapters B01 and C02), whereas 
sensitization to nsLTP is significantly higher in Mediterranean coun-
tries (see chapter C03).36,1146,1156 sensitization to Rosaceae fruit pro-
filins (chapter C01) is more evenly distributed but most likely higher 
in the Mediterranean area.36 sensitization to gibberellin-regulated 
protein has been described in Southern France and correlated with 
exposure to cypress pollen.231,1157

Data on sensitization to thaumatin-like proteins in fruits are lim-
ited. Bet v 1-(PR-10) related food proteins, profilin and nsLTP are 
pan-allergens, depicting a high cross-reactivity across the plant king-
dom and sensitization to these molecules is often not accompanied 

by clinical symptoms.1158,1159 Therefore, determination of sIgE to 
these molecules should not be used as a screening tool (no prophetic 
testing!) and sensitization without convincing case history should al-
ways be validated by food challenge. All three protein families have 
been associated with the various types of clinical manifestations in 
Rosaceae fruit allergies ranging from contact urticaria of the oral 
mucosa (so called Oral Allergy Syndrome, OAS) up to anaphylaxis. 
The prevalence of systemic reactions in those patients with a con-
firmed fruit allergy is higher in nsLTP-mediated fruit allergies than in 
the Bet v 1 or profilin-mediated ones.34,36,1156 In the following, three 
typical patterns of Rosaceae fruit allergy are outlined.

A	 Patient with a sensitization to Fagales tree pollen and IgE to Bet 
v 1 may develop cross-sensitization to Bet v 1 homologous pro-
teins from different Rosaceae fruits. Symptoms are elicited by 
unprocessed fruits. The usual manifestations are local oropha-
ryngeal symptoms (OAS). Caveat: in selected cases Bet v 1 (PR-10) 
related fruit allergy can be associated with systemic reaction,1160 i.e., 
in conjunction with co-factors (alcohol, exercise, NSAID intake, in-
gestion on an empty stomach1162 or high quantity of the ingested Bet 
v 1 homologues).

B	 Patient with a sensitization to nsLTP mainly derived from peach 
(Pru p 3) may develop cross-sensitization to other fruit nsLTPs. 
The clinical manifestations vary from local oropharyngeal symp-
toms up to anaphylaxis. The clinical pattern is influenced by co-
factors (see under A), so called LTP syndrome.1157 Symptoms are 
elicited by unprocessed and processed fruits.

C	 Patients with a sensitization to profilin, frequently acquired via 
sensitization to grass pollen, might develop a cross-sensitization 
to profilin in Rosaceae fruits.36 Sensitization to profilin is highly 
likely to be clinically silent but can elicit in a minor subset of pa-
tients local oropharyngeal symptoms (OAS). The risk for a sys-
temic reaction is very low but has been described in patients with 
epithelial barrier damage of the oral mucosa in a Mediterranean 
area.339 Caveat: sensitization to profilin is highly likely to be clinically 
asymptomatic.

Kiwifruit allergy
Allergy to kiwifruit is one of the most frequently observed 

fruit allergies in Europe.1149 Thirteen kiwifruit allergens have 

F I G U R E  1 0 1 Celery and tomato as 
selected examples of vegetable allergen 
sources. Proteins belonging to the PR-10 
family are depicted in yellow, nsLTPs in 
green (type 1 in light green and type 2 in 
dark green); profilins in red; cyclophilin 
and defensin like protein in light grey FAD 
oxidase and beta-fructofuranosidase in 
dark grey 
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been identified to date (Table  47). An allergy to kiwifruit can be 
acquired via gastrointestinal tract (primary food allergy) or via 
cross-sensitization to birch or grass pollen and latex allergens. The 
allergic symptoms range from mild oropharyngeal symptoms to 
severe, generalized reactions. Actinidin, Act d 1, is the major aller-
gen of kiwifruit and correlates significantly with a kiwifruit mono-
sensitization.1150 Sensitization to Act d 8 and Act d 9 is specific 
for patients with pollen-kiwifruit allergies.1150,1163 The sequence 
homology between kiwifruit nsLTP (Act d 10) and other nsLTPs, 
particularly Pru p 3 from peach, is low and therefore there is a lim-
ited risk of cross-reactivity. Additionally, cross-reactivity between 
Hev b 11, a chitinase from latex, and a protein in kiwifruit has been 
identified. The sensitivity of IgE measurement to kiwifruit extract 
is low (17%) but could be increased by including different kiwifruit 
components (Act d 1–Act d 5 and Act d 8 Act d 9) to 77%.1150 
Sensitization to Act d 1 was associated with the severity of the 
reaction1149 in a pan-European study and sensitizations to Act d 1 
and Act d 3 were significantly correlated with anaphylactic reac-
tions of patients from Spain.1155 In the following four typical pat-
terns of kiwi allergy are outlined.

A	 Patient with a sensitization to Fagales tree pollen and IgE to Bet 
v 1 may develop cross-sensitization to the Bet v 1 homologous 
protein Act d 8. The usual manifestations are local oropharyngeal 
symptoms (OAS).

B	 Patient with a sensitization to profilin particularly from grass pol-
len may develop cross-sensitization to profilin in kiwifruit. The 
usual manifestations are local oropharyngeal symptoms (OAS).

C	 Patient with a sensitization to latex proteins (i.e., Hev b 6 and 11) 
may develop cross-sensitization to homologous proteins in kiwi-
fruit. The clinical pattern varies from mild oropharyngeal symp-
toms up to anaphylaxis.

D	 Patients with a sensitization (usually monosensitization) to Act 
d 1 may develop a primary kiwifruit allergy. The risk to develop 
systemic reaction up to anaphylaxis is increased.

Apiaceae vegetable allergy
The major representatives of the Apiaceae family in terms of food 

allergy are celeriac (Apium graveolens) and carrot (Daucus carota). 
Celeriac allergy is highly associated with birch pollen and mugwort 
pollen sensitization referred to as birch-mugwort-celery-syndrome.

To date, 5 relevant celeriac allergens have been identified in 
celeriac tuber, Api g 1 (Bet v 1 homologue), Api g 2 (nsLTP type 
1), Api g 4 (profilin), Api g 5 (flavoprotein) and Api g 7, the de-
fensin like protein 1 (www.aller​gen.org). In addition Api g 6, an 
nsLTP type 2 protein was identified in celery stalk. The applica-
tion of Api g 1, 4, 5 in component resolved diagnosis, increased 
the sensitivity from approximately 70% to 88% (75% rApi g 1, 
42% rApi g 4 and 42% to nApi g 5).1152 Celeriac-induced symp-
toms range from mild oropharyngeal symptoms (OAS) to anaphy-
laxis.1165 No marker allergen for prediction of severe reactions has 
yet been identified. Particularly severe reactions to celeriac occur 
in mugwort-sensitized patients.1152,1165 The culprit cross-reactive 

allergens between mugwort and celeriac have not been identified 
so far. The clinical significance of the nsLTPs derived either from 
celeriac tuber (Api g 6) or from celery stalk (Api g 2) has not been 
confirmed to date.1143,1708

Also carrot allergy is highly associated with a sensitization to 
birch and mugwort pollen1153. Allergens identified in carrot are Dau 
c 1 (PR-10), Dau c 4 (profilin), Dau c 5 (isoflavone reductase), Dau c 
CyP (cyclophilin) and Dau c nsLTP. The diagnostic relevance of Dau c 
5 and Dau c CyP has not been investigated and it is not clear whether 
Dau c nsLPT is indeed present in the edible parts of carrots. As for 
celeriac allergy, carrot allergy induced symptoms ranging from mild 
oropharyngeal symptoms (OAS) to anaphylaxis.1153 In the following 
two typical patterns of celeriac/carrot allergy are outlined.

A	 Patient with a sensitization to Fagales tree pollen and IgE to Bet v 
1 may develop cross-sensitization to Bet v 1 homologous proteins 
in Apiaceae vegetables such as carrot and celeriac. Symptoms are 
often elicited by unprocessed foods. The usual manifestations 
are local oropharyngeal symptoms (OAS).

	 Caveat: Bet v 1 (PR-10) related allergy to carrot and celeriac can be 
associated with systemic reaction. Systemic reactions are more fre-
quently observed in PR-10-related celeriac and carrot allergy than in 
PR-10 related allergy to Rosaceae fruits1165 and might be elicited also 
by processed foods (particularly in celeriac allergy).1166

B	 Patient with a sensitization to mugwort pollen may develop 
cross-sensitization to not yet defined allergens in celeriac and 
carrot. The clinical manifestation varies from local oropharyn-
geal symptoms up to anaphylaxis. Symptoms are elicited by un-
processed and processed vegetables. IgE determination and skin 
testing particularly to celeriac extract are often negative. Typical 
pattern: Sensitization to mugwort pollen, positive prick-prick test 
with native food, negative testing using celeriac extract.

Latex-fruit syndrome
In 30-70% of patients with latex associated food allergies have 

been observed, particularly to banana, avocado, chestnut, kiwifruit 
(see kiwifruit allergy), and many more.1665 Eleven percent of pa-
tients with a fruit allergy showed symptoms after latex challenge.1168 
Oropharyngeal symptoms are frequently observed, but in about 10% 
of latex-associated food allergies, anaphylactic reactions have been ob-
served. As cross-reactive allergens beta-1,3-glucanase (Hev b 2), hev-
ein (Hev b 6.02) and the hevein-like domain of class I chitinases (Hev 
b 11) have been identified. However, further studies are needed since 
the pathogenic role of Hev b 6 and Hev b 11 have been questioned in a 
recent study.1169 Further information is provided in Chapter B22.

Cannabis-food syndrome
Cannabis sativa is a plant belonging to the Cannabaceae family. 

Hemp is a variety of C sativa grown for industrial use. The nsLTP 
Can s 3 is suspected to be the major cross-reacting allergen in the 
so called cannabis-food syndrome. In patients with cannabis-induced 
anaphylaxis, Can s 3 was the major allergen and 72% reported to 
suffer from a systemic food allergy, in part co-factor mediated.1170 
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However, further studies are needed. The content of the psychoac-
tive component tetrahydrocannabinol (THC) is higher in C sativa than 
in hemp. Different parts of the plant can induce allergic reactions 
such as hemp seeds1171 used in food industry or marijuana (dried 
flowering tops and leaves) and hashish (dried resin), both frequently 
consumed drugs.1172 Furthermore, (occupational) allergy to Cannabis 
has been described reviewed in.1173 Cannabis allergy manifestations 
range from cutaneous contact urticaria to anaphylaxis. The allergens 
described so far in C sativa are Can s 3,1174 a nsLTP, Can s 5,1175 a 
Bet v 1 homologue, the cannabis profilin Can s 2 and Can s 4.1176 
In a recent study, among 25 patients with immediate symptoms on 

exposure to cannabis, 52% were sensitized to Can s 3, 80% to Can s 
5 and 16% to Can s 2.1175 Only 7% of patients with a Cannabis allergy 
were sensitized to Can s 4 in another study.1176 The nsLTP, Can s 3, 
is suspected to be the major cross-reacting allergen in the so called 
cannabis-food syndrome. In patients with cannabis-induced anaphy-
laxis, Can s 3 was the major allergen and 72% reported to suffer from 
a systemic food allergy, in part co-factor mediated.1170

Clinical diagnosis of fruit and vegetable allergies
Allergies to fruits and vegetables are often initiated by a primary 

sensitization to pollen. Since the majority of fruit and vegetable al-
lergens belong to a few protein families and are characterized by a 

TA B L E  4 8 Allergens in Vegetables (source: IUIS Allergen Database, (www.aller​gen.org Dec 2021). Molecular weight and IgE-prevalences 
are listed according to WHO/IUIS Allergen Nomenclature Sub-Committee Website (www.aller​gen.org), unless otherwise referenced.
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high cross-reactivity, the clinical relevance of sensitization needs to 
be often established by food challenges.

IgE binding to cross-reactive carbohydrates (CCDs) is frequently 
found in sera from allergic patients and points to high cross-reactivity 
between inhalant (e.g., grass pollen allergies) and plant food aller-
gies.67 These glycan epitopes are also called “classical CCDs”—N-
Glycans of the MMXF3, MMF3, and MUXF3-type.17 However, the 
clinical relevance of this IgE-based immune response is regarded as 
of low clinical relevance. Some multiplex assays either offer a spe-
cific testing for CCDs in parallel or even include a CCD blocking step 
before testing protein specific IgE recognition (more information on 
CCDs is provided in chapter A10.

Case history:

Allergies to pollen, latex, previous reaction(s) to the incriminated 
fruit/vegetable or fruits and vegetables from the same plant family. 

Symptoms onset and course, elicitation by raw or processed food, 
co-factors (exercise, NSAID, alcohol etc.).

Skin prick test (SPT):

•	 commercial fruit and vegetable extracts limited due to false neg-
ative results as a consequence of under-representation of Bet v 1 
homologous proteins and in part also nsLTPs

•	 prick-prick test with the offending nonprocessed fruits and veg-
etables has increased sensitivity but is limited by false positive 
results due to irritation of the skin.

Serum IgE testing:

•	 Due to the low stability of the Bet v 1 homologous proteins, these 
allergens are underrepresented (low sensitivity) in some but not 
all diagnostic food extracts, leading to false negative test results.

F I G U R E  1 0 2 Diagnostic work-up in Rosaceae fruit allergy. * Patients with sensitization to birch pollen or other Fagales tree pollen and 
history of Rosaceae fruit induced oropharyngeal symptoms usually do not need further investigation; + Sensitivity of skin test or in vitro 
IgE determination using fruit extracts might be low due to underrepresentation of Bet v 1 homologues; $ In patients from Mediterranean 
countries: OAS can also be linked to LTP or profilin sensitization. In case of LTP-mediated OAS, strict elimination of fresh and processed food 
is recommended. 
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•	 IgE to Bet v 1 or Bet v 1 homologous proteins in reaction pattern 
A (Pru p 1, Mal d 1, Act d 8, Api g 1, Dau c 1) is indicative of a Bet 
v 1-related fruit/vegetable allergy but limited by low specificity.

•	 IgE to nsLTP (Pru p 3, Mal d 3) in reaction pattern B, might be 
associated with systemic reactions, limited by low specificity.

•	 IgE to Act d 1 is a risk factor for monosensitization and for sys-
temic reactions to kiwifruit.

•	 IgE to Hev b 6.02 and Hev b 11 hint to possible latex induced fruit 
allergy.

Challenge tests:

•	 A/C: often not indicated if symptoms are limited to the oropha-
ryngeal area, challenge with processed foods indicated in case of 
“unclear” history in terms of tolerance, i.e., in celeriac allergy.

•	 B/D/E/F: titrated challenge indicated in cases where allergy is not 
supported by clear-cut case history.

Clinical management
Recommendations

•	 A/C: Avoidance of symptom-eliciting raw fruits and raw vegeta-
bles; avoidance of processed foods only in patients with positive 
oral challenges with the respective processed food

•	 B/D/E/F: Avoidance of symptom-eliciting raw and processed 
fruits and vegetables, for celeriac allergy also traces.

Pharmacotherapy (emergency kit)

•	 A/C: Due to the small risk of systemic reactions or severe local re-
actions (angioedema lips, swelling oral mucosa) emergency medica-
tion for p.o. self-administration (antihistamines, eventually steroids).

•	 B/D/E/F: Emergency medication for p.o. self-administration (an-
tihistamines, steroids), and in case of systemic reaction, epineph-
rine for self-administration (autoinjector).

Allergen-specific immunotherapy
Immunotherapy with birch pollen extract in Bet v 1-mediated 

fruit allergy showed contradictory results.1177,1178 Sublingual immu-
notherapy with rMal d 1 provided promising results for apple allergic 
patients in a first small trial.223 Recently a trial with Bet v 1-specific 
monoclonal antibody provided first positive results for birch pollen 
allergy, while data on BP-related food allergies are not available for 
this approach.1179

Oral tolerance induction using raw apples was observed in Bet 
v 1-related apple allergy,1180 but results need to be confirmed. 
Sublingual immunotherapy for patients with nsLTP-induced peach 
allergy using a Pru p 3 quantified peach extract has shown promising 
results.401 In another study peach and peanut allergic patients were 
treated with the Pru p 3 enriched peach extract and showed reduced 
SPT reactivity and increased threshold levels in oral challenges for 
peach and also peanut in the peanut allergic group after 12 months 
of treatment.1181

5 – Clinical cases

Case 1
History: 28 year old female patient, with recurrent anaphylactic 

reactions after unprocessed fruits. First anaphylaxis at the age of 
4 years after ingestion of a plum, in the following after an apple, and 
at the age of 9 years after a peach.

Microarrayed	 specific IgE [ISU-E]:
Bet v 1	 undetectable; Bet v 2 - 1.2; Ara h 9 - 2.9; Cor a 8 

- 3.6; Jug r 3 - 8.8; Pru p 3 -12.0.
Diagnosis: LTP syndrome with recurrent anaphylactic reactions 

after plum, peach, apple
Recommendation: strict elimination of symptom inducing fruits 

in raw and processed form. Emergency kit with antihistamines, ste-
roids and adrenaline pen. (SLIT with Pru p 3 quantified extract has 
been considered but denied by the patient).

Case 2
History: Male, 48 years old. Rhinoconjunctivitis to birch pollen 

and oropharyngeal itch to raw apples since school age. Regular inges-
tion of raw apples despite oral symptoms. He gets up in the night 3 
am, ingests three apples on an empty stomach and develops oral itch-
ing, slight swelling of the lips and collapses. Two weeks later he gets 
up again in the night, ingests several apples on an empty stomach, de-
velops severe itching of the oral mucosa, swelling of the lips and loses 
consciousness for few minutes. After 1 hour, recovers spontaneously.

In-vitro testing for specific IgE [ kU/l]: Bet v 1: 88; Bet v 2 < 0.35; 
Pru p 3 < 0.35

SPT: Birch pollen extract, raw apple strongly positive
Oral food challenge: No symptoms with cooked apple puree, 

contact urticaria with blisters of the oral mucosa and slight an-
gioedema of the lips after one quarter of a raw apple

Diagnosis: Anaphylactic reaction with oral contact urticaria, an-
gioedema of lips and collapse after ingestion of large amount of raw 
apples on an empty stomach due to Bet v 1-related apple allergy.

Recommendations: Strict avoidance of raw apples; cooked ap-
ples without dietary restriction (due to thermal instability of Bet v 
1-related allergens).

Case 3
History: 23 years-old female, no atopic background. Ingestion of 

kiwifruit, after 15 minutes nausea, abdominal cramps, emesis, diar-
rhea, drop of blood pressure. Emergency treatment.

SPT: negative to birch and grass pollen extract, latex, isolated 
positive skin test with raw kiwifruit.

In-vitro testing specific IgE [kU/l] (ImmunoCAP Specific IgE test): 
Bet v 1 < 0.35; Bet v 2< 0.35; latex < 0.35; kiwi extract < 0.35.

Microarrayed specific IgE: positive to Act d 1 and Act d 2 Oral 
challenge: mucosa challenge with kiwifruit: oral contact urticaria, 
flushed face and nausea.

Diagnosis: primary kiwi allergy with sensitization to Act d 1 and 
Act d 2.

Recommendations: strict elimination diet for raw and processed 
kiwifruit, emergency kit with antihistamines, steroids and adrenaline 
pen.
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B16 – Wheat and buck wheat al lergies

Mika Mäkelä, Kati Palosuo

Wheat allergy

Highlights: Wheat allergy

•	 Wheat allergy can manifest as different clinical conditions includ-
ing typical childhood food allergy, wheat-dependent, exercise-
induced food allergy, and baker's allergy/asthma. The IgE response 
is diverse among patients and is directed against several allergens 
in all clinical conditions.

•	 Wheat is related to several clinically different allergic disorders 
in different organs including food allergy, wheat-dependent, 
exercise-induced anaphylaxis, respiratory allergy, and contact 
urticaria.

•	 Due to cross-reactivity with other allergens, including grasses, IgE 
measurement to whole wheat extract gives unreliable results with 
low specificity in diagnostics.

•	 There are several well-characterized allergenic molecules such as 
gliadins, glutenins, and alpha-amylase inhibitors, but it has been 
difficult to name single major allergens.

•	 Wheat sensitization is much more common than true clinical 
allergy.

•	 Sensitization to individual proteins is associated with disease 
manifestations but with significant overlap.

1 – The allergen sources

Wheat (Triticum aestivum) may be considered the most important 
source of food globally. For example, world trade in wheat is greater 
than for all other crops combined. Most food cultures serve wheat 
as an important part of daily meals, including bread, pasta, break-
fast cereal, semolina, bulgur, and couscous, to name a few. Wheat 
has more vegetable protein than the other two worldwide important 
cereals, corn or rice. There are several different classifications of 
wheat and a number of different species and subspecies have been 
described, not to mention more than 25000 cultivars.1182 However, 
there seem to be no clinically significant differences in allergenicity. 
In most countries, allergy to milk and egg are the two most common 

food allergies, but wheat comes as third at least in Germany, Japan, 
and Finland.1183 Wheat allergy prevalence varies depending on the 
age and region from 0.4% to 4%.1183,1184 The most typical clinical 
manifestations of wheat-induced food allergy include IgE-mediated 
food allergy and celiac disease. The latter is a T-cell–mediated en-
teropathy induced by dietary gluten that shares features with 
organ-specific autoimmune disorders and it is not included in allergy 
treatment algorithms in most countries and is often treated by gas-
troenterologists rather than allergists. Therefore, celiac disease is 
not covered in this chapter other than in the classification as shown 
in Figure 103.

2 – Allergen families

Wheat belongs to the Triticeae tribe of the grass family Poaceae 
together with rye and barley. Most allergenic proteins in wheat, 
including the cereal prolamins and bifunctional inhibitors (alfa-
amylase/trypsin inhibitors), are members of the prolamin superfam-
ily. The cereal prolamins (gliadins and glutenins) are seed storage 
proteins that are found in the grains of cereal grasses (Figure 104). 
Wheat prolamins share a great degree of sequence and structural 
homology with each other and with the corresponding proteins in 
rye and barley.322

3 – Allergenic molecules

The measurement of wheat-specific IgE and its use for clinical diag-
nosis is problematic due to the low specificity when using whole-
wheat extract as a test allergen either in SPTs or in serum assays. 
Wheat-specific IgE is common among atopic children at all ages 
without true food allergies—up to 65% of the patients with grass 
pollen allergy had false-positive IgE-ab test results to wheat ex-
tracts.1185 On the other hand, some allergens are underrepresented 
in whole-wheat extract-based tests due to their relative insolubility 
(Figure 105).

The list of the World Health Organization/International Union 
of Immunological Societies Allergen Nomenclature Sub-Committee 
lists 28 wheat allergens (www.aller​gen.org) (Table 49 and Figure 104 
and 106). Wheat (Triticum aestivum) allergen numbers start with 
Tri a 12 (profilin) and end with Tri a 45 (Elongation factor 1 (EIF1) 

F I G U R E  1 0 3 Classification of wheat-
related allergic diseases. Modified from 
1187
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(serine protease inhibitor-like protein). Many of the not yet clinically 
well-studied allergens are homologous to characterized grass pol-
len allergens or seed allergens from related cereals. Wheat proteins 
have been broadly divided into water-soluble albumins, salt-soluble 
globulins, and insoluble prolamins, including the gliadins, which are 
soluble in aqueous alcohols, and the glutenins1181 (Figure 105). The 
gliadins and glutenins are the major storage proteins in the wheat 
grain, also making wheat flour suitable for baking. Each of these 
fractions contains allergenic proteins, which have been associated 
with clinical symptoms, but as yet, there is no consensus definition 

of major and minor allergens of wheat. Little is known also of the al-
lergenicity as what comes to heating and processing of the fractions.

Sensitization to wheat among children was <1% in a systematic 
review taking into account a number of studies around the world1140. 
In a population-based study among six-year-old children in Britain, 
wheat sensitization rate was 0.4% and most of this was concluded to 
result from grass sensitization based on the food challenges.1182 No 
studies have examined response to single proteins at population level.

Cross-reactivity of wheat comes at least from sensitization 
to grass pollen (Figure  107). It varies, however, how much of the 
sensitization can be explained on this at different age groups and 
in different disease conditions. Wheat is also highly cross-reactive 
with other cereals, mainly rye and barley. Oats belong to the same 
grass family but are more distantly related to wheat. Children with 
challenge-proven wheat allergy usually tolerate ingested oats de-
spite frequent sensitization.1183 Early studies showed that prolamins 
like gamma-70 and gamma-35 secalins in rye and gamma-3 hordein 
in barley cross-react with omega-5 gliadin1184 and there are several 
other proteins among these three cereals, which are highly cross-
reactive. Moreover, there is high sequence identity among many 
other proteins such as α-purothionins from wheat, rye, and barley 
(>80% ).1185 In a large study of baker's allergy, rye flour inhibited 
binding of IgE to most wheat allergens at a significant level.1186

4 – Sensitization to individual molecules and their 
clinical relevance

The best characterized single wheat allergen is omega-5 gliadin 
(Tri a 19), which is a major allergen for wheat-dependent, exercise-
induced anaphylaxis (WDEIA), later in this document clinical F I G U R E  1 0 4 Allergen families and allergen proteins in wheat

F I G U R E  1 0 5 Allergenic molecules 
of wheat grouped according to their 
solubility
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form  B. It is also an important allergen in early childhood wheat 
allergy with immediate onset symptoms and atopic eczema (later 
A type)1184,1187–1189 and baker's asthma/allergy (type C).1186 Other 
relatively well-documented allergens include alpha-amylase inhibi-
tors (AAI), the response to which is associated with both baker's al-
lergy and food allergy,1181,1186 wheat LTP has also obvious clinical 
relevance and it has been associated with baker's asthma1190 and 
food allergy.1191 So far, attempts to find single allergens predicting 
clinical reactivity have produced at best high sensitivity with the 
expense of low specificity. Although an early study showed up to 
100% specificity for clinical response with sensitization to omega-5 
gliadin,1187 later larger studies recruiting more heterogeneous pa-
tient groups have produced much lower rates for both sensitivity 
and specificity.1181,1189 There are many more relevant sensitizations 
to single proteins other than gliadins, AAI, or LTP. Two studies dem-
onstrated the role of sensitization to both low-molecular-weight 
(LMW) Tri a 36 and the high-molecular-weight (HMW) glutenin, Tri 

a 26 with the most typical type of childhood wheat allergy.1181,1189 
Moreover, omega-5 gliadin is not the only gliadin that seems to be of 
significance. Also alpha-, beta-, and gamma-gliadins present as im-
portant allergens in several studies.1181,1189 Recently, based on con-
struction of T. aestivum cDNA library and screening it with serum 
IgE from patients suffering from respiratory wheat allergy five novel 
wheat allergens were characterized: a thioredoxin h isoform, glu-
tathione transferase, 1-Cys-peroxiredoxin, profilin, and dehydrin. 
Particularly of these, a potential and emerging food allergen is alpha-
purothionin Tri a 37.1185 In the largest study of any wheat-allergic 
patients, 19 recombinant wheat flour proteins and 2 cross-reactive 
carbohydrate determinants were tested in sera of 101 bakers from 
several European countries with wheat flour allergy. Not a single al-
lergen emerged as a major one and each baker showed an individual 
IgE-binding profile with great interindividual variation.1186 Taken al-
together, there is generally a significant overlap of the responses to 
individual proteins in different disease conditions.

TA B L E  4 9 Wheat allergens identified to date
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37% of wheat allergic patients  

60-80% of wheat allergic patients  

16% of wheat allergic patients  

Monomeric alpha-amylase inhibitor 0.29  

Beta-amylase  

Agglutinin isolectin 1

Omega-5-gliadin, seed storage protein  

Gamma gliadin  

Alpha-beta-gliadin  

Thioredoxin  

High molecular weight glutenin  

Thiol reductase homologue  

Dimeric alpha-amylase inhibitor 0.19  

Tetrameric alpha-amylase inhibitor CM1/CM2  

Tetrameric alpha-amylase inhibitor CM3  

Triosepohosphate-isomerase  

1-cys-peroxiredoxin  

Serpin  

Glyceraldehyde-3-phosphate-dehydrogenase  

Dehydrin  

Low molecular weight glutenin GluB3–23  

Alpha purothionin  

Serine protease inhibitor-like protein  

Chloroform/methanol-soluble (CM) 17 protein [alpha-

amylase inhibitor]  

Mitochondrial ubiquitin ligase activator of NFKB 1  

Hypothetical protein from cDNA  

Hypothetical protein from cDNA  

Elongation factor 1 (EIF1)  

14 

 9    

56   

65  

35–38  

30–45  

13  

88  

27  

13  

13  

16  

26    

40  

40–42    

40  

12    

15.96   

Biochemical 
name 

Allergenic 
Molecule

Prevalence among 
patients (%)

Molecular 
weight (kDa)

Heat 
stability
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5 – Diagnosis of wheat allergy

Due to different routes and amounts of exposure four scenarios can 
prompt IgE-mediated sensitizations and clinical symptoms of imme-
diate hypersensitivity1177 (Table 50A–D).

A	 Typically, IgE-mediated form of food allergy to wheat is analo-
gous to the symptoms seen in milk or egg allergy. Allergic individ-
uals develop symptoms within minutes to 1–2 h after ingestion of 
wheat. The symptoms include urticaria, angioedema, erythema, 
pruritus, vomiting, abdominal pain, persistent cough, hoarse 
voice, wheeze, stridor, respiratory distress, nasal congestion, 
and, in most severe cases, anaphylaxis. These may be associ-
ated also with delayed-type symptoms, which include the wors-
ening of atopic dermatitis, and gastrointestinal symptoms such 
as stomach pain and diarrhea or loose stools. Early presumably 
gastrointestinal or cutaneous sensitization to rather stable wheat 
allergens (e.g., omega-5 gliadin, HMW glutenin, LMW glutenin, 
alpha-amylase inhibitor) in often atopic infants is the basis of 
most typical IgE-mediated wheat allergy, extending often until 
school age and in rare cases, up to adulthood.

B	 Wheat-dependent, exercise-induced anaphylaxis (WDEIA) 
means the appearance of severe symptoms after ingestion of 
wheat followed by physical exercise typically among young 
adults. Symptoms vary from generalized urticaria to severe ana-
phylactic reactions. Sensitization to omega-5 gliadin is the most 
specific marker for the disease, but the patients are sensitized 
also to several other wheat allergens. This is an important albeit 
a not highly prevalent form of wheat allergy.

C	 Baker's allergy or asthma comes from inhalation of the wheat flour. 
At the moment, the test allergen with most sensitivity but low 
specificity is whole-wheat flour (including all allergens). The speci-
ficity of testing can be improved by component-specific analysis.

D	 Contact urticaria is associated with the use of cosmetics and also 
sometimes together with food allergy. Hydrolysis of wheat is car-
ried out to overcome its insolubility in cosmetics and exposure to 
hydrolyzed wheat protein (HWP) can cause either contact urti-
caria or even anaphylaxis when consuming.

Skin prick test to wheat: Commercial wheat extract or in-house 
solution employing wheat flour can be used for skin prick testing 
(SPT). Some authorities have claimed that this should not be used 
at all due to the very low specificity for all types of wheat allergy. 

Specificity can be improved by additional testing to omega-5 glia-
din (dissolved in ethanol, in-house preparation) or other gliadins. For 
clinical pattern D, hydrolyzed wheat protein should be tested. There 
is little experience in SPT testing for other single proteins.

Specific IgE testing: Whole wheat extract, Tri a 14, Tri a 19, glia-
dins are commercially available for determination of allergen-specific 
IgE. Wheat extract has low specificity and high sensitivity and can be 
useful in clinical patterns A–C. Omega-5 gliadin and gliadins (alpha, 
beta, gamma) can be useful for clinical patterns A and B. Lipid trans-
fer proteins (Tri a 14) for A and B, probably have no cross-reactivity 
with grass pollen although there are not enough data to exclude this. 
Measuring sensitization may help in differentiating wheat sensitiza-
tion from pollen allergy in patients with high levels of grass pollen-
specific IgE, but this not very sensitive. AAIs, particularly dimeric 
0.19, LMW and HMW glutenins, Tri a 37 can be useful for clinical 
patterns A and C. The combination of Tri a 27, 28, 29, 39, and 32 for 
clinical pattern C.

Oral food challenges: Clinical pattern A mainly: various protocols 
with whole wheat can be used, for example, challenge in children 
with wheat flakes containing porridge or bread1181. Start with a low 
dose (1-50 mg) of wheat-specific protein. A suitable time interval be-
tween the increasing doses should be an hour (digestion of wheat 
may be slower than milk and egg). Continue with semi-logarithmic 
progression steps up to at least 1 g of cumulative dose of wheat 
protein. Also, double-blind placebo-controlled protocols have been 
published both for children and adults.1181,1192

Clinical patterns B and C: usually case history and IgE testing is 
enough for diagnosis. In uncertain cases such as in idiopathic ana-
phyalaxis, carefully monitored exercise challenge with high readiness 
treatment of anaphylaxis after wheat ingestion may be considered. 
Some centers have used ASA or alcohol as an additional provoking 
factor instead of exercise.1193

Clinical pattern D: challenge on the skin with HWP contain-
ing cream. Of note, B and D may be seen in the same patient 
(Figure 108).

6 – Clinical management of wheat allergy

Advice and avoidance: Patients with severe wheat allergy should 
be discouraged to try different forms of wheat. There is no evi-
dence of reduced allergenicity between different species of wheat 
such as spelt. Little is known of changes in allergenicity during 

F I G U R E  1 0 6 A.Tri a 28 0.19 alpha-
amylase inhibitor B. Predicted protein 
structure of gliadin and glutenin. Figure 
edited from Rasheed et al. (RSC Adv., 
2014,4, 2051-2060]. 
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F I G U R E  1 0 7 Cross-reactivity with 
wheat allergens 

TA B L E  5 0 Clinical patterns of different types of wheat allergy

Use of local cosmetics on 

the skin  

Adolescents/adults  

Hydrolyzed wheat protein 

(HWP)/gluten          

Common in cosmetics  

High?    

Routes of sensitisation 

(development of an 

immune response) 

 Affected (age) group  

Wheat allergens 

involved          

Allergen abundance  

Thermal stability  

Gastro-intestinal uptake 

of wheat proteins with 

sensitisation to especially 

omega-5-gliadin  

Adults/adolescents  

ω-5-gliadin, LTP (tri a 14)            

High

  

Gastro-intestinal (or cutaneous) 

uptake of wheat proteins with 

subsequent or concomitant IgE-

sensitisation to stable proteins 

 Infants/children/rarely adults  

Gliadins (ω-5-gliadin) most 

important (?)  

HMW glutenins 

 

LMW-glutenins  

AAI’s  

Several others with varying 

sensitisation rate    

High  

dust during grain processing 

and subsequent sensitisation to 

water-soluble allergens  

Exposed workers, typically 

bakers  

Combination to Tri a 27, 

28, 29, 39, 32 gives highest 

Sensitisation to several other 

allergens including AAI’s 

(particularly Tri a 15 and 30), 

Tri a 21 and 33 common  

Not known  

Low?  

BA C D
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Digestive stability

Prevalence (North and 

Middle Europe)  

Prevalence (Southern 

Europe)  

Elicitators (products)  

Symptoms  

Additional clinical 

features  

Medical diagnosis 

Type of food allergy  

Avoidance  

Product declaration  

Technical solution  

High  

Low  

Low  

Ingested wheat prior to exercise  

Quick onset urticaria, 

angioedema, and/or systemic 

symptoms of anaphylaxis 

Alcohol consumption enhances 

responsiveness  

Symptoms and history, 

sensitisation to omega-5-gliadin, 

in some cases challenge test  

Class 1  

No ingestion of wheat  

Mandatory on each wheat-

containing product (EU law)  

No technical solutions  

Low?  

Low?  

Low?  

 Airway symptoms 

(i.e. allergic rhinoconjunctivis 

and asthma symptoms) within 

few hours of exposure    

Allergic asthma and 

rhinoconjunctivitis due to 

wheat protein inhalation  

Primary inhalant allergy  

Occupational avoidance 

strategies in situations of large 

wheat protein exposure  

 Dust extractor in occupational 

settings  

Low  

Low  

Hydrolyzed gluten in cosmetics 

such as facial soap

Typically urticaria after 

application of the cream/soap. 

Ingestion of foods containing 

deamidated gluten can cause 

systemic reactions including 

anaphylaxis  

Usually patients do not have 

other types of wheat allergy  

Obvious contact urticaria when 

using HWP containing products. 

Patients can also develop type A 

food allergy.  

Class I  

Ccosmetics containing HWP, in 

those with systemic reactions 

avoidance of HWP in food  

High  

High

Moderate  

All wheat products  

Quick onset (minutes to 

2 h) of potentially severy 

systemic reactions with 

various symptoms of 

anaphylaxis: mucosal (i.e. 

oropharyngeal), cutaneous 

(urticaria, angioedema, 

related (upper and lower 

airways), gastrointestinal and/

or cardiovascular symptoms  

Atopic eczema (infants with 

wheat allergy), reactions after 

other cereals including rye 

and barley, rarely oats  

Obvious and repeatable food 

allergic reaction to wheat 

(porridge, bread, pasta etc.)  

Class 1  

No oral intake of wheat 

(milligram levels)  

Mandatory on each wheat-

containing product (EU law)  

No general technical solution 

available  
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processing. Below is the advice tailored to the clinical patterns previ-
ously identified
A	   Avoidance of all wheat-containing products, the level of avoid-

ance can be titrated according to symptoms. Those with anaphy-
laxis should avoid products even with small amounts of wheat. 
Those with delayed symptoms and IgE negative to wheat should 
be encouraged to use the maximal dose not eliciting symptoms.

B	 Avoidance of all gluten-containing wheat especially if co-factors 
present

C	 Avoidance of inhalation of wheat containing proteins.
D	 Avoidance of cosmetics with hydrolyzed wheat protein.

Pharmacotherapy for treatment of accidental reactions: All 
wheat allergic patients should be prescribed treatment for acute 
allergic reactions and be given a detailed treatment plan. Below is 
the treatment adapted to the clinical patterns previously identified.

A	 For those with delayed reactions or mild systemic reactions, 
antihistamine at age-dependent dosages is enough. Because 
of the rapid absorption of cetirizine as compared to other an-
tihistamines such as loratadine or desloratadine, it may be the 
antihistamine of choice. For those with a history of severe reac-
tions in food challenge or after unintentional ingestion of wheat-
containing products, the use of adrenaline autoinjector should be 
instructed carefully

B	 Adrenaline autoinjector.
C	 Symptomatic treatment as required for rhinitis/asthma.

Allergen-specific immunotherapy: At present, there are no com-
mercially available products for allergen-specific immunotherapy. 
Clinical studies are being carried out on oral immunotherapy for 
clinical pattern A but, as to date, there are not enough published 
data to draw conclusions on the proper product to use or adequate 
protocols. A small case series with three patients with clinical pat-
tern B in whom sublingual immunotherapy was conducted was pub-
lished recently and individual thresholds of all patients increased 
after treatment.1194

7 – Prognosis of wheat allergy

The studies on the prognosis of wheat allergy have demonstrated 
a high rate of spontaneous resolution of the symptoms in children 
similar to that of milk or egg allergy.1189,1195 In one study, sensitiza-
tion to gliadins correlated best with persistent wheat hypersensi-
tivity and the development of asthma in children.1189 In a Japanese 
study, an anaphylactic reaction before the age of 3 years and high 
levels of wheat- or ω-5 gliadin-specific IgE increased the risk of per-
sistent wheat allergy.1196 Generally, high levels of wheat-specific IgE 
predict slower resolution and those with IgE-negative allergy are 

F I G U R E  1 0 8 Diagnostic algorithm for wheat allergy 

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



216 of 386  |     DRAMBURG et al.

clinically tolerant by age three. Taken altogether, children should be 
challenged at certain intervals, in early childhood yearly, to test for 
development of tolerance. WDEIA and baker's asthma do not show 
spontaneous resolution.

8 – Clinical Cases

Case 1
Clinical History: A 9-year-old boy. Atopic dermatitis since early 

infancy. First obvious reactions to wheat (skin flares with eczema, 
urticaria) soon after start of wheat at 6 months. First anaphylac-
tic reaction to wheat at 2 years of age with generalized urticaria, 
bronchial obstruction, and vomiting. Strict avoidance and adrena-
line autoinjector continued until now. Developed also birch allergy 
at 2 years of age and later other pollen sensitizations. Avoids some 
fresh vegetables such as cucumber, pea, nuts, and banana due to oral 
allergy syndrome symptoms. The family wants to know whether to 
continue avoiding wheat or not.

Tests with extracts: Wheat-specific IgE was 390 kU/l. In SPT 
whole-wheat extract 9 mm, omega-5 gliadin 7 mm, rye 5, barley 5, 
oat 0. Birch 7 mm, timothy grass 5 mm

Tests with molecules: Specific IgE for omega-5 gliadin 18 kU/l, 
timothy grass 40 kU/l, birch 100 kU/l

Food challenge: Wheat porridge 1 ml (=13 mg wheat protein) as 
a starting dose: mild tickling in the mouth, which resolves sponta-
neously. With doubling the dose, the boy starts vomiting, complains 
of nasal obstruction

Conclusion: Wheat allergy. Complete avoidance of wheat, adren-
alin autoinjector guidance for the boy and all caretakers.

Case 2
Clinical History: A 30-year-old female nurse. Generally healthy 

and mild pollen allergy. During the last few years, occasional urticaria 
which the patient has sometimes linked to wheat ingestion (bread, 
pasta). Occasionally urticarial appearance after brisk walk or jogging.

Tests with extracts: Wheat-specific IgE 20 kU/l. In SPT, whole-
wheat extract 5 mm, omega-5 gliadin 7 mm, rye 3 mm, barley 3 mm, 
oat 0 mm.

Tests with molecules: Omega-5 gliadin (Tri a 19) 10 kU/l.
Food challenge: Large amount of pasta ingested. One hour later, 

a nurse-controlled free-field running test for 6 min was performed. 
During the last 2 min patient starts complaining severe itching and 
develops rapidly massive generalized urticaria, no signs of bronchial 
obstruction or severe gastrointestinal symptoms. Receives adren-
alin, which relieves urticaria (see Figure  109 after one adrenalin 
injection). The urticaria starts increasing again in 15 min, and the 
patient receives another adrenalin shot. After this, the urticaria is 
resolved, and the patient feels fine.

Conclusion: wheat-dependent, exercise-induced urticaria. 4 h 
after ingestion of wheat no exercise including brisk walking.

Case 3
Clinical History: A 37-year-old female cook who later studied 

to become pastry chef/ baker. After 2 years of working as a baker, 

the patient started experiencing nasal symptoms first from rye flour 
and later from wheat and malt flours. No asthmatic symptoms at any 
time.

Tests with extracts: In-house immunoassay with the working 
place dust from wheat flour and rye flour positive. Wheat IgE 2.1 
kU/l, rye 0.8 kU/l. In SPT, whole-wheat extract 0 mm as were the 
other cereals.

Challenge: Chamber challenge with wheat flour induced 
nasal symptoms and also increase in nasal resistance (acoustic 
rhinomanometry).

Conclusion: Occupational allergic rhinitis due to wheat and rye 
(baker's allergy). Primarily a respiration filter and change of the sta-
tion in the kitchen. This did not help this patient enough, so she is 
considering to learn a new profession.

9 – Research and future perspectives

Clinically irrelevant sensitization to wheat is common and the diag-
nostic accuracy of wheat protein extracts is unsatisfactory. At pre-
sent, there are three commercially available allergens for diagnostic 
purposes: gliadin (including purified α, β, γ, and ω -gliadins ) Tri a 14 
and Tri a 19. In addition, the ImmunoCAP ISAC contains purified 
alpha-amylase/trypsin inhibitor (nTri a aA_TI). However, no single al-
lergen can be used for molecular allergy diagnostics, since the IgE 
response in wheat allergy is heterogeneous and directed against 
multiple allergens.

Detailed knowledge on the structure and immunologic prop-
erties of clinically relevant wheat allergens is needed to develop 
accurate diagnostic tools for wheat allergy. The complex protein 
structure of wheat gliadins and glutenins and their insolubility in 
aqueous solutions has, however, posed challenges on protein purifi-
cation and structural analysis. Identification and characterization of 
clinically relevant IgE-binding epitopes in different forms of wheat 
allergy could possibly improve the accuracy of molecular allergy 
diagnostics.

F I G U R E  1 0 9 Severe urticaria on the whole body seen in a 
young woman after wheat ingestion and exercise challenge 
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Buck wheat al lerg y

Highlights: Buckwheat allergy

•	 Allergic reactions to buckwheat may occur after ingestion, inhala-
tion, or when handling buckwheat.

•	 Clinically irrelevant sensitization to buckwheat is common and 
the diagnostic performance of IgE to buckwheat extract and skin 
prick tests is low. Although buckwheat allergy is relatively infre-
quent, it can often cause anaphylactic reactions. IgE to Fag e 2 is 
associated with severe reactions, but well-defined commercially 
available buckwheat allergens for molecular allergy diagnostics 
are lacking.

•	 The popularity of buckwheat as a healthy, gluten-free food has 
increased in the European countries and USA. Buckwheat is often 
consumed as a hidden food allergen. Remember the possibility of 
buckwheat allergy when investigating unclear anaphylaxis, espe-
cially in patients on a gluten-free diet.

1 – The allergen sources

Two buckwheat species, originating from China, common buck-
wheat (Fagopyrum esculentum) and tartary buckwheat (Fagopyrum 
tartaricum) are cultivated globally for food production. This chap-
ter focuses on common buckwheat, which is the dominant species. 
It is widely consumed in Asia and Russia with increasing popular-
ity in western countries, because of its high nutritional value and 
suitability for individuals with gluten-related disorders1197 [25, 26]. 
Buckwheat can be consumed as groats, and buckwheat flour is used 
in many foods such as noodles, bread, pastry, pancakes, blinis, and 
porridge. Buckwheat is often present as a hidden food allergen since 
there is no regulation on allergen labeling for buckwheat apart from 
Japan and Korea.1198 Buckwheat husks are used for pillow fillings 
and common buckwheat is added to animal feed.1199

Allergic reactions to buckwheat may occur after oral ingestion, 
inhalant exposure when producing or handling buckwheat, or when 
sleeping on buckwheat husk pillows. The symptoms include typical 
food allergy symptoms affecting the skin, gastrointestinal tract, and 
respiratory system as well as severe systemic reactions including 
anaphylaxis.1199 Allergic rhinitis, asthma, and contact urticaria have 
been described in the occupational setting.1200

2 – Allergen families

Buckwheat is a pseudocereal that belongs to the Polygonaceae fam-
ily. It is a grain-like seed, which shares similarities with cereal grains. 
Allergenic proteins in buckwheat are mainly seed storage proteins 
(2S albumins, 7S globulins, and 11S globulins), which belong to the 
prolamin and cupin superfamilies.1201 Taxonomically buckwheat is 
unrelated to wheat.

3 – Allergenic molecules

Several buckwheat allergens have been identified and character-
ized (Figure 110 and Table 51).1202 The World Health Organization/ 
International Union of Immunological Societies Allergen 
Nomenclature Sub-Committee lists five common buckwheat aller-
gens named Fag e 1 to 5 and two tartary buckwheat allergens named 
Fag t 1 and Fag t 2. (http://www.aller​gen.org/) Buckwheat allergy 
has been reported mainly in Asia with an estimated prevalence of 
0.1% in Korea and 0.22% in Japan where it is the sixth most com-
mon cause of food allergy.1199 In Japan, buckwheat causes approxi-
mately 3% of all reported anaphylactic events to foods,1203 and in a 
study including school-aged children more than half presented with 
anaphylaxis.1204 The prevalence of buckwheat allergy may be higher 
in certain subgroups, for example, in patients with coeliac disease. 
Sensitization rates to buckwheat in the European countries and the 
United States vary from 1% to 9.7%, but the prevalence of true buck-
wheat allergy is unknown.1199,1205

4 – Sensitization to individual molecules and their 
clinical relevance

Studies have focused on common buckwheat where Fag e 1, 2, and 
3 are considered the major allergens. Fag e 1 is the β-subunit of 13S 
globulin (legumin), which in early studies was recognized by all pa-
tients with buckwheat allergy.1206 Later studies showed higher di-
agnostic performance for the full-length protein, when comparing 
the purified native full-length legumin and its subunit designated as 

F I G U R E  11 0 Allergen families and allergen proteins in 
buckwheat 
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Fag e 1. This suggests that not all relevant IgE-binding epitopes are 
present in the legumin subunit Fag e 1.1207

Fag e 2 is a highly stable 2S albumin that is resistant to pepsin 
digestion in contrast to Fag e 1 and Fag e 3. Sensitization to Fag e 
2 is often related with severe reactions including anaphylaxis and it 
is thus considered an important allergen in buckwheat anaphylax-
is.1213–1215 In a small Danish cohort, including 11 patients with severe 
buckwheat allergy Fag e 2 on ImmunoCAP ISAC showed a relatively 
high specificity (96%) but low sensitivity (43%). In ELISA, the diag-
nostic specificity of Fag e 2 was 85% and sensitivity 100%.1212

Fag e 3 is a 7S globulin, which is the N-terminal fragment of a 
vicilin-like protein. Fag e 3 has weak homology to the vicilin-like al-
lergens of cashew (Ana o 1), English walnut (Jug r 2), and 7 S globu-
lin from sesame seed. Studies from Japan have reported Fag e 3 as 
the most specific allergen for the diagnosis of patients with clinical 
symptoms of buckwheat allergy.1207 Fag e 3 had a higher diagnostic 
performance at the optimal cutoff than buckwheat extract and had 
the best clinical performance among the buckwheat allergens stud-
ied. In a group of 60 Japanese children sensitized to buckwheat, Fag 
e 3 predicted oral food challenge results as well as anaphylaxis.1209 
Two recently described allergens include Fag e 4, a hevein-like an-
timicrobial peptide that is potentially cross-reactive with latex, and 
Fag e 5, a partial peptide of a vicilin-like protein.1212 In the Danish co-
hort of 11 buckwheat allergic patients and 41 sensitized nonallergic 
patients, concomitant sensitization to Fag e 1, Fag e 2, and Fag e 5, 
was the best predictor of clinical buckwheat allergy. Interestingly, in 
this population, sensitization to Fag e 3 was not observed.1212

5 – Diagnosis of buckwheat allergy

The diagnosis of buckwheat allergy begins with a careful assessment 
of clinical history (Figure 111). In suspected buckwheat allergy, sen-
sitization can be screened by skin prick testing or the measurement 
of buckwheat-specific IgE. Despite high sensitivity, the specificity 
of these tests is rather low, and clinically irrelevant sensitization to 
buckwheat is common. Thus far, the only commercially available al-
lergen component for molecular allergy diagnostics is Fag e 2 in the 

ImmunoCAP ISAC microarray. Sensitization to buckwheat extract 
and Fag e 2 together with a positive clinical history increases the 
probability of buckwheat allergy. The absence of sensitization to 
Fag e 2, however, does not rule out clinical reactivity, because in 
many cases other buckwheat allergens (e.g., Fag e 1, 3, and 5) are 
involved. The diagnosis should thus be confirmed by an oral food 
challenge unless there is a recent history of a severe reaction to 
buckwheat.

6 – Clinical case

Clinical History: a 3-year-old boy with atopic eczema since infancy, 
which required daily treatment with emollients and periodic topical 
corticosteroids. He had experienced recurrent episodes of wheez-
ing during respiratory infections and used regular controller treat-
ment for asthma. His diet was unrestricted until 2 years of age, after 
which his parents started a gluten-free diet because allergy testing 
revealed low sensitization to wheat (wheat-specific serum IgE 2.33 
kU/L). Wheat avoidance seemed to alleviate his atopic eczema. He 
experienced anaphylaxis after eating a gluten-free bread containing 
buckwheat, rice, and corn. The symptoms started 30 minutes after 
ingestion: generalized urticaria, wheezing, and vomiting. He was 
treated at the emergency room with intramuscular adrenaline, oral 
antihistamines, and inhaled salbutamol.

Tests with extracts: The patient had positive results for buck-
wheat (15.7 kU/L) and wheat (6.81 kU/L) extracts. In SPT buckwheat 
was 7 mm, wheat 3 mm, and gliadin was negative. Specific IgE and 
SPT for rice and corn were negative.

Food challenge: An oral buckwheat challenge was not performed 
because of a recent anaphylactic reaction after ingestion of buck-
wheat. An open oral wheat challenge with a cumulative dose of 
1600 mg protein was negative.

Test with molecules: ImmunoCAP ISAC was positive for Fag e 2 
(2.9 ISU). Wheat Tri a 14, Tri a 19, and Tri a aA/ TI (alpha amylase/
trypsin inhibitor) were negative.

Conclusion: Buckwheat allergy presenting with anaphylaxis. 
Clinically irrelevant sensitization to wheat.

TA B L E  51 Buckwheat allergens described to date

High

High

Fag e 1 

Fag e 2  

Fag e 3  

Fag e 4  

Fag e 5    

Fag t 2  

Fag t 6  

?  

76-87  

83  

71      

38  

60

13S globulin / legumin  

2S albumin  

7S globulin / vicilin-like  

Antimicrobial Peptide  

Vicilin-like protein    

2S albumin  

Oleosin  

22  

16  

19  (fragment)  

3.9  

55

16

18

Biochemical 
name 

Allergenic 
Molecule

Prevalence among 
patients (%)

Molecular 
weight (kDa)

Heat 
stability
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7 – Research and future perspectives

Buckwheat allergy is relatively infrequent but often associated with 
severe reactions and anaphylaxis. Although reports of buckwheat 
allergy are mostly from Asian countries, it is becoming an increasing 
problem in Europe. Buckwheat is often present as a hidden allergen 
in e.g., bakery products, since it does not require labeling as a food al-
lergen in Europe. Several buckwheat allergens have been identified; 

however, their clinical relevance has been studied only in a limited 
number of patients, and sensitization profiles display geographical 
variation. Well-defined buckwheat allergens available for molecular 
allergy diagnostics for clinicians are still lacking. To date, the only 
commercially available allergen is Fag e 2 on the ImmunoCAP ISAC 
microarray. Further studies in a larger set of patients from different 
geographical areas and populations are essential to develop accurate 
diagnostic tools for buckwheat allergy.

F I G U R E  111 Diagnostic algorithm for buckwheat allergy 
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B17 – Soy al lerg y

Sakura Sato, Kirsten Beyer, Motohiro Ebisawa

Highlights

•	 Allergic reactions to soy are caused by exposure to whole bean 
products, protein products, and unprocessed soybeans.

•	 Soy allergens can induce food allergy and inhalant (occupational) 
allergies.

•	 In areas with Fagales pollen exposure, Bet v 1-cross-reactive soy 
allergen, Gly m 4, induces the most common soy allergy.

•	 Oropharyngeal and sometimes severe reactions to Gly m 4 are 
limited to fresh, hardly processed soy protein containing products.

1 – The allergen sources

Soybeans are a legume species, which are a rich and inexpensive 
nutritional source used in many dishes and processed foods. They 
are native to East Asia and are most widely produced in the United 
States, followed by South America and Asia. Fat-free (defatted) soy-
bean meal is a source of protein for many packaged meals, including 
textured vegetable protein and animal feed (Figure 112).

Soybeans are grouped within the “big eight” foods and are an 
important source of various allergens (Table  52), responsible for 
90% of all allergic reactions to soy.1216 Allergic reactions have been 
described after exposure to whole bean products, protein prod-
ucts, and unprocessed soybeans.1216–1219,1222 Occasionally, severe 
allergic reactions in children have been attributed to whole bean 

F I G U R E  11 2 Soybean foods and ingredients *The protein content is minimal. 
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products, processed soy containing foods, and some suggested soy 
proteins.1215,1216 Birch pollen allergic individuals have recognized 
allergic reactions after ingestion of hardly processed dietary soy 
powder-containing or soy drink products.1213,1217–1219 These symp-
toms due to IgE-related cross-reactivity are the most common type 
of soy allergy in regions with relevant birch pollen or alder pollen 
exposure.1218,1220,1221 Oral symptoms are the most common, but 
systemic symptoms often develop after drinking soy milk.1220,1221 
Harbour workers and citizens in close vicinity have developed inhal-
ant allergies caused by high exposure and inhalation of raw unpro-
cessed soybeans during the unloading of freight ships.1225,1226,1227

2 – Allergen families

Soy allergens belong to diverse protein superfamilies, such as prola-
mins (2S albumin and lipid transfer proteins (LTPs), cupins (7S globu-
lin and 11S globulin), profilins, and Bet v 1-like pathogenesis-related 
(PR)-10 proteins, among others (Table 52). They are characterized by 
conserved three-dimensional structures leading to broad immuno-
chemical IgE-mediated cross-reactions among different members of 
the legume family or other plant foods.

3 – Allergenic molecules

Eight soy proteins most commonly involved in allergic reactions to 
soybean have been identified and officially accepted by the IUIS 
Allergen Nomenclature Sub-Committee (Table  52, Figure  113). 
Gly m 1 (nsLTP) and Gly m 2 (defensin) are associated with asthma 
after the inhalation of soybean dust. In a region where soybeans are 
loaded and handled, Gly m 1 levels were found in dust.1225 Gly m 3 
belongs to the profilin superfamily, and Gly m 4 belongs to the Bet 
v-1-like superfamily. Gly m 4 (and possibly Gly m 3) are underrepre-
sented in diagnostic soybean extracts, leading to vast differences 
between extract and single allergen-based IgE results.1226 In addi-
tion, the (low) presence of Gly m 4 (and Gly m 3) in soybean extracts 
obscures the differentiation of food reactions to stable allergens 
(i.e., Gly 51222,1230, Gly m 61232,1235 and Gly m 8)1235,1232 and cross-
reactions to the Bet v 1-homologue in soy, as demonstrated in co-
hort studies with atopic children.1228 Gly m 5 and Gly m 6 belong to 
the cupin superfamily, and Gly m 8 belongs to the prolamine super-
family. These allergens are well represented in soy extracts and are 
associated with severe allergic reactions to soy in children1227,1229 
and adults1219 based on their high resistance to heat and digestive 
enzymes.

F I G U R E  11 3 Major and relevant minor 
allergenic molecules from soy

TA B L E  5 2 Soybean allergens (Only allergens approved by WHO/IUIS; www.aller​gen.org, 08-09-2021)

?  

Low?  

Low  

Low  

High  

High  

?

 High  

Gly m 1  

Gly m 2  

Gly m 3  

Gly m 4  

Gly m 5  

Gly m 6  

Gly m 7  

Gly m 8  

Lipid transfer protein (LTP)      

Pathogenesis-related protein (PR)-10   

Beta-conglycinin, Vicilin  

Glycinin, Legumin  

Hydrophobic protein (Shell)   

Defensin  

Bet v 1   

7S globulin  

11S globulin  

Seed biotinylated protein  

2S albumin  

7   

8   

14   

17  

 48-65  

52-61  

76.2   

28   

Protein
name 

Allergen
name

Other 
names

Molecular 
weight (kDa)

Heat 
stability
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4 – Sensitization to individual molecules and their 
clinical relevance

Previous sensitization rates were mainly based on skin or IgE test-
ing of whole soybean extracts. Sensitization rates are available only 
for Gly m 4–6,1226 while those of Gly m 1–3 and Gly m 7–8 are still 
lacking.

A systematic review summarized the analysis of sensitization 
rates in children.1215 In 40 studies, the weighted prevalence of soy 
allergy in children was reported to be 0.27% for the general popu-
lation, 0.4% and 3.1% (1.9%) for the referred population, 2.7% for 
IgE-sensitized children.1215 IgE testing in a large cohort of German 
subjects aged 3–17 years revealed allergen-specific IgE to soybean 
extract in 6.3% of the cohort.798 A similar approach in German adults 
revealed sensitization rates of 3.7% for soybean extract and 10.3% 
for soybean allergen Gly m 4.1226 Sensitization rate varies according 
to age and region. A large allergic Mexican population was positive 
for soybean in different age groups, and the positivity rate was lower 
in young children (≤5 years) than in older children (6–17 years).1230 
A study in a cohort of Japanese children revealed that the sensi-
tization rate of Gly m 5 and Gly m 6 did not change significantly 
between the ages of five and nine, but Gly m 4 sensitization rate was 
increased.1231

Notably, conclusions on primary sensitization rates are ham-
pered by highly cross-reactive, labile soybean allergens of low abun-
dance: the Bet v 1-homologue Gly m 4, and soybean profilin Gly m 
3 (i.e., presumably in regions with high grass pollen exposure and 
subsequent sensitization to grass profilin).

5 – Clinical patterns of soy allergy

Due to the different routes and amounts of exposure, degree of 
soybean processing, and physicochemical properties of the involved 
soybean protein allergens, three distinct scenarios (Table  53A–C] 
can be seen in IgE-mediated sensitization and clinical symptoms of 
immediate hypersensitivity.

A	 Early, presumably epicutaneous or intestinal sensitization to 
rather stable allergens (i.e., Gly m 5,1219,1227 Gly m 61227,1235 and 
Gly m 81229,1232) in atopic individuals are the basis of subsequent 
severe systemic reactions after ingestion of small amounts of 
soy or processed soy products.1211,1212 IgE sensitization could 
also evolve from exposure and subsequent IgE sensitization to 
more than one legume (i.e., peanut and soy), prompting symp-
toms occasionally after ingestion of peanut or other soy prod-
ucts. These rare reactions have mainly been described in young 
infants1230,1232 but are seldomly reported in adults.1219,1222

B	 Exposure to Fagales pollen in atopic individuals developing Bet v 
1-specific IgE with variable degrees of cross-reactivity to soybean 
PR-10 protein Gly m 4, potentially inducing mainly oral mucosal 
and sometimes systemic allergic symptoms after consumption 

of mildly processed soy products ( soy protein powder, soy milk, 
etc.) in approximately 10% of birch pollen-sensitized subjects 
could occur.1216,1658,1659 Moreover, these individuals are likely to 
have very high specific IgE levels to birch pollen.1213,1650,1651 This 
type of soy allergy due to Bet v 1 cross-reactions is considered 
the most prevalent soy allergy in northern and middle Europe, 
presumably also in North America (Canada, Northern states of 
the US), depending on the degree of birch pollen exposure. Even 
in the Japanese adult population with a low prevalence of birch 
pollen allergy, this type of soy allergy has been observed and is 
associated with sensitization to Gly m 4 due to cross-reactivity 
to alder pollen sensitization.1221 In a recent multicenter study 
aiming to detect risk factors for systemic reactions induced by 
labile food allergens, soy milk-induced systemic reactions were 
found to be strongly associated with hypersensitivity to PR-10 
proteins, and independent of PPI ingestion. Other factors re-
lated with severe reactions were fasting and ingestion of large 
amounts of unprocessed foods.338

C	 Massive exposure to unprocessed soybeans could induce IgE-
mediated sensitization to hull allergens (Gly m 1, Gly m 2) with 
subsequent inhalant allergies in exposed (newly or formerly 
nsLTP-sensitized) individuals.1222–1224,1233

6 – Clinical diagnosis of soy allergy

Specific questions, proper interpretation of sensitization tests (i.e., 
SPT and IgE), and optional food challenges help establish the diag-
nosis of soy allergy. The following work-up may facilitate proper di-
agnosis (Figure 114).

Case history (anamnesis):
Previous reaction(s) to soy, symptoms, affected organ system(s), 

onset and course (progression), soy-containing food items (high-, 
mildly-, nonprocessed grade), co-factors (exercise, NSAID, alcohol, 
etc.), previous reactions after other allergen sources (i.e., peanuts or 
Bet v 1-related plant foods), additional (allergic) features (i.e., birch 
pollen allergy, LTP sensitization), and additional atopic diseases (i.e., 
atopic eczema, asthma). Working hypothesis: Based on soy-related 
clinical patterns A–C (Table 53).

Skin prick test (SPT):

•	 Commercial soy extract (reasonable results in case of highly 
abundant allergens, i.e., seed storage proteins; limited value due 
to false negative responses in case of cross-reactive labile soy al-
lergen, i.e., Gly m 4 as elicitors).

•	 Prick-to-prick test with offending soy product (in case of severe 
anaphylactic reaction, preferably titrated testing with diluted soy 
product or primary IgE-testing before SPT; potentially false nega-
tive, depending on the abundance and stability of the soy allergen 
in question (i.e., Gly m 4)).

•	 Prick to prick test with mildly processed soy drinks or soy powder 
(if Gly m 4 is suspected).
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TA B L E  5 3 Features and clinical pattern of three different types of soy allergy

 ? 

Occasionally asthma outbreaks in the past  

Exposed workers and citizens in close 

vincinity  

Gly m 1, Gly m 2  

Not known  

Moderate  

Moderate  

Unprocessed soybeans (i.e. during 

unloading)  

Airwary symptoms (i.e. allergic 

rhinoconjuncitivitis and asthma 

symptoms) within few hours of exposure    

Allergic asthma and rhinoconjunctivitis 

due to soy protein inhalation  

Occupational avoidance strategies in 

situations of large soy protein exposure 

(unloading of soy shipments)    

Dust extractor in occupational settings  

Exposure to Fagales pollen and IgE-

sensitisation due to cross reactivity to 

soybean proteins  

High  

Low  

Adults/adolescents/Children   

(1) Gly m 4  (2) Gly m 3 (presumably)  

(1) Low content of Gly m 4 in soy 

beans and soy protein (0.01–0.1%) and 

related, less processed soy products;   

(2) Gly m 3 content not known

Low  

Low  

Mildly processed soy products (i.e. 

soy drinks, soy protein powder)  

Quick onset (2–30 min) mostly mild 

mucosal symptoms  and/or rare 

systemic symptoms of anaphylaxis  

Commonly additional (multiple) 

clinical cross reactivities to other Bev 

v 1-related plant foods, (i.e. apple, 

hazelnut, cherry, plum, peach, carrot, 

celery)  

Fagales pollen/Bet v 1-related food 

allergy to cross reactive soy allergen 

Gly m 4  No ingestion of large 

amounts of mildly processed or 

unprocessed soy products  

(Voluntary) additional warning 

on hardly processed soy products 

particularly for birch pollen allergic 

individuals  

Thermic or pressure processing of soy 

to reduce content in labile soy proteins  

(1) Epicutaneous or intestinal 

uptake of soybean proteins with 

subsequent IgE-sensitisation 

to stable soybean proteins or   

(2) Epicutaneous or intestinal 

sensitisation of other legume 

proteins (i.e. peanut) with 

subsequent cross-reactivity to i.e. 

stable soybean proteins  

Low  

Low  

(1) Infants/children  (2) Adults 

 Gly m 5, Gly m 6, Gly m 8   

Moderate to high content (i.e. seed 

storage proteins Gly m 5, Gly m 

6 and Gly m 8) in soy beans and 

related products  

High  

High  

Many soy products (including 

products)  

Quick onset (minutes to 2 h) 

of potentially severe systemic 

reactions with various symptoms 

of anaphylaxis: mucosal (i.e. oro-

pharyngeal), cutaneous (urticaria, 

airway-related (upper and lower 

airways), gastrointestinal and/or 

cardiovascular symptoms 

 Atopic eczema (i.e. in infants 

with soy allergy), sometimes also 

(potentially severe) reactions after 

other legumes, (i.e. peanut, lupine, 

seeds or tree nuts)  

Risk of systemic allergic reaction 

to stable soybean proteins (Gly 

m 5, Gly m 6, and Gly m 8)  

Advising avoidance of allergenic 

soy products, in most cases soy 

sauce and miso can be consumed  

Mandatory on each soy containing 

product (EU law)  

No general technical solution 

available  

Routes of sensitisation  

Prevalence 

(North and Middle Europe  

Prevalence (Southern Europe) 

 Affected (age) group  

Soybean allergens involved  

Allergen abundance  

Thermal stability  

Digestive stability  

Elicitors (products)  

Symptoms  

Additional clinical features  

Medical diagnosis  

Avoidance  

Product declaration  

Technical solution  

Clinical pattern A B C
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IgE Testing:
Allergen-specific IgE:

•	 Soy extract,
•	 Gly m 5, Gly m 6, and Gly m 8
•	 Gly m 4 and/or Bet v 1.

Comments

•	 Soy extract-specific IgE is related to oral food challenge out-
comes, but 95% positive predictive value (PPV) has not been ob-
tained.1216,1660 This test potentially yielded false negative or low 
titers in the case of clinical pattern B.1221

•	 Gly m 5 and Gly m 6-specific IgE are associated with severe aller-
gic reactions to soy.1219,1227

•	 Gly m 8-specific IgE is the best predictor of soy allergy diagnosis 
in children1229 and adults.

•	 Gly m 4-specific IgE is a useful diagnostic marker in cases of clini-
cal pattern B.1221

•	 Interpretation of SPT and IgE (sensitization tests) outcomes is also 
shown in Figure 114. The results were clinically relevant only in 
cases of symptoms corresponding to soy ingestion.

Oral food Challenge tests
In case of a improbable relationship between soy ingestion and 

allergic reactions:
Depending on the clinical pattern (A – C), a titrated oral food 

challenge with soy products was performed.

A	 Offending or another appropriate soy protein-containing prod-
uct (soy powder, tofu, soy drink).

B	 Preferably mildly processed soy protein-containing product (soy 
milk) with soy allergens of low abundance (i.e., Gly m 4).

C	 If needed, mucosal challenge with titrated soy extracts or of-
fending (unprocessed) soy products.

6 – Clinical management of soy allergy

The advice tailored to specific clinical patterns is indicated below 
(Table 53):

A	 Avoidance of soy-containing products depending on the 
symptom-eliciting-dose. In case of severe reactions after a small 
dose, avoidance of small amounts, regardless of the grade of soy 
processing. In case of a mild reaction after a large dose, less strict 
avoidance is needed. Fermented soy products such as soy sauce 
and miso are much less allergenic than tofu and soy milk. Advising 
complete avoidance of all soy products impairs the quality of life 
of patients with soybean allergy.

B	 Avoidance of larger amounts of soy products, particularly those 
that are hardly or mildly processed (i.e., due to thermal process-
ing, heating, such as soy drinks and powder).

C	 Avoidance of soy-containing (hull) protein inhalation

Pharmacotherapy for treatment of accidental allergic reactions
The treatment tailored to specific clinical patterns is indicated 

below:

A	 Due to the risk of severe reactions after unintentional ingestion 
of soy-containing products, self-administered emergency medi-
cation is required.

B	 Emergency medication optional (not mandatory) C: Symptomatic 
treatment as required

Allergen-specific immunotherapy
At present, commercially-available products for allergen-specific 

immunotherapy of soybean protein allergies are not available.

F I G U R E  114 Diagnostic work-up in soy-related allergic 
reactions (representing food allergy class II in left column and class 
I in right column) 
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7 – Clinical cases

Case 1 (clinical pattern1229):
History: A boy aged 2 years and 9 months started to develop atopic 

eczema around his mouth four months after birth. He initially received 
blood examination at the age of eight months and was already sensitized 
to egg white, wheat, and soybean (total IgE 250 IU/ml, egg white 21.4 
kU/ml, wheat 3.19 kU/ml, and soybean 0.99 kU/ml). He was advised by 
the doctor to avoid food intake. He was then brought to the hospital at 
the age of 2 years and 5 months to receive oral food challenges.

In-vitro testing: His laboratory findings at the age of 2 years and 4 
months (first visit) were as follows: total IgE, 5650 IU/ ml; egg white, 
70 kU/ml; wheat, 3 kU/ml; and soybean 17.1 kU/ml (Gly m 8: 37.6 
kU/ml, Gly m 5: 4.9 kU/ml, Gly m 6: 1.1 kU/ml).

Diagnosis: He then underwent soy product (tofu) challenge at 
the age of 2 years and 9 months, and consequently developed skin 
rash, sneezing, and coughing after ingesting 9 g of tofu.

Recommendations: Avoidance of tofu and soymilk, but not soy 
sauce, miso, and natto, was advised.

Prognosis: He had naturally outgrown soybean allergy 1 year 
later with soybean IgE 1.90 kUA/l.

Case 2 (clinical pattern A: Food-dependent exercise-induced 
anaphylaxis (FDEIA):

History: Girl (16 years old), atopic dermatitis. After 20 minutes 
of bike riding, anaphylactic reaction (abdominal pain, dyspnea, semi-
consciousness, generalized flushing and swelling, low blood pres-
sure), subsequent emergency treatment, and hospitalization for two 
days occurred. Two similar reactions occurred before the bike riding. 
No food allergies to soy, peanuts, or other food items are known to 
date.

SPT: Tofu, soy milk, boiled green soybean, soybean flour weakly 
positive (half histamine-equivalent), miso, soy sauce, and soybean 
fibers negative.

In-vitro testing: Total IgE 542 IU/ml, specific IgE to soybean 34 
kUA/l, peanut 1.3 kU/l, wheat, Omega-5-Gliadin, various pollens in-
cluding birch pollen, and Gly m 4 were negative. Microarrayed spe-
cific IgE: Gly m 5 (ß-conglycinin), Gly m 6 (glycinin), and Gly m 3 were 
positive; CCD was negative.

Oral challenge: Thirty minutes of exercise after ingestion of 200 
g of tofu caused the development of severe urticaria and facial swell-
ing. No reactions occurred after boiling green soybeans or soy milk, 
with or without exercise.

Diagnosis: FDEIA of the soybean allergen Gly m 5.
Recommendation: Four hours after ingestion of soybean prod-

ucts (particularly tofu), no exercise.
Case 3

History: Male (52 years old), since the age of 42, severe birch 
pollen-induced rhinoconjunctivitis occurred after ingestion of raw 
apples, hazelnuts, or strawberry oral itch. Adverse events would 
occur after subcutaneous immunotherapy (SCIT) with nonmodified 
birch pollen extract with severe systemic reactions. At the age of 
52, after soy dessert, there would be increasing local itch (after 5 
min: mouth, palate; after 15 min: eyes) and complete eyelid swelling 
within 20-30 min, thus requiring emergency treatment and hospital-
ization overnight. In 2012, after ingesting three fresh apple pieces, 
local itching (3 min: mouth, palate) and burning sensation of the 
throat occurred after 15 min. Almost complete eyelid swelling, itchy 
eyes, stuffy nose would also occur, and after 30 minutes, itchy hives 
would appear in the upper limbs, needing subsequent emergency 
treatment.

In-vitro testing: Total IgE was 37 kU/l, specific IgE to Gly m 4: 2.3 
kUA/l. In 2012, the Total IgE was 48.5 kU/l, specific IgE to Bet v 1: 
24 kUA/l (almost 50% of the total IgE specific for Bet v 1, indicating 
strong sensitization to Bet v 1 with cross-reactivity to structurally-
related allergens).

Diagnosis: Angioedema after soy milk ingestion due to Gly m 4 
(Bet v 1-cross reactive soy allergen)

Recommendations: Strict avoidance of mildly processed soy pro-
tein products and raw apples is recommended, and great precaution 
should be taken with large amounts of raw, Bet v 1-cross reactive 
pome and stone fruits, tree nuts, and legumes. Cooked plant prod-
ucts without dietary restriction (due to thermal instability of Bet v 
1-related allergens)

7 – Research and future perspectives

Novel soy allergens other than those approved by the WHO/ IUIS 
have been reported (https://aller​gome.org). Although the clinical 
characteristics of these allergens have not been sufficiently exam-
ined, further research is expected to improve the accurate diagnosis 
and understanding of cross-reactivity. The improvement of diagnos-
tic performance by specific IgE testing has been examined. A fusion 
protein of Gly m 8 and the extension region of the α' subunit of Gly 
m 5 could potentially diagnose soy allergy in the Japanese pediatric 
population.1234 This technology may be useful for producing novel 
allergen components with improved diagnostic accuracy. Although 
allergen immunotherapy for peanuts can have therapeutic effects 
and improve quality of life, allergen immunotherapy for soy allergy 
(clinical pattern A) has not been sufficiently examined, thus requiring 
further research.

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://allergome.org


226 of 386  |     DRAMBURG et al.

B18 – Peanut al lerg y

Sakura Sato, Kirsten Beyer, Motohiro Ebisawa

Highlights

•	 IgE to peanut components is a valuable tool for the clinician to 
diagnose and manage peanut allergy in children and adults. Tests 
for specific IgE to some peanut allergen components are commer-
cially available, such as Ara h 1, 2, 3, 6, 8, and 9.

•	 Knowing which allergen the patient is sensitized to can help to pre-
dict the severity of allergic reaction and prognosis. Sensitization 
to storage proteins, which has high stability, (e.g., Ara h 2 and Ara 
h 6) is associated with severe allergic reaction, whereas labile pro-
teins are less likely to cause severe reactions.

1 – The allergen sources

The peanut (Arachis hypogaea) belongs to the legume family 
(Leguminosae). Peanuts are most commonly grown in China, fol-
lowed by India and the United States of America (USA). There are 
many different known cultivars. Peanuts are a common trigger of 
food-induced anaphylaxis. In some parts of the world, such as 
Europe or the USA, peanuts are primarily consumed in its roasted 
form. They might be eaten as whole peanuts, peanut butter, peanut 
flips, or as an ingredient in various products. Peanuts can be roasted 
in the shell and sold as such, or they can be shelled, blanched, oven-
roasted either dry or in oil, and ground for the production of peanut 
butter or be sprayed on peanut flips. In other parts of the world, 
such as Asia and Africa, raw peanuts are used more commonly as a 
cooking ingredient.

Peanuts have a high protein content of 24–29% and contain 
various allergens. The processing of peanuts seems to be important 
regarding their allergenicity as roasting at high temperatures likely 
promotes the formation of compact globular protein aggregates that 
can increase the allergenicity of Ara h 1 and 2 as well as the oleosins, 
whereas cooking might reduce their allergenicity. In addition, peanut 
oil is commonly used, and its refined form can be safely consumed by 
most peanut-allergic individuals, whereas unrefined oil can contain 
amounts of allergens sufficient enough to trigger allergic reactions 
in some of the same individuals.

2 – Allergen families

A number of peanut allergens have been identified. Many of them 
have protective functions or are seed storage proteins. Peanut 
allergens belong to diverse protein families as prolamins, cu-
pins, profilin, Bet v 1-like pathogenesis-related (PR)-10 proteins, 
lipid transfer proteins (LTPs), defensins, and oleosins (Table  54). 
Recently, a protein that belongs to the cyclophilin family was iden-
tified.1661 Peanut proteins lead to IgE-mediated cross-reactions 

among different members of the legume family as do other plant 
foods, such as tree nuts.

3 – Allergenic molecules

Seventeen peanut proteins most commonly involved in allergic 
reactions to peanut have been identified and officially accepted 
by the World Health Organization (WHO)/International Union 
of Immunological Societies (IUIS) Allergen Nomenclature Sub-
Committee (Table 54, Figure 115). Ara h 1, Ara h 2, and Ara h 3 are 
considered peanut storage proteins and have high heat stability and 
digestive resistance. These allergens have been designated as major 
allergens, which were found to induce the greatest prevalence of 
IgE reactivity among allergic patients. Ara h 6 and Ara h 7 are also 
considered peanut storage proteins. Ara h 6 shares a part of IgE 
epitopes with Ara h 2 and is cross-reactive to Ara h 2.191 Ara h 5 is a 
minor allergen and is homologous with pollen profilins. Ara h 8, a PR-
10 protein, has been shown to be a major allergen for patients with 
combined birch pollen and peanut allergies. Lipid transfer protein 
(LTP), a pan-allergen with a degree of cross-reactivity comparable to 
profilin, is present in peanuts as Ara h 9, Ara h 16, and Ara h 17. Ara 
h 10, Ara h 11, Ara h 14, and Ara h 15 belong to the peanut lipophilic 
allergen group, oleosin. Defensins are presented in the complex pea-
nut lipophilic matrix as Ara h 12 and Ara h 13. Ara h 18 was recently 
identified and belongs to the cyclophilin family1666.

4 – Sensitization to individual molecules and their 
clinical relevance

Sensitization rates are mainly based on the skin prick test (SPT) or 
specific IgE measurements with regard to whole peanut extracts. 
The sensitization rates vary widely depending on the age, comorbid-
ities and other inhalant allergies of the tested population. Clinically 
not relevant sensitization seems to be especially high in patients 
with a coexisting pollen allergy, whereas clinically relevant sensitiza-
tion is much higher in children with eczema. In an Australian study, 
it has been shown that infants with eczema are 8 times more likely 
to develop a peanut sensitization and 11 times more likely to have a 
peanut allergy than infants without eczema.1662 Screening a nonse-
lected cohort of 13,100 German children of the general population 
aged 3–17 years demonstrated that almost 11% of the children were 
sensitized to peanuts1663. The study of EuroPrevall on the preva-
lence of sensitizations to foods in adults revealed that peanut extract 
sensitization rates differed between 0.5– 7.2% and that the region 
with the greatest prevalence of those with a peanut sensitization 
Madrid.1146 The prevalence of peanut sensitization predominantly 
results from a cross-reactivity to pollen and does not reflect the rate 
of peanut allergy. The majority of the peanut-allergic patients are 
sensitized to Ara h 2, whereas sensitization to Ara h 2 was lower 
in children of the general population.1231 Geographical differences 
were observed in sensitization rates to Ara h 8 and Ara h 9, which 
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were found to be major allergens for Western/Central and Southern 
Europeans.1235

In patients with clinically relevant peanut allergy, it had been shown 
that 76–96% of peanut-allergic children and adolescents in the US and 

Central and Northern Europe possess specific IgEs that respond to 
Ara h 2 and Ara h 6, compared with only 42% in Spain.1664 The sensi-
tization rates for Ara h 1 are between 63% and 80%. Those for Ara h 
3 are somehow lower, while the rate for Ara h 7 is only 43%8. Ara h 9 
is considered a secondary food allergen, particularly in Mediterranean 
countries.1665 This secondary sensitization/ cross-reaction is likely 
due to other on-specific lipid transfer proteins (nsLTPs) (e.g., Pru p 3 in 
peach). Sensitizations to the Bet v 1-homologous PR-10 protein Ara h 
8, the profilin Ara h 5, and glycoproteins (CCD) are usually caused by 
cross-reactions to pollen allergens. Sensitization rates vary depending 
on regional pollen exposure and on eating habits. The prevalence of 
sensitization to Ara h 10/11 and Ara h 14/15 is similar to that of Ara h 
2 in a German cohort but still has to be investigated in larger groups 
of patients.1241 The fact that oleosins may be underrepresented or 
absent in aqueous peanut extracts represents a diagnostic gap ham-
pering the identification of affected patients.1236

5 – Clinical patterns of peanut allergy

Three distinct scenarios can prompt sensitizations and potential clin-
ical symptoms depending on the different routes of exposure and 
physicochemical properties of the involved peanut proteins:

TA B L E  5 4 Peanut allergens (Only allergens approved by WHO/IUIS Allergen Nomenclature Sub-Committee; www.aller​gen.org, 
08-09-2021)

 64  

17  

60, 37 (fragment)*    

15  

15  

15  

17  

9.8  

16  

14  

8 (reducing)*, 12 (non-

reducing)*, 5.184 (mass)* 

 8 (reducing)*, 11 (non-

reducing)*, 5.472 (mass)*  

17.5  

17  

8.5  

11  

21  

Yes  

Yes  

Yes

    

No  

Yes  

Yes  

No  

Yes  

Yes  

Yes  

To be expected  

To be expected  

Yes  

Yes  

Yes  

Yes  

???  

7S globulin   

Conglutin  

Glycinin, 11S globulin

Conglutin  

Conglutin  

Pathogenesis-related protein 

(PR) -10  

 Vicillin   

2S albumin  

Legumin   

Renamed to Ara h 3.02, number not 

available for future submissions  

2S albumin  

2S albumin  

Bet v 1  

Oleosin  

Oleosin  

Defensin  

Defensin 

 

Oleosin  

Oleosin  

Cyclophilin - peptidyl-prolyl cis-trans 

isomerase  

 Ara h 1  

Ara h 2  

Ara h 3  

Ara h 4  

Ara h 5  

Ara h 6  

Ara h 7  

Ara h 8  

Ara h 9  

Ara h 10  

Ara h 11  

Ara h 12

  

Ara h 13  

Ara h 14  

Ara h 15  

Ara h 16  

Ara h 17  

Ara h 18  

Allergen Protein family Other names Molecular weight (kDa) Heat stability

F I G U R E  11 5 Identified peanut allergens 
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A	 The sensitization to seed storage proteins (i.e., Ara h 1, 2, 3, 6, 
and 7), which are considered allergens predominately in chil-
dren with peanut allergies. Infants and young children with 
eczema are sensitized predominantly to seed storage proteins, 
while sensitization to pollen-related food allergens seems to be 
rare. Patients frequently react with immediate-type symptoms 
involving the skin (e.g., urticaria), the gastrointestinal tract 
(e.g., vomiting), the respiratory system (e.g., wheezing) and/or 
the cardiovascular system (e.g., drop in blood pressure). Ara h 
2 and Ara h 6 are associated with a severe allergic reaction to 
peanut. This hazard is likely linked to the high stability of the 
allergens and their high proportion of the total protein content 
(Figure 116).

B	 The sensitizations to the Bet v 1-homologous PR-10 protein Ara 
h 8, the profilin Ara h 5, and CCD are usually caused by sensiti-
zation to pollen allergens. Birch pollen allergy is responsible for 
a considerable north-south gradient in Europe in terms of cross-
reactions to Ara h 8; in regions of higher grass pollen exposure, 
increased cross-reactive IgE to Ara h 5 and CCD-containing pea-
nut extracts can be expected. The involved proteins are largely 
labile to heat and digestion. Since peanuts are generally con-
sumed roasted or cooked and not raw, mostly no or only mild and 
predominantly oropharyngeal symptoms develop, depending on 
the amount of allergen consumed.

C	 Ara h 9 is considered a secondary food allergen, particularly in 
Mediterranean countries. This secondary sensitization/cross-
reaction is likely due to other nsLTP (e.g., Pru p 3 in peach).1237 
Since Ara h 9 possesses thermal and digestive stability, affected 
patients can develop systemic symptoms.1157

6 – Clinical diagnosis of peanut allergy

Specific questions, the proper interpretation of sensitization tests 
(i.e., SPT, IgE) and, if necessary, oral food challenges help to establish 
the diagnosis of peanut allergy.

Case history (anamnesis):
The patient is asked for her/his experiences with the follow-

ing: previous reaction(s) to peanuts, symptoms, affected organ 
system(s), the onset and course (progression), co-factors (e.g., ex-
ercise, acute infection, emotional stress, disruption of routine, pre-
menstrual status, medications, alcohol intake, ), previous reactions 
to other allergen sources (i.e., peach), additional (allergic) features 
(i.e., birch pollen allergy), additional atopic diseases (i.e., atopic ec-
zema, asthma).

Working hypothesis: based on peanut-related clinical patterns 
A–C.

SPT:

•	 Commercial peanut extract (reasonable results in case of highly 
abundant allergens; i.e., seed storage proteins)

•	 Prick-to-prick test with peanuts or offending peanut product (in case 
of severe anaphylactic reaction: primary IgE testing before SPT)

IgE Testing:
Allergen-specific IgE:

•	 Peanut extract
•	 Ara h 2 and Ara h 6
•	 Ara h 8 and/or Bet v 1
•	 Ara h 9 and/or an LTP-representative (i.e., Pru p 3)

Comments:

a.	 Ara h 2-specific IgE demonstrates the best diagnostic accuracy of 
peanut allergy in infants, children, and adults. Ara h 2-specific IgE 
at 0.35 kU/L is a useful cut-off value in the diagnostic approach 
for peanut allergy in children based on a systematic review and 
meta-analysis.1666

b.	 To predict a positive peanut challenge with 95% probability, 
the Ara h 2-specific IgE level has to exceed of 42 kU/L. To pre-
dict a negative peanut challenge with 90% probability, the Ara 
h 2-specific IgE level has to be <0.03 kU/L, with some discor-
dant exceptions in German children based on a previous study150 
(Figure 117A,B).

c.	 An absolute (100%) prediction cannot be achieved with measure-
ments of Ara h 2-specific IgE due to exceptions to the preceding. 
Subsequently, the individual clinical relevance of allergen-specific 
IgE concentrations (i.e., to single allergens of legumes) has to be 
determined on a case-by-case basis by the physician in charge.

d.	 As shown above, Ara h 2 has the greatest specificity; however, 
it has a lower sensitivity than do SPT and peanut-specific IgE. In 
a patient with a high prior probability, the clinician may use not 
only Ara h 2 but also SPT or peanut-specific IgE to confirm the 
diagnosis of peanut allergy.1238

Stepwise approach. The measurements of peanut-specific IgE 
and/or SPT are good screening parameters in patients at risk for pea-
nut allergy. The absence of peanut-specific IgE has a high negative 

F I G U R E  11 6 Risk ramp for peanut allergens: increased risk 
for severe symptoms and anaphylactic reactions from left to right 
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predictive value. Positive peanut-specific IgE and/or SPT are only 
clinically relevant in the presence of corresponding symptoms.

In cases wherein the presence or absence of allergic reactions 
due to peanut consumption is not known, if the screening is positive, 
Ara h 2-specific IgE should be measured. Measurements of peanut- 
and Ara h 2-specific IgE play an essential role in case of suspected 
primary peanut allergy. A clear history of objective immediate aller-
gic reactions to peanut and elevated Ara h 2-specific IgE are highly 
suggestive of a clinically relevant peanut allergy (Figure 118). An oral 
food challenge is often not needed. In patients with uncertain history 
of immediate reaction following peanut consumption, physicians can 

proceed with the current diagnosis of peanut allergy according to 
(Figure 119). Peanut-specific IgE is sometimes detectable in children 
with severe atopic dermatitis and in the population. Therefore, un-
expected findings of elevated IgE to peanuts are often seen in clini-
cal practice. A stepwise approach takes the potential consequences 
into consideration. The most important initial question is related to 
the frequency (e.g., more than once a month) and time course (e.g., 
within the previous six weeks) of peanut consumption.

In general, the measurement of Ara h 1- and 3-specific IgE is 
often not necessary since mono-sensitizations to Ara h 1 and/or 3 
are rare. In doubt, an oral food challenge test can clarify cases of a 

F I G U R E  117 Study results regarding the risk of peanut allergy associated with allergen-specific IgE to the 2S-albumin seed storage 
protein Ara h 2 (A) compared with whole peanut extract (B) 

F I G U R E  11 8 Diagnostic algorithm for 
peanut allergy in clinical setting: Clear 
history of immediate reaction to peanut
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negative or low IgE response to Ara h 2. If there is no specific IgE 
to any seed storage protein, a clinically relevant peanut allergy is 
unlikely, although it cannot be ruled out completely in the presence 
of sufficient clinical suspicion (diagnostic gap due to factors such 
as the lipophilic oleosins Ara h 10/11 and Ara h 14/15 missing in 
aqueous diagnostic extracts). Specific IgE to nsLTP Ara h 9 should be 
additionally determined in patients from the Mediterranean region. 
In patients with a typical clinical history of pollen food syndrome, 
specific IgE to PR-10 Ara h 8 and/or birch pollen measurement is 
considered (Figure 119).

Oral food challenge tests
(In case of doubtful relationship between peanut ingestion and 

allergic reaction (see stepwise approach (Figures  118 and 119)): 
Depending on the patient history of titrated oral food challenges 
with peanuts (e.g., whole peanuts or lightly roasted peanut flour).

6 – Clinical management of peanut allergy

Advice and avoidance
Strict avoidance of all peanut-containing products is recom-

mended. Peanuts are required to be labeled in all prepacked and 
non-prepacked food items. A great problem still exists with “may 
contain” labels. sensitization to tree nuts is often experienced by 
patients with peanut allergy, and avoidance of all species is com-
monly advised in case of suspicion of allergy to peanut or tree nut. 
However, except for patients with concomitant tree nut allergies, 
several tree nuts could potentially be ingested.1239

Pharmacotherapy for treatment of accidental allergic reactions
Due to the risk of severe reactions after the unintentional 

ingestion of peanut-containing products, adrenaline for self-
administration should always be on-hand.

Allergen-specific immunotherapy
Commercial products for the allergen-specific immunotherapy 

for peanut allergy are available. The European Academy of Allergy 
and Clinical Immunology Guidelines on allergen1240 immunotherapy 
state,295 “Oral immunotherapy is recommended as a treatment op-
tion to increase the threshold of reaction during treatment in chil-
dren with peanut allergy from approximately four to five years of 
age.” However, it should only be undertaken in highly specialized 
clinical centers with expertise and facilities to safely deliver this 
therapy.

7 – Clinical cases

Case 1:
History: Boy, two years of age. He ate a peanut snack at a friend's 

house. He had never eaten peanut products prior to that incidence. 
After 30 minutes, he developed urticaria and coughing and after 40 
minutes, wheezing (Figure 118).

In vitro testing: Peanut-specific IgE 5.2 kUA/L, Ara h 2-specific 
IgE 3.1 kUA/L.

Diagnosis: Peanut allergy
Oral food challenge: An oral food challenge was not necessary 

for the diagnosis.

F I G U R E  119 Diagnostic algorithm 
for peanut allergy in clinical setting: 
Uncertain peanut allergy history 
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Recommendation: Peanut avoidance, education from dietitian, 
emergency medication (including adrenaline autoinjector).

Case 2:
History: Girl, 5 years of age with hen's egg allergy. She devel-

oped urticaria after accidental ingestion to cake included egg and 
peanut. At the time of writing, she had never eaten peanuts or pea-
nut products.

In vitro testing: Peanut-specific IgE 62.8 kU/L, Ara h 2-specific 
IgE 48.0 kU/L.

Oral challenge: A titrated peanut challenge was not recommended 
as the predicted probability for peanut allergy was 95% (Figure 117A,B).

Diagnosis: Peanut allergy likely (highly suggestive). 
Recommendation: Peanut avoidance, education from dietitian, 
emergency medication (including adrenaline autoinjector).

Case 3:
History: Boy, 14 yearsofage with allergic rhinoconjunctivitis 

during the spring. On a panel test, he showed sensitization to 
birch pollen and peanut. He had eaten peanuts in the past with-
out allergic reactions, though his consumption was infrequent 
(Figure 119).

In vitro testing: Birch-specific IgE >100 kUA/L, peanut-specific 
IgE 20.1 kUA/L, Ara h 2-specific IgE 0.1 kUA/L. Oral challenge: An 
oral food challenge was not necessary for the diagnosis.

Diagnosis: Allergic rhinoconjunctivitis, relevant peanut allergy 
unlikely.

Recommendation: Consider regular consumption.

8 – Research and Future Perspectives

Unknown allergens other than those approved by WHO/ IUIS 
Allergen Nomenclature Sub-Committee might be still hidden in 
peanut proteins, especially the complex lipophilic matrix. To make 
a more accurate diagnosis and improve our understanding of cross-
reactivity, these allergens related to clinical characteristics need to 
be examined. In addition, several studies have reported that IgE-
binding epitopes may become a biomarker for characterizing numer-
ous phenotypes of peanut allergy.140,1241 Further research may be 
expected to determine a biomarker for the prediction of the progno-
sis and more effective products for allergen-immunotherapy.
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B19 – Tree nut and seed al lergies

Anna M. Ehlers, Helen A. Brough, Gideon Lack, 
Edward F. Knol, Magnus Wickman, Suzana Rudolovic

Highlights

•	 Sensitization to Bet v 1 homologues such as Cor a 1 and Jug r 5 
occurs mainly in the adult population of the Northern hemisphere 
(birch pollen pandemic area) and it often results in no or mild 
symptoms.

•	 Sensitization to nsLTPS with peach Pru p 3 as a primary sensitizer 
occurs mainly in the Mediterranean area.

•	 Sensitization to hazelnut 2S albumin Cor a 14 is associated with 
severe allergic reactions and such associations may also be pres-
ent for 2S albumins of other tree nuts and seeds (e.g., Jug r 1, Ana 
o 3, Ses i 1).

•	 Co-sensitization and in vitro cross-reactivity are often not clini-
cally relevant, but in vivo cross-reactivity can occur.

•	 While clinically relevant sensitization to pistachio and pecan nut 
usually implies clinically relevant sensitization to cashew nut and 
walnut, respectively, the reverse does not always occur.

1 – Background

Tree nuts and seeds, but also legumes are in fact all seeds and al-
lergens in these foods, are often shared. Such allergenic proteins 
belong to the families of storage proteins (2S albumins, vicillins or 
7S globulins and legumins or 11S globulins), lipid transfer proteins 
(LTPs), pathogenesis-related (PR) 10 proteins (Bet v 1-homologues), 
profilins and oil-body associated oleosins. The degree of sequence 
homology of the same protein family between tree nuts and be-
tween seeds is largely dependent on the botanical relationship. 
Most allergic reactions are caused by consumption of tree nuts 
and seeds by individuals allergic to these foods. Severity of reac-
tions varies from mild/moderate to severe or life-threatening and, 
although rarely, they can have fatal outcome.1242,1243 Some nuts 
and seeds were uncommon in the Western diet, a variety of tree 
nuts and seeds have become increasingly popular over the past dec-
ades due to their favourable nutritional profile. Nuts and seeds are 
often eaten as single food items, such as snacks, or as ingredients in 
healthy foods and salads. As dietary practices have changed, dishes 
traditional to certain parts of the World are now commonly eaten 
worldwide. Dishes such as ragouts, Middle (e.g., hummus, tagine), 
Far Eastern (e.g., stir fry with cashew nuts, pad Thai) and Indian sub-
continent dishes (e.g., curry, korma) and pastries, cakes, chocolate, 
and candies often contain seeds or various tree nuts as substantial 
ingredients (Figure 120).

The current pattern of increased exposure to and consumption 
of nuts and seeds is a potential explanation for the suggested in-
crease in reported reactions to such food items in addition to the 
general increase in incidence of food allergies. This includes foods 

such as flaxseed that appears as an emerging allergen1244 and chia 
seeds.1245 In this chapter, we will discuss allergens of hazelnut, al-
mond, cashew/pistachio, walnut/pecan nut, and Brazil nut, as well 
as to a lesser extent allergens of macadamia, pine nut, and the seeds 
sesame, sunflower, pumpkin, poppy, mustard, flaxseed, chia seeds 
and buckwheat. Coconut is not considered as a tree nut in Europe; 
however, the approach in the United States of America is different. 
Although American College of Asthma, Allergy & Immunology does 
not recognise coconut as a tree nut,1246 it is still a legal requirement 
to declare coconut as one of the tree nut allergens (Food and Drug 
Administration).

2 – Allergen sources

In Europe, Canada and the United States, tree nuts, peanuts and 
seeds are listed as priority food allergens. Tree nuts and seeds are 
found in many food products, as shown in (Figure 120). Today, many 
food items are also labelled with precautionary allergen labelling 
(PAL), for instance “may contain nuts/peanuts/seeds,” which should 
provide consumers with information on unintentional presence of 
allergens caused by cross-contamination in food preparation and 
packaging. However, there is currently no explicit guidelines for PAL 
and food products are mostly labelled without proper risk assess-
ment. This often causes substantial problems for tree nut or seed 
allergic individuals and leads to misinterpretation of labels. This 
practice is expected to change as a new guideline is in preparation by 
the European Union and its Member States (EUMS) in cooperation 
with Australia, United Kingdom and the United States of America 
(progress can been seen at https://ec.europa.eu/info/law/bette​r-
regul​ation/​have-your-say/initi​ative​s/12230​-Food-safet​y-aller​gies-
&-food-waste​-new-EU-rules_en ).1247

Allergic reactions have been described after exposure to all food 
items containing nuts or seeds. Oil made from these nuts and seeds 
have been found to contain potential allergenic proteins. However, 
the concentrations of these proteins are very low in refined oils and 
do not trigger allergic reactions in majority of allergic individuals.1248 
As most of tree nuts and seeds allergens, except for profilin and 
pathogenesis-related 10 (PR-10) allergens, are heat stable, process-
ing does not have a great impact on the allergenicity of such food 
products.

3 – Major and relevant minor allergenic proteins of 
tree nuts and seeds

An overview of allergenic proteins from tree nuts and seeds is de-
picted in Tables  55 and 56. Tree nut allergens belong to a limited 
number of protein families. One important protein family comprises 
seed storage proteins (discussed in Chapter C08). Those proteins are 
known for their resistance to digestion and their heat stability. The 
most resistant family members are the 2S albumins with a molecu-
lar mass ranging from 10 to 16 kDa. Recent findings indicate that 
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sensitization to 2S albumins, such as sensitization to hazelnut Cor a 
14, might be related to rather severe allergic reactions.43

Other prominent members of this family are 11S (legumins) and 7S 
globulins (vicilins), which have a molecular mass of around 50 and 70 
kDa, respectively, and they form hexametric and trimeric aggregates, 
respectively. In children, sensitization to the hazelnut 11S globulin Cor 
a 9 has also been associated with the risk of an allergic response com-
parable to sensitization to the hazelnut 2S albumin Cor a 14.1249

Pathogenesis-related (PR) proteins form an additional group of 
well-known tree nut and seed allergens: PR-10 proteins with a high ho-
mology to the major birch pollen allergen Bet v 1 and PR-14 proteins 
so-called nonspecific lipid transfer proteins (nsLTP). The most inten-
sively studied Bet v 1 homologue in tree nuts is hazelnut Cor a 1 and 
sensitization to this allergen accounts for up to 90% of sensitization to 
hazelnut in Central and Northern Europe44 [10]. Similarly, sensitization 
to walnut Jug r 5 was found in up to 90% of walnut allergic patients in 
the birch-pandemic area and sensitization to Jug r 5 correlated strongly 
with sensitization to Bet v 1.46 By contrast, nonspecific LTPs are im-
portant allergens in the Mediterranean area, which has been described 
for hazelnut (Cor a 8), walnut (Jug r 3) and almond (Pru du 3). The pri-
mary sensitizer within the nsLTPs family is thought to be the peach 
nsLTPs Pru p 3. In the Northern hemisphere also the LTP from mug-
wort Art v 3 appears to play a role as primary sensitizer.1250

Not yet well characterized allergens are lipophilic proteins, 
which belong to the group of oleosins (discussed in Chapter C-10). 
Specific IgE binding to this group has been shown in a subpopulation 

of hazelnut allergic patients across Europe, but its clinical relevance 
has not yet been fully proven.

In tree nuts, most allergens have been described for hazelnut, 
which is most probably the direct result of more research for this 
food. For the seed allergens, the same protein families have been de-
scribed like for tree nuts, with 2S albumins and 7S and 11S globulins 
as the most frequently described allergens. Consideration should be 
given to the fact that the absence of identified allergens in seeds 
belonging to certain protein families might be explained by the lack 
of research with many allergens still needing to be discovered.

4 – Sensitization to individual molecules and their 
clinical relevance

It is challenging to establish an overall prevalence of sensitiza-
tion to tree nuts and seeds, particularly to an individual tree nut 
or seed allergen. The prevalence differs in different parts of the 
world and, except for sesame, allergy to seeds is quite rare in most 
of the countries. Studies investigating prevalence of tree nuts/
seeds sensitization vary in their methodology. Some studies define 
sensitization rates irrespective of sensitization to birch pollen, and 
other studies excluded individuals sensitized to birch pollen. This 
is important to note because sensitization to the pathogenesis-
related 10 (PR-10) protein in birch pollen, Bet v 1, can lead to in 
vitro cross-reactivity with homologous proteins (e.g., Cor a 1), 

F I G U R E  1 2 0 Foods and ingredients containing tree nuts, and seeds. Note: These lists are not complete and may change. Food and food 
products purchased from other countries, through mail-order or the internet, are not always produced using the same manufacturing old 
labeling standards as in Europe.
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which accounts for a substantial part of sensitization to tree nuts 
and seeds. Those IgE cross-reactivities are mostly clinically irrel-
evant or cause only mild reactions to particular foods while sen-
sitization to seed storage proteins is less common but can cause 
severe allergic reactions.

The EuroPrevall study reported significant differences in rates of 
sensitization to tree nuts in children between different study centres 
across Europe, with hazelnut sensitization rates varying from 1.87% 
in Reykjavik to 8.63% in Madrid and 9.52% in Utrecht and to 14.35% 
in Zurich (Table 57). Similar pattern was observed in terms of walnut 
sensitization with 1.37% in Reykjavik, 7.45% in Madrid and 9.52% 
in Zurich. Amongst seeds, sesame sensitization was the most com-
mon across most of the centres, with the lowest rates in Reykjavik 
at 2.86% and Vilnius at 3.03% and higher rates in Madrid (11.90%) 
and Zurich (12.10%). In Madrid, for example, sesame was one of the 
three foods to which sensitization was most common. Nevertheless, 
the patterns of probable food allergy were different. Probable 
food allergy (defined as sIgE and reported hypersensitivity-related 

symptoms within 2 hours after ingestion) to hazelnut was the most 
observed in Vilnius at 2.15%, followed by Zurich at 0.81%. Probable 
food allergy to walnut was the most reported in Athens (0.56%). 
The rates of probable food allergy to seeds were <0.01% for most 
centres.1028 Results published by EuroPrevall-INCO Study Team in 
China, India, and Russia also showed variations in the prevalence of 
IgE sensitization (defined as specific IgE > 0.7 kU/L) and probable 
allergy to tree nuts and seeds in children in the three participating 
countries. Interestingly, despite quite high rates of sensitization to 
nuts and seeds, particularly in India, rates of probable allergy are 
low.1251

Sensitization patterns also differ between EuroPrevall study 
centres in the adult population using the same methodology 
(Table 58). Whilst the rate of probable allergy to hazelnut was quite 
low in Athens, at 0.06%, it reached 2.57% in Zurich. Probable al-
lergy to walnut was the most reported in Madrid (0.71%) and Zurich 
(0.58%) and the least commonly in Reykjavik (0.05%). Despite low 
rate of probable allergy in Athens at 0.29%, walnut was one of the 

TA B L E  5 5 Identified tree nut allergens. Overview of the different tree nut allergens divided by protein family

Cor a 14 

Pru du 2S 

albumin  

Pru du AP4

Ana o 3

Pis v 1  

Jug r 1 

Car i 1  

Ber e 1 

Pin p 1  

Cor a 11  

Pru du 8 3

Ana o 1  

Pis v 3  

Jug r 2  

Jug r 6  

Car i 2     

Mac i 1  

Pin p vi-cilin  

Coc n 2  

Coc n 1  

Cor a 9 

Pru du 6  

Ana o 2 

Pis v 2  

Pis v 5  

Jug r 4

Car i 4  

Ber e 2  

Mac i 2     

Coc n 4  

Cor a 1

Pru du 1

Jug r 5  

Cor a 2

Pru du 4      

Jug r 7           

Con n 5   

Cor a 8 

Pru du 3

Jug r 3

Jug r 8      

MiAMP2a  

Cor a 12  

Cor a 13  

Cor a 15                     

Pru du 21

Pru du 52

Pis v 45

Pin p 17 

kDa
6

Hazelnut  

Corylus avellana

Almond  

Prunus dulcis  

Cashew nut 

Anacardium

occidentale  

Pistachio  

Pistacia vera 

Walnut  

Juglans regia  

Pecan nut  

Carya illinoinensis 

Brazil nut  

Bertholletia excelsa  

Macadamia nut  

Macadamia 

integrifolia  

Pine nut  

Pinus pinea  

Coconut  

Cocos nucifera 

Source
Seed storage proteins

2S albumins   7S globulins    11S globulins 
Pathogenesis-related proteins

        PR-10 proteins               PR-14 proteins
Bet v 1-homologue                    nsLTPs

Oleosins Others

"Bold font indicates the availability on commercial diagnostic platforms; nsLTP: non-specific lipid transfer protein, PR10: pathogenesis-related protein 10; 1: 

Thaumatin, 2: Ribosomal protein P2, 3: Antimicrobial seed storage protein, 4: conglutin, 5: Mn superoxide dismutase, 6: not known yet"

Bold font indicates the availability on commercial diagnostic platforms; nsLTP: non-specific lipid transfer protein, PR10: pathogenesis-related 
protein 10; 1: Thaumatin, 2: Ribosomal protein P2, 3: Antimicrobial seed storage protein, 4: conglutin, 5: Mn superoxide dismutase, 6: not known 
yet
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three foods to which the most symptoms of probable allergy were 
reported. Seed allergy was much less commonly reported. Despite 
low prevalence of sunflower seeds allergy in Athens, at 0.07%, this 
still appears as one of the foods with the most reported probable 
food allergy in this centre.1029

In a combined population of children and adults who reported 
allergic reactions to hazelnut (70% had a confirmed hazelnut allergy 
by DBPCFCs or history of severe allergy), sensitization to Cor a 1 
was most prevalent (74.3%), followed at distance by Cor a 2 (19.6%), 
and up to 10 times higher than sensitization to other hazelnut com-
ponents. While sensitization to Cor a 14 was highly associated 
with sensitization to Cor a 9 with a higher prevalence in children 

(42.0% vs 5.8%), sensitization to Cor a 11 was overall below 10%. 
Geographical differences were shown for Cor a 1 (more prevalent in 
Northern and Central Europe, ≥60%)), closely related to sensitization 
to birch pollen, and for Cor a 8 (more prevalent in the Mediterranean 
area, ranging from 36% to 83%). Sensitization to oleosin Cor a 12 
was observed all over Europe in up to 25% of the patients with a 
higher rate in children (11.4% vs 34%) [10]. Comparable to hazelnut, 
sensitization to the PR-10 protein Jug r 5 in walnut dominated in the 
birch-pandemic area with high correlation to birch pollen sensitiza-
tion whilst sensitization to the LTP Jug r 3 dominated in Southern 
Europe. Notably, sensitization to walnut seed storage proteins was 
found in up to 10% of enrolled subjects.46

TA B L E  5 6 Identified seed allergens. Overview of the different seed allergens divided by protein family

Ses i 1  

Ses i 2  

Sin a 1  

Hel a 2S 

albumin  

Cuc ma 5    

Fag e 2  

Lin u 1  

Ses i 3          

Fag e 3  Fag 

e 4  Fag e 5    

Ses i 6  

Ses i 7  

Sin a 2    

Cuc ma 4    

Fag e 1 4 

Pap s 1

Ses i 8  

Sin a 4  

Hel a 2  

Cuc ma 2  

Pap s 2  

Sin a 3  

Hel a 3  

Ses i 4  

Ses i 5  

Hel a 44

Pap s 

34kDa5 

Fag e 10

Fag e TI3

Sesame   

Sesamum indicum 

Mustard seed  

Sinapis alba  

Helianthus annuus  

Pumpkin seed  

Cucurbita maxima  

Poppy seed 

Papaver somniferum  

Buckwheat  

Fagopyrum esculentum  

Flaxseed  

Linum usitatissimum   

Source
Seed storage proteins

2S albumins   7S globulins    11S globulins 
Pathogenesis-related proteins

        PR-10 proteins               PR-14 proteins 
Bet v 1-homologue                    nsLTPs

Oleosins Others

Bold font indicates the availability on commercial diagnostic platforms; nsLTP: non-specific lipid transfer protein, PR10: pathogenesis-related protein 
10; 1: Defensin, 2: Alpha-amylase inhibitor, 3: Trypsin inhibitor, 4: 13S globulin, legumin-like protein, 5: not known yet. Chia seed not available.

TA B L E  5 7 Prevalence of food sensitization in comparison to probable food allergy in children across Europe
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Australian data from the SchoolNuts study published in 2018 
reported the prevalence of clinic-defined tree nut allergy to be 
2.3% and sesame allergy to be 0.2% in adolescents. Amongst tree 
nuts, the most prevalent allergies were cashew nut allergy at 2.3% 
and pistachio nut allergy at 1.6%. Other tree nut allergies were less 
common and varied from 0.1% to almond and Brazil nut to 0.7% 
to walnut and hazelnut.1252 The patterns of sensitization through 
childhood reported by the SchoolNuts Study team were interesting. 
Preceding results reported by the same team had shown very low 
rate of tree nut allergies in Australian infants, with 0.1% of infants 
having an allergic reaction by the age of one, but sensitization to 
tested tree nuts was detected in 31% of infants who had other food 
allergies, particularly peanut and hen's egg allergy. At age 6 years, 
prevalence of sensitization to tree nuts was 7.3% and tree nut allergy 
was 3.3%, with cashew nut allergy being the most common at 2.7%, 
followed by hazelnut at 0.9% and almond at 0.3%.1253 In an American 
study from 2010, self-reported tree nut allergy in 1997, 2002 and 
2008 was found in 0.5%, 0.7% and 0.6% respectively, of the popula-
tion. By contrast, only 0.1% reported sesame allergy.1254

During the last decade, several papers have appeared on allergic 
reactions to cashew nut. In a recent review on cashew nut allergy, 
the authors concluded that an increase of sensitization in cashew 
nut allergy in recent decades could not be clearly documented, de-
spite the impression that this has been the case, particularly as ex-
posure to cashew nut has increased in the population.1255 Cashew 
nut is now used in industrial food as a replacement for the more 

expensive pine nuts and for its properties of improving texture and 
displaying a more reduced rancidity. In a recent population-based 
study of children admitted to emergency rooms due to reaction to 
foods in Stockholm during 2007, 5% had reacted to cashew nut, 3% 
to hazelnut, 2% to almond, walnut, or pistachio, whereas 0.3-0.5% 
reported reactions to pecan nuts, Brazils nut or coconut.1256

5 – Clinical relevance of sensitization to individual 
allergenic proteins

The clinical relevance of sensitization to individual allergens is most 
studied in hazelnut, followed by walnut, cashew nut and sesame seed. 
In order to diagnose a hazelnut allergy in children, the area under the 
curve (AUC) for sIgE is the largest for Cor a 14 (0.87) and Cor a 9 (0.81) 
whilst sIgE to Cor a 1 (0.55) or Cor a 8 (0.59) have no additional value 
in diagnosing hazelnut allergy compared with hazelnut extract.1249 It 
has to be considered that the hazelnut extract might be spiked with 
Cor a 1 (known for the ImmunoCAP platform1257). Notably, as de-
scribed in section 2, the prevalence of sensitization (Cor a 1, 2 and 
8) seems to inversely correlate with the risk of an allergic reaction to 
hazelnut and sensitization to Cor a 9 and 14, as shown in (Figure 121). 
In adults, the AUC for Cor a 9 and Cor a 14 is decreased to 0.66 and 
0.67, respectively, as described by Masthoff and co-workers,43 prob-
ably due to the increased prevalence of sensitization to Cor a 1 in the 
adult population.44 Data on sensitization to walnut, cashew nut, and 

TA B L E  5 8 Prevalence of food sensitization in comparison to probable food allergy in adults across Europe
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sesame seed support the clinical relevance of sIgE to 2S albumins of 
different sources.46,1255,1258,1259 However, robust data on severity of 
an allergic reaction to those nuts and sensitization to individual al-
lergens, as shown for peanut allergens, are lacking.

Cross-reactivity across tree nuts and seed allergens
Seed storage proteins such as 2S albumins, 7S globulins, and 11S 

globulins, share parts of their amino acid sequences across tree nuts 
and seeds (Figures 122–124). Due to this homology, they also share 
common IgE-binding epitopes, which leads to IgE cross-reactivity in 
vitro and potentially to clinically relevant cross-reactivity. However, 
as antibodies may bind to specific epitopes residing in regions that 
are more conserved (less variable) than the entire protein, cross-
reactivity may also occur to a higher extent than indicated by the 
overall percentage sequence identity. Accessibility of epitopes, es-
pecially for 11S globulins, which consist of dimer of homotrimers, 
also has to be considered. This has been shown for nonhomologous 
peanut allergens Ara h 1, Ara h 2 and Ara h 3 (see section C-10).

Such homology is particularly high between 2S albumins of 
phylogenetically related plants such as cashew nut and pista-
chio (Anacardiaceae family) and between walnut and pecan nut 
(Juglandaceae family). Cross-reactivity between those tree nut 
combinations has not only been shown in vitro but also its clinical 
relevance has been proven. While clinically relevant sensitization to 
pistachio and pecan nut always implies clinically relevant sensitiza-
tion to cashew nut and walnut, respectively, the reverse does not 
always occur. Hence, cashew nut Ana o 3 and walnut Jug r 1 are 
considered to be the respective primary sensitizers.1260 As shown in 
(Figure 121), Cor a 14 and Jug r 1 share a lower but still significant 
sequence identity of 66%. Such high sequence identity can lead to 
clinically relevant IgE cross-reactivity. The ProNut study confirmed 
clinically relevant cross-reactivity between walnut, pecan nut, hazel-
nut, and macadamia in descending order.1261 Other sequence identi-
ties of this protein family range from 24% to 49%.

Regarding 7S globulins, the highest sequence identities are also 
shared between cashew nut Ana o 1 and pistachio Pis v 3 (81%) and 

walnut and pecan nut (93% for Jug r 2 and 44% for Jug r 6), whereas 
hazelnut Cor a 11 and walnut Jug r 2 only share a sequence iden-
tity of 49%. However, Jug r 2 carries cross-reactive carbohydrate 
determinants (CCD), which makes it is difficult to draw firm conclu-
sions on any associations. The newly identified walnut 7S globulin 
Jug r 6 shares higher homology with Cor a 11 (76%), Ana o 1 (59%) 
and Pis v 3 (62%). The sequence homology of 7S globulin between 
other tree nuts and seeds, ranged from 27% to 58%.

For the 11S globulins, the sequence homology between the 
different nuts and legumes shows a slightly different picture with 
higher homology in general. Again, the rather high homology be-
tween the 7S globulins of cashew and pistachio, as well as hazel-
nut and walnut are evident. High homology of the hazelnut Cor a 9 
with the corresponding 11S globulins from poppy seed and buck-
wheat (Fag e 1) points to a potential for both IgE and clinical cross-
reactivity.1262 Notably, clinically relevant cross-reactivity has been 
described between buckwheat and latex. However, the implicated 
allergen has not yet been identified.1263

6 – Tree nut and seed allergy 
diagnosis and management

Clinical pattern and relevance
Five clear patterns of clinical relevance have been described 

amongst individuals sensitized or allergic to tree nuts and seeds.

A	 Primary sensitization to one tree nut or seed allergen;
B	 Co-sensitization to at least two primary tree nut and/or seed 

allergens;
C	 Primary sensitization and allergy to at least one tree nut or seed 

and cross-reactive IgE to another phylogenetically related tree 
nut or seed (high degree of sequence homology);

D	 Primary sensitization and allergy to at least one tree nut or seed 
and cross-reactive IgE to another phylogenetically not closely 
related tree nut or seed (low to moderate degree of sequence 
homology);

E	 Primary sensitization to pollen and cross-reactive IgE between 
PR-10 and LTP allergen proteins in tree nuts and seeds.

Example for pattern A. The patient is sensitized to only one 
tree nut or seed out of several tested. Irrespective of symptoms 
the IgE is relatively low. This patient is in general of younger age. 
At a very low age, IgE levels below 0.35 kU/L can be found in chil-
dren reacting to nuts. This patient should avoid the culprit nut or 
seed but no other nuts and seed if they have tested negative to 
them.

Example for pattern B. This patient is often polysensitized to 
nuts and/or seeds with relatively high sIgE levels to all tested rele-
vant allergens. A patient with tree nut or seed allergy and polysen-
sitization with generally high sIgE is recommended to avoid all tree 
nuts with total restriction and to avoid any seeds that are causing 
symptoms.

F I G U R E  1 2 1 Risk ramp for hazelnut allergens: increased risk 
for allergic symptoms from the left to the right and increased 
rate of sensitization from the right to the left. In case of known 
clinical relevance, the ramp was supplemented with the known 
risk of other seed allergens. Green: Pollen-related highly cross-
reactive allergens, Yellow: Food allergens with increased thermal 
stability and digestive resistance; 1: common in Northern and 
Central Europe, hazelnut extract is spiked with the PR-10 protein, 
2: increased sensitization in the Mediterranean area 
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Example for pattern C. The patient is sensitized to cashew nut 
and pistachio, or to walnut and pecan nut with rather equal sIgE 
levels between the botanically related groups of tree nuts. Patients 
sensitized to only cashew nut and pistachio should only avoid those 
tree nuts. No other restrictions should be made. The same recom-
mendation would be appropriate for patients sensitized and allergic 
to only walnut and pecan nut. Testing for other tree nut allergies 
is required prior to considering introduction. For patients sensitized 
to walnut, clinical cross-reaction to hazelnut and macadamia may 
occur.1261

Example for pattern D. This is the most common pattern in pa-
tients with tree nut allergy: allergic to several nuts with high sIgE 
levels to those tree nuts, but much lower sIgE levels to other tree 

nuts. Usually, those patients tolerate other nuts well, but this needs 
to be confirmed by oral food challenge (OFC). In the ProNuts study, 
children allergic to at least one tree nut were, on average able to 
tolerate 9 other tree nuts or sesame seed by undergoing sequential 
OFCs.1261

Example for pattern E. This patient is most likely birch pollen 
allergic (Bet v 1) if s/he is resident in Northern Europe. If resident 
in Southern Europe, positive IgE to Artemisia, Paretaria or plane 
tree (LTP) may be present. Approximately 80% of the population 
with concurrent birch pollen allergy will experience “birch pollen 
related food allergy” to other PR-10 allergens. The PR-10 allergen 
Cor a 1 is unstable to gastric digestion and is heat labile. Symptoms 
in the oral cavity may be unpleasant but will not cause systemic 

F I G U R E  1 2 2 Amino acid sequence 
identity among 2S albumins between 
different tree nuts and seeds (without 
signal sequence; bold >50%) Cora 
14: D0PWG2; Jug r 1: P93198; Car i 
1: Q84XA9; Ana o 3: Q8H2B8; Pis v 
1: B7P072; Ber e 1: P04403; Pin p 1: 
A0A0K3AVY3; Ses i 1: Q9AUD1; Sin a 
1: P15322; Cuc ma 5: Q39649; Fag e 2: 
Q2PS07; Lin u 1: Q8LPD3 

F I G U R E  1 2 3 Amino acid sequence 
identity among 7S globulins between 
different tree nuts and seeds Cor a 11: 
Q8S4P9; Jug r 6: A0A2I4E5L6; Car i 
2: B3STU4; Ana o 1: Q8L5L5; Pis v 3: 
B4X640; Pru du 8: A0A516F3L2; Mac i 1: 
Q9SPL3; Coc n 1: A0A0S3B0K0; Ses i 3: 
Q9AUD0; Fag e 3: A5HIX6 (only fragment 
available), *Homology between Jug r 2 
and Car i 2 is 93% 

F I G U R E  1 2 4 Amino acid sequence 
identity among 11S globulins between 
different tree nuts and seeds Cor a 9: 
Q8W1C2; Jug r 4: Q2TPW5; Car i 4: 
B5KVH4; Ana o 2: Q8GZP6; Pis v 5: 
B7SLJ1; Pru du 6: E3SH28; Ber e 2: 
Q84ND2; Ses i 7: Q9AUD2; Sin a 2: 
Q2TLW0; Cuc ma 4: P13744; Fag e 1: 
K4PY05 
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reactions under normal circumstances. In most tree nuts and seeds, 
PR-10 proteins are likely to be present, most notably in Fagales 
trees (plant order that include: Betulaceae (Birch, Alder, Hazel tree, 
Hornbeam), Fagaceae (chestnut, trigonobalanus, beech tree, oak 
tree), Juglandaceae (walnut, hickory, wingnuts tree), Myricaceae (bay-
berry), Nothofagaceae (southern beech), Casuarinaceae (she-oak), 
and Ticodendracae family).

Clinical diagnosis
Specific questions, appropriate interpretation of sensitization 

test results and, under certain conditions, open or blinded OFCs will 
help to establish the diagnosis of tree nut and seed allergy and the 
grade of severity. The following work-up might facilitate an accurate 
diagnosis, which will be beneficial for the patient (Figure 125).

Detailed patient history:
The following are examples of questions that will help establish 

a detailed patient history:

•	 Were there previous reaction(s) to tree nuts and/or seeds or is 
this the first reaction?

•	 Did the patient previously tolerate the offending food?
•	 What were the symptoms, and which were the affected organs?

•	 Were multiple foods ingested or multiple nuts?
•	 What was the approximate dose causing the symptoms?
•	 What was the time for onset of symptoms after ingestion?
•	 What is the estimated time until the administration of the adren-
aline autoinjector (AAI)?

•	 What was the response to injection of adrenaline?
•	 Were one, two or more AAI used?
•	 Did the patient engage in concomitant exercise, take nonsteroidal 
anti-inflammatories (NSAID), consume alcohol, or other poten-
tially aggravating factors?

•	 Is the patient birch pollen allergic or allergic to plants with pollen 
containing LTPs?

Appropriate interpretation of sensitization results:
Skin prick test (SPT)
Commercial extracts of tree nuts and seeds or prick-to-prick 

test with fresh tree nuts or seeds have a limited value due to false 
positive responses in case of cross-reactive labile tree nut/seed al-
lergenic proteins, such as Cor a 1. However, they are an important 
first step in the diagnostic algorithm for evaluation of tree nut and 
seed allergies.

F I G U R E  1 2 5 Diagnostic work-up in tree nut, peanut and/or seed-related allergic reactions Arrows indicate potential diagnostic steps; 
dashed arrows indicate that mild and severe reactions can be associated with different clinical features (based on information from the 
detailed patient history).
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IgE Testing
Total IgE measurements do not aid in the diagnosis of specific 

tree nut or seed allergies. It may, however, explain polysensitization 
to multiple nuts and seeds in patients with a highly raised total IgE 
who may only react clinically to one particular food.

In clear cases with exposure to a single tree nut or seed followed 
by a systemic reaction one could question whether sIgE testing is 
needed. However, the rationale for performing sIgE testing is to con-
firm the presence of allergen-specific IgE and examine the possibility 
of co-sensitization or cross-reactive IgE to other tree nuts or seeds 
and to assess the risk of a reaction at exposure:

•	 In hazelnut or walnut allergic individuals, sIgE to Cor a 14 and Jug 
r 1, with a sequence homology of 66%, could be tested (clinical 
pattern A, B or D), In patients with a history of allergic reactions to 
hazelnut, sIgE to Cor a 14 and Cor a 9 can be measured to disen-
tangle primary allergy from sensitization to solely Cor a 1 (if tree 
nut-related clinical pattern A-D),

•	 sIgE to Cor a 1 and/or Bet v 1 or Cor a 8 and LTP containing pol-
lens could confirm the pollen food syndrome (if hazelnut-related 
clinical pattern E),

•	 For tree nut or seed extracts containing PR-10 protein (hazelnut 
extract is spiked with Cor a 1, known for the ImmunoCAP plat-
form [21]) or LTPs: risk of clinically irrelevant false positive results 
(clinical pattern E),

•	 For other tree nuts and seeds allergen components, there is to 
date little experience in clinical practice; however, sensitization 
to 2S albumins of cashew nut (Ana o 3), pistachio (Pis v 1) and 
sesame (Ses i 1) seem to be a reliable marker for clinically relevant 
sensitization (pattern A, B and D)

For interpretation of sensitization test results see also 
(Figure  125). Results are only clinically relevant in case of corre-
sponding symptoms after tree nut or seed ingestion.

Basophil activation testing (BAT) can also be performed with tree 
nuts and seeds allergens, such as from hazelnut.1264 In contrast to 
peanut allergy, their diagnostic implications are not yet clear.

Oral food challenges
Oral food challenges (open or blinded) should be performed in 

cases of doubtful relationship between reported symptoms follow-
ing ingestion and sIgE test results and in patients who have avoided 
certain tree nuts, legumes/peanuts or seeds due to a previous re-
action to this kind of foods and sensitization to that food can be 
demonstrated:

Depending on the clinical pattern (A – E), an oral food challenge 
with standardized increasing doses of the offending food may be 
performed. It is important to not stop at a too low dose: PRACTALL 
guidelines of 4.43 g of tree nut protein (2 grams top dose).1265 Low 

dose challenge in tree nut/seed allergic individuals to reduce fear of 
products labelled with “may contain” may play a role in improving 
quality of life and dietary restrictions.

Airborne challenges for those with a fear being in an environ-
ment where nuts/seeds are present (restaurants, cafés, parties, trav-
elling by air) may be helpful in certain specific cases.

Clinical management
Allergen avoidance
Balanced avoidance of the offending tree nut, and/or seeds. If a 

patient is likely to experience a systemic reaction on a minor dose, 
a high degree of precaution is required. If reactions due to PR-10 
allergy, it is up to the patient to decide on amount of exposure.

Pharmacotherapy (emergency kit)
In patients with previously anaphylaxis or systemic reactions 

on a minor dose, emergency medication including AAI for self-
administration is required accompanied with a personalized emer-
gency treatment plan. As reactions to tree nuts and seeds may be 
variable, some centres will prescribe AAI even when mild allergic 
reactions to these foods have been experienced1266 [30].

Nonsedating antihistamines are useful for the management of 
mild to moderate reactions, but adrenaline is the first line treatment 
for anaphylaxis and antihistamines are relegated to a second or 
third-line treatment.

Steroids are no longer part of standard treatment for allergic 
reactions unless asthma exacerbation may have contributed to se-
verity of anaphylaxis or in case of refractory anaphylaxis. Additional 
symptomatic treatment as required.

Allergen-specific immunotherapy
At present, commercially available products for allergen-specific 

immunotherapy of tree nut or seed allergies are not available. 
Research into tree nut and sesame desensitization is ongoing in cer-
tain US centres and commercial companies are working on walnut 
and cashew nut desensitization.

Birch pollen immunotherapy has also been considered as a treat-
ment option in patients with respiratory allergy and pollen food syn-
drome to variety of fruits, vegetables, and nuts. Next to birch pollen 
allergy, the patients suffered from pollen food syndrome mainly to 
apple and hazelnut. Unfortunately, results from those studies are not 
very consistent. While some studies reported significant reduction and 
even complete resolution of pollen food syndrome symptoms in some 
participants,1172,1266 other studies were not able to confirm such an ef-
fect.1173,1267 In addition, studies investigating the role of immunother-
apy in patients with pollen food syndrome were primarily designed to 
investigate the efficacy of immunotherapy in allergic rhinitis, they usu-
ally included small numbers of participants, and they were necessarily 
not double-blind placebo controlled. Nevertheless, immunotherapy 
remains as a treatment of interest, particularly in patients with severe 
symptoms of pollen food syndrome, that requires further research.
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B20 – Bee venom al lerg y

Simon Blank, Maria Beatrice Bilò, Thilo Jakob, Markus 
Ollert

Highlights

•	 In honeybee venom allergy, CRD is a valuable tool since CCD-free 
Api m 1, Api m 3, Api m 4 and Api m 10 are marker allergens for 
detection of specific IgE sensitization to honeybee venom.

•	 The differentiating marker allergens Api m 1, Api m 3, Api m 4 and 
Api m 10 allow discrimination between primary sensitization to 
honeybee and vespid venom.

•	 There are no marker allergens available that allow discrimination 
between primary honeybee and bumblebee venom sensitization.

•	 It is recommended to determine the baseline serum tryptase level 
in all patients with a history of a systemic sting reaction.

•	 Venom-specific immunotherapy is an effective treatment to pro-
tect against future severe sting reactions.

1 – The allergen sources

Hymenoptera venom allergy is one of the most serious IgE-mediated 
hypersensitivities due to the high risk of severe and even fatal ana-
phylaxis. In adults (> 18 years), 48.2% of cases of severe anaphylaxis 
are caused by Hymenoptera stings (20.2% in children).1273 Bees 
(Family Apidae) are flying insects of the order Hymenoptera with 
more than 5.700 known species (Figure  126). The most common 
elicitors of bee venom allergy are honeybees (Apis spp.), which are 
known for their outstanding role in pollination and for producing 
honey and beeswax.

Only two honeybee species have been truly domesticated, 
whereby Apis mellifera (European, western or common honeybee) 
(Figure 127) is the most common domesticated species and shows a 
world-wide distribution due to human-induced global dispersal. The 
other domesticated species Apis cerana (eastern honeybee) is native to 
southern and eastern Asia. Primary allergy to bumblebee (Bombus spp.) 
venom (BBV) is rare and primarily workplace-associated as bumble-
bees (Figure 127) are increasingly used for pollination in greenhouses.

Sensitization to bee venom occurs after a sting, whereby hon-
eybees are the only stinging Hymenoptera that nearly always leave 
their stinger with adherent venom sac in the skin of the victim. 
Meanwhile the venom is continuously pumped into the skin until the 
venom sac is exhausted or the stinger removed.

2 – Allergen families and allergenic molecules

Bee venom is a complex mixture of low molecular weight substances 
such as biogenic amines and basic peptides and of higher molecu-
lar weight proteins, many of them with enzymatic activity. The 
venom of the honeybee Apis mellifera is one of the best character-
ized Hymenoptera venoms. In addition to well-established honeybee 

venom (HBV) allergens, several new relevant allergens of low abun-
dance were identified in the last decade mainly by proteomic ap-
proaches (Figure  128). Currently, 12 different HBV allergens are 
listed in the WHO/IUIS allergen nomenclature database. By contrast, 
BBV is less well investigated and only two allergen families (phospho-
lipases A2, Bom t 1 and Bom p 1; protease, Bom t 4 and Bom p 4) are 
listed in the WHO/IUIS allergen nomenclature database (Figure 128).

Many allergens of bee venoms are proteins, which exhibit direct 
toxicity in the stung victim. Others have functions in the venom 
sac such as activation of toxic proteins, thereby, protecting the sur-
rounding tissue of the venom gland. The venom allergens of differ-
ent honeybee species are highly similar and also bumblebee venom 
closely resembles honeybee venom. Both venoms are reported to 
be highly cross-reactive.1274 The IgE-binding capacity of most of the 
bee venom allergens seems to depend on correct three-dimensional 
folding of the molecules (Figure 129).

Both HBV and BBV contain phospholipases A2 (PLA2) (Api m 
1, Api c 1, Api d 1, Bom t 1, Bom p 1) as relevant major allergens. 
PLAs2 are hydrolases that cleave fatty acids from phospholipids in 
cell membranes at the sn-2 position. This enzymatic activity leads to 
direct toxic effects such as cell lysis, pore formation and release of 
pro-inflammatory mediators. Additionally PLAs2 mediate catalytic-
independent neurotoxicity by binding to N-type receptors. PLA2 
makes up for up to 16% of the venoms dry weight. Although phos-
pholipases A1 of vespid venoms catalyze a related enzymatic reac-
tion, they share neither sequence identity nor structural similarity 
with PLAs2 of bee venom. The resulting lack of cross-reactivity ren-
ders PLAs ideal marker allergens to discriminate between bee and 
vespid sensitization.

The main component of HBV (50% of dry weight) is melittin (Api 
m 4), a cytotoxic 26 amino acid peptide that as a tetramer integrates 
into cell membranes and induces cell death, destruction of mast cells 
and vascular dilation. Moreover, melittin is the main pain-inducing 
substance of HBV mediated by the activation of nociceptors.

Together, Api m 1 and Api m 4 account for more than 60% of 
the HBVs' dry weight. By contrast, all other allergens are present in 
comparably low amounts. Nevertheless, several of them are of high 
relevance in allergy diagnosis (Figure 128, Table 59)

Hyaluronidases are common components of Hymenoptera ven-
oms and have been annotated as allergens for eight species, including 
the honeybee Apis mellifera (Api m 2). So far, no allergenic hyaluro-
nidase is annotated for BBV. Hyaluronidases cleave hyaluronan, a 
main component in vertebrates' extracellular matrix. Therefore, they 
promote the spreading of the venom at the injection site. Api m 2 
shares 44-53% sequence identity and extended structural similar-
ity with the hyaluronidases of yellow jacket (Ves v 2) and European 
paper wasp (Pol d 2) venom. However, cross-reactivity independent 
of cross-reactive carbohydrate determinants (CCDs) seems to be 
limited.

So far, acid phosphatase was only annotated as allergen for HBV 
(Api m 3). However, also BBV contains an allergenic acid phospha-
tase that shows moderate cross-reactivity with Api m 3. The func-
tion of acid phosphatases in Hymenoptera venoms so far remains 
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elusive. They may catalyze the liberation of purines, mainly adenos-
ine, which act as multitoxins.

Another protein family found in several Hymenoptera venoms is 
the family of dipeptidyl peptidases IV (DPPIV).

The DPPIV of HBV (Api m 5) catalyzes the conversion from prome-
littin to melittin by liberating dipeptides from the N-terminus. By only 
activating melittin in the venom sac, the honeybees probably protect 
themselves against its toxic effects. HBV Api m 5 exhibits extensive 
cross-reactivity with the homologous allergens of yellow jacket and 
European paper wasp venom Ves v 3 and Pol d 3, respectively.

Icarapin (Api m 10) is a protein of so far unknown function in 
HBV that contains no known functional domains. Nevertheless, it 
is a conserved protein, as icarapin-like proteins were identified in 
various species of the phylogenic class Insecta. Structure predic-
tions reveal that large parts of the protein seem to be disordered 
(Figure 129). So far no homologous allergens have been described 
in any other species.

Other less investigated bee venom allergens include protease 
inhibitor (Api m 6), CUB serine protease (Api m 7), carboxylesterase 
(Api m 8), serine carboxypeptidase (Api m 9), major royal jelly protein 

F I G U R E  1 2 6 Taxonomy of allergy-relevant bee species. As the taxonomy of the order Hymenoptera is highly complex, only a selection 
of allergy-relevant taxa is shown. Only those species are included that are listed in the WHO/IUIS allergen nomenclature database. For 
taxonomic overview of allergy-relevant vespids (Vespidae) refer to the vespid venom chapter. The family Formicidae (ants) also contains 
species with relevance for Hymenoptera venom allergy.

F I G U R E  1 2 7 The honeybee and the 
bumblebee 
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8/9 (Api m 11), vitellogenin (Api m 12) and protease (Bom t 4, Bom 
p 4). An overview of the honeybee and bumblebee venom allergens, 
which are presently listed in the WHO/IUIS allergen nomenclature 
official database, is given in (Table 60).

3 – Sensitization to individual molecules and their 
clinical relevance

Approximately 9 to 42% of the adult population shows a sensitiza-
tion to Hymenoptera venom (including bees and vespids) without 
previous history of a sting reaction.1275,1690 As the presence of spe-
cific IgE (sIgE) does not necessarily imply clinically relevant venom 
allergy, for most of these patients it is likely that the sensitization 
is asymptomatic. A recent study showed that baseline sIgE levels 
to bee venom, vespid venom, rApi m 1, and rVes v 5 did not differ 
between asymptomatically sensitized subjects, allergic patients, and 
VIT-treated patients.1276

The prevalence of systemic reactions to Hymenoptera stings 
among adults ranges between 0.3 and 7.5%.1275,1277 The prevalence 
of sensitization to HBV is related to the degree of exposure. Thus, 
the frequency of honeybee venom allergy is higher in rural than in 
urban populations and especially beekeepers and their family mem-
bers are at a higher risk for honeybee venom allergy.1278

Previous analyses of the sensitization to individual allergens 
using native purified allergens or immunoblots with venom extracts 
are only partially reliable due to the interference of clinically irrele-
vant IgE antibodies directed against CCDs, N-linked glycan struc-
tures present on several Hymenoptera venom allergens. Nowadays, 
advanced recombinant strategies allow the production of correctly 
folded allergens, devoid of carbohydrate-based cross-reactivity, 
which allow the elucidation of the role of particular allergens be-
yond clinically irrelevant cross-reactivity.1279 Thus, reliable data on 
sensitization rates are available for several HBV allergens (Table 59).

Detailed data on sensitization rates in HBV-allergic individu-
als are available for Api m 1 (57-97%), Api m 2 (28-60%), Api m 3 

F I G U R E  1 2 9 Structures of selected relevant honeybee venom allergens. α-helices, β-strands and coiled regions are shown in red, blue 
and grey, respectively. The structures of Api m 1 (PDB: 1POC) and Api m 2 (PDB: 1FCU) were solved by crystallography. All other structures 
were generated by structural modeling. 

F I G U R E  1 2 8 Annotated allergens of 
honeybee (A. mellifera) and bumblebee (B. 
terrestris) venom. For HBV, only selected 
allergens with proven high relevance 
are depicted. Allergens from the same 
protein family are shown in identical 
colors. 

TA B L E  5 9 Most relevant allergens of honeybee (A. mellifera) venom

Api m 1  

Api m 2  

Api m 3  

Api m 4  

Api m 5  

Api m 10  

57-97 87, 101, 1301, 1302, 1304, 1681, 1682, 1683, 1684, 1685, 1686, 1687, 1688, 1689

28-60 87,101, 1302, 1304, 1681, 1683, 1688, 1689

28-63 87,101, 1681, 1689

17-54 87,101, 1281, 1688

16-70 87,101, 1681, 1688

35-73 87,101,99, 1681, 1688

Phospholipase A2  

Hyaluronidase  

Acid phosphatase  

Melittin  

Dipeptidyl peptidase IV  

Icarapin  

16  

39  

43  

3  

100  

50-55  

Biochemical nameAllergenic molecule Prevelance among patients (%) Molecular weight (kDa)
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(28-63%), Api m 4 (17-54%), Api m 5 (16-70%), and Api m 10 (35-73%), 
which seem to be the most relevant allergens of HBV (Table 59). Of 
note, the obtained sensitization rates may vary strongly based on 
the inclusion criteria of the patient population (e.g., mono-sensitized 
patients versus patients sensitized to different venoms, geograph-
ical differences or the method used for sIgE detection)1280. Other 
allergens of HBV are less well characterized. However, preliminary, 
partially unpublished data suggest rather a role as minor allergens. 
Nevertheless, such allergens may be of special relevance for selected 
patients. HBV-allergic patients exhibit a wide variety of sensitization 
profiles to the different HBV allergens.87

To date, available studies do not allow a final conclusion if par-
ticular sensitization profiles might correlate with the severity of the 
disease. One prospective study found that Api m 4 sensitization 
(sIgE > 0.98 kU/L) may be a risk factor for systemic reactions during 
the initiation phase of venom-specific immunotherapy (VIT) and for 
more severe systemic reactions after a honeybee sting.1281 Another 
allergen that is an interesting candidate as marker for personalized 
risk assessment in VIT is Api m 10. A retrospective multicenter study 
of VIT-treated HBV-allergic patients showed that a dominant Api m 
10 sensitization (defined as >50% of sIgE to whole HBV) represents 
a relevant risk factor for treatment failure.101 Although the role of 
particular allergens in allergic reactions and tolerance induction is 
not finally understood, the knowledge of sensitization profiles in the 
future may allow a better risk stratification in VIT and thus person-
alized treatment.

The HBV allergens Api m 1, Api m 3, Api m 4 and Api m 10 can be 
considered as marker allergens, which in combination with vespid phos-
pholipases A1 (Ves v 1/ Pol d 1) and antigens 5 (Ves v 5 / Pol d 5), allow 
to discriminate between HBV and yellow jacket / wasp venom allergy 

(Figure 130). Component-resolved diagnostics (CRD) is highly valuable 
for adequate diagnosis, particularly in double-sensitized patients or in 
those who were not able to identify the stinging Hymenoptera species. 
While the hyaluronidase Api m 2 is a major allergen of HBV, the homol-
ogous allergens of yellow jacket venom (YJV) (Ves v 2) and European 
paper wasp (Polistes dominula) venom (PDV) (Pol d 2) seem to be of 
minor allergologic relevance in vespid venom allergy. Moreover, cross-
reactivity beyond CCDs between Api m 2 and its vespid homologues 
is limited (Figure  130). Hence CCD-free Api m 2 may contribute as 
marker allergen to detect primary HBV sensitization. By contrast, the 
HBV DPPIV Api m 5 exhibits pronounced cross-reactivity with its ho-
mologues of YJV and PDV (Ves v 3 and Pol d 3). Additionally vitellogen-
ins (Api m 12 and Ves v 6) contribute to cross-reactivity between HBV 
and YJV (Figure 130).

4 – Clinical management

Clinical diagnosis
The diagnosis of bee venom allergy comprises the patient history 

of a systemic sting reaction, a positive skin test response and/or the 
detection of venom-sIgE antibodies.

Patient history:
One focus of taking the patient history should be the identifica-

tion of the culprit insect. An important factor for the identification 
of honeybees is that they are the only stinging Hymenoptera species 
that nearly always leaves their stinger with adherent venom sac in 
the skin of the victim. However, several patients are not able to dis-
criminate between honeybee and vespid stings, so that the results of 
patient's history often remain inconclusive.

TA B L E  6 0 Overview of the bee venom allergens, which are presently listed in the WHO/IUIS allergen nomenclature official database

Bom p 1, Bom t 1  

Bom p 4, Bom t 4  

Api m 1, Api c 1, Api d 1  

Api m 2  

Api m 3  

Api m 4  

Api m 5  

Api m 6  

Api m 7  

Api m 8  

Api m 9  

Api m 10  

Api m 11.0101  

Api m 11.0201  

Api m 12  

Phospholipase A2  

Protease  

Phospholipase A2  

Hyaluronidase  

Acid phosphatase  

Melittin  

Dipeptidyl peptidase IV  

Protease inhibitor  

CUB serine protease  

Carboxylesterase  

Serine carboxypeptidase  

Icarapin  

Major royal jelly protein 8  

Major royal jelly protein 9  

Vitellogenin  

16  

27

16  

39  

43  

3  

100  

8  

39  

70  

60  

50-55  

45  

46  

200  

Biochemical nameAllergenic molecule Molecular weight (kDa)

Bumblebees (Bombus pensylvanicus, B. terrestris)

Honeybees (Apis mellifera, A. cerana, A. dorsata)
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Moreover, patient history should consider information on num-
ber and date of sting reactions, severity of symptoms and the time 
between sting and the onset of symptoms as well as the assessment 
of potential risk factors such as medication, cardiovascular risks and 
other diseases such as mast cell disorders.

Skin tests:
Skin tests are performed as prick test and/or intradermal test 

with commercial honeybee venom and vespid venom extract at least 
2 weeks after the sting reaction to avoid possible false-negative re-
sults during the refractory period. For more detailed information 
please refer to the vespid venom chapter.

Baseline serum tryptase:
It is recommended to determine the baseline tryptase level in all 

patients with a history of a systemic reaction after a Hymenoptera 
sting to identify patients at higher risk of developing severe reac-
tions due to undiagnosed clonal mast cell disorders. Adult patients 
with mast cell disorders and/or elevated baseline serum tryptase are 
not only at risk of more severe reactions following stings but in some 
studies are also considered a risk population during VIT for a lower 
clinical efficacy and/or a greater occurrence of side effects.

It is noteworthy that even in the presence of normal tryptase 
level, patients with severe anaphylaxis (and absence of urticaria 
or angioedema) due to stings may suffer from clonal mast cell dis-
orders. Vice versa, high tryptase levels can also be found in other 
conditions (e.g., hematologic malignancies, parasitic infections, end-
stage chronic renal disease, aneurysms of the abdominal aorta, he-
reditary alpha-tryptasemia).

IgE testing:
Total IgE: Although it is not generally recommended in the guide-

lines, the measurement of total IgE (tIgE) levels in combination with 
sIgE test results can be useful to improve and simplify interpretation. 

This is particularly relevant in connection with very low sIgE lev-
els, since each sIgE level has a different relevance if produced in an 
environment with high or low tIgE values. In 54% of Hymenoptera 
venom-sensitized individuals, the ratio of sIgE/tIgE was >4%.1282 
Thus, in the clinical management of bee venom allergy, the measure-
ment of tIgE can provide guidance to the clinician in the context of 
the ratio sIgE/tIgE.

Specific IgE to venom extracts and individual venom allergens:
Specific IgE measurements to honeybee and vespid venom ex-

tracts might show multiple positive test results due to sensitization 
to multiple venoms or to the presence of sIgE to CCDs or homolo-
gous allergens present in different venoms. Results might be neg-
ative due to the underrepresentation of particular allergens in the 
extract, or a higher sensitivity of individual components. While this 
has convincingly been demonstrated for Ves v 5 and YJV extract (see 
chapter on vespid venom allergy), conflicting results were reported 
in two studies that have addressed this issue in HBV allergy.1283,1284

Specific IgE detection to BBV could be useful in patients heav-
ily exposed to bumblebee stings. Although major allergens of BBV 
and HBV are cross-reactive, additional species-specific epitopes are 
present due to an incomplete sequence identity.

Specific IgE measurements to CCD marker molecules such as MUXF 
can be used to confirm the presence of CCD-sIgE antibodies as rea-
son of multiple positive test results. However, since CCD-sIgE and 
allergen-sIgE might be present, the detection of CCD-sIgE alone 
does not allow the exclusion of sensitization to protein epitopes of 
multiple venoms.

CRD using CCD-free individual allergens is recommended: (A) In 
case of multiple positive test results with different venoms to dis-
criminate between true sensitization and cross-reactivity. (B) For 
diagnosis in patients with inconclusive patient history to identify the 

F I G U R E  1 3 0 Cross-reactivity of honeybee venom allergens and their homologues from vespid venom. Potentially cross-reactive 
and marker allergens for the discrimination between primary honeybee and vespid venom sensitization are shown in black and green, 
respectively. Of note, vespid phosholipases A1 (Ves v 1 and Pol d 1) and antigens 5 (Ves v 5 and Pol d 5) can serve as marker allergens to 
descriminate between vespid and honeybee venom allergy but are highly cross-reactive among each other (green arrows). Black solid arrows: 
highly cross-reactive; black dotted arrows: limited cross-reactivity; grey arrows: cross-reactive, but detailed studies on its degree are missing. 
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culprit insect(s). (C) In case of negative test results with different 
venoms despite a convincing clinical history due to potentially en-
hanced sensitivity of the CRD.

The allergens Api m 1, Api m 3, Api m 4 and Api m 10 can be con-
sidered as marker allergens for genuine HBV sensitization. Together 
with marker allergens for vespid venom sensitization Ves v 1 / Pol d 
1 and Ves v 5 / Pol d 5 they are useful tools to elucidate primary sen-
sitization, particularly in patients with double-positive test results 
who were not able to identify the culprit insect or in cases of in-
consistent clinical history and test results with venom extracts. Due 
to the limited cross-reactivity between CCD-free recombinant Api 
m 2 and its vespid homologues, Api m 2 may contribute as marker 
allergen to detect primary HBV sensitization. However, as cross-
reactivity and, hence, primary sensitization to vespid venom cannot 
be excluded with absolute certainty, Api m 2-sIgE has to be inter-
preted with care and seen in the context of clinical history. This is of 
particular importance as the vespid homologues and thus compara-
tive sIgE measurements are not available for clinical routine diagnos-
tics. Due to the extended cross-reactivity between Api m 5 and its 
vespid homologues, sIgE to Api m 5 cannot be considered as reliable 
marker for primary HBV allergy. However, sIgE to Api m 5 can be a 
confirmatory marker in patients with double-positive skin tests and/
or sIgE to HBV and YJV/ PDV, who have an indicative history of HBV 
allergy. Again, the vespid homologues are not available for compara-
tive measurements in clinical routine. A diagnostic algorithm for the 
interpretation of sIgE test results in CRD to discriminate between 
primary HBV and vespid venom allergy or to prove true primary sen-
sitization to different venoms is given in (Figure  131). To date, no 
individual BBV allergens are available for routine diagnostics.

Cellular tests:
When skin tests and sIgE measurements yield negative results 

in patients with a systemic anaphylactic reaction, additional cellular 
tests, such as basophil activation, are recommended and have shown 
additional benefits when used together with allergen components 
(for more detailed information about cellular tests please refer to the 
chapters about vespid venom allergy and basophil activation testing).

Sting challenge:
A sting challenge with a living insect is not recommended as di-

agnostic tool in untreated patients and should serve only as control 
of success of venom immunotherapy. For more detailed information 
refer to the vespid venom chapter.

Prevention and Therapy
Avoidance of bee stings:
Although some behavioral rules exist that might contribute to 

minimizing the existing risk, avoiding stings completely is challeng-
ing. These rules include: avoidance of perfumes and floral or bright 
colored clothing, careful outdoor eating and drinking, wearing shoes 
outside, avoidance of swatting to bees, keeping windows of the ve-
hicle closed and staying away from beehives.

Pharmacotherapy (emergency kit):
Due to the risk of severe reactions, patients allergic to bee venom 

should carry an emergency kit including an adrenaline autoinjector 

for self-administration, especially during the bee season. Although, 
this is a highly debated issue, according to current guidelines, also 
patients with previous severe allergic reactions who have success-
fully undergone immunotherapy are recommended to carry an 
emergency kit to eliminate a remaining risk.

Specific immunotherapy:
HBV VIT is recommended in children and adults with docu-

mented sensitization to HBV either by skin test and/ or sIgE tests 
and a history of a systemic sting reaction exceeding general skin 
symptoms as well as in adults with generalized skin symptoms if 
quality of life is impaired. VIT is not indicated when neither skin test-
ing nor sIgE indicate a sensitization nor for patients with large local 

F I G U R E  1 3 1 Diagnostic algorithm for component-resolved 
diagnostics of honeybee venom (HBV) and yellow jacket venom 
(YJV) allergy. This algorithm can also be used to discriminate 
between HBV and P. dominula venom (PDV) allergy using the PDV 
homologues of Ves v 1 and Ves v 5, Pol d 1 and Pol d 5. A plus 
indicates a positive and a minus a negative test result. 1 The HBV 
allergens Api m 2 and Api m 5 show potential cross-reactivity to 
homologous allergens of YJV and PDV that are not commercially 
available, so that a positive test result does not necessarily exclude 
YJV or PDV allergy. Despite the potential of component-resolved 
diagnostics, clinical history, skin tests and the measurement of 
venom-sIgE and serum tryptase build an indispensable basis for 
accurate diagnosis in Hymenoptera venom allergy. Moreover, 
cellular tests such as basophil activation test (BAT) may be helpful 
in dissecting double-positive or double-negative test results.
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or unusual reactions.1285 In addition, incidental positive sIgE results 
in a multiplex test are not an indication for VIT without relevant clin-
ical history of a systemic sting reaction.

HBV also seems to be sufficient in nonprofessionally exposed 
BBV-allergic patients who most likely react on the basis of cross-
reactivity and a primary sensitization to HBV. By contrast, in heavily 
exposed greenhouse workers who are frequently stung by bumble-
bees a VIT with BBV would be preferable.1274 However, BBV routine 
therapeutic intervention is commercially not generally available and 
such approaches have only been reported in case reports. The suc-
cess of specific immunotherapy may be monitored by a sting chal-
lenge test with a live insect (see also chapter B21).

5 – Clinical cases

Case 1 (original)
History: Female, 40 years old, stung by unidentified insect in tip 

of the middle finger of the right hand. Within minutes generalized 
itching and urticaria, dyspnea and a feeling of tightness in the throat. 
Care by an emergency physician.

Skin prick test: HBV (100 μg/mL) and YJV venom (300 μg/mL) 
positive.

In vitro testing (conventional): tIgE 18.6 kU/L, sIgE to HBV 6.9 
kU/L, sIgE to YJV 1.3 kU/L, baseline tryptase 6.3 μg/L.

In vitro testing (molecular): sIgE to rApi m 1 5.7 kU/L, sIgE to rApi 
m 2 <0.1 kU/L, sIgE to Api m 3 <0.1 kU/L, sIgE to Api m 10 1.7 kU/L, 
sIgE to rVes v 1 <0.1 kU/L, sIgE to rVes v 5 <0.1 kU/L, sIgE to CCD 
(MUXF3) 2.4 kU/L.

Diagnosis: Sting anaphylaxis with HBV sensitization, cross-
reactivity to YJV likely due to CCD-sIgE.

Recommendation: VIT with HBV extract, emergency kit with 
adrenaline autoinjector.

Case 2 (original)
History: Male, 52 years old, history of 3 episodes of severe ana-

phylactic reactions (1 after a honeybee sting and 2 after yellow 
jacket stings).

Intradermal skin test: HBV (0.001 μg/mL) and YJV (0.01 μg/mL) 
positive.

In vitro testing (conventional): tIgE 15 kU/L, sIgE to HBV <0.1 
kU/L, sIgE to YJV 1.1 kU/L, baseline tryptase 18.9 μg/L.

In vitro testing (molecular): sIgE to rApi m 1 <0.1 kU/L, sIgE to 
rApi m 2 <0.1 kU/L, sIgE to rApi m 3 1.28 kU/L, sIgE to rApi m 10 
0.37 kU/L, sIgE to rVes v 1 1.99 kU/L, sIgE to rVes v 5 1.53 kU/L, sIgE 
to CCD (MUXF3) <0.1 kU/L.

Diagnosis: Sting anaphylaxis with HBV and YJV sensitization, el-
evated baseline serum tryptase.

Recommendation: VIT with HBV and YJV extracts, emergency 
kit with adrenaline autoinjector.

Case 3 (original):
History: Male, 45 years old, stung by an unidentified insect in the 

neck, within minutes generalized itching, dyspnea, loss of conscious-
ness. Care by an emergency physician.

Skin prick test: HBV (100 μg/mL) and YJV (100 μg/mL) positive.
In vitro testing (conventional): tIgE 360 kU/L, sIgE to HBV 23.6 

kU/L, sIgE to YJV 4.3 kU/L, baseline tryptase 3.1 μg/L.
In vitro testing (molecular): sIgE to rApi m 1 10.9 kU/L, sIgE to 

rApi m 2 2.51 kU/L, sIgE to Api m 3 <0.1 kU/L, sIgE to Api m 5 2.31 
kU/L, sIgE to Api m 10 <0.1 kU/L, sIgE to rVes v 1 <0.1 kU/L, sIgE to 
rVes v 5 7.4 kU/L, sIgE to CCD (MUXF3) <0.1 kU/L.

Diagnosis: Sting anaphylaxis with HBV and YJV sensitization.
Recommendation: VIT with HBV and YJV extracts, emergency 

kit with adrenaline autoinjector.

6 – Research and future perspectives

The increasing knowledge of the identity of relevant Hymenoptera 
venom allergens and the availability of their recombinant CCD-free 
counterparts has led to the development of an advanced CRD in 
venom allergy. The currently available CRD is a valuable tool to re-
solve cross-reactivity and primary sensitization; particularly to dis-
criminate between HBV and vespid venom allergy. At this stage, a 
limitation of CRD in clinical routine is the unavailability of homolo-
gous allergen pairs from HBV and vespid venoms that would allow 
comparative sIgE measurements facilitating the evaluation of ob-
tained test results.

Modern molecular allergology may pave the way towards 
novel future diagnostic and therapeutic techniques such as the 
use of recombinant allergens for skin testing or VIT, even though 
these options may not become available for clinical practice in 
the near future due to high regulatory demands for this kind of 
applications.

Additionally, there is some evidence that some allergens and 
patients' sensitization profiles may act as biomarkers to identify 

Tips for the use of molecular diagnostics for 
honeybee venom allergy

•	 Api m 1, Api m 3, Api m 4 and Api m 10 are marker aller-
gens to detect primary sensitization to honeybee venom 
(to dissect honeybee and vespid venom allergy).

•	 Exceptions: No marker allergens are available to dis-
criminate between primary honeybee and bumblebee 
venom allergy.

•	 sIgE to Api m 1, Api m 3, Api m 4 and Api m 10 indicates 
primary bee venom allergy.

•	 sIgE to Api m 2 may be a helpful marker to detect pri-
mary bee venom allergy. Interpret results with care in 
the context of clinical history.

•	 sIgE to Api m 5 does not exclude primary vespid venom 
allergy.
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particular risk factors in venom allergy. However, further prospec-
tive studies are crucial to verify whether allergens such as Api m 
4, Api m 10 or others are reliable markers to predict severe side-
effects during VIT and/or an elevated risk for treatment failure in 
bee venom allergy.

Nevertheless, the ongoing identification and characterization of 
Hymenoptera venom allergens as well as the growing availability of 
allergens for CRD will open new perspectives for accurate and per-
sonalized patient management and, hence, for precision medicine in 
Hymenoptera venom allergy.
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B21 – Wasp Venom Allerg y

Maria Beatrice Bilò, Thilo Jakob, Markus Ollert, Simon 
Blank

Highlights

•	 In yellow jacket venom allergy, CRD is a valuable tool since the di-
agnostic sensitivity of a combination of the recombinant allergens 
rVes v 5 and rVes v 1 is very high. In addition, rVes v 5 and rVes 
v 1 are marker allergens for vespid venom sensitization and allow 
an excellent discrimination between honeybee and vespid venom 
sensitization in double-sensitized patients.

•	 Among paper wasp allergens, Pol d 5 is currently available for 
routine diagnosis of paper wasp venom allergy on most common 
sIgE singleplex platforms, while Pol d 1 is exclusively available on 
multiplex platforms.

•	 CRD currently offers only limited value in case of double/multiple 
positivity to vespid venoms. Currently, there are no marker aller-
gens available that allow discrimination between yellow jacket 
and Polistes venom sensitization.

•	 There are no marker allergens available that allow discrimination 
between primary yellow jacket and hornet venom sensitization.

•	 Together with a better knowledge of the molecular composition 
of different venom extracts and more recombinant vespid aller-
gens available, CRD may contribute to optimize patient-tailored 
immunotherapy.

1 – The allergen sources

The Vespidae family is composed of the Vespinae subfamily, includ-
ing the genera Vespula (V. germanica, V. vulgaris, V. pensylvanica, V. 
maculifrons, V. flavopilosa, V. squamosa, V. vidua), Dolichovespula (D. 
maculata, D. arenaria, D. saxonica, D. media), and Vespa (V. crabro, V. 
orientalis, V. velutina nigrithorax, V. magnifica, V. mandarinia) and the 
subfamily Polistinae, which includes the genus Polistes (P. dominula, P. 
gallicus, P. exclamans, P. annularis, P. fuscatus), and Polybia (P. paulista, 
P. scutellaris) (Figure 132). The Formicidae family contains the allergy-
relevant stinging ant species Solenopsis spp., Myrmecia pilosula and 
Pachycondyla chinensis, which are not covered by this chapter.

Vespula (called wasps in Europe, yellow jackets in the USA) are 
the most important species in Europe (Figure  132). In southern 
Europe, in addition to Vespula,1286 hornets are a frequent cause of 
allergic reactions (genus Vespa), including the most widespread spe-
cies Vespa crabro. In 2005, Vespa velutina nigrithorax, which is from 
Southeast Asia, was detected in the South of France. Vespa velutina 
is a predator of bees and is rapidly spreading from France to neigh-
boring countries. Anaphylactic reactions have been reported after 
Vespa velutina stings, with a variable degree of cross-reactivity with 
other vespids.1287

The species Polistes dominula and Polistes gallicus are European 
paper wasps; P. dominula has also spread to the northeastern United 

States and also been reported in Australia (Figure 133). The species 
Polistes exclamans, Polistes annularis and Polistes fuscatus are indig-
enous to North America and not present in Europe. Several of the 
European species of the vespid family differ from those found in 
the USA. Furthermore, popular names for vespids in the USA and 
Europe are different and may lead to confusion (Table 61).

The vespids and apids other than honeybee have stingers, which 
usually can be extracted from their victims, thus enabling them to 
sting several times consecutively.

2 – Allergen families and allergenic molecules

Vespid venoms are complex mixtures of powerful allergens and 
pharmacologically active compounds, primarily made up of proteins. 
An overview of the Vespoidea venom allergens, which are presently 
listed in the WHO/ IUIS allergen nomenclature official database, is 
given in Table 62.

The main marker allergens for yellow jacket (Vespula vulgar-
is—VV) and European paper wasp (Polistes dominula) sensitization 
have been identified in phospholipase A1 (PLA1) (Ves v 1 and Pol d 
1) and antigen 5 (Ves v 5 and Pol d 5), respectively (Figures 134 and 
135). PLA1 and antigen 5 have been described as relevant venom 
allergens also in hornets.

The PLA1 allergens of different Vespula species among the 
Paravespula genus share sequence identity of approximately 95% 
and are thought to be almost completely cross-reactive, while se-
quence identity is around 70% with the American species V. squa-
mosa and V. vidua belonging to a different subgenus.1288 Sequence 
identity between yellow jacket venom (YJV) PLA1 Ves v 1 and 
hornet venom Vesp c 1 is around 71%. In summary, all PLA1s are 
structurally similar and cross-reactivity can be observed between 
PLA1s of most Vespoidea species,1289,1691,1692 making their use diffi-
cult for discrimination between allergies to these species. Although 
catalyzing a related enzymatic reaction, vespid PLA1 allergens share 
neither sequence identity nor structural similarity with PLA2 aller-
gens from bee venoms. Therefore, PLA1 and PLA2 represent marker 
allergens that allow discrimination between primary vespid and bee 
venom sensitization.

As PLA1, antigen 5 (Ag5) allergens are highly abundant proteins 
in most Vespoidea venoms, belonging to the CAP (cysteine-rich 
secretory proteins, antigen 5, and pathogenesis-related 1 proteins) 
superfamily, even though their function within the venom remains 
largely unclear. While Ag5 sensitization represents a clear marker 
for vespid venom allergy, the Ag5 allergens of various Vespoidea 
species display pronounced structural similarity and cross-reactivity 
in specific IgE (sIgE) measurements as well as using BAT,213 thus pre-
venting them to differentiate between allergies to these species. On 
the other hand, CAP inhibition and immunoblotting-based studies 
showed that those techniques remained inconclusive in about 50% 
of patients with systemic reactions by European hornet stings, sug-
gesting that sensitization against hornet Ag5 is relevant and genuine 
at least in a subgroup of patients.1290
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Hyaluronidases are common components of vespid venoms (e.g., 
Ves v 2 and Pol d 2). In YJV an enzymatically active (Ves v 2.0101) 
and an inactive (Ves v 2.0201) hyaluronidase were identified that 
share sequence identity of 59%, whereby the latter seems to be the 
predominant isoform.1291 The extent of cross-reactivity between 
YJV hyaluronidases and their homologue of P. dominula venom (Pol 
d 2) so far remains elusive. By contrast, cross-reactivity between 
vespid hyaluronidases (Ves v 2, Pol d 2) and honeybee venom (HBV) 
hyaluronidase (Api m 2) beyond cross-reactive carbohydrate (CCD) 
reactivity seems to be limited (Figure 136) (see chapter B20).

Significant progress has been achieved mainly by proteomic ap-
proaches in identifying important allergens of low abundance. The 
genes of the 100 kDa dipeptidyl peptidases IV (DPPIV) from YJV 
(Ves v 3) and Polistes dominula venom (Pol d 3), a new class of ho-
mologous and cross-reactive Hymenoptera venom enzymes, were 
identified.214,1293 While in YJV DPPIV catalyzes the reaction from 
promastoparan to mastoparan,1292 the substrate of Polistes do-
minula venom (PDV) DPPIV remains unclear (the insects probably 
protect themselves against toxic effects of the peptide substrates). 
Ves v 3 and Pol d 3 share sequence identity of 76%, resulting in 

F I G U R E  1 3 2 Taxonomy of allergy-relevant vespid species. As the taxonomy of the order Hymenoptera is highly complex, only a 
selection of allergy-relevant taxa is shown. Only selected species with particular relevance for allergy are included. For taxonomic overview 
of allergy-relevant bees (Apidae) refer to the bee venom chapter. The family Formicidae (ants) also contains species with relevance for 
Hymenoptera venom allergy.
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extensive cross-reactivity.214 Additionally, DPPIV allergens of ves-
pid venoms exhibit high cross-reactivity with HBV DPP IV (Api m 5) 
(Figure 136) and are therefore of no diagnostic value to discriminate 
between genuine VV and HBV sensitization. The same holds true 
for the 200 kDa vitellogenins Api m 12 and Ves v 6, that were de-
scribed as novel pair of highly cross-reactive pan-allergens of HBV 
and VV1293. Other less studied allergens such as serine protease 
(Pol d 4) of PDV might represent additional marker allergens,1294 
but clinical data supporting this claim are still missing. Moreover, 
a recent study elucidated the venomes of P. dominula and Vespula 
spp. (V. germanica, V. vulgaris) and identified new allergen candi-
dates such as icarapin-like protein and phospholipase A2.1295

3 – Sensitization to individual molecules and their 
clinical relevance

Reliable data on sensitization rate are available for many vespid al-
lergens with different values (Table 63). In fact, these sensitization 
rates depend on many factors, like the test used for IgE detection, 
the inclusion criteria of the assessed patient population, an unam-
biguous identification of the allergy-eliciting insect by the patient 
as well as geographical differences. Moreover, differences can be 
observed in mono-sensitized (MS) and double-sensitized (DS) pa-
tients, as sensitization rates to individual HBV and YJV allergens are 

lower in patients MS to the respective venoms compared with HBV/
YJV-DS patients.87

IgE sensitization to YJV Ves v 1 ranges between 39% and 66% in 
different populations of YJV-allergic patients,87,1283,1296–1298 and is 
higher in YJV/HBV-DS compared with YJV-MS patients.87

Sensitization to Ves v 5 has been found in 82% to 98% of patients 
with a history of YJV allergy.87,213,1296–1302,1304 Sensitization to Ves v 
2 was reported only in 5-25% of YJV allergic patients and mostly di-
rected against the cross-reactive carbohydrate determinants (CCD). 
The IgE protein reactivity was mostly directed against the enzymat-
ically inactive isoform Ves v 2.0201.1303 Sensitization to Ves v 3 and 
Ves v 6 is less investigated but was found in 57% and 39% of YJV 
allergic patients, respectively.1293

Concerning diagnostic sensitivity, the addition of Ves v 1 to Ves 
v 5 increased sensitivity of CRD of YJV allergy in the range of 4% 
to 11% depending on the study populations.1296–1300, 1302,1304 Since 
both rVes v 5 and rVes v 1 are commercially available for diagnostic 
purposes, in YJV allergy CRD is valuable and can be used to exclude 
unspecific sensitization due to cross-reactive carbohydrate determi-
nants (CCDs).

Nevertheless, rVes v 1 and 5 failed to diagnose 2-8% of subjects 
with established allergy1300, thus probably indicating the need to 
add more allergens.

The sensitization rate to Pol d 1 was found to be 87% in a Spanish 
population of PDV/YJV-DS patients.1289 More recently, Pol d 1 has 

F I G U R E  1 3 3 The yellow jacket and 
the paper wasp 

TA B L E  61 Vespid species in the USA and Europe

Polistes  

Vespula  

Dolichovespula  

Vespa  

Europe Europe USA USA

Wasp    

Wasp  

Wasp  

European Hornet  

Paper wasp  

Yellow jacket  

Hornet  

Hornet  

Gallicus  

Dominula

 

Vulgaris  

Germanica  

Rufa  

Media  

Saxonica  

Crabro  

Orientalis  

Velutina nigrithorax  

Annularis  

Fuscatus  

Exclamans

Vulgaris  

Germanica  

Maculifrons  

Maculata  

Arenaria  

Crabro   

SpeciesGenus Popular name Species Popular name
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TA B L E  6 2 Overview of the Vespoidea venom allergens, which are presently listed in the WHO/IUIS allergen nomenclature official 
database

Pol a 1, Pol e 1  

Pol a 2  

Pol e 4  

Pol a 5, Pol e 5, Pol f 5, Pol m 5  

 Pac c 3  

Myr p 1 

Myr p 2  

Myr p 3  

Pol d 1, Pol g 1  

Pol d 2  

Pol d 3  

Pol d 4  

Pol d 5, Pol g 5  

Sol i 1  

Sol i 2, Sol g 2, Sol r 2, Sol s 2  

Sol i 3, Sol r 3   

Sol g 3, Sol s 3  

Sol i 4, Sol g 4  

Vesp c 1, Vesp m 1, Vesp v 1  

Vesp ma 2  

Vesp c 5, Vesp ma 5; Vesp m 5, Vesp v 5 

Poly p 1  

Poly p 2  

Poly p 5, Poly s 5 

Dol m 1  

Dol m 2  

Dol a 5, Dol m 5  

Ves v 1, Ves m 1, Ves s 1  

Ves v 2.0101, Ves m 2  

Ves v 2.0201  

Ves v 3  

Ves v 5, Ves f 5, Ves g 5, Ves m 5, Ves p 5, 

Ves s 5, Ves vi 5  

Ves v 6  

Phospholipase A1  

Hyaluronidase  

Serine protease  

Antigen 5  

Antigen 5  

Pilosulin-1  

Pilosulin-3  

Pilosulin-4.1  

Phospholipase A1  

Hyaluronidase  

Dipeptidyl peptidase IV  

Serine protease  

Antigen 5  

Phospholipase A1  

Unknown  

Antigen 5  

Unknown  

Unknown  

Phospholipase A1  

Hyaluronidase  

Antigen 5  

 Phospholipase A1  

Hyaluronidase  

Antigen 5  

Phospholipase A1  

Hyaluronidase  

Antigen 5  

Phospholipase 

A1  Hyaluronidase  

Hyaluronidase (inactive)  

Dipeptidyl peptidase IV  

Antigen 5  

Vitellogenin  

34  

38  

33  

23  

23  

7.5/5.5  

8.5/2-4  

8.2  

34  

50  

100  

33  

23/24  

18  

14/13/13/13  

26/24  

24  

12  

34/34/36  

35  

23/25/23/23  

34  

33  

23/21 

 

34  

42  

23  

34  

45/46  

45    

23  

200  

Biochemical nameAllergenic molecule Molecular weight (kDa)

American paper wasps (Polistes annularis, P. exclamans, P. fuscatus, P. metricus)

Asian needle ant (Pachycondyla chinensis)

Australian jumper ant (Myrmecia pilosula)

European paper wasps (Polistes dominula, P. gallicus) 

Fire ants (Solenopsis invicta, S. geminata, S. richteri, S. saevissima)

Hornets

Polybia wasps (Polybia paulista, P. scutellaris)

Yellow hornet, White-faced hornet (Dolichovespula arenaria, D. maculata)

Yellow jackets

been demonstrated as the most frequent Polistes allergen in Italian 
allergic patients. In fact, Pol d 1 sensitization was present in 97% 
(DS) to 100% (MS) of 128 PDV-positive patients. Moreover, it was 
frequently involved in case of positivity to a single PDV allergen 

(48% in DS and 80% in MS patients), and it was positive in 95% of Pol 
d 5-negative subjects.1305

Sensitization to Pol d 5 was found in 69-72% of Spanish PDV/
YJV-DS patients, while it was observed in 53% and 20% in the DS 
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and MS Italian group, respectively.1305 Less is known about sIgE sen-
sitization to Pol d 2.

Preliminary unpublished data suggest a sensitization rate of 
approximately 25% in PDV-allergic patients.1306 Primary sensitiza-
tion to Pol d 2 may induce cross-reactivity with Api m 2 and Ves 
v 2.0201. However, only very few Api m 2-reactive patients show 
sIgE to Pol d 2.

Sensitization to Pol d 3 is less investigated but was found in 66% 
of PDV-allergic patients, respectively.214 In the South of Europe dou-
ble sensitization to either Vespula or Polistes species is more fre-
quent than that of Vespula and honeybee.1307,1308 Although Polistes 
venom is devoid of CCDs,1309 a definite discrimination may be dif-
ficult due to the high degree of cross-reactivity between the major 

allergens of these venoms and to the absence of marker allergens 
available213 (Figure 137).

Finally, no data are available on the correlation between certain 
molecular sensitization profiles to vespid allergens and severity of 
the sting reaction, increased risk of VIT failure (during or after its 
discontinuation) or of side effects.

4 – Clinical management

Clinical diagnosis
The goal of vespid allergy diagnostics is to classify the type of 

reaction, to confirm an IgE-mediated pathogenesis, and to identify 

F I G U R E  1 3 4 Annotated allergens 
of yellow jacket (Vespula vulgaris) and 
European paper wasp (Polistes dominula) 
venom. Only selected allergens with 
proven high relevance are depicted. 
Allergens from the same protein family are 
shown in identical colors. 

F I G U R E  1 3 5 Structures of selected vespid venom allergens. Structures were generated by either X-ray diffraction or structural 
modelling. α-helices, β-strands and coiled regions are shown in red, blue, and grey, respectively. 
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the culprit insect. Currently it is based on clinical history, skin tests 
and measurement of sIgE antibodies to vespid venom.1275

As venom sensitization is found in up to 40% of history-negative 
persons, only those with a history of a previous systemic sting reac-
tion (SR) are in general eligible for diagnostic testing.1275

Patient history:
The patient is asked to describe his/her symptoms and the 

course of the sting reaction, number of stings, clues as to the type 
of insect involved and individual risk factors for anaphylaxis.1286 It 
may be useful to show the patient an entomological notice board to 
facilitate the identification of the stinging insect.

Vespinae and Polistinae subfamilies are very similar, with dif-
ferences at the junction of the thorax and abdomen. Vespinae 
have a truncated junction while Polistinae are more oval in shape. 
Vespidae are almost hairless and have black and yellow striped 
abdomens.1286

In patients with a history of severe SR dermatological evaluation 
is recommended to rule out a possible diagnosis of cutaneous masto-
cytosis. In patients with an unclear or suggestive psychosomatic 

reaction, scrutiny of emergency room and ambulance records is 
recommended.1286

Skin tests:
The sensitivity of skin prick test (SPT) alone is estimated around 

64%, while a combination of SPT and intradermal testing (IT) reaches 
a 94% sensitivity,1286,1298 hence it is recommended to perform both 
tests sequentially.1275,1310

In case of negative skin tests but presence of a suggestive his-
tory of SR, cutaneous tests should be repeated after 1-2 months, 
along with serologic testing.

Standardized Hymenoptera venom products, including YJ and 
Polistes wasp venoms, are commercially available in many countries, 
being mixtures of the clinically relevant species for YJ (Vespula vul-
garis, V. flavopilosa, V. germanica, V. maculifrons, V. pensylvanica, V, 
squamosa) and American Polistes (Polistes annularis, P. exclamans, P. 
fuscatus, P. metricus) venom extracts.

Contrary to the USA, dialyzed bee and yellow jacket venoms are 
used for diagnosis and therapy in some European countries, allowing 
different diagnostic accuracy with respect to the use of un-dialyzed 

F I G U R E  1 3 6 Cross-reactivity of vespid allergens and their homologues from honeybee venom. Potentially cross-reactive and marker 
allergens for the discrimination between primary vespid venom and honeybee venom allergy are shown in black and green, respectively. 
Of note, vespid phosholipases A1 (Ves v 1 and Pol d 1) and antigens 5 (Ves v 5 and Pol d 5) can serve as marker allergens to discriminate 
between vespid and honeybee venom allergy but are highly cross-reactive among each other. Black solid arrows: highly cross-reactive; black 
dotted arrows: limited cross-reactivity; grey arrows: cross-reactive, but detailed studies on its degree are missing. 

TA B L E  6 3 Sensitisation rates to individual yellow jacket venom allergens and Polistes dominula/annularis venom allergens

Ves v 1   

Ves v 2   

Ves v 3   

Ves v 5   

Ves v 6   

Pol d 1   

Pol d 3   

Pol d 5      

Pol a 5  

39-66 87, 1283, 1296-1298

5-25 1303

57 1293

82-98 87, 213, 1296-1302, 1304

39 1293 

87 (nPol d 1) 1289 97-100 (rPol d 1) 1305    

66  (rPol d 3) 214    

69-72 (nPol d 1) 1289 20-53 (rPol d 1) 1305      

44 (r Pol a 5) 1289

Phospholipase A1B  

Hyaluronidase  

Dipeptidyl peptidase IV  

Antigen 5  

Vitellogenin  

Phospholipase A1  

Dipeptidyl peptidase IV   

Antigen 5      

Antigen 5  

34  

45  

100  

23  

200  

34  

33    

23  

Biochemical nameAllergenic molecule Sensitisation rate (%) Molecular weight (kDa)
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extracts.1311 In dialyzed venom, low molecular weight components 
(like histamine and components with histamine-releasing activ-
ity) smaller than 1000-3000 Dalton are removed. In view of lower 
cross-reactivity between venoms of the European and American 
species of Polistes1312 commercial preparations of European Polistes 
dominula venom are now available.1286 Even though a high cross-
reactivity between Vespula species venom and V crabro has been 
confirmed, a commercial extract of Vespa crabro is also available in 
some countries.1313

No recombinant venom allergens are commercially available for 
skin testing.

IgE testing:
Total IgE - Total IgE (tIgE) determination may be useful for appro-

priate interpretation of allergen-specific IgE, especially in the case of 
very low level of sIgE (see also the chapter about bee venom allergy).

Specific IgE to venom extracts and individual venom allergens:
Venom-sIgE can be detected immediately after the sting, but the 

optimal time point will be 1-4 weeks later.1275 The sensitivity of con-
ventional YJV sIgE assay using the whole extract ranges between 
83.4% and 91%, the newly developed YJV solid-phase assay comple-
mented with rVes v 5 having a higher sensitivity than the traditional 
YJV test.1296,1298

There is no correlation between the severity of sting reac-
tions and the concentration of venom sIgE to whole venom ex-
tracts1275,1310 as some patients with minimal or absent venom-sIgE 
antibodies can develop severe anaphylaxis.1310 According to a recent 
study, the severity of sting reactions was not associated with results 
obtained by skin testing, venom-ssIgE levels or even molecular sIgE 
testing.1314

Of note, negative sIgE and negative skin tests have been re-
ported in the past in up to 15% of patients with systemic masto-
cytosis and history of a systemic reaction to insect stings,1315 thus, 
restricting them from VIT. With the introduction of new methods in-
cluding CRD and parameters of evaluation in the diagnostic work-up, 
this diagnostic gap has been solved and sIgE can be detected in the 
vast majority of these patients.1297,1316 According to some studies, 
sIgE levels between 0.1 and 0.35 kUA/l should be considered rel-
evant in patients with a clear clinical history and low levels of tIgE, 
irrespective of the presence of mast cell diseases.1297,1316

A double in vitro positivity to YJV and Polistes venom is common 
in Mediterranean countries, much more frequent than to YJV/PDV 
and HBV1307,1308. While CRD is able to adequately distinguish aller-
gies to HBV and vespid venom (particularly YJV) (for more detailed 
information please refer to the bee venom chapter), this is not the 
case when a differentiation between allergies to various vespid ven-
oms is required (Figure 135).

A previous study demonstrated that the measurement of rela-
tive levels of sIgE to the phospholipases A1 (Ves v 1 and Pol d 1) 
and antigens 5 (Ves v 5 and Pol d 5) of YJV and PDV allowed the 
identification of the primary sensitizing venom in 67% of double-
sensitized allergic patients, while Vespula hyaluronidase was shown 
to have no additional value as regards the specificity of the assay. 
A subsequent study of a very small patient cohort showed that the 
detection of sIgE against the same four allergens could determine 
the correct venom for immunotherapy in the majority but not in all 
patients.1317 Therefore, the additional availability of these and other 
(e.g., dipeptidyl peptidases IV) cross-reactive allergens from vespid 
venoms for CRD would represent an added value for advanced pre-
cision diagnostics in venom allergy.1318

According to some studies, the gold standard to resolve double 
sensitization in PDV and YJV allergy are CAP-inhibition assays with 
PDV and YJV.1319–1321 Current limitations of the commercially avail-
able homologous allergens Pol d 5 and Ves v 5 to distinguish be-
tween YJV and PDV allergy in double-positive patients by CRD were 
demonstrated by the fact that a good accordance between Ag5-
based CRD and CAP-inhibition assays can only be achieved when 
the value of sIgE in kU/L to Ves v 5 is about twice of those to Pol d 
5 and vice versa.1319,1320 However, a later multicenter study did not 

F I G U R E  1 3 7 Diagnostic algorithm for component-resolved 
diagnostics of yellow jacket venom (YJV) and European paper wasp 
venom (PDV) allergy. A red minus indicates a negative and a green 
plus a positive test results. 1 Pol d 1 is currently only available 
for a selected multiplex sIgE platform. Despite the potential of 
component-resolved diagnostics, clinical history, skin tests and 
the measurement of venoms IgE and serum tryptase build an 
indispensable basis for accurate diagnosis in Hymenoptera venom 
allergy. Moreover, cellular tests such as basophil activation test 
(BAT) and CAP inhibition assays may be helpful diagnostic tools in 
dissecting primary sensitization. 
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find any agreement between CAP-inhibition test results and double 
sIgE values of Ves v 5 over Pol d 5 or vice versa.1321

So far, only the major allergens Ves v 1 (phospholipase A1) and 
Ves v 5 (antigen 5) of VV and Pol d 5 of PDV are available for routine 
molecular diagnostics on most commonly used sIgE singleplex assay 
platform, while Pol d 1 is exclusively available for multiplex testing.

No individual (European) hornet allergens are available for rou-
tine diagnostics.

Finally, an incomplete cross-reactivity between European and 
American paper wasps was demonstrated1308,1312 leading to the 
need to introduce, at least in Europe, the Polistes gallicus or dominula 
extract (the latter only being available in some European countries) 
into clinical practice for diagnostic and therapeutic purposes. The 
importance of the concept is also underlined by the possibility, as 
already reported, of lack of protection by immunotherapy with the 
American Polistes species venom mixture in European patients.1322 
Due to the increasing spread of Polistes dominula on several conti-
nents, associated diagnostic and therapeutic problems are likely to 
gain importance in other areas of the world.

For the use of species-specific marker allergens that help to dif-
ferentiate between HBV and vespid venom allergy, please refer to 
the chapter on bee venom allergy and the diagnostic algorithm de-
picted in (Figure 137).

IgE-inhibition test:
IgE-inhibition tests with whole venom extracts can be used 

in particular cases to detect the primary sensitizing venom in pa-
tients double-positive to venoms without marker allergens, e.g., 
YJV and PDV.1319–1321 However, IgE-inhibition tests are costly, time-
consuming and results occasionally difficult to interpret.1321

Cellular tests:
Among cellular tests, basophil activation test (BAT) is the most 

useful one and can be used as a diagnostic tool in some specific 
cases, especially if skin tests and sIgE antibodies to insect venom 
extracts are negative.1296,1323 BAT is also recommended in double-
positive patients with inconclusive recombinant or skin test double-
positive results, especially if the patient has had an anaphylactic 
reaction to only one insect.1324 BAT seems to be useful in monitor-
ing VIT, during the treatment and after its discontinuation.1276,1325 
For more detailed information about cellular tests please refer to the 
chapter about basophil activation testing.

Baseline serum tryptase:
It is recommended to determine the tryptase concentration in all 

patients with a history of a systemic reaction after a Hymenoptera 
sting. For more details refer to the bee venom chapter.

Sting challenge:
The aim of a sting challenge still remains to verify the induction 

of tolerance during venom immunotherapy (VIT).1326 The significant 
improvement in health-related quality of life not only after initiation 
of VIT but especially after a tolerated sting challenge may favor this 
procedure, which should be performed exclusively under emergency 
preparedness.

It should be noted that the outcome of sting challenge is influ-
enced by a number of factors, including insect biology, indicating 
that bees yield more reliable sting challenge results than vespids.

Prevention and Therapy
Preventive measures:
A series of recommendations have been formulated aimed at 

substantially minimizing the risk of field re-stings, although as yet no 
evidence-based studies have been performed to support this.

In contrast to previous studies, a recent prospective, observa-
tional, multicenter trial, collecting 1,425 patients shows that taking 
β-blockers or ACEI does not seem to aggravate the severity of insect 
sting reactions in untreated patients.1327

Pharmacotherapy (emergency kit):
All patients with a previous SR due to a Hymenoptera sting 

should be prescribed an emergency kit (containing an adrenaline au-
toinjector, H1-antihistamines, and corticosteroids) depending on the 
severity of their previous reaction(s)) and advised to carry it, espe-
cially during the Hymenoptera season.1328

Self-injectable adrenaline should be considered for all patients 
with a history of a SR, particularly those who have experienced 
“moderate-severe” episodes or those with increased risk of future 
exposure to stings (beekeepers, gardeners, waste management 
workers etc.), underlying mast cell disorders or raised baseline serum 
tryptase or other co-morbidities.1328

Venom specific immunotherapy (VIT):
According to the European and American Guidelines, subcuta-

neous venom immunotherapy is the only treatment able to prevent 
further systemic sting reactions.1310,1329

The effectiveness of honeybee and vespid VIT is different and 
ranges from 77 to 95% for HBV compared with 91 to 99% for vespid 
venom.1329 The underlying reasons are still unclear. For more de-
tailed information refer to the honeybee venom chapter.

Finally, VIT may benefit venom-allergic patients with mast cell dis-
eases, albeit to a lesser extent than patients without mastocytosis.1330

5 – Clinical cases

Case 1 (original)
History: Male beekeeper living in the Mediterranean area, 

59 years old, frequently stung, sometimes with large local reaction. 
Stung by a probable vespid in the neck (no sting was found), within 
minutes he developed generalized itching and urticaria, dyspnea, 
nausea, vomiting, and generalized malaise. Care by an emergency 
doctor.

Intradermal skin test: HBV (0.001 μg/mL), YJV (1 μg/mL) and 
PDV (0.01 μg/mL) positive.

In vitro testing (conventional): tIgE 180 kU/L, sIgE to HBV 20.6 
kU/L, sIgE to YJV 1.2 kU/L, PDV 18.9 kU/L, baseline tryptase 3.2 
μg/L.

In vitro testing (molecular): sIgE to rApi m 1 18.2 kU/L, sIgE to 
rVes v 1 < 0.1 kU/L, sIgE to rVes v 5 0.15 kU/L, sIgE to rPol d 5 16.5 
kU/L, sIgE to CCD (MUXF3) < 0.1 kU/L (considering the clinical his-
tory, sIgE to other HBV recombinant allergens were not measured).

REMA score: negative.
Diagnosis: PDV allergy (anaphylactic reaction), large local reac-

tion to HBV in beekeeper.
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Recommendation: VIT with PDV extract, emergency kit with 
adrenaline autoinjector.

Case 2 (original)
History: Atopic female living in Mediterranean area, 61 years old, 

stung by an unidentified vespid in the hand with generalized urti-
caria and angioedema of the eyes and lips, nausea, dizziness; one 
year later after a sting by an unidentified vespid in the head, reaction 
with generalized urticaria, nausea, uterine cramps. Care by an emer-
gency physician.

Intradermal skin test: HBV (negative), YJV (0.01 μg/mL) and PDV 
(0.01 μg/mL) positive.

In vitro testing (conventional): tIgE 850 kU/L, sIgE to honeybee 
venom < 0.1 kU/L, sIgE to YJV 7.7 kU/L, PDV 7.4 kU/L, baseline 
tryptase 2.1 μg/L.

In vitro testing (molecular): sIgE to rVes v 1 2.8 kU/L, sIgE to rVes 
v 5 6.5 kU/L, PDV 6.1 kU/L. REMA score: negative.

Diagnosis: PDV and YJV allergy (anaphylaxis).
Recommendation: VIT with PDV and YJV extracts, emergency 

kit with adrenaline autoinjector.
Case 3 (original)
History: Male living in Mediterranean area, 65 years old, history 

of 2 episodes of severe anaphylactic reaction (both after a vespid 
sting, in the head and the leg, respectively; in one case the patient 
family members identified the nest of a Polistes): both reactions 
characterized by hypotension and loss of consciousness without 
skin symptoms. Care by an emergency physician, in the second case 
hospitalization was required.

Intradermal skin test: HBV (negative); YJV (1 μg/mL) and PDV (1 
μg/mL) positive.

In vitro testing (conventional): tIgE 35 kU/L, sIgE to HBV
<0.1 kU/L, sIgE to YJV 1.5 kU/L, PDV 1.7 kU/L, baseline tryptase 

7.5 μg/L.
In vitro testing (molecular): sIgE to rVes v 5 1.2 kU/L, sIgE to 

rVes v 1 < 0.1 kU/L, sIgE to rPol d 5 1.1 kU/L. REMA score: positive.
Diagnosis: PDV and YJV allergy (anaphylaxis), mastocytosis.
Recommendation: VIT with PDV and YJV extracts, emergency 

kit with adrenaline autoinjector.

6 – Research and future perspectives

CRD is undoubtedly an innovative diagnostic method that leads to 
a more precise definition of the sensitization profile of the venom 

allergic patient. The use of CRD is indicated in cases of a proven 
history of a previous SR and negative results in standard diagnostic 
tests and in patients with polysensitization to different venoms, as 
it may help the specialist to choose the most suitable venom for VIT 
(see also chapter on bee venom allergy).

Modern molecular allergology may pave the way towards novel 
future diagnostic and therapeutic techniques such as the use of re-
combinant allergens for skin testing or VIT, even though these op-
tions may not become available for clinical practice in the near future 
due to high regulatory demands for this kind of applications.

However, at present, while CRD makes it possible to distinguish 
between allergy to Apis mellifera and allergy to Vespula species 
venoms, the value of CRD is limited in cases of double positivity 
to Vespula-Polistes. Thus, new recombinant molecules are needed 
to improve the diagnosis of Polistes allergic patients, especially in 
the case of double-positivity to both Polistes spp. and Vespula spp. 
venom, in order to prevent unnecessary double VIT.

Other limitations of CRD are represented by the incidental de-
tection, as observed for venom extracts, of sIgE sensitization in 
patients without clinical history of a sting reaction, and by the in-
ability to correlate sIgE levels to venom components with the se-
verity of the sting reaction. We hope that future studies using CRD 
may identify biomarkers able to distinguish between asymptomatic 
and symptomatic sensitization, and between different degrees of SR 
severity, as well as biomarkers for VIT efficacy, VIT tolerance and 
relapse after discontinuing the treatment.

Advices for the use of molecular diagnostics for 
vespid venom allergy

•	 Ves v 1 / Pol d 1 and Ves v 5 / Pol d 5 are maker allergens 
to detect primary sensitization to vespid venom (to dis-
sect honeybee and vespid venom allergy).

•	 Exceptions: No marker allergens are available to dis-
criminate between primary sensitization to the different 
vespid species.

•	 sIgE to Ves v 1 / Pol d 1 and Ves v 5 / Pol d 5 indicate 
primary vespid venom allergy.

•	 sIgE to Ves v 1 / Pol d 1 and Ves v 5 / Pol d 5 is no reli-
able marker to dissect between primary sensitization to 
yellow jacket and /or European paper wasp venom.
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B22 – Occupational  a l lerg y

Monika Raulf

Highlights

•	 More than 400 occupational sensitizers are identified but only a 
limited number of them are characterized on the molecular level.

•	 Natural rubber latex (NRL) allergy is an excellent model for im-
proving sIgE measurement with recombinant major allergens.

•	 IgE-sensitization profile in patients with baker's asthma showed 
great inter-individual variation.

•	 For diagnosis of wheat allergy due to baker's asthma extract-
based diagnostic is still recommended.

•	 Including baking enzymes into the test panel is highly recom-
mended for diagnosis of baker's asthma.

•	 Asp o 21, alpha-amylase produced in Aspergillus oryzae, is com-
mercially available.

•	 Increasing the knowledge of occupational allergens and im-
plement and evaluate standardized tools in clinical practice is 
necessary.

1 – The allergen sources and their clinical relevance

More than 400 occupational agents have been identified and docu-
mented as being potential “respiratory sensitizers”.1331–1333 They are 
triggers of occupational rhinitis (OR) and occupational asthma (OA). 
Development of OA is often preceded by allergic rhinitis. Both OR 
and OA are serious health problems in industrialized countries esti-
mated to account for 5% to 15% of asthma cases in adults of working 
age, and the prevention, as well as diagnosis of these diseases is a 
challenge (Table 64).

OA is distinguished from work-enhanced asthma and reactive 
airway disease syndrome, which is caused by occupational exposure 
to airborne irritants. The “respiratory sensitizers” can be divided into 
high-molecular weight (HMW) and low-molecular weight (LMW) 

substances.1334–1336 Typical LMW substances are isocyanates, acid 
anhydrides, metals, ammonium persulfate, fumes and vapours from 
detergents, bleaches and fixatives used by hairdressers, disinfec-
tants and pharmaceuticals. In the case of an IgE-mediated mecha-
nism, it is generally assumed that the allergenicity of these LMW or 
their metabolites is due to a mostly covalent interaction with some 
carrier proteins to form a hapten-carrier complex. The most common 
occupational HMW agents are proteins or glycoproteins derived 
from diverse plants, animals and micro-organisms. They are found 
in cereal flour, livestock and laboratory animals, mites, fish and sea-
food, fodder and detergent enzymes, mould (fungi), Hevea brasilien-
sis latex and wood dust. To date, only a few of the HMW agents have 
been biochemically and molecular characterized or are produced in 
recombinant form, because most of the respiratory sensitizing prop-
erties of the various occupational substances are only documented 
as individual case reports. Due to this lack of knowledge about al-
lergen components and their allergenicity only a limited number of 
recombinant or native occupational relevant allergens are currently 
commercially available for the in vitro diagnosis. Crude extracts from 
the different allergen sources have traditionally been used for the 
detection of sensitization by specific IgE quantification or by skin 
prick tests, whereby the composition and amount of an allergenic 
extract very much influence the results. Unfortunately, standardized 
reagents are available for only a few occupational allergens.1334–1336

The focus here is on the presentation of examples with the possi-
bilities and application of component-resolved diagnosis (CRD) with 
occupational allergens, their clinical relevance and their implementa-
tion into the in vitro diagnosis for occupational allergies.

1.1 Natural rubber latex (Hevea brasiliensis)
The milky sap of the rubber tree Hevea brasiliensis is the source for 

the production of commercial natural rubber latex (NRL) devices and 
represents also a source of potent allergenic proteins4,1337–1340,1693 
Most of Hevea brasiliensis grows commercially in a number of tropi-
cal countries, mainly in Thailand, Indochina, Malaysia and India. The 
milky sap is synthesized by specialized laticifer cells and collection 
of the latex is possible by scarifying the trunk of the Hevea brasil-
iensis tree. Ammonia treatment prevents coagulation resulting in 

TA B L E  6 4 Examples for typical occupational allergen sources at workplaces

Agriculture/farming  

Animal feed production  

Bakery/Mills  

Food processing industry  

Health care facilities  

Laboratory animal facilities/Life science 

faculties of universities  

Laundry detergent industry  

Cow dander, pollen, storage mites   

Soy, phytase  

α-amylase, xylanase, glucoamylase, storage mites, 

insects, moulds, spices  

fee beans, 

farm products (eggs), food additives, enzymes, food contaminants (e.g. mites, insects, moulds)  

Disinfectants, natural rubber latex  

Mouse, rat (urine, dander)  

Enzymes: protease, cellulase, lipase, amylase  

Alergen sourceWorkplace/ Trade and Industry
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hydrolysis of the latex proteins. The main constituent of Hevea latex 
is the polymeric hydrocarbon 1,4 cis-polyisoprene and only 1-2% of 
the fresh milky sap is made up of proteins. The proteins are heter-
ogeneously distributed in the latex sap and they are involved in the 
biosynthesis of the polyisoprene, associated with the coagulation of 
latex and in the defense of the plant against various diseases. After 
ultra-centrifugation of the fresh latex sap basically three main frac-
tions (rubber phase, the C-serum and the bottom fraction (B-serum)) 
are easily discerned (Figure 138).

In the 1980s and into the 1990s, cases of NRL allergy increased 
dramatically. One factor was the elevated hygiene standards in med-
icine in response to communicable infectious diseases (especially 
AIDS), which led to the increased use of NRL products, especially 
NRL gloves.1337 The introduction of powder-free and/or gloves with 
a low allergen content, the reduction or even ban of powdered NRL 
gloves in some countries and public health campaigns on prevention 
have resulted in a significant decrease in NRL allergies, especially in 
the health care sector. Increasing awareness of the health risk posed 
by NRL products, particularly among health care workers and also 
among spina bifida patients undergoing surgery in their first days of 
life, initiated enhanced research on allergen characterization, quanti-
fication and improvement of allergy diagnosis. Hevea brasiliensis, the 
origin of NRL, is one of the best characterized occupational allergen 
sources.4,1337 Up to now about 250 different NRL polypeptides were 
identified. About 60 are capable to bind human IgE and currently 15 
allergens have been included in the latest nomenclature list of the 
International Nomenclature Committee of Allergens (IUIS) and as-
signed official numbers (Hev b 1-15). (www.aller​gen.org) (Table 65).

Hev b 1 together with Hev b 3 are rubber particle proteins. Hev 
b 5 is an acidic (pI 3.5) and heat-stable 16-24 kDa protein, rich of 
glutamic acid and of proline residues. The first recombinant Hev 
b 5 (rHev b 5) was described by Slater et al.1341 Prohevein, Hev b 
6.01, was isolated from the B-serum and posttranslational cleavage 

proceeds two further proteins, the 4.7 kDa hevein (Hev b 6.02) and 
the 14 kDa C-terminal domain Hev b 6.03.1341 All three allergens 
additionally exist in the plant and the ratio between Hev b 6.01 and 
Hev b 6.03 is about 30:1. Hev b 6.02 (hevein) comprises the most 
important part of IgE-binding epitopes in the prohevein molecule. 
In addition, hevein shows homology to several chitin-binding lectin 
domains1342 and may be responsible for certain cross-reactivities 
to several other plants and food. Most of the Hev b proteins have 
been cloned and expressed as recombinant proteins. Sequencing 
demonstrated both unique epitopes and sequences commonly 
found in other plant proteins. Sequence homology helps to explain 
the cross-reactivity to a variety of foods experienced by latex aller-
gic individuals.

Studies demonstrated that various risk groups like patients with 
spina bifida (SB) and occupational latex exposed health care workers 
(HCWs) are sensitized by different NRL allergens1343–1345 based on 
the different route of exposure (direct blood contact versus inha-
lation) or as also shown in differences in the allergen levels mea-
sured between internal and external surfaces of NRL gloves.1346 In 
the case of health care workers suffering from occupational latex 
allergy the most important NRL allergens are Hev b 5 and Hev 6.01 
or Hev b 6.02, respectively. Other NRL allergens like Hev b 1 or 
Hev b 3 often recognized by specific IgE of spina bifida patients are 
only minor allergens in latex allergic health care workers.1343 About 
30-50% of latex-allergic patients show allergic symptoms to plant-
derived foods, especially fresh fruits.1169 The association was called 
latex-fruit syndrome (review in1347) and huge amounts of relevant 
fruits, constantly increasing, are described and the most commonly 
involved are avocado, banana, chestnut, and kiwi. Several latex 
allergens were discussed as responsible for the latex-fruit cross-
reactivity (Figure 139), such as Hev b 2,1348 Hev b 6.02,1349–1351 Hev 
b 7,1352 Hev b 8 and Hev b 12.1353

In some cases, the use of recombinant single latex allergens 
for NRL-specific IgE mapping was helpful to discriminate between 
cross-reactivity and co-sensitization of latex and fruits.1354,1355 
Especially in plant allergens like NRL, grass pollen1350 or wood aller-
gens1356 and also in insect venoms459 the presence of cross-reactive 
carbohydrate determinants (CCDs) can negatively influence the 
specificity of the in vitro diagnostic test. Therefore, it is necessary to 
exclude glyco-epitopes (with low clinical relevance) responsible for 
IgE binding. Corresponding CCD screening tools (e.g., horseradish 
peroxidase, bromelain, ascorbate oxidase) and/or inhibition testing 
can be performed to clarify the origin of the IgE binding to latex (pro-
tein epitopes versus glyco-peptides). Attention should be paid also 
in false-positive results with nonglycosylated recombinant allergens 
in patients with high levels of anti-CCD IgE antibodies.1357 A sero-
logical work-up including at least one CCD screening tool and the 
recombinant allergens rHev b 1, rHev b 3, rHev b 5 and rHev b 6.01 
is highly recommended and might support diagnosis in patients with 
suspected IgE-mediated NRL type I-allergy4,1338,1339 (Figure 140).

The starting point to evaluate sensitization to NRL is the 
ImmunoCAP specific IgE test with the rHev b 5-amplified latex ex-
tract (k82 “spiked” with rHev b 5), which showed superior sensitivity 

F I G U R E  1 3 8 Separation of latex sap after centrifugation and 
distribution of the latex allergens 
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F I G U R E  1 3 9 Molecular background and association of latex-fruit/vegetable syndrome—allergens with potential importance for cross-
reactivity 

TA B L E  6 5 Allergens of Hevea brasiliensis (para rubber tree latex) according to WHO/IUIS Allergen Nomenclature Sub-Committee

Hev b 1*  

Hev b 2  

Hev b 3*  

Hev b 4  

Hev b 5*  

Hev b 6.01*

  

Hev b 7

  

Hev b 8  

Hev b 9  

Hev b 10  

Hev b 11  

Hev b 12  

Hev b 13  

Hev b 14  

Hev b 15  

Rubber elongation factor (14 kDa)

β-1,3-Glucanase (34 kDa)  

Small rubber particle proteins (24 kDa)  

Lecithinase homologue (53-55 kDa)  

Acidic structural protein (16 kDa)  

Prohevein (20 kDa) (precursor of hevein  

Hev b 6.02, the major IgE binding domain)   

Patatin-like protein (esterase) from latex-B- and C-serum (44 kDa) 

(two isoforms:  Hev b 7.01 and Hev b 7.02)  

Enolase (51 kDa)  

Manganese superoxide dismutase (MnSOD)  (26 kDa)  

Class I chitinase (30 kDa)  

Esterase (42 kDa)  

Hevamine (30 kDa)  

Serine protease inhibitor (7.5 kDa)  

Major allergen in SB  

Relevance under discussion†  

Major allergen in SB  

Minor allergen†  

Major allergen in HCW and important in SB  

Major allergen in HCW  

Minor allergen  

Minor allergen  

Minor allergen  

Minor allergen  

Minor allergen  

Minor allergen  

Relevance under discussion† 

Minor allergen†  

Minor allergen  

Hevea brasiliensis protein (and molecular weight (kDa))Allergen Clinical relevance

Hev b: Hevea brasiliensis; SB: spina bifida patients, HCW: health care worker; * recommended for specific IgE antibody testing to verify clinical 

relevance of latex sensitisation according to4, 1336, 1337; #not available in recombinant form;  adapted from4, 1337
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compared with the results of previously tested negative sera. This 
procedure of “spiking” is in general useful if relevant allergens 
are labile to survive all the steps required for the production of a 
standardized allergen preparation.1358 A retrospective study of 
Vandenplas et al.1344 demonstrated that high levels of sIgE to rHev b 
5 plus rHev b 6.01 or rHev b 6.02 are the most accurate predictors 
of a positive response in an inhalation challenge test, showing better 
diagnostic efficiency than the NRL (k82)-ImmunoCAP specific IgE 
test. On the other hand, none of the subjects in this study with a 
positive inhalation challenge with NRL gloves and a negative NRL-
sIgE result showed reactivity to any of the 12 tested recombinant 
NRL allergens. Accordingly, the determination of sIgE to available 
recombinant NRL allergens failed to improve the negative predictive 
values of the NRL-sIgE test.

Especially for NRL allergy, the in vitro diagnostic tools are gaining 
importance, since in Europe the “classical” diagnostic tools such as 
latex extracts for skin prick test (different manufacturers withdrawn 
latex extracts from the market) and powdered gloves for workplace-
related bronchial challenge tests are no longer commercially avail-
able. This leads to a deficit in the diagnostic procedure and to the 
need for validated substitutes. In the case of NRL, the recombinant 
available Hev b-allergens in combination with CCDs tools could be 
useful in the diagnosis of NRL allergy.

1.2 Wheat allergy in baker's asthma
“Baker's asthma,” which is the generally used term of asthma in 

bakers and bakery workers, is one of the oldest recognized occupa-
tional diseases described by Ramazzini in about 1700. It is one of the 
most frequently occurring forms of OA. Most studies indicate that 
wheat (Triticum aestivum) flour proteins are allergens for 60-70% of 
symptomatic bakers,1359 although other cereals like rye (Secale ce-
reale), barley (Hordeum vulgare), oats (Avena sativa), and corn, and 
noncereal sources, enzymes, and insects, may be involved because 
bakeries are complex environments1360 (Figure 141).

Focusing on wheat, which is in many parts of the world a major 
crop, and is immensely diverse, with over 25.000 different culti-
vars.322 The wheat seeds are composed of endosperm (85%), husk 
(13%) and a germ (2%). During milling, endosperm was separated 
from husk and germ and the size of the endosperm was reduced. 
Wheat flour, which is mainly made from endosperm, is composed of 
starch (about 70–75%), and four groups of proteins, namely gluten-
ins, gliadins, globulins and water/salt-soluble albumins. In addition, 
nonstarch polysaccharides (about 2–3%), in particular arabinoxylans, 
and lipids (2%) are minor but important constituents. Wheat, as a 
complex allergenic mixture, contains more vegetable proteins than 
the other two globally important cereals, corn and rice; more than 
100 different protein spots can be detected as IgE binding in wheat 

F I G U R E  14 0 Diagnostic algorithm for 
natural rubber latex (type I allergy) 
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flour by means of high resolution 2-dimensional gel electrophoresis 
and immunoblotting.1361 Twenty-eight wheat allergens are listed so 
far in the WHO/IUIS Allergen Nomenclature database (www.aller​
gen.org), from the wheat profilin (Tri a 12) up to Tri a 45.1336 These 
allergens are not only characterized with respect to baker's asthma; 
most are also ingested food allergens. The most relevant allergenic 
wheat fractions for baker's asthma are the water-/ salt-soluble al-
bumins and globulins (Figure 142, Table 66). Diagnosis is based on 
a consistent clinical history, skin prick testing and/or specific IgE 
antibody tests and inhalation wheat challenges. Nonetheless this al-
lergic disease is often misdiagnosed, with significant legal, economic 
and health consequences for the affected worker. Although specific 
inhalation challenge with wheat flour is considered as gold standard, 
it is often difficult to perform. Additionally, wheat and rye skin prick 
test extracts are not well-characterized and demonstrate a low diag-
nostic sensitivity.1362,1363

Several wheat allergens isolated as native allergen or produced 
in recombinant form have been used in IgE assays in different sys-
tems (e.g., singleplex, multiplex, ELISA, immunoblotting) and with 
different groups of bakers; in many cases, the IgE reactivity of these 
allergens has been determined only in single studies and their clinical 
relevance is unclear. The highly varying results may reflect differ-
ences in populations or in the different approaches to identify IgE-
reactive proteins, making comparisons difficult.322,1364–1366 One of 
the best characterized and commercially available single wheat aller-
gen is the omega-5-gliadin (Tri a 19), a 65 kDa seed storage protein, 
which is involved in wheat-dependent exercise-induced anaphylaxis 
(WDEIA) and also important for the early childhood type I-wheat 
allergy. Tri a 19 is not relevant for diagnosis of baker's asthma.1191 
In the study of Sander et al.1191 a panel of 19 recombinant wheat 
flour allergens and two cross-reactive carbohydrate determinants 
(CCD) was investigated using the singleplex technology for specific 
IgE quantification (CAP-FEIA system) in the sera of 101 bakers with 
occupational allergy from Germany, Spain and the Netherlands and 
of 29 pollen-sensitized control subjects without occupational expo-
sure but with wheat-specific IgE. The results indicate that different 
α-amylase inhibitors are important allergens for baker's asthma, but 
none of the single allergens reached major allergen status. The geo-
graphical origin of the bakers and control subjects was not a sig-
nificant determinant of the sensitization pattern, and each baker 

showed an individual IgE-binding profile with large interindividual 
variability. The highest frequencies of IgE binding were found for 
thiol reductase (Tri a 27) and the wheat dimeric alpha-amylase inhib-
itor (Tri a 28). Tri a 19, Tri a 26 and Tri a 36, relevant wheat allergens 
in food-allergic patients, are irrelevant in the diagnostic of baker's 
asthma. In addition, two isoforms of Tri a 14 (Tri a 14.0101, ns LTP 9.1 
and Tri a 14.0201, nsLTP 9.7) were tested and both were classified as 
minor allergens with 11% and 5% positive IgE response, respectively 
in all bakers. No cross-reactivity to grass pollen using inhibition ex-
periments was found for Tri a 15, Tri a 30 (both are alpha-amylase 
inhibitors), Tri a 21 (apha-beta-gliadin) and Tri a 31 (serpin), whereas 
nsLTP (Tri a 14) and Tri a 25 (thioredoxin) share epitopes with grass 
pollen allergens. Although a combination of IgE tests to five com-
ponents (Tri a 27, Tri a 28, tetrameric alpha-amylase inhibitor CM2 
(Tri a 29.02), serine protease inhibitor-like allergen (Tri a 39), and 
1-cys-peroxiredoxin (Tri a 32), produced the highest diagnostic effi-
ciency in receiver operating characteristic analyses, but this was still 
lower than the determination of sIgE antibodies against the whole 

F I G U R E  141 Different types of 
IgE-mediated wheat allergy (food allergy 
versus respiratory allergy) 

F I G U R E  14 2 Wheat allergens with relevance for wheat-
allergic bakers (according to 1191) 
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wheat flour extracts. Additional testing with Tri a 40.0101, a further 
wheat alpha-amylase inhibitor in the same group of bakers and con-
trols had only minimal influence on diagnostic sensitivity and failed 
to improve specificity.1366 Due to the superior diagnostic sensitivity 
of sIgE antibodies testing against the whole wheat flour extracts, 
the authors concluded that this is mandatory for the in vitro diag-
nostic procedure of baker's asthma. Nevertheless, the component-
resolved diagnostics might help to distinguish between sensitization 
caused by occupational respiratory flour exposure (baker's asthma), 
wheat-induced food allergy and wheat seropositivity based on 
cross-reactivity to grass pollen, but further single wheat allergens 
should be made commercially available for this purpose.

1.3. Examples of other occupationally relevant plant allergens
Cannabis sativa (hemp) is the most commonly used psychoactive 

drug worldwide. In recent years, access to cannabis for both medical 
and nonmedical purposes have expanded. In addition to the use of 
cannabis as a medicine and intoxicant, there are numerous other uses 
of the hemp plant, including as edible oils and increasingly as in form 
of so-called lifestyle products. This is also marked by an increasing 
number of people working in this growing industry. Increasingly, ex-
posure to cannabis in these workplaces is causing health problems, 
including allergic complaints in particular.1367 Due to the increasing 
legalization, an expansion of the cannabis producing and process-
ing but also the distributing industries is to be expected. In 2020, 

TA B L E  6 6 Relevant airborne wheat (Triticum aestivum) allergens according to WHO/IUIS Allergen Nomenclature Sub-Committee

Tri a 15  

Tri a 25  

Tri a 27

Tri a 28

Tri a 29  - 

Tri a 29.0101  - 

Tri a 29.0201 

Tri a 30 

Tri a 31  

Tri a 32 

Tri a 33 

Wheat monomeric α-amylase 

inhibitor 0.28 (WMA-1-0.28)  

Thioredoxin  

Thiol reductase homologue  

Dimeric α-amylase inhibitor 0.19

Tetrameric α-amylase inhibitor   

CM1  

CM2  

Tetrameric   

α-amylase inhibitor CM3  

Triosephosphate-isomerase 

(TPIS)  

1-cys-peroxiredoxin  

Serpin  

relevant in patients with baker’s allergy, but not relevant for those with grass pollen allergy 

E-response 1191

not exclusive for baker’s asthma; 18 of 101 (18%) bakers and 5 of 29 (17%) patients with 

grass pollen allergy have a positive IgE-response  1191

relevant in patients with baker’s allergy, but not relevant for those with grass pollen allergy 

grass-pollen allergic patients 1191

relevant in patients with baker’s allergy, but not relevant for those with grass pollen allergy 

grass-pollen allergic patients  1191

in contrast to Tri a 29.0201, Tri a 29.0101 is not exclusively recognized in patients with 

baker’s allergy    

relevant in patients with baker’s allergy, but not relevant for those with grass pollen allergy 

grass-pollen allergic patients 1191

relevant in patients with baker’s allergy, but not relevant for those with grass pollen allergy 

recognized by only 8% of patients with baker’s asthma and 0% of grass-pollen allergic 

patients 1191

Biochemical nameAllergen Notes

Tri a 34

 Tri a 35  

Tri a 39 

Tri a 40  

Glyceraldehyde-3-phosphate-

dehydrogenase (GAPDH)   

Dehydrin  

Serine protease inhibitor-like 

protein (SPILA)   

WTAI-CM1 17 protein 

(α-amylase inhibitor)  

recognized by only 5% of patients with baker’s asthma and 0% of grass-pollen allergic 

patients  1191

recognized by only 2% of patients with baker’s allergy and 0% of grass-pollen allergic 

patients 1191

cigrellanellop-ssargfo%0dnaygrellas’rekabhtiwstneitapfo%81ybdezingocer

patients 1191

1366

recognized by 8% of IgE-positive bakers and 15% of IgE-positive grass-pollen allergic 

patients; addition of Tri a 40.0101 to the panel of recombinant allergen components had only 
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around 150,000 people were employed in cultivation, harvesting, 
processing and distribution. Under these conditions, one can expect 
an exponential growth of this industry. Workers involved in cannabis 
production and processing are at risk of inhaling the organic dust. 
There is a risk of inhaling organic dust from the cannabis plant parts 
as well as contaminants including bacterial and fungal components. 
Both the duration and the type of occupational exposure contrib-
ute to the different symptoms and courses of disease. Cannabis al-
lergy has been described in cannabis growers, bird breeders, factory 
workers and laboratory personnel, who have shown both skin and/
or respiratory symptoms based on exposure. According to these re-
ports, allergic reaction was caused by cannabis pollen, leaves, hemp 
seeds and/or flower tops.1368 It can be assumed that even among 
heavy cannabis users, personal exposures do not reach the level of 
occupational exposures, where contact may last for a longer period 
of time. Studies in recent years have shown a high prevalence of re-
spiratory problems among hemp workers. According to Decuyper 
et al.1368 42% of the participants reported respiratory and/or cutane-
ous symptoms on occupational cannabis exposure. In addition, many 
hemp workers were found to have high levels of hemp-specific IgE. 
So far, four allergens are listed in WHO/IUIS Allergen Nomenclature 
database (www.aller​gen.org) (Table 67).

According to the publication of Decuyper et al.1368 the most ef-
fective and practical tests to confirm cannabis allergy are the skin 
prick tests with an nCan s 3-rich extract and the sIgE rCan s 3. Can s 
3-sensitization carries the risk of systemic reactions to plant-derived 
foods and cofactor-mediated reactions. However, there is still a lack 
of knowledge on further allergens in cannabis, which could be par-
ticularly important for the diagnosis of occupationally induced can-
nabis sensitization.

Soybean (Glycine max) is not only a major food allergen, but in-
halation of soy flour is also associated with occupational and envi-
ronmental allergies1336 Bakers in particular are exposed, as soy flour 
is often used as an additive in bread. Therefore, it is not surprising 
that soybeans are associated with baker's asthma.322 Additionally, 
sensitization in baker's is also possible for lupine (probably cross-
reactivity also to soy) and peanut. The soybean allergens involved 
in baker's asthma are predominantly high-MW proteins found both 
in soybean hull and flour.1370 By contrast, the relatively low-MW 
proteins concentrated in the soybean hull Gly m 1 (7 kDa, the hy-
drophobic protein from soybean with two isoforms Gly m 1.0101 
and Gly m 1.0102) and Gly m 2 (8 kDa, the defensin) are respon-
sible for the asthma attacks during unloading of soybean at the in 
the Spanish seaports. Eight soy allergens are listed in WHO/IUIS 
Allergen Nomenclature database (www.aller​gen.org). Gly m 4, 5 and 
6 are available as CCD-free recombinant soy allergens, but further 
validation is needed if these allergens are relevant occupational al-
lergens and useful to implement them in diagnosis for occupational 
asthma in exposed workers.

Green coffee bean dust is known to be a relevant cause of occu-
pational allergic diseases in coffee industry workers, therefore cof-
fee bean proteins may play a role as occupational allergens.1336 The 
first allergen isolated from Coffea arabica was a class III-chitinase 

with a molecular weight of 32 kDa, listed in the WHO/IUIS data-
base as Cof a 1. Cof a 2 and Cof a 3 (9 and 7 kDa, respectively) two 
cysteine-rich metallothioneins were identified as further coffee al-
lergens.1694 Peters et al.1371 showed that the only commercially avail-
able diagnostic tests based on native extracts of green coffee beans 
are not sensitive enough to correctly diagnose a substantial number 
of affected coffee workers. Their results suggest that the natural 
allergen extracts do not contain sufficient amounts of the Cof a 1, 
2 and 3.1371 Therefore, the authors suggested the production and 
application of recombinant coffee allergens for the development of 
standardized and sensitive diagnostic tools and/or the spiking the 
natural extract with recombinant coffee allergens to improve the di-
agnostics of coffee allergy.

IgE-mediated sensitization to some wood dusts has been de-
scribed in case reports1372 and obeche (Triplochiton scleroxylon) wood 
dust is one of the known causes of these immunological OA. An en-
dochitinase 38 kDa was characterized as an allergen and included in 
the nomenclature list of the International Nomenclature Committee 
of Allergens (IUIS) and assigned with the official name Trip s 1.1373 To 
date, no further wood dust allergens are listed (http://www.aller​gen.
org) and no single wood allergen is commercially available. Specific 
IgE measurement was possible with an obeche extract (k212) and 
skin prick testing as described by Hannu et al.1374 Aranda et al.1375 
described two new proteins as allergen (24 kDa identified as a puta-
tive thaumatin-like protein and a 12 kDa gamma-expansin) tested in 
12 subjects with confirmed OA/OR, 40 asymptomatic exposed and 
10 control subjects. 82% of the cases showed also IgE reactivity to 
cross-reactive carbohydrate determinants (CCDs). Therefore, test-
ing with CCD tools is strongly recommended for diagnostic specific-
ity, as mentioned previously1356

1.4. Occupational relevant allergens of animal origin
Laboratory animal allergy (LAA) is an important occupational 

disease and is commonly seen in technicians, animal caretakers, 
physicians, and scientists working in the pharmaceutical industries, 
university laboratories, and animal breeding facilities4,785,1336,1376 
(Table 68).

Rodents like mice and rats, which are often used in animal re-
search, are the most common causes of LAA. Urine is the main source 
of allergenic proteins in both mice and rats, but allergens can also be 
found in dander, hair, saliva and serum. As with most mammalian 
inhalant allergens, the major allergens in mice and rats are lipocalins 
(Mus m 1 and Rat n 1, respectively). In the case of LAA, determina-
tion of sIgE antibodies is based on extracts prepared from epithelia, 
serum-/urine protein as mixture or alone. Only Mus m 1, the major 
mouse allergen, is available as a single component on the multiplex 
test system. In addition to skin prick tests and ImmunoCAP Specific 
IgE test to determine sIgE levels for urine and epithelia allergens, 
Caballero et al.1377 studied 20 of 75 workers using multiallergen IgE 
immunoblotting. This system can be useful in providing the sensi-
tization profile for each allergic worker and therefore it is one step 
forward in the molecular diagnosis of LAA. An additional important 
source of occupational animal allergen exposure are stables of cattle 
farmers. Therefore, allergen from cow dander was responsible for 
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most cases of OA in Finland in the last century.288,785 The lipocalin 
is Bos d 2 (20 kDa) is the predominant allergen in cow dander and 
responsible for respiratory allergy in cattle farmers. Twelve allergens 
from Bos domesticus (Bos taurus/domestic cattle) are listed in WHO/
IUIS Allergen Nomenclature database (www.aller​gen.org), but most 
of them are described as an important allergen group in patients with 
food allergy induced by milk or meat. Some of them are available as 
single allergens for CRD (nBos d 6 (bovine serum albumin), nBos d 4 
(α-lactalbumin), nBos d 8 (casein). Only few of them are occupation-
ally relevant. Laboratory workers may be exposed to airborne Bos d 
6 (BSA) as it is widely used in biochemical and immunological assays 
and two cases of OA have been attributed to inhalation of serum 
albumin powder (Bos d 6) in laboratory workers.1378,1379 In addition, 
in candy and pastry workers Bos d 41379,1380 or in leather tanning the 
casein Bos d 81381 appear to play a role.

Occupational exposure to seafood during processing of fish and 
shellfish may induce OR and OA. The prevalence of occupational 
rhinitis associated with seafood in epidemiological studies is esti-
mated to be 5-24% and occupational asthma is more commonly as-
sociated with shellfish (4-36%) than bony fish (2-8%).1054,1382 Several 
allergenic proteins have been identified in these different groups, 
29 fish allergens and 34 allergens from various crustacean and 

mollusk species are listed in the WHO/IUIS database (www.aller​gen.
org). The availability of individual seafood allergens for sIgE testing 
is still limited, but two important allergens parvalbumin (rCyp c 1 
from Cyprinus carpio and rCad c 1 from Gadus morhua) and shrimp 
tropomyosin (rPen a 1 from from Penaeus aztecus and nPen m 1 from 
Penaeus monodon) as well as prawn arginine kinase (nPen m 2) and 
sarcoplasmic calcium-binding protein (nPen m 4) are available as sin-
gleplex assays and/ or on multiplex platforms. Further studies are 
necessary to prove if these recombinant allergens may be relevant 
for the diagnosis of respiratory allergies in the occupational setting 
where sensitization results from inhalation exposure. Tropomyosin 
appears to be important and was recognized as relevant in a case 
report1383 in which a cook's mate was diagnosed with a clinically and 
occupationally relevant type I allergy to squid with cross-reaction to 
tropomyosin of other invertebrates and therefore recognized as an 
occupational disease. Beekeepers, gardeners, farmers, truck drivers, 
and masons are the professionals most frequently involved in oc-
cupational hymenoptera venom allergy.1384 Relevant allergens are 
described in Chapters B20 and B21.

1.5 Microbial-derived occupational allergens
Enzymes have been used widely as additives to improve indus-

trial processes. In several workplaces like enzyme production and 

TA B L E  67 Relevant Cannabis sativa allergens (Indian hemp) according to WHO/IUIS Allergen Nomenclature Sub-Committee

Can s 2  

Can s 3  

Can s 4  

Can s 5  

protein type 1   

Oxygen evolving Enhancer 

Protein 2  

Pathogenesis related 

protein 10 homologue  

14 kDa; mostly inhalation, but multiple exposure routes possible, minor allergen (5 of 32 

patients were positive in IgE binding tests (www.allergen.org)   

9 kDa; major allergen responsible for likely-anaphylaxis to cannabis; inhalation; (Up to 

72% of 25 Cannabis allergic patients reporting likely-anaphylaxis to Cannabis are Can s 3 

   )gro.negrella.www( .)TPS dna ,EgIs ,TAB( sdohtem citsongaid eerht yb gnitset desitisnes

27.3 kDa; minor allergen  

17.7 kDa; homologue of the major birch pollen allergen; (35 of 45 subjects with allergy 

to Cannabis (n=25) and/or birch pollen (n=20) were positive in IgE-binding tested by 

cytometric bead assay using recombinant protein as the target.  (www.allergen.org))    

Biochemical nameAllergen Notes

TA B L E  6 8 Mammalian allergens involved in occupational OR/OA1335

Cow  

(Bos domesticus) 

       

Mouse  

(Mus musculus)  

Rat  

(Rattus norvegicus)  

Guinea pig  

(Cavia porcellus)  

Bos d 2  

nBos d 4*  

nBos d 6*  

nBos d 8*  

Mus m 1 **  

Rat n 1  

Cav p 1**  

Cav p 2  

Lipocalin  

Alpha-lactalbumin   

Albumin  

Casein  

Lipocalin  

Lipocalin  

Lipocalin  

Lipocalin  

Dander  

Milk  

Serum  

Milk  

Urine  

Urine  

  avilas ,rednaD

Saliva, dander  

Dairy farmers  

Candy and pastry workers  

Lab workers   

Leather tanning   

Dermatological powder use   

Laboratory animal workers 

 Laboratory animal workers  

 Laboratory animal workers   

Major allergensAllergen Protein family Main source Exposed workers

* Commercially available for component resolved IgE-diagnosis (** only on an Allergen Microchip)
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refinement, bakeries, food processing, laundry detergent produc-
tion, animal feeding etc., they act as airborne sensitizers and the 
prevalence of occupational allergies is increasing.1335,1336,1695 Most 
enzymes are derived from microbes usually produced in bacterial 
microorganisms belonging to Bacillus sp. and Pseudomonas sp. and 
fungal organisms such as Aspergillus spp., Streptomyces spp. and 
Trichoderma spp. In addition to Bacillus-derived proteases, like al-
calase and maxatase and savinase, an important diagnostic tool for 
sIgE testing is alpha-amylase, an allergen relevant to baker's asthma 
and produced in Aspergillus oryzae. This alpha-amylase is listed in 
the nomenclature list of WHO/ IUIS as Asp o 21. Enzymes derived 
from Aspergillus niger glucoamylase and also cellulase are also rel-
evant in baker's asthma and available for sIgE antibody testing. In 
bakery workers, a clear relationship between exposure to alpha-
amylase, derived from Aspergillus oryzae, and IgE production has 
been reported. The prevalence of sensitization to alpha-amylase 
and glucoamylase ranged between 5% and 24% among symptomatic 
workers without sensitization to cereal flour. In the modern baking 
industry, sensitization to glucoamylase (28%) and cellulase (16%) ap-
pears to be most common. Furthermore, xylanolytic enzymes can 
also cause occupational asthma and occupational rhinitis in bakers. 
The major determinant of sensitization to enzymes is the level of 
exposure and its ability to become airborne (summarized in.1054 It is 
important to realize that enzymes from other species may be cloned 
into, e.g., bacillus and aspergillus, which are then used as produc-
tion organism of the enzymes for industrial purposes. Thus, when 
dealing with a suspected enzyme allergy, it is important to test the 
preparation to which the patient has been exposed and not solely 
rely on extracts or allergens from the production organisms. This 
may necessitate access to custom-made diagnostics for SPT or IgE 
measurements.1385

Diagnosis of mould allergy is complicated because of the 
heterogeneity of the test materials and the decrease in the num-
ber of commercially available mould extracts for SPT.1386,1387 
Currently only eight single mould allergens from three mould 
genera are available for molecular diagnosis: rAlt a 1 and rAlt a 
6 from Alternaria alternata, rAsp f 1, 2, 3, 4, 6 from Aspergillus fu-
migatus and rCla h 8 Cladosporium herbarum. Occupational expo-
sure to mould has been reported especially in waste collectors and 
composting workers. Therefore, e.g., allergic bronchopulmonary 
aspergillosis (ABPA), an intense inflammatory reaction induced 
by exposure to Aspergillus fumigatus has been reported in garden 
waste (compost) or garbage collectors.1388,1389 For diagnosis to 
mould see Chapter B07.

2 – Clinical management

Clinical diagnosis
Diagnosis of occupational respiratory allergy is made by a 

combination of medical history, physical examination, positive 
methacholine challenge result or bronchodilator responsiveness, de-
termination of IgE-mediated sensitization to HMW allergens (by skin 

prick testing and/ or serologically specific IgE measurement, and 
possibly basophil activation testing to LMW chemicals and HMW 
allergens). Based on the fact that occupational respiratory allergy 
especially occupational asthma should be suspected in every adult 
with new-onset asthma, the question about the occurrence of the 
respiratory symptoms in relation to the workplace is important. If 
the patient with asthma-like symptoms is not at work the specific 
inhalation challenge (SIC) in the laboratory under controlled con-
ditions to the suspected occupational agents is considered the 
gold standard.1390 The accuracy of the diagnosis can be improved 
by the measurement of sputum eosinophils before and after chal-
lenge. Additional measurement of the fractional exhaled nitric oxide 
(FeNO) should be regarded as an additional criterion for the inter-
pretation of SIC with occupational agents, because an increase in 
FeNO after SIC is highly predictive of occupational asthma. If spe-
cific inhalation challenge in the laboratory and/or PEF

monitoring at work are not possible and occupational asthma 
is strongly suspected from history, a combination of objective 
evidence of asthma plus a positive skin test or the verification of 
specific IgE by serological tests to the suspected agent has a high 
predictive value for occupational asthma1391 (summarized in). Skin 
prick tests are often taken as the method of choice for the deter-
mination of sensitization in practice because results are available 
immediately and the procedure is cost effective. Unfortunately, 
only very few skin prick test extracts for the diagnosis of occu-
pational allergy are commercially available. Additionally, there is a 
lack of standardization and validation for most available extracts 
of occupational agents and the allergenic potency of SPT extracts 
may vary significantly among manufacturers.1362 Therefore, testing 
of specific IgE with extracts—if available—is in most cases the best 
choice. Especially in the cases of natural rubber latex allergy recom-
binant allergens are available and should be used. The binding to 
CCD should also be checked, especially in the case of plant allergen 
sources, in order to be able to exclude a probable clinically relevant 
sensitization.

3 – Clinical cases

Case 1 (published in1351)
Clinical history: A 37 year-old man, developed urticaria with skin 

redness, itching, dyspnea and tachycardia 5 minutes after drinking 
a glass of apple juice supplemented with acerola (Malpighia glabra; 
Barbados cherry); no allergy to apple and apple juice was well toler-
ated; in the past seasonal hay fever symptoms caused by grass pollen 
and wild herbal pollen; since childhood, a significant contact urticaria 
induced by natural rubber latex products was well known; OAS after 
ingesting avocado, celery, walnut, and curry during pollen season.

SPT: wheal size same as for histamine—grass pollen mixture, 
latex, rye; weak reactions to plantain, hazel, birch pollen; limited re-
action to mugwort and ragweed pollen and to curry; intracutaneous 
skin reaction with acerola pulp and with acerola-containing apple 
juice; apple juice without acerola negative.
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In vitro testing: Total IgE 145 kU/L, specific IgE to latex 24.7 kU/L; 
acerola (EAST) 1.5 kU/L; CAP class 3 to grass pollen, CAP class 2 to 
plantain, peanut, tomato soy bean, CAP class 1 to hazelnut pollen, 
ragweed pollen, banana, green apple, herbal mixture and nut mix-
ture; single recombinant latex allergens: Hev b 6.01 17.1 kU/L, Hev 
b 6.02 18.7 kU/L, Hev b 8 0.7 kU/L, Hev b 1, 3, 5, 10 <0.35 kU/L. 
Inhibition studies showed that IgE binding to acerola allergens was 
completely inhibited by latex and acerola extract, whereas preincu-
bation of the patient's serum with acerola showed nearly complete 
inhibition to latex (79%) and rHev b 6.01 (85%). rHev b 8 as a solid-
phase allergen and acerola as an inhibitor revealed no significant 
inhibition.

Oral challenge: open oral challenge tests with apple juice with 
and without acerola and diluted acerola pulp; negative for apple 
juice; exposure to acerola pulp with a latency period of 5 minutes 
induced itching and swelling lips

Diagnosis: Latex-acerola cross-reactivity based on Hev b 6.01/ 
Hev b 6.02; Primary sensitization to latex led to cross-reactivity to 
acerola; (Pro-)hevein is the important allergen and responsible for 
the cross-reactivity;

Allergologists should include acerola on the growing list of 
latex-cross-reactive food allergens and inform latex-allergic patients 
about cross-reacting allergens as the traces of acerola in apple juice.

Case 2 (theoretical) Baker's asthma
Clinical history: A 55-year old baker, ex-smoker, starting his ap-

prenticeship at the age of 14 years, health problems at his workplace 
started 5 years later: sneezing, running nose, nose blocked, watering 
eyes, stinging eyes, cough, chest tightness asthma diagnosed 7 years 
later. The complaints got better at weekends and during holidays. 
Questions: What are the causes of the workplace-related symp-
toms? Are the complaints based on sensitization to environmental 
allergens?

SPT: wheat flour, rye flour and grass pollen positive comparable 
wheal size than histamine.

Specific IgE: total IgE 110 kU/L, wheat flour 54.2 kU/L, rye 
flour 15.4 kU/L, grass pollen 5.6 kU/L and alpha-amylase 1.2 kU/L. 
Workplace-specific challenge test with rye: the patient develops 
symptoms. Is there a relation between wheat/rye sensitization and 
grass pollen sensitization? Approach to find the answer: Cross-
inhibition testing with wheat and rye, respectively on the solid phase 
and grass pollen as liquid inhibitor and vice versa. Results: 12% IgE 
inhibition when rye flour as solid phase and grass pollen as inhibitor; 
10% IgE inhibition when wheat flour as solid phase and grass pollen 
as inhibitor; 87% IgE inhibition when grass pollen as solid phase and 
rye flour as inhibitor; 90% IgE inhibition when grass pollen as solid 
phase and wheat flour as inhibitor.

Conclusion: Based on the results of the inhibition experiments, 
the sensitization to the allergens at the workplace (wheat and rye) 
are independent of the sensitization to the (possible) cross-reactive 
allergen (grass pollen). The primary source of the sensitization are 
wheat flour and rye flour. The patient is also sensitized to the en-
zyme α-amylase. The clear clinical history, the workplace-relates 
symptoms, the positive SPT and high concentration of flour-specific 
IgE are good predictors for a positive challenge test. According to 
the recommendation in1392 a workplace-related challenge test can 
be avoided in highly sensitized bakers.

4 – Summary and perspective

For occupational type I-allergy with a huge variety of different sen-
sitizers, only limited numbers of allergens are characterized on the 
molecular level so far and assessment of sIgE reactivity to single 
allergen components has only been studied in detail for NRL and 
wheat allergy in the case of baker's asthma. Only few of allergen 
components are available for the routine diagnostics. Natural rub-
ber latex is an excellent model for the useful application of recom-
binant single allergens for improvement of routine diagnostics (via 
spiking of the latex extracts with rHev b 5) and the use of individual 
allergens is possible to determine the risk of severe allergic reac-
tions, therefore recommendations to avoid latex products and cross-
reactive foods can be given to the patient. The characterization of 
the allergic components responsible for wheat allergy in bakers has 
been the focus of several research groups for many years. Since the 
individual sensitization profile of bakers to wheat proteins is very 
heterogeneous, no main allergen could be identified. However, the 
group of alpha-amylase inhibitors seem to be important allergens 
for wheat allergy in bakers, but these allergens are not commercially 
available. Therefore, using the wheat extract is the best in vitro di-
agnostic option. Wheat ω5-gliadin (Tri a 19), the major sensitizing 
allergen WDEIA, and other typical wheat allergens in food allergic 
individuals (e.g., Tri a 26 or Tri a 36) are irrelevant for the diagnosis of 
baker's asthma. Further characterization of occupational sensitizers 
for IgE-mediated diseases (occupational rhinitis/ asthma, dermatitis) 
is urgently needed, with candidate or promising markers to be evalu-
ated in multi-center studies to improve in vitro diagnostics for oc-
cupational allergic diseases. This is important as many skin prick test 
extracts are at risk of being withdrawn from the market (especially 
rare allergen preparations such as occupational allergens), which 
could lead to a lack of diagnostic tools. Therefore, increased efforts 
should be made to apply the knowledge of allergen characterization 
to the field of occupational allergy diagnostics.
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C01 – Prof i l ins

Riccardo Asero, Domingo Barber, Giorgio Celi

Highlights

•	 Up to 50% of pollen allergic patients are sensitized to profilin.
•	 Sensitization virtually always follows primary sensitization to a 

specific pollen source.
•	 On SPT most pollen sources score positive.
•	 Clinical relevance is variable but potentially present.
•	 Up to 50% of sensitized patients may have food allergy, oral al-

lergy syndrome in most cases.
•	 Clinical reactivity to raw tomato, melon, watermelon, and/or cit-

rus fruits is typically associated with profilin hypersensitivity
•	 Patients tolerate processed foods.
•	 The spectrum of offending plant foods is sometimes very large.

1 – The protein

Profilin is a protein of 12-15 kDa in size present in all eukaryotic cells 
and involved in the organization of cytoskeleton as well as in signal 
transduction. Although it can form oligomeric assemblies (mostly as 
a consequence of protein purification and storage processes) profilin 
is a monomeric actin-binding protein and a key regulator of actin-
filament dynamics during processes such as cell movement, cytoki-
nesis, and signalling1393 (Figure 143, Table 69). In higher plants, it is 
identified as an allergen in monocot and dicot angiosperms.

2 – The protein family

As mentioned above, profilins are present in all eukaryotic cells, and 
in effect there is an officially registered profilin (Tyr p 36) originat-
ing from the storage mite, Tyrophagus putrescentiae. Nonetheless, 
as plant profilins represent the only clinically relevant allergens of 
this family described so far, the present chapter will deal specifically 
with plant derived profilins. Profilins from higher plants constitute 
a family of highly conserved proteins showing sequence identities 
of at least 75% even between members from distantly related or-
ganisms (Tables  70 and 71). In view of the high sequence homol-
ogy, cross-reactivity between profilins is extremely common and 
involves virtually every plant source. (Figure 144). Thus, profilin can 
be considered the archetypal pan-allergen.1389

3 – Clinical relevance of profilin

A) As an airborne allergen (Table 70)
Profilins are able to elicit IgE responses in 10-60% of pollen-

allergic patients1394,1395; however, the sensitization prevalence 
seems on the rise, as more and more allergic patients seen at allergy 
departments show sensitization to a large number of botanically 

unrelated plants1395. As a rule, profilin sensitization follows sensi-
tization to a primary, major allergenic pollen source. In most cases, 
grass pollen is responsible for profilin hypersensitivity but, depend-
ing on geographical differences, also birch pollen, ragweed pollen, 
and mugwort pollen may act as primary sensitizers.610,1395 Being a 
minor pollen allergen, profilin sensitization is almost always associ-
ated with the sensitization to major pollen allergens. Assessing the 
clinical relevance of profilin as an airborne allergen is quite compli-
cated, and in effect, it has been seldom investigated. In a Spanish 
study, only profilin-sensitized, pollen-allergic patients scored posi-
tive on a conjunctival provocation test with date palm profilin, thus 
suggesting that profilin may act as an aeroallergen.1396 Another 
study based on nasal/bronchial provocation with date palm profilin 
in sensitized subjects confirmed this finding.1397 However, in a field 

F I G U R E  14 3 Three dimensional structures of Phl p 12 (grass 
pollen) and Cuc m 2 (melon). Identical amino acid residues are in 
red, conservative changes in orange and unrelated amino acids are 
in blue. The structure is highly conserved in all profilins, consisting 
of a central 6-stranded antiparallel β-sheet and two α-helices 
situated at the N- and C-terminal sides. The figure was generated 
using PyMOL Molecular Graphics System v1.6. 

TA B L E  6 9 Basic protein characteristics of Phl p 12

Allergen source  

Protein family  

Biological function  

Molecular structure  

Theoretical MW  

Length  

Ligand binding  

Glycosylation  

Distribution  

Grass pollen  

Actin binding protein  

Central 6-stranded β sheet and two α-helices  

14 kDa  

131 amino acids  

Actin, poly-L proline  

None  

Every plant cell  
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study, the clinical impact of profilin hypersensitivity turned out to be 
rather limited, as most sensitized patients reported symptoms only 
in the specific season of the primary sensitizing pollen source.579 
Nonetheless, the only one case of primary sensitization to profilin 
reported so far suffered from long lasting seasonal symptoms.1398 
Further, recent studies showed that in certain geographic areas pro-
filin sensitization represents a marker of more severe respiratory 
allergy in patients with pollen-mediated rhino-conjunctivitis and 
asthma, probably because in most cases it occurs in patients with 
multiple primary sensitizations to different sources.1399

B) As a plant food allergen (Table 71)
Although profilin is present in every plant-derived food, its 

relevance as a food allergen has long been underestimated.52,1400 
Nonetheless, its role as a plant food allergen in about 50% of sen-
sitized subjects has recently emerged1135, with clinical allergy to 
certain foods such as melon, watermelon, citrus fruits, banana, 
pineapple, persimmon, zucchini, and tomato being character-
istically associated with profilin hypersensitivity (see Chapter 
B15).694,1135,1401–1407 In view of the high pepsin sensitivity of this 

protein1402, the clinical expression of profilin-induced food allergy is 
in most cases the oral allergy syndrome. However, cases of systemic 
allergic reactions induced by profilin have been reported in specific 
areas in Spain where the levels of grass pollen allergy are extremely 
high (Figure 145). Oral provocation of food allergic patients with low 
doses of purified profilin has proven to induce severe reactions in 
grass pollen (GP) allergic patients resident in areas with high grass 
pollen exposure.1408 This fact should be taken into account when 
evaluating severe food allergic reactions in areas where GP allergy is 
dominant. Further, recent studies showed that under certain condi-
tions (i.e., in the presence of certain specific co-factors) labile plant 
food allergens, including profilin, are able to induce systemic allergic 
reactions in patients not reactive to stable allergens.338 Finally, one 
study showed that plant food-induced allergic reactions in profilin-
hypersensitive individuals are associated with significant damage 
to the epithelial barrier of the oral mucosa. Such damage favours 
profilin penetration into the oral mucosa with subsequent local in-
flammation339. Another physical feature that may contribute to the 
“reduced allergenicity” of profilins is their low thermal stability.1409

Clinical relevance of profilin as an airborne allergen

•	 Up to 50% of pollen allergic patients are sensitized to 
profilin.

•	 Sensitization virtually always follows primary sensitiza-
tion to a specific pollen source.

•	 On SPT most pollen sources score positive.
•	 Clinical relevance is variable but potentially present.

Clinical relevance of profilin as a plant food allergen

•	 Up to 50% of sensitized patients may have food allergy
•	 Oral allergy syndrome in most cases
•	 Raw tomato, melon, watermelon, and citrus fruits are 

typically associated with profilin sensitization
•	 Patients tolerate processed foods
•	 Spectrum of offending plant foods is sometimes very 

large

TA B L E  7 0 Selection of profilins from different pollen sources

Fagales                

Graminae   

 

Asteraceae 

   

Urticaceae  

Oleaceae    

Cupressaceae  

Euphorbiaceae  

Birch (Betula pendula)   

Hazel tree (Corylus avellana)  

Alder (Alnus glutinosa)  

Hornbeam (Carpinus betulus)   

Oak (Quercus alba)  

Beech (Fagus sylvatica)  

Timothy (Phleum pratense)   

All other grass pollen species  

Mugwort (Artemisia vulgaris)  

Ragweed (Ambrosia artemisiifolia)  

Pellitory (Parietaria judaica)  

Olive (Olea europaea)  

Ash (Fraxinus excelsior)  

Cypress (Cupressus sempervirens)  

Annual mercury (Mercurialis annua)  

Date palm (Phoenix dactylifera)  

Bet v 2  

Cor a 2  

*Aln g 2  

*Car b 2  

*Que a 2  

*Fag s 2  

Phl p 12 

‘‘Allergen’’ 12  

Art v 4  

Amb a 8  

Par j 3  

Ole e 2  

*Fra e 2  

*Cup s 8  

Mer a 1  

Pho d 2  

Botanical family Allergen source Allergen

*additional allergens listed in allergome

TA B L E  7 1 Profilins from some plant foods

Rosaceae      

Cucurbitaceae  

Actinidiaceae   

Apiaceae 

Rutaceae 

Leguminosae    

Solanaceae   

Bromeliaceae  

Corylaceae  

Brassicaceae  

Asteraceae  

Moraceae  

Apple (Malus domestica)  

Peach (Prunus persica)  

Pear (Pyrus communis)  

Melon (Cucumis melo) 

Kiwi (Actinidia deliciosa)  

Celery (Apium graveolens) 

Carrot (Daucus carota)  

Orange (Citrus sinensis)  

Peanut (Arachis hypogaea) 

Soybean (Glycine maxima)  

Tomato (Solanum lycopersicum)   

Pineapple (Ananas comosus)  

Hazelnut (Corylus avellana)  

Yellow mustard (Sinapis alba)  

 (Helianthus annuus)  

Fig (Ficus carica)  

Mal d 4  

Pru p 4  

Pyr p 4  

Cuc m 2  

Act d 9  

Api g 4  

Dau c 4  

Cit s 2  

Ara h 5  

Gly m 3  

Sola l 1  

Ana c 1  

Cor a 2  

Sin a 4  

Hel a 2  

*Fic c 4  

Botanical family Allergen source Allergen

*additional allergens listed in allergome
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C) Profilin and natural rubber latex allergy
The end of the last century and the beginning of the current 

one have been characterized by an impressive increase in the 
prevalence of allergy to natural rubber latex. NRL contains many 
allergenic proteins, including profilin (Hev b 8). Therefore, the 
crude extract of Hevea brasiliensis latex scores often positive in 
patients with multiple pollen sensitization. This has frequently 
caused concern for the risk of intra-operative anaphylactic reac-
tions. However, most latex products have been replaced by syn-
thetic products and therefore the risk of allergic reactions due 
to latex allergens including profilin is no longer a health issue. 
Furthermore, patients who show uniquely IgE reactivity to profilin 
in NRL can undergo surgery and other medical procedures without 
any risk.1410,1411

4 – Clinical management

Profilin hypersensitivity can be diagnosed in-vivo by SPT using a 
commercial profilin-enriched date palm pollen extract that has been 

available only in Italy, Spain, and Austria 280; such extract for skin 
testing shows a sensitivity and specificity that is very close to that 
of the recombinant grass pollen profilin for in-vitro use (Phl p 12).1412 
Unfortunately, due to problems in registration at national regulatory 
agencies this product is currently no longer being commercialized in 
certain countries. Several recombinant profilins are currently avail-
able for the routine in-vitro diagnosis of IgE hypersensitivity. In the 
ImmunoCAP Specific IgE test (Thermo Fisher Scientific) Phl p 12, 
Bet v 2, Pru p 4, and Hev b 8, the profilins from grass pollen, birch 
pollen, peach, and natural rubber latex are the 4 profilins currently 
available. In the ImmunoCAP ISAC multiplex assay, Mer a 1 (from an-
nual mercury) is present as well (in a former version of the assay Ole 
e 2, the olive pollen profilin, has also been present but is currently 
withdrawn due to its low sensitivity1413). A second multi-allergen 
panel commercially available, namely the ALEX 2, shows sensitivities 
to the profilins Phl p 12, Bet v 2, Hev b 8, Pho d 2 (date palm), Mer a 1 
(annual mercury), and Cuc m 2 (melon). Regarding the clinical signifi-
cance of profilin-specific IgE levels, their value in predicting an oral 
allergy syndrome seems extremely limited or absent.1414 Since pro-
filins are extremely well conserved and cross-reacting and show an 

F I G U R E  14 4 Cross-reactivity 
between profilins from different pollen 
sources and plant foods 

F I G U R E  14 5 Areas of Spain 
characterized by a high prevalence of 
profilin sensitization (dots) where some 
cases of severe profilin-induced food 
allergy have been recorded. 
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equivalent IgE-binding potency1415,1416 one wonders if a representa-
tive marker allergen is sufficient to detect hypersensitive patients. In 
this sense, one study showed that one single marker protein is suf-
ficient to diagnose or exclude sensitization.1413 As for the homology 
between profilins from different sources, extracts from two pollen 
sources, namely Parietaria and cypress, score frequently negative in 
profilin hypersensitive patients.694 Whether this depends on a more 
limited cross-reactivity of profilins from these two plants with the 
other profilins.1417,1623 or on a lower concentration of the protein in 
the extract1418 is still a matter of debate; further studies are needed 
to clarify this point. Profilin hypersensitivity610 does not normally 
require special clinical measures. Although most pollen sources are 
probably able to induce profilin hypersensitivity, from a respiratory 
point of view the clinical impact of the inhaled protein is in most 
cases quite limited.579 Interestingly enough, profilin co-sensitization 
is associated with less severe reactions to foods in patients hyper-
sensitive to lipid transfer proteins or seed storage proteins as well 
as, in certain geographic areas, with less severe respiratory allergy 
in patients sensitized to airborne allergens.1419 Some studies have 
demonstrated the disappearance of profilin-associated food al-
lergy in subjects submitted to injection immunotherapy with differ-
ent pollen extracts.613,1420 Regarding allergen immunotherapy, one 
study showed that commercial extracts for allergen immunotherapy 
of most pollens (except Parietaria) are rich in profilin and hence po-
tentially able to desensitize to this allergen,1421 although grass pol-
len extracts have the highest relative content.1397 Profilin strong 
reactors constitute a good model to understand the link between 
respiratory and food allergy and to understand the causes underly-
ing severe allergic phenotypes. Multiomic analysis of grass pollen 
allergic, profilin sensitized patients, suffering from severe profilin-
mediated food reactions, allowed to conclude that uncontrolled T 
cell proliferation induced by exposure to profilin might explain these 
severe phenotypes.1422 In fact, differential profilin induced T cell 
proliferation in profilin sensitized subjects has been described com-
paring patients from Denmark and Spain.1423 This model, together 
with other sharing similar severe allergic phenotypes, could offer 
new clues to understand allergic disease evolution.1424 In conclusion, 
the data coming from the most recent studies support the need of a 
change in the way we have been looking at this allergen.693

5 – Clinical cases

Case 1
Clinical History: A 32-year-old woman resident in Extremadura, a 

heavily grass-exposed area, with pollen allergy and clinical history of 
oral allergy syndrome, urticaria, and asthma following the ingestion 
of melon, watermelon, banana, peach and orange. Open challenge 
with melon was positive.

Tests with extracts: On SPT, with exception of cypress, all pol-
lens scored positive, and no reactivity to peach LTP was detected.

Tests with molecules: ImmunoCAP ISAC (ISU-E) microarray 
scored positive for: Cyn d 1: 76.7, Phl p 1: 75, Phl p 2: 21, Phl p 4: 1.0, 
Phl p 5: 51.5, Phl p 6: 2.6, Phl p 11: 0.73, Bet

v 2: 6.39, Hev b 8: 5.14, Mer a 1: 8.94, Phl p 12: 1.64, Mux F3: 
0.67, Ole e 1: 0.37.

Oral challenges: On DBPCFC, the administration of 74 μg of pure 
date palm pollen profilin induced OAS and FEV1 decline of 20%, that 
were treated with antihistamine and bronchodilators.

Diagnosis: Grass pollen allergy with severe profilin-mediated 
food allergy was eventually diagnosed.

Case 2
Clinical history: A 38-year-old man living in the surroundings of 

Milan, Italy. At the age of 32 starts having severe rhino-conjunctivitis 
from mid-August to the end of September when he returns home 
from the summer holidays at the sea (where he is well). After 3 years, 
oral itching following the ingestion of melon, watermelon, tomato, 
banana, orange, and peach appears.

Tests with extracts: SPT with pollen allergens score positive for 
grass, mugwort, ragweed, plantain, birch, hazel, plane, and olive, and 
negative for Parietaria and cypress. A SPT with profilin-enriched 
date palm pollen extracts scores intensely positive.

Tests with molecules: The ImmunoCAP Specific IgE test scores 
strongly positive for Amb a 1 and Phl p 12, and negative for Phl p 1, 
Phl p 5, Phl p 7, Art v 1, Pla a 1, Pla l 1, Bet v 1, Cor a 1, Ole e 1, Par 
j 2, and Pru p 3.

Diagnosis: Respiratory allergy to ragweed and profilin-induced 
food allergy is eventually diagnosed.
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C02 – PR-10 -l ike al lergens

Heimo Breiteneder, Lorenz Aglas, Jörg Kleine-Tebbe, 
Christine Hafner

Highlights

•	 The major birch pollen allergen Bet v 1 represents the archetype 
of all PR-10-like allergens and is the primary sensitizer in birch 
pollen endemic regions.

•	 The presence of homologous allergens in Fagales tree pollen ex-
plains the IgE cross-reactivity between pollen from hazel, alder, 
beech, oak, hornbeam and chestnut.

•	 Minute amounts of PR-10-like allergens in raw fruits, nuts, vege-
tables and legumes can induce patient-individual patterns of oro-
pharyngeal symptoms and sometimes severe allergic reactions in 
Bet v 1-sensitized individuals.

•	 Testing for Bet v 1-specific IgE is sufficient. The relevance of 
cross-reacting pollen or foods can be clinically clarified by sea-
sonal and food-related symptoms without the need for further 
testing of Bet v 1 homologues.

1 – The PR-10 protein architecture

Bet v 1, the major allergen of birch pollen, was the first plant allergen 
and the first allergenic PR-10-like protein to be cloned and charac-
terized (Table 72). The cDNA sequence coding for Bet v 1.0101 was 
discovered on July 3, 1988, and published in 1989, representing the 
most abundant isoform in birch pollen (50-70%).1425

The protein architecture of Bet v 1 comprises a highly curved 
seven-stranded anti-parallel beta-sheet that embraces a 25 residue-
long C -terminal alpha-helix.1426 The beta-sheet and the C-terminal 
part of the long alpha-helix are separated by two consecutive 
alpha helices that connect the beta1- and beta2-strands. All these 
structural elements contribute to the formation of a large hydro-
phobic cavity. Structural information is available for various Bet 
v 1-homologous allergens from plant foods (Figure  146) and their 
overall similarity clearly illustrates the molecular basis for the cross-
reactivity of these proteins. Although Bet v 1 contains a variety of 
different T cell epitopes, a major T cell epitope located at the C ter-
minal amino acid residue positions 142-156 was recognized by T cells 
from 61% of birch pollen allergic individuals studied.1427 This part of 
the molecule shares high sequence similarities with various Bet v 
1-related tree pollen allergens. The extent of T cell cross-reactivity 
with Bet v 1-related food allergens also corresponded to the de-
gree of sequence similarity of the food allergens' C-termini to the 
Bet v 1 amino acid residues 142-156.1427The sensitizing capacity of 
different Bet v 1 homologues from plant foods seems to correlate 
with the presence of immunodominant T cell epitopes.1428 The Bet v 
1-specific IgE response is polyclonal, and epitopes are spread acress 
the entire Bet v 1 surface. Furthermore, the IgE recognition profile 
of Bet v 1 is variable and highly patient specific.1429

2 – The PR-10-like family of allergenic proteins

2.1. The Bet v 1-like superfamily
In 1980, pathogenesis-related proteins (PR proteins) were de-

fined as “proteins encoded by the host plant but induced only in 
pathological or related situations” and subsequently grouped into 
families.1430 Today, the list of PR proteins comprises 17 families.1431 
When the sequence of Bet v 1 was discovered in 1989, the PR-10 
family had not been defined yet, but it was noted that Bet v 1 was 
homologous to a PR protein from pea.1425 Bet v 1 is constitutively 
expressed in pollen at rather high concentrations. Hence, the term 
PR-10 for the Bet v 1 homologous allergens is not entirely correct. 
These constitutively expressed proteins are referred to as PR-10-like 
proteins (Table 73). Since the discovery of Bet v 1, the number of 
sequences related to the Bet v 1 sequence has grown steadily and 
rapidly. The version 34.0 of the Pfam database attributes 114,208 
sequences from 7,426 species to the Bet v 1-like superfamily (http://
pfam.xfam.org/clan/CL0209, accessed 12/2021) compared to 
14,065 sequences from 1,452 species listed in the Pfam version 29.0 
mentioned in the first edition of this book published in 2016. The 
member proteins of this superfamily are found in all three domains 
of life, i.e., archaea, bacteria and eukaryotes, and all share the Bet 
v 1 architecture.340 The Bet v 1-like superfamily of proteins com-
prises 25 families, one of which is the Bet v 1 family (http://pfam.
xfam.org/famil​y/PF00407). The Bet v 1 family in turn is composed 
of 11 subfamilies.340 One of these subfamilies is the PR-10 group of 

TA B L E  7 2 Protein characteristics

Allergen source  

Protein family  

Protein subfamily  

UniProt accession number  

Crystal structure available  

Molecular structure  

Theoretical molecular weight  

Molecular weight measured by MS  

Length  

Ligand binding  

Oligomerization state  

Glycosylation  

Isoelectric point  

Synthesis  

Distribution  

Betula pendula (syn. B. 

verrucosa, B. alba), birch  

Bet v 1  

PR-10  

P15494  

Yes  

Seven-stranded anti-parallel 

17439.63 Da  

17439.6 +/- 0.3 Da  

159 amino acid residues  

Yes  

Monomeric  

No  

0  

5.39  

In the cytoplasm of the vegetative 

cells of birch pollen  

Pollen is distributed into the 

environment by wind dispersal 

and can enter the indoor 

environment.  

Protein characteristics

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://pfam.xfam.org/clan/CL0209
http://pfam.xfam.org/clan/CL0209
http://pfam.xfam.org/family/PF00407
http://pfam.xfam.org/family/PF00407


    |  273 of 386DRAMBURG et al.

proteins to which almost all of the Bet v 1 homologous allergens be-
long. There are only two examples of allergens that are members of 
other subfamilies, the kiwi allergen Act d 11342 from the RRP/ MLP 
(= ripening related proteins/major latex proteins) subfamily, and the 
mung bean allergen Vig r 6343 from the CSBP (= cytokinin-specific 
binding proteins) subfamily.

2.2. Bet v 1-homologous allergens in Fagales tree pollen and 
plant foods

Birch pollen is one of the most common causes of IgE-mediated 
allergy in Northern and Central Europe as well as in North America. 
The major sensitizing allergen present in birch pollen is Bet v 1 to 
which 93% of individuals with birch pollen allergy produce specific 
IgE.1432 Birch belongs to the botanical order Fagales, which comprises 
seven families. Allergies have been strongly associated with pollen 
produced by the early flowering trees of the families Betulaceae and 
the Fagaceae (Table 74 and Figure 147). In general, allergic reactions 
to Fagales pollen are initiated by independent sensitization to pollen 
of members of the Betuloideae or Coryloideae subfamilies. However, 
25% of the IgE epitopes of the Betuloideae and the Coryloideae pol-
len allergens are unique for the respective subfamily, whereas pollen 
allergens from the Fagaceae are generally cross-reactive.1433

Homologues of Bet v 1 have also been identified in a wide range 
of plant foods.1434 The most frequently observed clinical entity is 
caused by IgE antibodies that cross-react between Bet v 1 and its ho-
mologues in fruits, nuts, seeds and vegetables. They induce predom-
inantly oropharyngeal symptoms, which are summarized by the term 
oral allergy syndrome (OAS)32Severe reactions to Gly m 4, the Bet v 
1 homologue from soybean (see chapter B17), have been observed 
in a subpopulation of Bet v 1-allergic individuals.1217 Bet v 1-allergic 
patients are at risk to acquire various plant food allergies, and even to 
react to novel foods without prior exposure.32 In contrast to Bet v 1, 
Bet v 1-related food allergens are regarded as incapable of sensitizing 

F I G U R E  14 6 Ribbon representations of birch pollen Bet v 
1 (PDB 4A88) and homologues from beech pollen (Fag s 1; PDB 
6ALK), strawberry (Fra a 1; PDB 6ST8), apple (Mal d 1; PDB 
5MMU), cherry (Pru av 1; PDB 1E09), peach (Pru p 1; PDB 6Z98), 
green kiwifruit (Act d 11; PDB 4IGV), celery (Api g 1; PDB 2BK0), 
peanut (Ara h 8; PDB 4M9B), soybean (Gly m 4; PDB 2K7H), mung 
bean (Vig r 6; PDB 2FLH) and hazelnut (Cor a 1.04; PDB 6GQ9) 
rainbow-colored from blue at the N-terminus to red at the C-
terminus. The 3D images were created with the molecular modeling 
system UCSF ChimeraX (https://www.rbvi.ucsf.edu/chime​rax/).

TA B L E  7 3 Characteristics of the PR-10-like family of allergenic 
proteins

Common tertiary structure with a seven-stranded antiparallel β-sheet with a 

long C-terminal α -helix and two short α-helices  

Sequences with high identities  

Small cross-reactive molecules of around 17 kDa  present in pollen of 

 

Binding of various ligands in a hydrophobic cavity  

TA B L E  74 Bet v 1- homologous pollen allergens of Fagales 
pollen

Betulaceae      

Fagaceae

Birch (Betula pendula) 

Alder (Alnus glutinosa) 

Hazel (Corylus avellana) 

Hornbeam (Carpinus betulus)  

Hop-hornbeam (Ostrya carpinifolia)

Beech (Fagus silvatica)  

Oak (Quercus alba)  

Sawtooth oak (Quercus acutissima)

Holly oak (Quercus ilex) 

Mongolian oak (Quercus mongolica)

Chestnut (Castanea sativa)  

Betuloideae 

Coryloideae     

Fagoideae  

Quercoideae    

Castaneoideae  

Bet v 1  

Aln g 1  

Cor a 1  

Car b 1  

Ost c 1  

Fag s 1

Que a 1  

Que ac 1  

Que i 1  

Que m 1  

Cas s 1  

Botanical 
family

Botanical 
subfamily

Allergen 
source

Allergen
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predisposed individuals. The few exceptions that were described in-
clude Dau c 1 from carrot,1435–1437 and Cor a 1 from hazelnut.1438

The list of plant food allergens to which Bet v 1-allergic individ-
uals may react is quite varied and most likely connected to the vari-
ation in individual IgE epitope patterns described.1429 Interestingly, 
most of the Bet v 1 cross-reactive allergens are found in fruits of 
the Rosaceae, in vegetables of the Apiaceae, and in seeds of the 
Fabaceae family (Table 75 and Figure 148).

Amino acid sequence identities between PR-10-like pollen aller-
gens are between 49 and 96% (Table 76) and identities between Bet 
v 1 and plant food allergens fall between 17 and 68% (Table  77). 
There is also a range of plant foods that contain cross-reactive Bet v 1 
homologues that have not yet received an official allergen nomen-
clature designation including almond, asparagus, parsley, ginseng, 
plum, nectarine, fig, mango, persimmon, jackfruit, and chickpea.

2.3. Ligand binding of PR-10-like proteins
The large hydrophobic cavity at the core of most PR-10-like aller-

gens enables the binding of several physiological and experimental 
ligands, mainly low molecular weight compounds of the chemical 
classes of cytokinins, flavonoids and sterols.340,1439 Ligand binding 
was described for Fagales pollen allergens from birch, hazel, and 
beech but also for Bet v 1-homologous allergens from peanut, straw-
berry, cherry and peach. Although ligand binding in PR-10-like aller-
gens appears to occur in a promiscuous, nonspecific way, the ligand 
preference varies greatly among the different proteins and among 
isoforms, as indicated by differences in binding affinities.476,1440,1441 
The role of ligand binding of PR-10-like allergens ranges from an in-
volvement in flavonoid biosynthesis (polyphenolic plant metabolites 
involved in color/flavor production and UV protection) to more gen-
eralized mechanisms in plant development, defense and reproduc-
tion.1442–1444 A detailed description of ligand classes interacting with 
PR-10 allergens is provided in (Table 78).

In most PR-10-like allergens, ligand-binding results in a stabiliza-
tion of the protein via structure rigidification, which, in case of Bet v 1, 
leads to increased thermal stability and a decreased proteolytic sus-
ceptibility without changing its secondary structure. However, 
clinical practice shows us that the majority of Bet v-1-homologue-
containing foods will only lead to symptoms when consumed raw 

(see also chapter 3.3). Two naturally occurring, physiological ligands 
were described for Bet v 1, the glycosylated flavonoid quercetin-
3-O-sophoroside and phytoprostanes, which are pollen-associated 
lipid mediators.471,1445 The stabilization of proteolytic cleavage sites 
by ligand binding affects the presentation of Bet v 1 peptides to 
T cells via the major histocompatibility complex class II molecules. 
The phytoprostane PPE1 hereby fulfills a dual role, on the one hand, 
by stabilising Bet v 1 against proteolytic degradation and, on the 
other hand, by modulating the activity of proteolytic enzymes. The 
increased proteolytic resistance mediated by these ligands and the 
altered presentation of T cell peptides suggests a contribution of li-
gands to allergic sensitization.

F I G U R E  147 Tree pollen sources of 
Bet v 1 homologous PR-10-like allergens. 
Official allergen names assigned by the 
WHO/IUIS Allergen Nomenclature Sub-
Committee (allergen.org) are shown in 
Table 74. Extensive IgE cross-reactivity 
between the various pollen PR-10-like 
allergens has been determined. 

TA B L E  75 Bet v 1- homologous allergens of plants

Strawberry (Fragaria x ananassa)  

Apple (Malus domestica)  

Apricot (Prunus armeniaca)  

Cherry (Prunus avium)  

Peach (Prunus persica)  

Pear (Pyrus communis)  

Raspberry (Rubus idaeus)  

Golden kiwifruit (Actinidia chinensis) 

Green kiwifruit (Actinidia deliciosa)   

Celery (Apium graveolens)  

Carrot (Daucus carota)  

Peanut (Arachis hypogaea) 

Soybean (Glycine max) 

Mung bean (Vigna radiata)  

Hazelnut (Corylus avellana)  

Tomato (Solanum lycopersicum)  

English walnut (Juglans regia)   

Indian hemp (Cannabis sativa)   

Fra a 1  

Mal d 1  

Pru ar 1  

Pru av 1  

Pru p 1  

Pyr c 1  

Rub i 1  

Act c 8  

Act d 8   

Act d 11  

Api g 1  

Dau c 1  

Ara h 8  

Gly m 4  

Vig r 1  

Vig r 6  

Cor a 1.04  

Sola l 4  

Jug r 5  

Can s 5  

Botanical 
family

Allergen 
source

Allergen

Rosaceae              

Actinidiaceae      

Apiaceae    

Fabaceae        

Corylaceae  

Solanaceae  

Juglandaceae  

Cannabaceae  
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3 – Clinical relevance

3.1. General importance
Bet v 1 is regarded as a marker allergen for a primary sensitiza-

tion to pollen of birch and other Fagales trees (e.g., alder, hazel, horn-
beam, beech, oak), and an indicator of cross-reactivity to a number 
of related major pollen and plant food allergens. Clinically, Bet v 1 
and its homologues in pollen represent important inhalant allergens, 
and are considered important inducers of birch pollen-associated 
plant food allergies.

3.2. Epidemiology
According to the European Respiratory Health Survey pub-

lished in 2007, the prevalence of sensitization to birch pollen was 
on average 6.4% with a maximum of 22.4% in Northern Europe.626 
Sensitization was generally high in Northern and Central Europe and 
low in the South of Europe. A large nationwide study in Germany 
on a representative sample of children and adolescents published 
in 2013 revealed the presence of IgE specific for birch pollen aller-
gens in 15% of the individuals in the age group of 3 to 17 years.798 
In the age group of 13 to 17 years, 15.7% of the girls and 21.7% of 

TA B L E  76 Amino acid sequence identities (%) between PR-10 allergens of Fagales pollen

F I G U R E  14 8 Plant food sources of PR-10-like allergens. Official allergen names are shown in Table 75. These PR-10-like allergens for 
which IgE cross-reactivity with the major birch pollen allergen Bet v 1 has been determined are found in the botanical families Rosaceae 
(apple, pear, cherry, apricot, peach, strawberry, raspberry), Actinidiaceae (golden kiwifruit, green kiwifruit), Apiaceae (celeriac, carrot), 
Fabaceae (peanut, soybean, mung bean), Solanaceae (tomato), Corylaceae (hazelnut), and Juglandaceae (walnut). Inhibition experiments have 
also indicated the presence of allergenic members of the PR-10 family in plum, nectarine, fig, mango, persimmon, jackfruit, chickpea, potato, 
chicory, fennel, poppy seeds, chamomile, parsley, anise seeds, cumin seeds, and coriander seeds (not shown). 
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the boys had IgE specific for birch pollen allergens. IgE sensitization 
to birch pollen allergens in adults (age 19 to 79 years) was found to 
be 17.4% and sensitization to Bet v 1 15.2%.1226 Approximately half 
of all sensitized individuals will develop symptoms such as allergic 
rhinoconjunctivitis or allergic asthma.798

According to the National Health and Nutrition Examination 
Survey (NHANES) 2005-2006 sensitization to birch pollen in the 
United States was on average 10% with slightly higher sensitization 
rates of 12.3% and 11.8% in the Northeast and Western regions, re-
spectively.627 The NHANES 2005-2006 data also demonstrated ra-
cial/ethnic differences. Sensitization to birch pollen was significantly 

higher in non-Hispanic blacks (14%) compared with non-Hispanic 
whites (9.1%).627

Oak, hazel and alder pollen account for sensitization to Bet v 
1-homologous proteins in East Asia, with oak tree pollen dominating 
over pollen of other tree species due to climate change1446. The IgE-
sensitization rate to oak pollen has more than doubled from 4.7% in 1998 
to 9.8% in 2019 in children living in the Seoul metropolitan area.1446

3.3. Symptoms (respiratory allergy)
Typical mucosal symptoms of tree pollen allergy occur during 

springtime in the respective regions (in Central Europe between 
February and May) with maxima depending on the current climate 
and the region's altitude:

•	 itchiness, redness, tearing of the eyes
•	 itch in the nose, oropharyngeal itch, (repeated) sneezing, runny 

and/or stuffy nose
•	 occasionally dry cough (particularly during or shortly after exercise), 

dyspnea, pressure sensation on the chest, wheezing, bronchial se-
cretion and difficulty in breathing as indicators for increasingly af-
fected lower airways (asthmatic lower airway inflammation)

•	 occasionally flu-like symptoms such as fatigue, body aches and 
headaches

Clinical diagnoses of intermittent (seasonal) rhinoconjunctivitis 
and allergic asthma due to birch pollen become more likely when 
mucosal symptoms occur during the same season in subsequent 

TA B L E  7 7 Amino acid sequence identities (%) between Bet v 1 and homologous PR-10 allergens found in plants

TA B L E  7 8 Reported ligand classes interacting with PR-10 
allergens

Animal steroid hormones   

Brassinosteroid (analog)  

Cytokinin   

Extrinsic and non-physiological 

ligands  

Fatty acids  

Flavonoids   

Organic compounds  

Phytoprostanes  

Ara h 8, Cor a 1, Que a 1  

Bet v 1, Cor a 1, Fag s 1, Pru av 1, Que a 1   

Cor a 1, Bet v 1, Fag s 1, Pru p 1   

Bet v 1, Fag s 1   

Bet v 1, Cor a 1, Que a 1   

Ara h 8, Bet v 1, Cor a 1, Fag s 1, Fra a 1, 

Que a 1  

Ara h 8, Cor a 1, Fag s 1   

Bet v 1  

Ligand chemical class Reported allergens
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years. Additional oropharyngeal symptoms that occur in approxi-
mately 2/3 of birch pollen allergic individuals after consumption of 
certain raw plant foods indirectly confirm a suspected birch pollen 
allergy. In a minority of birch pollen allergic individuals, ingestion 
of processed plant foods such as roasted hazelnuts, products con-
taining roasted hazelnuts, or cooked celeriac can induce OAS.

3.4. Symptoms (oral exposure)
Minute amounts of Bet v 1-homologous proteins can induce var-

ious, transient, predominantly oropharyngeal symptoms (Table 79) 
with a quick onset (sometimes immediately and often within min-
utes) after consumption of raw plant foods (Table 75, Figure 148) in 
approximately 2/3 of birch pollen allergic individuals. These symp-
toms are often referred to as “oral allergy syndrome” (OAS), implicat-
ing a particular clinical entity. This is not the case, since

•	 oropharyngeal symptoms can occur quite variably including dif-
ferent degrees of severity (Table 79 symptom complex A)

•	 diffusion of inflammatory mediators (i.e., histamine) and/or neu-
rogenic reflexes can prompt additional severe symptoms in the 
head area (Table 79 symptom complex B) or

•	 systemic, sometimes anaphylactic symptoms can occur in rare 
cases (Table 79 symptom complex C)

Noteworthy, oropharyngeal symptoms are not unique or specific 
for Bet v 1-induced cross-reactions or certain food items, since other 
food allergens are able to induce similar symptoms:

•	 profilin-containing plant foods (see chapter C01)
•	 nonspecific lipid transfer protein (nsLTP)-containing plant foods 
(see chapter C03)

•	 gibberellin-regulated protein (GRP)-containing plant foods (see 
chapter C09)

•	 seed storage proteins-containing plant foods (see chapter C08)
•	 cystein protease-containing plant foods
•	 β-1,3-glucanase-containing plant foods
•	 animal derived food allergens (see chapters B10-B14)

Thus, the so-called OAS does not represent a defined clinical en-
tity (syndrome) but a rather variable symptom complex. The occur-
rence of only oropharyngeal symptoms reflects the physicochemical 
properties of the particular food allergens, which in the case of the 
Bet v 1-homologous proteins are

•	 instability, i.e., poor resistance to degradation by digestive pro-
teolytic enzymes and consequently rarely a substantial intestinal 
absorption

•	 excellent aqueous solubility (quick onset of symptoms after mu-
cosal exposure).

From a clinical point of view, a large and over the years increasing 
number of reported Bet v 1-related cross-reactive plant foods indi-
cates a high level of Bet v 1-specific IgE based on a broad polyclonal 
IgE repertoire.

The following variables are presumably involved in rare, severe 
clinical reactions to foods containing Bet v 1-homologues:

•	 a strong Bet v 1-specific IgE response (high specific IgE/total IgE 
ratio)

•	 a broad Bet v 1-specific IgE repertoire (indirectly reflected in a 
large panel of implicated plant foods)

•	 the ingested amount of a particular Bet v 1-homologue containing 
food

•	 ingestion of a Bet v 1-homologue-containing food on an empty 
stomach

TA B L E  7 9 Potential symptoms due to Bet v 1-associated IgE cross-reactivity to plant foods

A. Limited oropharyngeal 

symptoms (frequent)    

B. Additional symptoms in 

the head area (isolated or 

with symptoms from A) 

(rare events)          

C. Systemic symptoms  

(extremely rare)        

itch   (“tingling”, “tickling”, “prickle”)  

burning, stinging  

mild mucosal swelling   

itch, redness, tearing  

itch, sneezing, runny nose, stuffy nose   

itch   

cutaneous and subcutaneous swelling (urticaria, angioedema)  

   rodirts ,htaerb fo ssentrohs ,)amede xnyral ro droc lacov gnitacidni( ssenesraoh

itch, redness, hives, swelling (urticaria, angioedema)  

nausea, vomiting, abdominal pain, diarrhea  

wheezing, cough, sputum (optional)   

dizziness, general weakness, unconsciousness, circulatory collapse  

lip mucosa, oral mucosa, palate  

palate, throat  

lip mucosa, oral mucosa, palate, throat  

conjunctiva  

nose  

ears (internally, Eustachian tubes)   

eye lids, lips, cheeks, ears, face   

palate, throat, larynx   

localized, multifocal or generalized at the skin  

stomach, intestine 

bronchi

heart circulation

SymptomsSymptom complex Organ/localization
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•	 differences in stability of the Bet v 1-homologue in the respective 
food items (more often systemic reactions due to hazelnuts, soy, 
carrots and celeriac in comparison to e.g., apples)

•	 matrix effects of certain food items (e.g., soy) with high pro-
tein content, protecting the immediate degradation of a Bet v 
1-homologue-containing food.

An increase in oropharyngeal symptoms during or shortly after 
the birch pollen season is generally observed. Natural birch pollen 
exposure might boost the Bet v 1-specific IgE response resulting in a 
broadened IgE repertoire.

Occasionally, patients experience oropharyngeal symptoms 
(Table 79) after consumption of typical Bet v 1-related plant foods 
without suffering from inhalant symptoms during the tree pollen 
season. This observation, a (so far) clinically “silent” Bet v 1 sensiti-
zation, can still prompt unexpected allergic reactions after the first 
consumption of Bet v 1-related plant foods. Without knowledge of 
the molecular relationship both, the diagnosis of a birch pollen (Bet 
v 1)-associated plant food allergy, and proper consultation of the af-
fected individuals might be unnecessarily delayed.

The most frequently observed allergy to soy in Central Europe is 
based on the serological cross-reactivity of Bet v 1-specific IgE (70%) 
with its homologue Gly m 4 from soybean (see chapter B17). In gen-
eral, reactions occur following the ingestion of large amounts of soy-
based products that did not undergo major processing steps (e.g., 
soymilk, soy-based protein powders). Reactions can be systemic and 
severe and have been observed in about 10% of birch-pollen allergic 
individuals.1217

4 – Clinical management

Diagnostic testing of Bet v 1-related allergies
IgE sensitization to Bet v 1 can be assessed (Figure  149) di-

rectly by allergen-specific IgE testing to Bet v 1, or indirectly by SPT 
with birch pollen extract or allergen-specific IgE testing with birch 

pollen extract when sensitization to Bet v 2 has been excluded by 
allergen-specific IgE testing. Convincing analytical specificity after 
birch pollen extract testing is only obtained in case of a limited sen-
sitization profile (i.e., if only positive to pollen of Fagales trees). If a 
positive SPT result was already obtained with a birch pollen extract, 
allergen-specific IgE should rather be tested to Bet v 1, providing 
more (analytical) specificity than another birch pollen extract for in 
vitro diagnosis.

Commercial plant food extracts (for SPT and IgE testing) often 
show false-negative results and should be avoided due to a low 
abundance and a lack of stability of Bet v 1 homologous food aller-
gens. Instead, prick-to-prick tests can be performed with suspect-
edv fresh, raw plant foods. Despite a lack of standardization, this 
approach can provide a qualitative, indirect demonstration of IgE 
sensitization.

No value of broad molecular testing of Bet v 1-sensitized 
patients

Is it worth it to demonstrate additional IgE sensitizations/cross-
reactions to Bet v 1-homologues such as allergen-specific IgE to Mal 
d 1, Cor a 1.04, Pru p 1 and many others? It is not, since numerous 
positive serological cross-reactions are to be expected when Bet v 
1-specific IgE is present.1447 Thus, such test results are not informa-
tive in terms of their clinical relevance without further clinical infor-
mation. Only a clear-cut negative IgE result obtained for an individual 
Bet v 1-homologous allergen (i.e., Dau c 1, Gly m 4, Pru p 1), obtained 
with a sensitive IgE test (cut-off at 0.1 kU/L; singleplex assay) could 
reliably rule out an IgE sensitization/cross-reactivity and a subse-
quent clinically relevant food allergy due to Bet v 1-cross-reactivity. 
Unfortunately, this scenario does hardly exist. Instead, rational and 
targeted testing (i.e., allergen-specific IgE only to Bet v 1) is strongly 
recommended. Sensitization tests in case of Bet v 1-associated 
cross-reactions are only meaningful, if the results will potentially 
lead to clinical consequences.

Interpretation of Bet v 1-related IgE sensitizations
Interpretation of a test addressing the clinical relevance of a 

previously demonstrated Bet v 1-sensitization can only be obtained 
by taking into account the patient's clinical history. Thus, a detailed 
anamnesis is very important in case a birch pollen-associated food 
allergy is in question. The following suggested diagnostic work-up 
can facilitate a final interpretation of the clinical relevance of a 
sensitization test (i.e., positive birch pollen SPT, positive Bet v 
1-specific IgE):

•	 The subject should be systematically asked, whether oropharyn-
geal (or other) allergic symptoms (Table  79) occurred and after 
consumption of which raw plant foods these symptoms appeared.

•	 The list of foods should not only address the most common ones 
as apples and hazelnuts, but the whole panel of potentially Bet v 
1-cross-reactive plant foods (Table 75, Figure 148). Oral challenge 
tests can help—in case of missing clinical information or vague 
anamnesis

Conclusions on clinical relevance

•	 Sensitization to the PR-10-like allergen Bet v 1 and its 
homologous proteins in pollen from Fagales tree species 
occurs worldwide except in South Africa and the tropics.

•	 Around half of all sensitized individuals will develop 
symptoms.

•	 Around 70% of birch pollen allergic individuals suffer 
from associated plant food allergy.

•	 Impact of IgE-cross-reactivity on clinical symptoms of 
food allergy is still unknown.

•	 Molecule-based therapeutic approaches are under 
investigation.
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•	 to prove or rule out clinical cross-reactions. They can also serve as 
a prospective test of a potentially cross-reactive, but so far never 
eaten plant food.

Oral food challenges, however, are rarely routinely performed in 
case of Bet v 1-associated food allergies for the following reasons:

•	 There is no urgent indication in case of solely oropharyngeal 
symptoms.

•	 They are not easy to interpret due to predominantly subjective 
symptoms.

•	 There are almost no validated dose-dependent tests.
•	 There are only a few proven published protocols for oral challenge 

procedures with Bet v 1-associated plant foods.1448

•	 They are tedious to perform considering the number of poten-
tially cross-reactive foods.

It is of utmost importance to advise patients that only those Bet 
v 1-related foods should be avoided in their raw form, when they 
have induced typical allergic symptoms. Avoiding every potentially 
cross-reactive food that may contain a Bet v 1-homologous aller-
gen is clinically not justified and would be exaggerated. The same 
is true for plant foods, showing indirectly after prick-to-prick tests 
or directly after serological analysis positive IgE sensitizations. Even 
the entire panel of Bet v 1-homologues employed for diagnostic pur-
poses would not be able to separate silent from clinically relevant 
sensitizations in case of positive test results.

Diagnostic recommendations for Bet v 1-related allergy

•	 Bet v 1-homologues in tree pollen extracts for diagnostic pur-
poses will induce positive SPT and IgE reactions to pollen of 
several Fagales tree (Table 74, Figure 147) not necessarily being 
clinically relevant.

•	 Prick-to-Prick tests with fresh (raw) foods are superior diagnostic 
tools compared with commercial food extracts in case of birch 
pollen-associated plant food allergies due to low stability of Bet v 
1-homologues.

•	 After being spiked with recombinant Bet v 1-homologues (e.g., Cor a 
1) birch pollen-associated plant food extracts (i.e., hazelnut extract) 
can bind more IgE, increase assay sensitivity (lowered “limit of quan-
titation,” LoQ) and provide elevated allergen-specific IgE values.

•	 At the same time “spiking” will unfold more positive (potentially 
clinically irrelevant) sensitizations, pointing to general draw-
backs of extract-based diagnostics (i.e., high sensitization rates 
to peanut in Central Europe due to cross-reactive natural Bet v 
1-homologue Ara h 8 in peanut extracts).

•	 Bet v 1-specific IgE serves as a reliable marker for potential, se-
rological cross-reactions to a number of plant foods (Table  75, 
Figure 148). The clinical relevance of potential cross-reactions is 
systematically addressed by the physician together with the pa-
tient based on the subject's individual symptoms after consump-
tion of raw foods containing Bet v 1-homologues.

•	 Positive specific IgE to Bet v 1-homologues plant food allergens 
(i.e., Pru p 1 from peach) demonstrates allergic sensitization, being 
only clinically relevant in case of corresponding symptoms.

•	 A negative IgE results (i.e., to Gly m 4 from soy, approx. in only 
25% of Bet v 1-sensitized subjects) would exclude serological 
cross-reactivity with certainty and clinically relevant symptom-
atic cross-reactions as well.

The rule-of-thumb for the diagnostic work-up of Bet v 
1-associated allergic reactions is: “The physician's interpretation, 
based on the patient's individual symptoms, and not the outcome 
of a sensitization test will establish the decision about the clinical 
relevance of previous diagnostic findings (personal comment by au-
thor JKT).

F I G U R E  14 9 Diagnostic algorithm in case of Fagales tree pollen and/or Bet v 1 homologue-related food allergy to raw plant foods. *If 
the patient tolerates the processed food, only the unprocessed food should be avoided.
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Sensitization can be tested by skin prick testing or in vitro by ex-
tract- or molecule-based assays. IgE test results must be interpreted 
always in the context of the anamnesis. At present, all Bet v 1-related 
allergens that are of broader clinical relevance are available as re-
combinant proteins but only a few for diagnostic purposes.

Extract composition for allergen-specific immunotherapy
Due to the high cross-reactivity of the major allergens Bet v 1, 

Cor a 1, Que a 1 and Aln g 1 of birch, hazel, oak and alder pollen, 
respectively, birch pollen mono-extracts are suitable for specific im-
munotherapy of a tree pollen allergy.616 Whether immunotherapy 
with tree pollen extracts has a beneficial influence on associated 
plant food allergies is still under discussion. Most studies were per-
formed on birch pollen-associated apple allergy. As the apple aller-
gen Mal d 1 has a very high sequence identity to Bet v 1, one might 
expect very good results from a birch pollen-based immunotherapy. 
However, the results from several studies on birch pollen-associated 
apple allergy are controversial.1172,1173,1636 Likewise, no clinical ef-
fect on a birch pollen-associated hazelnut allergy was observed after 
one year of specific immunotherapy with a birch pollen extract.1637

Therefore, an oral allergy-syndrome to birch pollen-associated 
plant foods in the absence of pollen induced respiratory symptoms 
should not be considered as a main criterion for selecting patients 
for birch pollen immunotherapy. Whether immunotherapy with Bet 
v 1-homologous plant food allergens might be an option for patients 
with severe oral allergy symptoms has to be studied in larger clini-
cal trials. Data from phase II studies have shown that sublingual im-
munotherapy with recombinant Mal d 1 can effectively reduce oral 
allergy symptoms in apple-allergic patients,65 and oral immunother-
apy with raw apple significantly increased increased Mal d 1-specific 
IgG4 and tolerance to apples1444

5 – Clinical cases

Case 1 (original, #6166):
History: Female, 39 yrs: Since 2015 for the first time during 

spring time eye itch, tearing, swelling, sneezing, runny and blocked 
nose, later chest tightness, wheezing, coughing and white sputum. 
In addition, since spring 2015 after raw fruits (apples, cherries, 
peaches) itchy throat.

In-vivo testing: SPT (wheal diameter [mm]): hazel 12, alder 5, 
birch 4, oak 6.

In-vitro testing: Total IgE 190 kU/L, specific IgE to Bet v 1: 91 
kU/L (>47% of total IgE indicating a strong sensitization).

Diagnosis: (A) Allergic rhinoconjunctivitis due to Fagales tree 
pollen; (B) Bet v 1-associated food allergy (oropharyngeal symptoms 
to certain raw Rosaceae fruits). Recommendations: Allergen-specific 
immunotherapy with birch pollen extract with caution during the es-
calation phase (high relative specific IgE to Bet v 1 is associated with 
potential adverse events). Avoidance of raw Bet v 1-cross-reactive 
pome and stone fruits (see history); cooked, baked or roasted plant 
products without dietary restriction (due to thermal instability of 
Bet v 1-related allergens).

Comments: (a) Strong Bet v 1-sensitization based on high abso-
lute IgE values and high ratio between Bet v 1-specific IgE and total 
IgE; (b) despite the short allergy history (first allergy season!) strong 
indication for AIT due to the rapid disease development including 
lower airways and cross-reactive oropharyngeal symptoms.

Case 2 (original, #6112)

History: Male, 35 yrs: Since 10 years Fagales tree pollen-induced rhi-
noconjunctivitis with itchy eyes, sneezing, runny nose, sore throat, 
itch in the ears, general fatigue. After ingestion of raw apples, hazel-
nuts, cherries, peaches, apricots, strawberries, blueberries*, grapes* 
within 5 minutes itchy and sore throat, itchy eyes and ears for 15 
minutes, after soy products loose stool.

In vivo testing: SPT (wheal diameter [mm]): hazel 6, alder 5, birch 
10, oak 3, grass-mix 3, mugwort 3.

In vitro testing: Total IgE 10 kU/L, specific IgE to Bet v 1: 3.4 kU/L 
(>1/3 of total IgE indicating strong sensitization), Phl p 1: 2.8 kU/l, 
other allergen specificities Phl p 12 (profilin), Art v 1, mugwort, Pru p 
3 (nsLTP) negative (<0.1 kU/L).

Diagnosis: (A) Allergic rhinoconjunctivitis due to Fagales tree 
pollen; (B) Bet v 1-associated food allergy (oropharyngeal symptoms 
to raw foods). Recommendations: Allergen-specific immunotherapy 
with birch extract. Avoidance of raw Bet v 1-cross-reactive pome 
and stone fruits (see subject's history).

Comments: (a) Absolute IgE values (total and allergen-specific) are 
both low; (b) relative relationship between Bet v 1-specific IgE and 
total IgE is high (pointing to the need to consider both, total and spe-
cific IgE, for proper interpretation); (c) *certain fruits are not primarily 
regarded as containing Bet v 1-homologues, but rather as nsLTP-
containing foods; but, due to negative IgE to Pru p 3 and profilin, 
these reported reactions cannot be easily explained. A Bet v 1 homo-
logue may well be described in blueberries and grapes in the future.

Case 3 (original, #6213):
History: Female, 47 yrs: Since 15 years after consumption of raw 

plant foods like apples, cherries, hazelnuts, walnuts within 1 minute 
mild sore throat for 5 minutes. So far, no allergic symptoms during 
spring.

In vitro testing: Total IgE 174 kU/L, specific IgE to Bet v 1: 34 
kU/L.

Diagnosis: Bet v 1-associated food allergy (oropharyn-
geal symptoms to raw foods) without allergic airway disease. 
Recommendations: Avoidance of raw Bet v 1-cross-reactive pome 
and stone fruits (see subject's history). No indication for AIT due to 
missing Fagales tree pollen induced airway symptoms.

Comments: Rare cases are suffering from oropharyngeal allergy 
symptoms due to plant foods containing Bet v 1-homologues with-
out any allergic airway symptoms during the birch pollen season. 
Diagnosis is established by IgE testing to Bet v 1. Potential clinical 
consequences are addressed “clinically” (without further IgE testing 
to other Bet v 1-homologues).
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C03 – Nonspecif ic  l ipid transfer 
proteins (nsLTP)

Elide Anna Pastorello, Francisca Gomez, Domingo 
Barber

Highlights

•	 Nonspecific lipid transfer proteins (nsLTP) are the most prevalent 
plant-food allergens in Southern Europe.

•	 The clinical reactions can be systemic and severe, especially when 
not associated to birch pollinosis.

•	 Pru p 3, the major allergen of peach, plays a precursor role in the 
sensitization to other nsLTP.

•	 Relevant nsLTP containing plant-foods belong not only to the 
Rosaceae family but also to the nut group and to cereals, such as 
wheat, maize, and rice.

1 – The protein

Pru p 3, the major allergen of peach, was the first nsLTP to be fully 
identified and characterized as a relevant food allergen. It is the most 
broadly recognized allergen of the family; however, there are patients 
sensitized to nsLTP that might not be sensitized to Pru p 3. It is in 
vascular tissue and in the outer cell layers of the plant organs and it 
essentially concentrates in the pericarp of fruits, whereas the pulp 
contains levels around 220-fold lower than peel. Peach fuzz contains 
large amounts of Pru p 3. It is a small basic protein of 91 amino acids, 
with a molecular weight of 9,178 Da. It contains a highly conserved 
domain consisting of alpha-helices that harbor eight cysteine resi-
dues, a distinctive sign of belonging to the Prolamin superfamily. The 
cysteine residues form four intramolecular disulphide bridges, which 
makes the protein resistant to high temperature and pH changes. The 
four disulphide bridges are responsible for the LTP compact folding, 
which forms a tunnel-like hydrophobic cavity running through the 
whole molecule. The Pru p 3 molecule is very flexible; therefore, the 
volume of the inner cavity can change significantly, and the protein 
can bind various lipidic ligands. The changes of the allergen confor-
mation, which are related to ligand binding, alter the protein surface 
and this can modify its IgE-binding properties. This has been pro-
posed for Pru p 3, where using an in silico approach, only the binding 
with oleic acid and not with stearic acid conditioned the exposure of 
the C-terminal loop that is a major IgE-binding epitope thus increasing 
the IgE-binding properties of this molecule.482 Moreover, the natu-
ral ligand of Pru p 3 has been recently identified as a derivative of 
the alkaloid camptothecin bound to phytosphingosine.484 This ligand 
acting as an adjuvant strongly increases the sensitizing capacity of 
Pru p 3 via CD1-mediated activation of invariant Natural Killer T-cells 
(iNKTs). Interestingly the structure of Pru p 3 presents significant 
structural similarities to saposins, small molecules that assist the 
loading of lipids onto CD1d.485 LTP is expressed at two key times of 

flower and fruit development in peach, namely, during pollination and 
during embryo development. Figure 150 shows the crystal structure 
of Pru p 3 (Table  80). Three IgE-binding epitopes on the LTP mol-
ecule have been identified: Pru p 311-20, Pru p 331-40 and Pru p 371-80. 
These peptides are shared with other fruits including apple, apricot, 
plum, cherry, orange, strawberry, grape, with a sequence identity 
ranging from 62 to 81%.1450 Pastorello et al.1451 also identified two 
immunodominant T-cell reactive regions, that have been called Pru p 
312-27 and Pru p 357-72. These peptides have the ability to induce the 
production of IL-4 by Pru p 3-specific T cells after allergen-specific 
stimulation, reflecting a Th2-dominated response. The stable tertiary 
conformation of Pru p 3, provides resistance to thermal degradation. 
In vitro IgE-binding ability is maintained after 30 min at 121°C and 
after 160 min at 100°C. Pru p 3 is as well resistant to proteolytic 
digestion. After a proteolytic treatment with trypsin, 35% of the mol-
ecule remains intact. After proteolysis, three high molecular weight 
(HMV) peptides and the peptide Pru p 357-72 are released. These pep-
tides have still IgE- and T-binding ability and thus have the potential 
to either sensitize or induce an allergic reaction1452

2 – The family

Pru p 3 belongs to the family of nonspecific Lipid Transfer Proteins 
(nsLTP), which includes allergens most frequently involved in food 
allergic reactions in the adult population from the Mediterranean 
area.1698 LTP belong to the superfamily of Prolamins including sev-
eral families like alpha-amylase inhibitors; 2S albumins and nsLTP. All 
members of the prolamin superfamily share the conserved pattern 
of eight cysteine residues; nsLTP as a difference to other members 
of the superfamily are not restricted to seed tissues but ubiquitously 
expressed throughout the plant.

F I G U R E  1 5 0 Crystal structure of peach Pru p 3, prototypic 
member of the family of plant nonspecific lipid transfer protein 
pan-allergens. Protein chains are colored. The figure was generated 
using PyMOL Molecular Graphics System v1.6. 
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LTP concentration is variable and depends on maturity, storage 
conditions, and cultivar of the fruit. Besides nsLTP have a role in the 
transport of hydrophobic molecules that compose the cutin and su-
berin layers of plant tissues. It has been suggested that nsLTP could 
be involved in plant defense against bacterial and fungal patho-
gens, and therefore they are also classified as Pathogenesis-Related 
Proteins type 14, (PR-14). Following the line of studies with Pru p 3, it 
has been shown that natural ligands transported by other allergenic 
LTP such as those from Triticum aestivum (wheat), Artemisia vulgaris 
(mugwort), Parietaria judaica (pellitory of the wall) and Olea europea 
(olive) were similar to those transported by Pru p 3. The authors also 

demonstrated that Phytosphingosin could act as a functional ana-
logue of human SPH (sphingosine) being converted by the epithelial 
enzyme SphK1 into PHS1P, a phosphorylated metabolite analogue 
of S1P that plays a significant role in the pathogenesis of asthma 
and allergy.483,1698 To date, the International Union of Immunological 
Societies Allergen Nomenclature Sub-committee lists 46 allergenic 
LTP molecules originated from fruits, pollen of trees and weeds, veg-
etables, nuts, and seeds, as well as latex. (Figure 151) based on their 
molecular mass, nsLTP are grouped into two types, LTP1 (9–10 kDa; 
around 90 amino acids) and LTP2 (6-7 kDa; around 70 amino acids). 
However, the majority of allergenic nsLTP belong to the nsLTP1 type. 
The most characteristic members are included in (Table 81). LTP are 
the most important allergens of the Prunoideae subfamily such as 
peach, apricot, plum and cherry. IgE cross-reactivity has been ob-
served within the Rosaceae family (high degree) and with citrus 
fruits, grape, tomato, vegetables (asparagus, lettuce, etc.), nuts (ha-
zelnut, walnut, peanut, etc.), maize, onion, carrot, rice, and spelt (par-
tial cross-reactivity).485 The Arg39/Thr40 epitope is well conserved 
in Rosaceae nsLTPs and only partly in cereal nsLTP (Figure  153). 
Besides, relevant allergens from Parietaria, Artemisia, Platanus and 
Olea pollen are also members of the LTP family, but they show rather 
low (Artemisia and Platanus) or absent (Parietaria and Olea) cross-
reactivity with Pru p 3 as a consequence of the lower sequence iden-
tity (<35%), and different length.1451 (Figure 154) shows conserved 
and divergent residues between Rosaceae nsLTP (A) and sequence 
identity between Pru p 3 and Art v 3 (B) or Ara h 9 (C). Recently 
Skypala et al., have reviewed extensively the different aspects of 
nsLTP structure, cross-reactivity and epidemiology.35

F I G U R E  1 51 Cross-reactivity due to nsLTP molecules between different allergenic sources. Continuous lines indicate a high degree of 
cross-reactivity among the Rosaceae family. Dashed lines indicate partial cross-reactivity.

TA B L E  8 0 Protein characteristics

Prunus persica, peach    

Lipid Transfer Proteins    

P81402    

Yes    

Mainly alpha-helix    

9,178 Da    

91 amino acids    

Mainly hydrophobic ligands    

No   

 No    

4    

9.25    

Seeds, fruits, leaves, roots, pollens  

Protein characteristics
Allergen source  

Protein family  

UniProtKB accession No.  

Crystal available  

Molecular structure  

Molecular weight  

Lenght  

Ligand binding  

Dimerization  

Glycosylation  

Isoelectric point  

Distribution  
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3 – Clinical relevance

Clinically relevant nsLTP have been described both in foods and pol-
lens. The real frequency of LTP sensitization in Europe is unknown, 
however, in an epidemiological survey performed in Spain280,585 on 
pollen allergic patients, Pru p 3 sensitization affected 11% of the 
adults and 22% of the children tested. These data suggest that ap-
proximately 2% of adults and 4% of children show positive sIgE to 
Pru p 3 (assuming a 20% prevalence of pollen allergy). Approximately 
50% of the patients that were sensitized to Pru p 3 referred food 
allergy. Considering the patients that are not pollen allergic and 
exclusively LTP-sensitized, the LTP-syndrome represents the most 
frequent type of food allergy in adults and adolescents in Southern 
European countries. By contrast, this syndrome shows a low preva-
lence in Central and Northern Europe. From a clinical point of view, 
the LTP-syndrome presents some peculiar aspects, which need to 
be known for the appropriate management of LTP allergic patients.

3.1. Clinical reactivity
A remarkable feature of LTP sensitization is the high variability of 

its clinical presentation, ranging from mild contact urticaria to ana-
phlylaxis.1454,1455,1699 Different studies described the robust associ-
ation between Pru p 3 positivity and the severity of systemic allergic 
symptoms. Even recently, in a component-resolved diagnosis based 
(CRD) study conducted on an adult cohort of 54 patients with a his-
tory of plant-food allergen-induced anaphylaxis, the authors found 

that nsLTP were one of the most frequent causes of anaphylaxis.1455 
In most of the cases systemic symptoms are preceded by oral allergy 
syndrome (OAS) manifestations, probably because the route of ex-
posure is the oral mucosa. The severity of the reaction seems to be 
higher when patients are mono-sensitized to LTP and milder when 
patients are also sensitized to profilin or PR-10.1128 level of specific 
IgE to Pru p 3 does not correlate with the severity of reactions. 
Patients can present restricted IgE recognition to one LTP or a broad 
recognition spectrum (LTP syndrome). Moreover, the most severe 
reactions are frequently associated to different co-factors such as 
NSAIDs intake or exercise.1454

3.2. Geographical differences
Another peculiar aspect of the LTP-syndrome stems from the 

clear-cut geographical difference in sensitization. The severe LTP-
induced clinical manifestations seen in Mediterranean populations 
are usually in contrast to mild clinical manifestations of the oral allergy 
syndrome that are associated to Birch pollen allergy caused by Bet v 
1 and Bet v 2 sensitization in Central and Northern Europe. In a peach 
allergy model, patients were prone to suffer severe reactions in areas 
with low level of Fagales pollen, usually non pollen allergics, while 
pollen co-sensitized subjects presented milder symptoms induced by 
Pru p 3. This finding also has been confirmed by other Authors in 
an apple model.1449 In a European collaborative study on apple al-
lergy, Mal d 3 sensitization was significantly more frequent in Spain, 
an almost birch-free area, as compared to birch-rich countries such 

TA B L E  8 1 Representative members of the nsLTP family and cross-reactivity between them

Rosaceae

Vitaceae  

Rutaceae  

Solanaceae  

Corylaceae  

Juglandaceae  

Fabaceae  

Asteraceae  

Poaceae    

Euphorbiaceae  

Asparagaceae  

Urticaceae 

Asteraceae    

Oleaceae  

Platanaceae  

Peach (Prunus persica) 

Apple (Malus domestica) 

 Cherry (Prunus avium) 

Grape (Vitis vinifera)  

Orange (Citrus sinensis)  

Tomato (Lycopersicon esculentum)  

Hazelnut (Corylus avellana)  

Walnut (Juglans regia)  

Peanut (Arachis hypogaea)  

Lettuce (Lactuca sativa)

Maize (Zea mays)  

Wheat (Triticum aestivum)  

 Latex (Hevea brasiliensis)  

Asparagus

Parietaria (Parietaria judaica)  

Ragweed (Ambrosia artemisiifolia) 

Mugwort (Artemisia vulgaris)  

Olive (Olea europoea)  

Plane (Platanus acerifolia)  

Pru p 3  

Mal d 3  

Pru av 3  

Vit v 1  

Cit s 3  

Lyc e 3  

Cor a 8  

Jug r 3  

Ara h 9  

Lac s 1  

Zea m 14  

Tri a 14  

Heb b 12  

Aspa o 1  

Par j 1  

Amb a 6  

Art v 3  

Ole e 7  

Pla a 3  

Allergen sourceBotanical family Allergen

Occupational allergens 

Plant foods

Pollen

A complete list of described allergenic LTPs can be found at: http://allergen.org/
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as Netherland, Austria and northern Italy.35,1449 These correlations 
suggest that Birch pollen exposure, typical of Central and Northern 
European populations, may confer a sort of immune protection to LTP 
sensitization. Recently the role of LTP as food and pollen allergens 
even outside the Mediterranean area has been reviewed and demon-
strated to be expressed in different phenotypes depending upon the 
sources and the intensity of exposure.35 In general the sensitization 
pattern to LTP outside the Mediterranean area differs from that of 
Southern Europe, with an overall lower prevalence and an apparent 
association to pollen cross-reactive LTP.35,1449 A typical example is 
the cross-reactivity between Pru p 3 and Art v 3 in China.1255

3.3. Pediatric patients
Children sensitized to Pru p 3 present clinical symptoms earlier 

than those sensitized to other pollen related allergens.1148 In a clini-
cal study carried out in Italy in adults, a total of 26 out of 48 subjects 
that were Pru p 3 positives alone, presented peach-related allergy 
symptoms between 2-15 years, earlier than those sensitized only to 
Pru p 1 and/or Pru p 4 allergens. Furthermore, in the same patients, 
Pru p 3 sensitization correlated with the development of allergic re-
actions to a higher number of plant-foods than Pru p 1 and Pru p 4 
sensitization alone.

3.4. Role of Pru p 3
Peach is the most frequent cause for nsLTP allergy, and Pru p 

3-sensitization seems to play a precursor role in the sensitization to 
other nsLTP. The most frequently involved plant-foods are fruits of 
the Rosaceae family such as apple, plum, apricot, cherry and pear. 
However, there are also botanically unrelated LTP-containing plant 
foods that appear to be strongly associated with peach, particularly, 
in the nut group: walnut, hazelnut and peanut have been described 
as foods eliciting not only OAS but also severe systemic reactions 
in LTP-sensitized subjects. Also, the most important cereals such as 
wheat, maize and rice can cause systemic reactions of various grades 
of severity as confirmed by double-blind placebo-controlled food 
challenge (DBPCFC) in LTP-allergic patients. In particular wheat has 
been recently described as cause of exercise related anaphylaxis in 
three young LTP-sensitized patients. LTP allergens also have been 
identified in green bean, fennel, orange, kiwi and lentil when using 
the sera of allergic patients previously sensitized to peach LTP. A 
large number of the aforementioned studies have indeed demon-
strated that Pru p 3-sensitization dominates the immune response 
to LTP in the other foods and that peach is almost always the food 
initiating the LTP allergy syndrome. However, clinical reactivity is not 
invariably a direct consequence of the cross-reactivity.35,1449 In many 
cases LTP-containing, Pru p 3 cross-reactive foods can be tolerated. 
Recently, an alternative sensitization route has been reported, inde-
pendent from Pru p 3, connected to marijuana inhalation mediated 
by Can s 3, the nsLTP from Cannabis sativa.35

3.5. nsLTP and respiratory allergens
As shown in Table 81, nsLTP have been identified as major and 

minor allergens in different tree and weed pollens. It is worth to 

pointout that frequently airborne sensitization to pollen LTPs is as-
sociated with more severe clinical phenotypes. Parietaria pollen is 
the only pollen with a nsLTP as the major allergen. Accepted thresh-
old pollen levels for sensitization are low and clinically, Parietaria 
pollinosis is often linked to asthma. Ole e 7, the nsLTP from olive 
pollen, has been reported to identify a severe allergic olive pollen 
phenotype, with increased risk of asthma and side-reactions during 
immunotherapy. In areas of heavy olive pollen exposure this aller-
gen can sensitize up to 50% of pollen-allergic population.585 It has 
been recently reported that Ole e 7 could play a new role as primary 
sensitizer in these areas, leading to peach nsLTP sensitization. This 
co-sensitization process would occur because of the cross-reactivity 
between Ole e 7 and Pru p 3 observed in some allergic patients.1456 
Art v 3 and Pla a 3, are minor pollen allergens and display partial 
cross-reactivity with Pru p 3 (Figure 152). As a consequence, sIgE 
to either Artemisia or Platanus should always be considered for po-
tential cross-reactivity and should be assessed in connection with 
major pollen allergens and Pru p 3. In areas with high Platanus or 
Artemisia exposure, sensitization to these pollen LTP has been as-
sociated with a more complex recognition pattern in nsLTP food al-
lergic patients.1457 It has also been reported that Pru p 3 is able to 
induce respiratory symptoms in areas with extensive orchard tree 
cultivation.35 Further, asparagus nsLTP has been described as an 
occupational allergen able to induce respiratory symptoms.1458 As 
previously mentioned, Can s 3, the ns LTP from Cannabis can induce 
respiratory allergy.35

4 – Clinical management

4.1. Identification of clinically relevant allergens
The clinical history should be aimed first at identifying reac-

tions to plant-foods most frequently involved in typical reactions 
of the LTP syndrome (Figure 153). Primarily peach, apple and other 
Rosaceae fruits and second a group of seeds that frequently are 
linked to LTP allergy as walnut, hazelnut, peanut, maize, wheat rice, 
or other beans. However, it should be taken into account that LTP 
are present in all vegetable tissues and can always be etiological pro-
teins in vegetable-mediated allergies. In spite of this, the presence 
of nLTP in a plant-food is not a reason to avoid it if tolerated until 
that moment as the contact with the intestinal immune system may 
help in maintaining tolerance. A list containing the nsLTP-rich foods 
should be avoided and the situation for each single food should be 
evaluated before its exclusion.

4.2. Role of cofactors
A second critical point of the diagnosis is the consideration 

that severe reactions might be linked to cofactors such as exer-
cise, alcohol intake, anti-acids and NSAIDs and thus LTP poten-
tial involvement should also always be evaluated associated to 
those.1454 A third point to consider is that many times severe LTP-
associated clinical reactions take place in patients that are not pol-
len allergic.
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F I G U R E  1 5 3 Diagnostic algorithms using molecular IgE diagnostics in the case of positive SPT/extract-based IgE test to (A) peanut; (B) 
peach; (C) hazelnut or (D) apple. LTP allergens are displayed in bold. 

F I G U R E  1 5 2 Homology between 
members of the nsLTP family. (A) Surface 
residues on Pru p 3 conserved among 
8 Rosaceae fruit nsLTP proteins. Red: 
residues conserved in 90% or more 
proteins. Orange: residues conserved 
in 40-90% of the proteins (gradient); 
White: residues conserved in less than 
40% of the proteins. (B) Surface residues 
conserved among Pru p 3 and 4 isoforms 
of Art v 3. Red: residues conserved in 90% 
or more Art v 3 isoforms. Orange: residues 
conserved in 40-90% Art v 3 isoform 
(gradient). White: residues conserved in 
less than 40% Art v 3 isoform. (C) Surface 
residues conserved among Pru p 3 and 
Ara h 9. Red: residues conserved in Pru 
p 3 and Ara h 9. White: no conserved 
residues 
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4.3. Component-resolved diagnosis (CRD)
Positive skin tests and/or extract specific IgE confirming plant-

food sensitization should be further investigated by CRD. Skin prick 
tests with commercial extracts, and prick-to-prick with fresh vege-
table foods should be performed according to European guidelines. 
Prick-to-prick testing with fresh fruits and vegetables has proven to 
be more sensitive than SPT with commercial extracts in confirming a 
history of food allergy to plant-foods. In order to test for LTP sensi-
tization, nsLTP enriched allergenic commercial extracts of apple and 
peach are now available on the market. They can be useful for the 
identification of a large number of LTP sensitized patients, as Pru 
p 3 has proven to be pivotal in LTP syndrome. However, Pru p 3 
cannot be considered a general marker of clinical LTP-allergy. As pre-
viously mentioned, it shows very limited sequence homology with 
pollen LTP, such as Par j 1 or Ole e 7, which implicates a very low risk 
of cross-reactivity. Other LTP such as Tri a 14 connected to baker's 
asthma, has proven to be an independent sensitizer as well.1459

The key-role of nsLTP as a marker of true food allergy with a high 
risk of severe systemic reactions, as compared to food allergy (i.e., 
OAS) due to Bet v 1 and Bet v 2 homologues in birch allergic pa-
tients, has prompted the development of assays for detecting anti-
LTP specific IgE (ImmunoCAP Specific IgE test) in the diagnosis of 
plant-foods allergy.

In peach, the simultaneous presence of both, anti-Pru p3 and 
anti-Pru p1 IgE antibodies seems to lower the risk of severe food 
allergic reactions.1460 This observation has been confirmed by 
Ruano Zaragoza et al.1461 who found in a population of 431 Pru 
p 3-sensitized patients that Pru p 1 or Phl p 12 positivity was 
negatively associated with development of anaphylaxis. Similarly, 
Mota I et al.1462 found in a group of 43 LTP sensitized patients 
that the co-sensitization to plant food allergens belonging to PR-
10 family could be a preventing factor able to reduce the sever-
ity of LTP allergy. In an analysis of severity biomarkers, Bogas G 
et al. found that profilin positive patients had statistically fewer 
anaphylactic events compared to patients sensitized exclusively 
to LTP.1123 All these data clearly demonstrate the important 
role of CRD in the diagnosis of LTP syndrome and in pheno-
typing with regard to severity. The identification of IgE cut-off 
values correlating with symptom severity could highly increase 
the efficacy of diagnosis. At present, nine different nsLTPs are 
available in ImmunoCAP ISAC and fifteen in MADX from Macro 
Array Diagnostics. The clinical relevance of testing these panels 
to predict the clinical reactivity pattern is still subject of active 
research. As a difference to other pan-allergen allergies, it would 
be necessary to incorporate a broader nsLTP panel for making a 
correct patient diagnosis. In this context the broad panel offered 
in MADX provides a new tool to investigate nsLTP allergy. Pru p 
3 seems to play a central role in nsLTP-mediated reactions. In vivo 
and in vitro diagnostic tools for Pru p 3 are commercially available 
and their inclusion in general patient screening is advisable, espe-
cially in geographic areas where the prevalence of nsLTP sensiti-
zation is considerable.

4.4. DBPCFCs for LTP-containing plant-foods
The double-blind placebo-controlled food challenge (DBPCFC) 

is the diagnostic gold standard in food allergy. In routine clinical 
practice, if multiple challenge tests are not feasible, DBPCFCs for 
LTP-containing plant-foods should be performed for the most nutri-
tionally relevant or widely consumed foods to minimize unnecessary 
exclusion from the diet. In some cases, the challenge test should also 
be performed after exercise given that LTP have been described 
as foods involved in food-dependent exercise-induced anaphylaxis 
(FDEIA).1463

4.5. Diagnostic algorithms
Many patients show a progressive clinical recognition of LTP. In 

some cases, they might be obliged to avoid almost any vegetable. 
The complexity and intensity of IgE repertoires to the panel of LTP 
might predict this evolution and is being today a subject of active 
research.

4.6. Treatment
The possibility of desensitization has been explored.401 In an 

open controlled study,1181 90% of treated patients with a sub-
lingual peach extract vaccine, tolerated a whole peach after one 
year of treatment. Before, about 50% of the patients included had 
anaphylactic reactions, suggesting that immunotherapy might be a 
feasible option for the treatment of severe LTP allergy. Moreover, 
evaluating the effect on concomitant allergy mediated by peanut 
LTP (Ara h 9), the authors reported a significant clinical benefit, 
supporting that Pru p 3 can be used for treatment of LTP syndrome. 
The same authors analysed immunological changes induced by 
the therapy supporting an induction of a regulatory response to 
both peach and peanut. A diagnostic algorithm and decision tree 
for allergen immunotherapy using CRD in nsLTP-mediated aller-
gies has been recently proposed.1464 Unfortunately, this therapy 
is only available in a limited number of countries. The prescription 
of adrenaline autoinjectors in cases of previous reactions and in 
severe risk patients is recommended. An extensive review on the 
diagnosis and clinical management of LTP allergy has been recently 
published.1454

5 – Clinical cases

Case 1 (published)1700

Male, 17 years with a 12-year history of peach induced systemic 
symptoms and sporadic anaphylaxis of unknown origin. Specific IgE 
were positive for rPru p 3 (34.7 kU/L), while moderate for wheat 
(1.56 kU/L), maize (4.92 kU/L) and rice (1.46 kU/L). sIgE to omega 
5 gliadine was negative. IgE immunoblotting was positive for LTP in 
the three cereals. Wheat Open Exercise Food Challenge (OEFC) gave 
rise to an anaphylactic reaction treated with Epinephrine. Rice and 
maize OEFC were negative. Wheat -free diet allowed the patient to 
perform agonistic physical activity without any symptoms. He did 
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not need to eliminate rice and maize from his diet. Thus, LTP sensiti-
zation to rice and maize was due to cross-reactivity with Pru p3. The 
message is that the challenge is advisable to avoid unnecessary food 
elimination.

Case 2 (unpublished real case)
Female, 52-years old with a 32-year history of peach-peel in-

duced contact urticaria and immediate abdominal pain after peach-
juice ingestion. She avoided this fruit since the reaction. The patient 
tolerated other fruits, vegetables, and tree-nuts. After some time, 
the patient developed a systemic reaction after eating a complete 
unpeeled apple (generalized urticaria and angioedema). Soon after 
she referred oral allergy syndrome with walnut, hazelnut and al-
mond and she avoided other nuts as peanuts for fear of having a 
new reaction.

The patient had a clinical history of allergic rhinitis to olive pol-
len since she was 15 years old. SPT to aeroallergens was positive for 
olive, mugwort, plane-tree pollen and HDM. SPT to plant-food was 
positive to peach peel, apple, hazelnut, almond and peanut. Specific 
IgE were positive for rPru p 3 (21.50 kU/L), for walnut (21 kU/L), 
hazelnut (10.20 kU/L) and peanut Ara h 9 (11.5 kU/L); and negative 
for peanut Ara h 2. We carried-out a peeled apple (154 g) open food 
challenge and the patient presented lips angioedema after 70 g of 
the total dose. She was treated with oral loratadine, and the reaction 
was resolved.

The patient participated in the clinical study with Pru p 3 
SLIT with a commercialized peach extract enriched in Pru p 3 (50 
μg/mL) (ALK-Abello S.A.). At the inclusion visit, we performed a 
DBPCFC with unpeeled peach, (300 mL that is a total dose of 2.5 
mg of Pru p 3) and peanut (15 units) The patient presented lips 
angioedema and OAS after 50 mL of peach juice and oral allergy 
symptoms with VAS of seven with three consecutive dose of pea-
nut (total of seven fried peanut nuts). The patient was included 
on a clinical trial and was treated during a year with Pru p 3 SLIT, 
receiving a 10μg daily dose of Pru p 3. After 12 months of treat-
ment, we observed a mild decrease in the size of papule for peach 
(10 mm area before Pru p 3-SLIT to 6 mm area after Pru p 3-SLIT) 
but not to peanut. We observed a decrease in sIgE to Pru p 3 (12.3 
kU/L) and peanut (6.10 kU/L). During the DBPCFC with peach, 
the patient tolerated the maximum amount of juice and peanut 
(15 units).

We recommended to include peach and peanut in a free diet 
(taking the maximum dose tolerated during DBPCFC). This is a clini-
cal case of a patient suffering from LTP-Syndrome, in which SLIT-Pru 
p 3 has provided an improvement in tolerance not only for peach 
but also for other foods related to LTP sensitization such as peanuts. 
After the study the patient continued with the SLIT for two years 
and we performed OFC with the other nuts (hazelnut and almond) 
and unpeel-apple, that were introduced in the diet. The patient re-
fused the oral food challenge with walnut.

Case 3 (unpublished real case)
Male, 30-year with a 24-years old history of peach-peel induced 

contact urticaria. He avoided this fruit since the reaction. The patient 
tolerated other fruits, vegetables, and tree-nuts. Ten years after first 
symptoms, the patient developed a systemic reaction after ingestion of 
walnut, hazelnut, and peanut (hives, angioedema, shortness of breath, 
dizziness). Since the reaction with these nuts, the patient avoided all 
types of tree-nuts, including pistachio and cashew. SPT to aeroaller-
gens was positive to mugwort and plane-tree pollen. SPT to plant-food 
was positive to peach peel, hazelnut, and peanut; and negative to al-
mond, pistachio, and cashew. Specific IgE were positive for rPru p 3 
(20.6 kU/L), moderate for walnut (4.93 kU/L), hazelnut (0.54 kU/L) and 
peanut Ara h 9 (15 kU/L); and negative for peanut Ara h 2. Almond 
Open Food Challenge was positive with a total dose of 5 units of fried 
almond, presenting the patients oral allergy syndrome and lip an-
gioedema that was treated with IM dexchlorpheniramine. Pistachio and 
cashew OFCs were negative. Upon DBPCFC with unpeeled-peach and 
peanut, the patient presented OAS and abdominal pain at intermediate 
peach dose as well as lips angioedema, erythema, and pruritus after 5 
units of fried peanut. The patient was included on clinical study and was 
treated during a year with Pru p 3-SLIT (as in case 2). After 12 months 
of treatment, we did not observe a decrease in the peach or peanut 
wheal size, but we observed a decrease in the levels of sIgE to Pru p 
3 (10.5 kU/L); and peanut (4.3 kU/L). During the DBPCFC with peach 
the patient tolerated all the amount of juice and peanut (15 units). This 
is a clinical case of a patient that developed an LTP syndrome, in which 
Pru p 3-SLIT induced an improvement in tolerance not only of peach 
but also of other foods related to LTP sensitization such as peanuts. 
Currently the patient tolerates other nuts as walnut and hazelnut.

6 – Tools

CRD by SPT is possible by using peach extracts highly enriched on 
Pru p 3, (with very low content of other allergens).1453 As most of the 
patients with nsLTP-mediated food allergic reactions will be positive 
to Pru p 3, this extract should be used in a general screening for 
inhaled as well as food allergy. Complex nsLTP syndrome patients 
will eventually react to multiple members of the family. Today, there 
are different alternatives for multiple testing of sIgE to LTPs: FABER, 
ALEX, and ImmunoCAP ISAC112. The latter contains 9 different 
LTP: Pru p 3, three nuts LTP (Ara h 9, Cora a 8, Jug r 3), one cereal 
flour LTP (Tri a 14) and four pollen LTP (Art v 3, Ole e 7, Pla a 3 and 
Par j 2) and has been widely used in the last years.

The sIgE responses to the above mentioned LTP panel could be 
a reflection of the extension of LTP family recognition and therefore 
related to severity of the LTP syndrome and the probability of future 
side reactions to new fruits and vegetables. However, to date there 
is no validated approach or threshold values for sIgE levels. The indi-
vidual allergens are also available in the ImmunoCAP Specific IgE test.

 13993038, 2023, S28, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pai.13854 by U

niversitaetsbibl A
ugsburg, W

iley O
nline L

ibrary on [18/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



288 of 386  |     DRAMBURG et al.

C04 – Serum albumins

Maksymilian Chruszcz, Martine Morisset, Christiane 
Hilger

Highlights

•	 Highly conserved sequences with high amino acid sequence 
identity

•	 Minor respiratory allergen of animal dander
•	 Food allergen of milk and meat
•	 Allergen implicated in pork-cat and bird-egg syndrome

1 – The protein

Bos d 6, Bovine serum albumin (BSA), is a well-characterized protein 
(Table 82).1465 It is synthesized in the liver and is a major component 
of plasma. BSA is widely used in biochemical and immunological as-
says as well as in vaccines, surgical adhesives, hemostatic tissues, 
and it is a common cell culture ingredient.

The protein architecture of Bos d 6 was resolved in 20121465 
and revealed an α-helical structure composed of three structurally 
similar domains arranged into a heart-shaped form (Figure  154). 
The molecule is stabilized by seventeen disulfide bonds. Bos d 6 
is denatured by heating to temperatures above 50°C. Helices are 
partially disrupted and heat-induced aggregation takes place at 
60°C.1466

Bos d 6 is a respiratory and food allergen as it is present in bovine 
dander, milk, and meat. BSA is classified as minor allergen in animal 
dander, but it is an important meat and milk allergen in the case of 
uncooked food ingestion. Since Bos d 6 is a thermolabile protein, 
well-done meat and boiled milk are safe for allergic patients (for de-
tails, see chapters on Allergy to furry animals, Allergy to meat, and 
Allergy to milk).477 There is currently no assay available for quantifi-
cation of Bos d 6 in the environment.

2 – The family

Serum albumins are large globular proteins synthesized in the 
liver.1467 They are abundant in plasma and contribute to the 

regulation of colloid osmotic pressure. Serum albumins transport a 
multitude of metabolites, nutrients, drugs, and other molecules.469 
They have an α-helical structure with three domains stabilized by 
several disulfide bridges. Serum albumins change their conformation 
in order to bind diverse ligands. These proteins present in dander, 
saliva, milk, and meat are thermolabile and easily denatured in food 
by cooking. Chicken serum albumin, formerly known as α-livetin, is 
an allergen of egg yolk. Seven serum albumin allergens are officially 
recognized by the IUIS Allergen Nomenclature Subcommittee: Bos 
d 6 (bovine), Can f 3 (dog), Cav p 4 (guinea pig), Equ c 3 (horse), Fel 

Family characteristics

– Common tertiary α-helical structure
–  Highly conserved sequences with high amino acid se-
quence identity

– Large secreted molecules of 65 - 69 kDa
– Bind many small molecular compounds
– Thermolabile
– Present in dander, secretions, and meat

TA B L E  8 2 Characteristics of the prototype protein

Bos domesticus, domestic cattle  

Serum albumin  

P02769  

Yes  

Mainly helical  

66.56 kDa  

607 amino acids; mature protein: 583 

amino acids  

Yes  

No  

No  

17  

5.6  

Liver, secreted  

Plasma, dander, saliva, milk, meat  

Protein characteristics
Allergen source  

Protein family  

UniProtKB accession 

Crystal structure  

Molecular structure  

Theoretical molecular weight 

 Length  

Ligand binding  

Dimerization  

Glycosylation  

Isoelectric point  

Synthesis  

Distribution  

F I G U R E  1 5 4 Ribbon model of the three-dimensional structure 
of Bos d 6 (PDB code: 3V03). N-terminal end in blue, C-terminal end 
in red. 
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d 2 (cat), Gal d 5 (chicken), and Sus s 1 (pig) (Table 83). However, a 
number of serum albumins from different animals have been shown 
to bind IgE and to be cross-reactive: sheep, goat, rabbit, hamster, 
mouse, rat, and other mammals, as well as birds like pigeon, although 
these serum albumins are not yet categorized as allergens.1668

Serum albumins have a molecular weight of 65-69 kDa. They 
are composed of 607-608 amino acids and the signal peptide and 
a pro-peptide of 18 and four amino acids respectively are cleaved 
off during maturation. Mammalian serum albumins have highly con-
served amino acid sequences1467 and show sequence identities of 
72-82% with human serum albumin (HSA). Avian serum albumins 
display lower identities (46-49%) with HSA and other mammalian 
serum albumins (42-48%).

Table 84 displays two-by-two comparisons of amino acid iden-
tities between HSA and different serum albumins. The identity 
between HSA and mammalian serum albumins is very high. It was 
generally assumed that proteins with a sequence identity to a human 
homologue above 62% were rarely allergenic.1468 Serum albumins 
constitute a remarkable exception to this rule. Other important an-
imal allergen families such as tropomyosins, β-parvalbumins, and 
caseins lie below this threshold. IgE-cross-reactivity between mam-
malian serum albumins has been well documented.1667 All pairs with 
a high sequence identity (>70%) are potentially cross-reactive. It 
has been postulated that below 50%, cross-reactivity is rare.13,1528 
Cross-reactivity between mammalian and the less-conserved avian 
serum albumins seems to be rare, but it has been documented in 
single case reports.1670 Molecules displaying a low level of overall se-
quence identity may nevertheless share single epitopes composed of 

short stretches of sequence identity that lead to patient-dependent 
IgE-cross-reactivity.

A comparison of the surfaces of some important allergenic mam-
malian serum albumins visualizes potential cross-reactive B cell epi-
topes (Figure 155). B-  and T-cell recognizing HSA epitopes will be 
deleted during the immunological education process. Figure  156 
illustrates cross-reactivity among some important serum albumins 
recognized by the IUIS.

3 – Clinical relevance

Serum albumins are respiratory allergens present in animal dander 
and fluids such as milk, serum, urine, and saliva. They are considered 
minor allergens.477 Depending on the study population, approxi-
mately 14-50% of cat and dog-allergic patients present IgE to cat or 
dog albumins. Monosensitization to cat or dog serum albumin seems 
to be extremely rare in a primary sensitization. IgE to Fel d 2 is usu-
ally detected along with IgE directed to a major allergen (such as Fel 
d 1). On the contrary, the presence of IgE to Can f 3 without any de-
tectable IgE to other dog allergens (Can f 1 or Can f 2) is thought to 
be a marker of cross-reactivity and the primary sensitization source 
should be sought after. The clinical relevance of IgE to serum albu-
mins concerning respiratory symptoms, is difficult to explore as IgE 
to other allergens from the same animal are always present in the 
same patient. It is generally assumed that they are of low relevance. 
However, two cases of occupational asthma triggered by inhalation 
of Bos d 6 have been reported in laboratory workers.1378,1668 High 

TA B L E  8 3 Bos d 6-homologous allergens from animals

Domestic cattle (Bos domesticus)  

Dog (Canis familiaris)  

Guinea pig (Cavia porcellus)  

Domestic horse (Equus caballus)  

Cat (Felis domesticus)  

Chicken (Gallus domesticus)  

Domestic pig (Sus scrofa) 

Bos d 6

Can f 3  

Cav p 4  

Equ c 1  

Fel d 2  

Gal d 5  

Sus s 1  

Animal family Allergen source Allergen
Bovidae  

Canidae  

Cavidae  

Equidae  

Felidae  

Phasianidae  

Suidae  

TA B L E  8 4 Amino acid identities (%) between allergenic serum albumins and HSA1467. Dark blue shaded areas indicate sequence identities 
>80%, light shaded areas display identities between 71 and 80%. Figures in bold blue indicate documented IgE-cross-reactivity between 
albumins. HSA, human serum albumin.
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levels of IgE antibodies to Fel d 2 have been associated with atopic 
dermatitis in cat-allergic children.809

In contrast to its role as a respiratory allergen, serum albumin in 
food has been shown to elicit minor, moderate, and severe clinical 
symptoms. Bos d 6 is a component of the milk whey fraction and 
constitutes about 1% of the total protein content of milk (0.1–0.4 
g/L). In a series of 60 children with immediate reactions to milk con-
firmed by DBPCFC, 61.3% had allergen-specific IgE antibodies to 
Bos d 6.953 Boiling milk for 10 minutes eliminated skin prick test 

responses in subjects reactive to BSA. Cross-reactivity has been 
described between different mammalian milks. Bos d 6, and the 
major bovine milk allergens casein and β-lactoglobulin have homo-
logues in milk from other species. Serum albumins are also an im-
portant allergen in meat. A high percentage of milk-allergic children 
(13-20%) are also allergic to beef.953,974 In a series of 28 children di-
agnosed with beef allergy, 92.9% were diagnosed as allergic to milk 
by skin prick test and DBPCFC. In children with beef allergy, sensi-
tization to Bos d 6 is a marker of cow's milk allergy.953,974 Because 

F I G U R E  1 5 6 Cross-reactivities among allergenic serum albumins. All mammalian serum albumins are potentially IgE-cross-reactive. 
Clinical cross-reactivity between mammalian Fel d 2 and Sus s 1 and avian Gal d 5 are rare and have been documented only from mammal 
to bird. Solid lines represent documented IgE-cross-reactivity, and dashed lines show hypothetical cross-reactivity. 

F I G U R E  1 5 5 Surface representation of BSA molecule (PDB code: 3V03) shown in four side views. Residues that are identical in bovine 
(Bos d 6), feline (Fel d 2), and porcine (Sus s 1) albumins are colored in blue. The identical residues form large surface patches that can be 
recognized by cross-reactive antibodies. Residues that are different between Bos d 6, Fel d 2, and Sus s 1 are marked in grey. 
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Bos d 6 is a thermolabile allergen, well-done meat is tolerated by 
most patients.

Albumins are also involved in cross-reactivity between animal 
dander and milk or meat. A patient allergic to horse developed a 
systemic reaction upon ingestion of mare's milk.1471 The association 
between allergy to cat dander and pork meat, known as pork-cat 
syndrome, was described more than a decade ago in Europe.1470 
Among two groups of cat-allergic patients, 14 and 23% had specific 
IgE to Fel d 2 and 3-10% had cross-reacting IgE to porcine albu-
min.795 Among those, one of three experienced clinical symptoms 
upon ingestion of pork meat. Thus, 1-3% of cat-allergic patients 
could develop pork-cat syndrome. This syndrome has also been de-
scribed in the United States and should be differentiated from the 
delayed meat allergy based on IgE to alpha-gal (see chapter B14).1093 
Although pork-cat syndrome represents the most frequent clinical 
cross-reactivity between mammalian dander and meat, additional 
isolated cases have been described, such as between horse meat 
and animal dander or between pork and horse dander.1471 However, 
pork-cat syndrome may not be limited to food, as shown by a case of 
occupational asthma triggered by handling of cured meat.1472

Chicken serum albumin (Gal d 5) is an inhalant and food allergen 
implicated in the bird-egg syndrome1473 or egg-bird syndrome, de-
pending on the primary exposure.1670 It is present in egg yolk and it 
has also been detected in domestic air samples. Bronchial challenges 
elicited asthmatic responses in six asthmatic patients. IgE reactivity 
was reduced to 88% after heating at 90°C for 30 minutes. Chicken 
serum albumin Gal d 5 does not share any sequence identity with 
ovalbumin Gal d 2, a storage protein and allergen from egg white.

The wide use of BSA in cell culture media holds new risks. 
Several case reports have shown that Bos d 6, an ingredient of the 
culture medium of spermatozoids, has provoked severe anaphylactic 
reactions upon artificial insemination.477 Presence of BSA in media 
during the production of vaccines is another potential risk factor. 
Therefore, WHO has set a guideline stating that no more than 50 ng 
of BSA can be present in a single vaccine dose, likely lowering the 
number of reactions to BSA in vaccines.1474 However, some cases 
of allergic reactions to vaccines are most likely associated with con-
tinued presence of BSA.1475 Recently, BioGlue, a surgical adhesive 
composed of BSA, has been implicated in two cases of perioper-
ative anaphylaxis in patients allergic to cat and sensitized to Fel d 
2.1476,1477 The high concentration of BSA and a brief exposure of 
cross-reactive epitopes before complete denaturation and strong 
protein cross-linking may contribute to the severity of the reaction.

Allergy to HSA is very rare even in cases when recombinant 
protein is used.1478 However, recently there were two reports in-
dicating that HSA is responsible for anaphylactic reactions.1479,1480 
In one of these cases, the authors speculated that reaction to HSA 
may be associated with the presence of small molecular compounds 
that are used to prevent aggregation of commercial formulations of 
HSA or used during sterilization, or that are present in tubing used 

to administer the albumin solution.1480 Other studies suggested that 
modification of HSA by isocyanates, which are used in production of 
polyurethane, may lead to formation of new antigens that can cause 
asthma.1481,1482

As serum albumins are minor allergens, there is no current research 
on the development of hypoallergenic molecules. Current immuno-
therapies available contain animal dander extracts and may vary in 
albumin content.

4 – Clinical management

A careful record of the clinical history such as the presence of pets 
at home or regular pet contact is of great value. Skin prick test or 
allergen-specific IgE using animal dander will confirm animal sensi-
tization. In order to define the primary sensitization source, specific 
IgE to major allergens such as Fel d 1, Can f 1, Can f 2, or Can f 5 should 
be determined (see chapter B06). The number of available compo-
nents is increasing and hopefully more allergens including those of 
small furry pets will be available on all commercial platforms. IgE an-
tibodies directed to serum albumins are a marker of cross-reactivity 
but do not mandatorily imply clinical cross-reactivity. Patients with 
IgE to serum albumins should be advised to avoid mammalian pets as 
they may experience clinical symptoms upon contact with any pet. 
As mammalian serum albumins are highly cross-reactive, the choice 
of serum albumins included in the determination of allergen-specific 
IgE should be guided by clinical history (Figures 157–159). Specific 
IgE are mostly positive to Can f 3 and Fel d 2, whereas IgE reactiv-
ity against Bos d 6 and Sus s 1 are less frequent. Gal d 5 should be 
considered as an independent allergen, as homology to mammalian 
albumins is very low. Patients with moderate to high levels of IgE to 
serum albumins are at risk to develop symptoms upon ingestion of 
raw milk and raw or medium cooked meat such as sausages, ham, 
and steaks. Levels of IgE to Bos d 6 and Sus s 1 should be deter-
mined and patients should be carefully advised. As serum albumins 

Clinical relevance

•	 Minor respiratory allergen from animal dander
•	 Mean sensitization rates of up to 30% in patients allergic 

to furry animals
•	 Allergen implicated in pork-cat syndrome
•	 Meat and milk allergen
•	 May elicit severe symptoms upon ingestion of uncooked 

or boiled food
•	 Allergen implicated in bird-egg syndromeNo molecule-

based therapeutic approach available
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are thermolabile, well-cooked meat and pasteurized or boiled milk 
may be tolerated.

5 – Clinical cases

Case 1 (published795)
Clinical history: A 17-year-old girl with a history of rhinitis and 

asthma when exposed to cat experienced anaphylactic reactions on 
two occasions after ingestion of pork ham or sausage.

Tests with extracts: The patient had positive skin prick tests to 
cat dander and pork. Specific IgE were positive for cat dander (>100 
kU/L) and pork (22 kU/L).

Tests with molecules: Specific IgE was positive to several animal 
serum albumins Fel d 2: (165 kU/L), Can f 3: (37 kU/L), Sus s 1 (22 
kU/L) and Bos d 6 (2.5 kU/L). IgE to Sus s 1 could be totally inhibited 
by prior incubation of the patient's serum with Fel d 2, confirming a 
primary sensitization to cat.

Conclusion: Results were consistent with pork-cat syndrome and 
the patient was advised to avoid eating pork.

F I G U R E  1 5 7 Added value of the use of single allergens in the case of a positive IgE test to cat dander 

F I G U R E  1 5 8 Added value of the use of single allergens in the case of a positive IgE test to milk 

F I G U R E  1 5 9 Added value of the use of single allergens in the case of a positive IgE test to meat 
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Case 2 (original)
Clinical history: For one year, a 27-year-old male patient suffered 

from labial edema after ingestion of vanilla ice creams and from 
cough during the night after ingestion of cow's milk (1 bowl) before 
bedtime.

Four months ago, an anaphylaxis (generalized urticaria, palpe-
bral edema, dyspnea) occurred after ingestion of a food supplement 
(100% Whey Ultra) containing a whey protein concentrate.

The reaction started during the morning one hour after ingestion 
of the food supplement and beginning physical exercise (bodybuild-
ing). He had not ingested anything else since the evening before.

He suffered from asthma since childhood with cat and dust mite 
allergy. For the last 6 months, due to unemployment, he has been 
living again with his mother who has a dog.

Tests with extracts: Positive aeroallergenic skin prick tests (mm): 
house dust mites 10, cat 10.5, dog 6, guinea pig 6, rabbit 5, hamster 
4, grass pollens 6. Prick-to prick tests (mm): cow's milk 5, goat's milk 
8.5, raw pork 12, cooked pork 0, raw lamb 9.5, cooked lamb 2, raw 
beef 3, cooked beef 1; negative for raw chicken and egg. Specific IgE 
to cow's milk: 0.45 kU/L

Tests with molecules: Specific IgE: Bos d 6: 0.80 kU/L; IgE to ca-
sein, beta-lactoglobulin, α-lactalbumin and alpha-gal <0.1 kU/L

IgE Can f 1: 8.66 kU/L, Can f 2: 0.48 kU/L, Can f 3: 34 kU/L
IgE Fel d 1: 5.09 kU/L, Fel d 2: 17 kU/L
Conclusion: Results are consistent with a primary sensitization 

to dog and/or cat and an allergy to milk, triggered by cross-reactivity 

between cat and dog serum albumins and cattle serum albumin, 
present in dairy products.

Case 3 (published1471)
Clinical history: A 38-year-old woman was referred for asthma 

exacerbation. Upon dog contact, she first experienced oropharyn-
geal pruritus and rhinitis with sneezing and nasal obstruction, and 
more recently, cough and wheezing. She reports a previous anaphy-
lactic reaction upon ingestion of horse meat and oropharyngeal pru-
ritus after ingestion of ham.

Tests with extracts: Skin prick tests were positive for cat and dog 
dander as well as for horse meat, pork, and beef (prick-to-prick with 
raw meat). Allergen-specific IgE were positive for dog dander (67 
kU/L), horse dander (0.58 kU/L), and pork (1.61).

Tests with molecules: The patient had specific IgE to Can f 1 
(2.04 kU/L), Can f 3 (37 kU/L), and Fel d 2 (14.3 kU/L). Specific IgE 
were negative for alpha-gal, Fel d 1, Can f 2, and Equ c 1. The pres-
ence of sIgE directed at Equ c 3 was detected by ELISA. Inhibition 
experiments confirmed a primary sensitization to Can f 3 and an IgE-
cross-reactivity to Equ c 3.

Conclusion: Results were consistent with anaphylaxis to horse 
meat induced by exposure to dog dander and cross-reactivity be-
tween dog and horse albumin.

Allergen nomenclature: Fel d 2, Bos d 6, Can f 3, Sus s 1, Equ c 3, 
Gal d 5: cat, bovine, dog, porcine, horse and chicken serum albumins 
respectively.
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C05 – Tropomyosins

Luis Caraballo, Andreas L. Lopata, Nathalie Acevedo

Highlights

•	 Thermostable protein, high allergenicity
•	 Considered an invertebrate pan-allergen
•	 High degree of immunological and clinical cross-reactivity
•	 Seafood allergy, mostly induced by tropomyosins, is frequent in 

several populations
•	 Mite and Ascaris tropomyosin sensitization may affect asthma 

symptoms

1 – The protein

The shrimp (Penaeus aztecus) major allergen, Pen a 1, is one of the 
most clinically relevant allergenic tropomyosins.1483–1485 Its basic 
characteristics are presented in Table 85.

There is no three-dimensional structure available from any aller-
genic tropomyosin. Still, the predicted models of representative tro-
pomyosins from shrimp, house dust mite and the nematode Ascaris 
are presented in (Figure 160) The secondary structure is a coiled-coil 
molecule formed by two parallel alpha-helices.

Together with actin and myosin, tropomyosin plays an important 
role in the muscle contractile activity, and the regulation of cell mor-
phology and motility. Tropomyosins are heat-stable, which partially 
explains their high allergenic activity; in addition, structural stabil-
ity,1486 endolysosomal degradation and subsequent peptide genera-
tion explain differences between cellular and humoral responses to 
some tropomyosins.1057 Shellfish allergenic tropomyosins were first 
described in shellfish and shrimp,1487–1489 but they are important 
allergens in other sources like house dust mites (HDM) and cock-
roaches. See also chapters B13 for shellfish/HDM cross-reactivity 
and B09 for insect cross-reactivity. The relevance of sensitization 
to tropomyosins varies from low clinical impact to anaphylaxis. In 
addition, tropomyosin has been found to bind epithelially expressed 
dectin-1, which suppresses the development of type 2 immune re-
sponses through inhibition of the production of IL-33 by bronchial 
epithelial cells and the subsequent recruitment of IL-13-producing 
innate lymphoid cells in mice, which in turn regulates dust mite sen-
sitization. This process is genetically controlled since variants of the 
dectin-1 gene have different levels of expression in the epithelium.730

Several IgE-binding epitopes of shrimp tropomyosins have been 
reported. Ayuso et al. identified five major IgE-binding regions on 
Pen a 1 cross-reactive epitopes among shrimp, lobster, house dust 
mite and cockroach.1490,1678 The sites include eight IgE-binding epi-
topes: epitope 1 (residues 43 – 55) in region 1; epitope 2 (residues 87 
– 101) in region 2; epitopes 3a (residues 137 – 141) and 3b (residues 
144 – 151) in region 3; epitope 4 (residues 187 – 197) in region 4; 
and epitopes 5a (residues 249 – 259), 5b (residues 266 – 273), and 
5c (residues 273 – 281) in region 5. The sequence identity of these 
regions to homologous regions of other tropomyosins varies from 
56% (rabbit) to 98% (lobster).

Further analyses of these epitopes and comparing them with 
other related sequences suggested that they can be classified into 
three types: epitope 5a that is highly conserved among crustaceans, 
mollusks, insects and mites. The second type comprised epitopes 
2, 3 and 4, that represent all arthropods but not mollusks. The third 
type includes epitopes 1, 5b, and 5c, specific to crustaceans.1491 
Epitope mapping of other tropomyosins such as Pen j 1, Pen m 1 
and Pan b 1 from shrimp, Tur c 1 (snail), Cra g 1 (oyster) and Oct v 1 
(octopus) have also been performed. Overall, the C terminal region is 
the most conserved among invertebrate tropomyosins.773 The high 
immunological cross-reactivity among crustacean tropomyosin is 
probably because 91% of IgE epitopes are conserved, as compared 
to mites (48%). By contrast, mollusks IgE is epitope-region less than 
20% conserved, reflected in low clinical cross-reactivity between 

TA B L E  8 5 Protein characteristics of Pen a 1

Shrimp  

Tropomyosin  

Q3Y8M6  

No  

Alpha-helical  

32.8 kDa  

284 amino acids  

Yes  

Homodimer  

No  

No  

4.72  

Several isoforms  

Muscle and non-muscle cells  

Protein characteristics of Pen a 1
Allergen source  

Protein family  

UniProtKB accession 

Crystal structure  

Molecular structure  

Theoretical molecular weight 

 Length  

Ligand binding  

Dimerization  

Glycosylation  

Isoelectric point  

Synthesis  

Distribution  

F I G U R E  1 6 0 Molecular models of tropomyosins from shrimp (Pen a 1), house dust mite (Der p 10), and the nematode Ascaris 
lumbricoides, Asc l 3. 
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crustacean and mollusks. Specific epitopes in the N- and C-terminal 
region of tropomysins seem to distinguish between crustacean only 
and specific crustacean-mollusk cross-reactivity.1082

In addition, T cell epitopes have been described. Ravkov E et al., 
using an in vitro MHC-peptide biding assay and ex vivo prolifera-
tion and cytokine release assays, identified and validated 17 T cell 
epitopes restricted to multiple MHC class II alleles. This finding is 
potentially useful for designing peptide-based immunotherapy of 
shrimp allergy. The challenge of further studies is to analyze which 
tropomyosins epitopes are species-specific markers. For example, 
common and specific epitopes have been reported among tropomy-
osins from two important HDM.1492

2 – The family

Tropomyosin belongs to a family of proteins (Pfam PF00261) that 
includes a large number of cross-reactive allergens, most of them 
from invertebrate sources, such as shrimp, lobster, crab, snail, aba-
lone, whelk, clam, mussels, octopus, house dust mites, cockroaches 
and helminths (Tables 86 and 87).

Vertebrate tropomyosins have been regarded as nonallergenic, 
but IgE sensitization to fish tropomyosin1010 as well as cross-reactivity 
between shellfish and fish tropomyosin has been detected.1016

A great number of IgE-binding tropomyosins have been de-
scribed, some of them cloned and expressed as recombinant pro-
teins and tested for allergenicity. However, only few (Pen a 1, Pen m 

1, Ani s 3, Bla g 7 and Der p 10) have been included in commercial in 
vitro allergy testing. Tropomyosin amino acid sequence is highly con-
served among shellfish and other invertebrates, they share over 70% 
identity; their comparison with vertebrate tropomyosins reveals 51 
to 57% identity.1015,1483

Leung P et al. have shown that serum IgE to shrimp also binds tro-
pomyosin of other shellfish such as greasy back shrimp, spiny lobster, 
Indo-Pacific swamp crab, abalone, whelk, green mussel, pen shell, scal-
lop, Pacific oyster, cuttlefish, sword tip squid and octopus,1494 which 
reflects the high cross-reactivity of this family. Still, tropomyosins are 
not the only shellfish allergens; other cross-reactive clinically relevant 
allergens have been reported,1491 also see Chapter B13.

To compare the protein sequences of allergenic tropomyosins, 
Leung M et al.1491 conducted a phylogenetic analysis. They found that 
arthropods tropomyosins share 91.7% homology (76.1 -  100%) and 
mollusks share 77.2% (65.1 – 99.3%), which indicates that, at the whole 
sequence level, tropomyosins are not species-specific allergy markers.

All tropomyosin pair with a sequence alignment of over 80% could 
be considered as high and are potentially cross-reactive. Sequence 
alignments are good primary prediction tools for cross-reactivity, but 
most importantly, the use of IgE-inhibition studies with sera from 
clinically well-characterized patients will allow defining clinically rel-
evant cross-reactivity (Figure 161). In fact, the combination of exper-
imental data with bioinformatic tools has been useful for predicting 
diagnosis-associated tropomyosins cross-reactive epitopes.1082

A comprehensive phylogenetic tree of allergenic tropomyosins 
from various taxonomic groups is shown in (Figure 162).

TA B L E  8 6 A list of clinically relevant tropomyosins

Penaeoidea     

Palinuridae     

Cancridae  

      

Hellixidae  

Mytilidae  

Octopodidae  

Ommastephidae  

Osteidae  

Haliotidea     

Pyroglyphidae 

Echymiopodidae     

Blattidae  

Blattellidae     

Anisakidae  

Ascaridae   

 Brown shrimp (Penaeus aztecus)  

Northern Red Shrimp (Pandalus borealis)  

Giant tiger prawn (Penaeus monodon)  

European Shrimp (Litopenaeus vannamei)  

Common Shrimp (Crangon Crangon)    

Spiny lobster (Panulirus stimpsoni)    

Common crab (Charybdis feriatus)  

Blue swimmer crab (Portunus pelagicus)    

Brown garden snail (Helix aspersa)  

Green mussel (Perna viridis)  

Common Octopus (Octopus vulgaris)  

  

(Crassostrea gigas)   

Abalone (Haliotis diversicolor)    

House dust mite (Dermatophagoides farinae)  

House dust mite (D. pteronyssinus)  

Storage mite (Blomia tropicalis)    

American cockroach (Periplaneta americana)  

German cockroach (Blattella germanica)    

Anisakis (Anisakis simplex)  

Roundworm (Ascaris lumbricoides)   

Pen a 1  

Pan b 1  

Pen m 1  

Lit v 1  

Cra c 1     

Pan s 1     

Cha f 1  

Por p 1     

Hel as 1  

Per v 1  

Oct v 1  

Tod p 1  

Cra g 1  

Hal d 1     

Der f 10  

Der p 10  

Blo t 10     

Per a 7  

Bla g 7     

Ani s 3  

Asc l 3  

Allergen sourceFamily Allergen
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Tropomyosins belonging to the Group 10 allergens of HDM and 
Group 7 allergens from cockroach cross-react with shrimp tropomy-
osins and have also been described as clinically relevant allergens. 
For example, cross-reactivity between purified tropomyosins from 
mosquito and HDM has been reported recently.1494 In addition, 
tropomyosins from edible insects, whose consume is increasing in 
Western countries, can be an important source of cross-reactivity 
with other tropomyosins, including those from HDM, cockroach and 
crustaceans.1495,1496

The allergenic activity and cross-reactivity of Ascaris lum-
bricoides (an intestinal helminth) tropomyosin (Asc l 3) has been 
thoroughly analyzed773,1497,1498; further studies have shown an im-
portant clinical impact by sensitizing the asthmatic populations in 
underdeveloped tropical countries,1499,1500 where helminthiases, 
together with perennial exposition to mite tropomyosins might in-
crease asthma symptoms and predispose to allergic reactions to 
shrimp.775,1501,1502

Cross-reactivity between HDM allergens and some shellfish 
has been described and reports suggest that it is clinically signif-
icant.1503 Subcutaneous HDM immunotherapy in patients sen-
sitized to shrimp or snail could increase allergy symptoms after 
ingestion of these foods. Previous studies demonstrated IgE bind-
ing to shrimp tropomyosin in Orthodox Jews, which are prohibited 
to consume shellfish, most probably due to their house dust mite 
allergy.1504 Although cross-reactive tropomyosins are good can-
didates for explaining these observations, other allergens may be 
involved. In addition, other authors have obtained opposite results 
after immunotherapy, suggesting that the adverse side effects are 
not general and could be influenced by the type of immunotherapy 
and genetic factors determining the susceptibility to get sensitized 
by other allergens. Therefore, more research is needed to define 

this controversial effect of cross-reactivity among arthropods on 
immunotherapy.

3 – Clinical relevance

Tropomyosins from invertebrates are allergenic for genetically sus-
ceptible individuals and due to their extensive cross-reactivity, are 
considered pan-allergens. Recently the vertebrate tropomyosin, Ore 
m 4, was described as a major allergen of tilapia (Oreochromis mos-
sambicus)1505 and has subsequently been shown to be a major IgE-
binding allergen in salmon and catfish in over 30% of fish allergic 
children.1010 Sensitization can occur by ingestion (seafood), inhala-
tion (mites, cockroaches) or parasite infection (ascariasis, anisakia-
sis) including parasite-infested food sources such as raw fish, e.g., 
in food sources such as sushi or ceviche (PMID: 26252073, PMID: 
29588070). See also Chapter B12. It has been hypothesized that pri-
mary inhalant sensitization to HDM tropomyosins might be followed 
by sensitization to shellfish in regions where HDM exposure is pre-
dominant.1081 However, when the primary sensitizer is a tropomyo-
sin from an inhaled source (Der p 10, Blo t 10 or Bla g 7) the tolerance 
to crustaceans, mollusks and cephalopods is higher than when Pen 
a 1 is the primary sensitizer. It remains to be determined how the 
clinical manifestations can differ depending on the tropomyosin that 
acts as the primary sensitizer.

Most allergenic tropomyosins are major shellfish allergens. 
Symptoms may be induced by very low amounts of the offending 
food and sometimes by inhalation. They include immediate cuta-
neous reactions (urticaria, angioedema, rash) oral allergy syndrome 
(swelling in the lips and mouth), digestive symptoms (vomiting, 
abdominal cramping, and diarrhea), anaphylaxis and asthma. 

TA B L E  8 7 Amino acids identities between some tropomyosins
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F I G U R E  1 61 Cross-reactivity among allergenic tropomyosins from several sources. Lines represent documented IgE-cross-reactivity, 
dotted lines represent potential IgE cross-reactivity based on high sequence identities. 

F I G U R E  1 6 2 Phylogenetic tree of allergenic tropomyosins 
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In Europe, sensitization to mite tropomyosin Der p 10 is low (8 
-18%1506) and has been considered an effect of cross-reactivity 
but also a marker for broad sensitization among HDM allergy pa-
tients. However, the prevalence of sensitization to Der f 10 was 
found around 80% in Japan. In addition, sensitization to Der p 10 
was found 55% in Zimbabwe and 34% in Colombia,775 probably be-
cause of perennial exposure to shellfish and helminth infections. 
Therefore, the clinical impact of nonfood allergenic tropomyosins 
may be greater than previously thought. It has been suggested that 
sensitization to tropomyosin from mite,775 cockroach, Ascaris775,1501 
and mosquito1494,1507 could influence the prevalence and severity 
of asthma in places where co-exposure to several sources of tropo-
myosin occurs. Also, sensitization to HDM tropomyosin seems to be 
a risk factor for shrimp allergy in Italian patients.1508 The influence 
of Ascaris tropomyosin sensitization on the outcome of immuno-
therapy for mite allergy has not been evaluated.

The frequency of IgE sensitization to tropomyosins in shellfish al-
lergic patients ranges from 50 to 100%. In addition, Pen a 1 binds up 
to 75% of all shrimp-specific IgE antibodies,1484 which is supported 
by histamine release experiments.1483 Seafood allergy is common 
and includes reaction to crustaceans, mollusks and fish.1015 In some 
regions of high consumption such as Singapore and Vietnam, the 
prevalence of seafood allergy in school children is about 5%. In the 
USA, shellfish allergy is the most common food allergy among adults 
with 4% and the third most common food allergy in children.1077 It 
remains to be evaluated how 62% of nonasthmatic controls are sen-
sitized to Ascaris tropomyosin (Asc l 3) without allergic symptoms 
neither to HDM or shrimp.773

4 – Clinical management

Clinical history of adverse reaction suggesting allergy after intake 
of shellfish is crucial for starting diagnosis procedures.1018 Whole 
extracts are beneficial for diagnosing shellfish allergy by ST, al-
though the Prick-by-prick procedure is also useful. Tropomyosin 
sensitization is very important when evaluating shellfish allergy, 
but other allergens also play a role.1015,1491 It has been suggested 
that in vitro determination of IgE antibodies to tropomyosin is more 
specific and has a higher positive predictive value than the whole 

extract in cases of shrimp allergy. In addition, Thalayasingam et al. 
found that the presence of specific IgE to shrimp has diagnostic test 
sensitivity of 82% and specificity of 22.2%.1086 This low specific-
ity, mainly due to the high rate of false positives that in turn are 
a consequence of the high cross-reactivity between shrimp and 
other arthropods allergens, explains why an allergy to shellfish 
should often be diagnosed by an oral food challenge. Two shellfish 
tropomyosins (Pen a 1 and Pen m 1, both from shrimp), Der p 10 (D. 
pteronyssinus tropomyosin), Ani s 3 from Anisakis and Per a 10 from 
cokroach are commercially available for in vitro testing. Diagnostic 
steps (Figure  163) could be starting with ST with the whole ex-
tract, and detecting IgE antibodies to the extract, tropomyosin and 
other shellfish allergens, such as Pen m 2 (Arginine kinase), Pen m 4 
(Sarcoplasmic calcium-binding protein), Pen m 3 (Myosin light chain) 
and Pen m 6 (Troponin C).

Since most shellfish tropomyosins share sequences and epitopes 
(cross-sensitization) and there is a great diversity of seafood (co-
sensitization), it is currently difficult to define the primary allergenic 
source using component-resolved diagnosis. Then the added value 
of using single allergens for distinguishing the sensitizing source is 
limited because there are no species-specific markers of sensitiza-
tion. However, a panel of tropomyosins from different species (e.g., 
shrimp, Anisakis, house dust mite, could be useful for comparing sen-
sitization patterns from patients with different symptoms or severity 
of symptoms and identifying clinically useful biomarkers. Pascal M 
et al. evaluated, in patients from the USA, Brazil and Spain, the effi-
ciency of several allergens to predict shrimp allergy. They found that 
tropomyosin and sarcoplasmic-calcium-binding protein sensitization 
is associated with clinical reactivity; in addition, the tropomyosin 
epitope p51-55 seems to be of good value as a diagnostic test to 
confirm allergy. The authors present a very interesting flow diagram 
for shrimp allergy diagnosis.15

Still, the gold standard for food allergy diagnosis is the double-
blind placebo-controlled food challenge. An essential aspect of man-
agement is the detection of tropomyosin in food samples to prevent 
accidental ingestion and anaphylactic reactions. Several approaches 
and techniques have been proposed.

Management of shellfish allergy is based on strict avoidance 
based on clinical reactions. In general, if a patient is allergic to 
shrimp, avoiding of all crustaceans is recommended, although al-
lergy may be limited to a particular crustacean member. Avoidance 
of mollusks is advised if allergy is demonstrated. However, pa-
tients with high IgE reactivity to tropomyosin might be advised 
to avoid all shellfish. No immunotherapy is currently available for 
seafood allergy, but experimental approaches to obtain appropri-
ate compounds for specific immunotherapy have been developed. 
Hypoallergenic Pen a 1, hypoallergenic peptides from Met e 1, peri-
odate treatment of crab tropomyosin and simulated gastric diges-
tion of the whole shrimp extract are analysed. Animal models for 
sensitization will help to obtain better reagents for diagnosis and 
treatment.

Family characteristics

•	 Secondary structure formed by two parallel alpha-helices
•	 High amino acid identity between sequences of differ-

ent species
•	 High degree of immunological and clinical cross-

reactivity between different species
•	 Thermostable proteins, high allergenicity
•	 Considered invertebrate pan-allergen
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5 – Clinical Cases

Case 1 (published)1509

Clinical History: A 30-year-old man with a 10-year history of 
mild persistent asthma and allergy to house dust mites and pollen 
had generalized urticaria, facial erythema, and pharyngeal pruritus 
after eating shellfish on three separate occasions during two years. 
He associated the most recent episode with lobster. Since then, he 
has tolerated some crustaceans, mollusks, and fish, although he has 
avoided eating shrimp and lobster. No other food or drug allergies 
were reported, and he has not received immunotherapy for house 
dust mites.

Test with extracts: The patient had positive results using in 
vitro commercial diagnostics for D. pteronyssinus (21.4 kU/L) and 
D. farinae extracts (12.6 kU/L). Weak positive SPT to shrimp and 
IgE to lobster extracts (2.9 kU/L) and PPT to lobster were positive 
(6 mm).

Food challenge: The patient tolerated up to 8 g of cooked shrimp 
during the challenge (regular servings have been tolerated several 
times since). The study performed with lobster gave positive re-
sults by ImmunoCAP Specific IgE test (2.9 kU/L) and PPT (6 mm). 
However, the patient refused the oral food challenge with lobster.

Test with molecules: The patient had positive results to Der p 1 
(4.7 kU/L), Der p 2 (60.9 kU/L), Der f 1 (0.4 kU/L) and Der f 2 (47.2 
kU/L). Purified tropomyosins from shrimp (Pen a 1) and D. pteronys-
sinus (Der p 10) were negative.

Conclusion: Selective allergy to lobster in a patient with primary 
sensitization to house dust mite.

6 – Research and future perspectives

There are several aspects of tropomyosin allergy that deserve further 
investigation. Since allergen specific immunotherapy for food allergy 

F I G U R E  1 6 3 Diagnostic algorithm for shellfish allergy. In vitro tests for IgE to molecular allergens (CRD) include Pen a 1, Pen m 2, and 
Pen m 4.
C06 
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is increasing, the search for better reagents, both from extracts or 
isolated tropomyosin molecules should be encouraged. This process 
involves the identification of specific T and B cell epitopes, specially 
those associated with clinical manifestations. The molecular evalua-
tion of the role of tropomyosins on allergic reaction following inges-
tion of edible insects will be essential for managing these problems, 

not only in Asia, but in Western countries where the epidemiological 
impact has to be also analysed. As with other allergens, the search 
for genetic variants associated with both tropomyosin sensitization 
and allergic reactions will improve the understanding of basic mech-
anisms underlying the IgE response and our capacity for managing 
patients under personalized medicine criteria.
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C06 – Polcalcins

Joaquín Sastre, Marcela Valverde

Highlights

•	 Polcalcins are EF-hand calcium-binding proteins.
•	 Extensive IgE cross-reactivity among pollen polcalcins.
•	 Specific IgE testing to pollen polcalcin can be performed with any 

member of the family.
•	 Can be considered as marker of polysensitization with unknown 

clinical relevance for respiratory symptoms.

1 – The protein

The most representative pollen polcalcin and the first cloned1510 is 
Phl p 7 from Phleum pratense (common timothy). Phl p 7 belongs to 
a subfamily of 2-EF-hand calcium-binding pollen allergens that are 
preferentially expressed in mature pollen of higher plants including 
monocotyledonous and dicotyledonous species (Figure 164)

Phl p 7 was detected only in pollen but not in root and leaf ex-
tracts. It is completely eluted out of the pollen grains after a few 
minutes of hydration. It contains 78 amino acids with a molecular 
weight of 8,677 Da. A summary of the biochemical characteristics of 
Phl p 7 is shown in Table 88.

The physiological role of Phl p 7 is likely related to regulate the 
calcium levels in pollen germination and pollen tube growth, as other 
calcium-binding proteins contained in pollen.

Recombinant Phl p 7 exhibits an allergenic activity and is able 
to induce basophil histamine release and immediate type skin re-
actions. Phl p 7 has high stability (thermal and proteolysis)1510,1511 
and refolding capacity, a characteristic related to relevant allergens. 
It contains calcium-modulated conformational IgE epitopes, which 

become accessible only in the calcium-bound form (open confor-
mation), suggesting that IgE recognition is only activated by the 
calcium-bound conformation (Figure 164)

2 – The family

Polcalcins belong to the 2-EF-hand calcium-binding proteins. Some 
polcalcins are monomers while others form domain-swapped dimers.

To date, 40 members of this allergen family have been identi-
fied in grasses, trees, bushes, weeds, and other flowering plants 
(Table 89) (see chapters B01, B02, B03) (Figure 165).

The 2-EF-hand allergens share a high degree of sequence similar-
ity (average sequence identity of 77%), which explains the extensive 
cross-reactivity of allergic patients' IgE with the various members of 
the family. Although they do not present a complete immunological 
equivalence, the diagnosis of patients sensitized to polcalcins can be 
performed with any member of the family.1510 The IgE-binding ca-
pacity of polcalcins depends on conformational epitopes.1510 It has 
been demonstrated that Phl p 7 and related two EF-hand allergens 
do not share epitopes with other 3-EF-hand calcium-binding proteins 
allergens (e.g., Bet v 3, parvalbumins Gad c 1 or carp Cyp c 1) or 4-EF 
hand calcium-binding proteins allergens (Ole e 8, Jun o 4, Amb a 10).

Family characteristics

•	 Common tertiary structure with alpha-helical fold
•	 Calcium-binding capacity
•	 High sequence identity (average 77%)
•	 Small molecules of around 8 kDa
•	 Conformational IgE epitopes (calcium-modulated)
•	 Extensive IgE cross-reactivity among pollen polcalcins

F I G U R E  1 6 4  Ribbon model of the three-dimensional structure 
of Phl p 7. pdb: 1K9U. February 2022. 

TA B L E  8 8  Protein characteristics of Phl p 7

Phleum pratense (common timothy)  

Polcalcin  

O82040  

https://www.rcsb.orgstructure/1K9U  

alpha-helical fold  

8,677 Da  

78 amino acids, mature protein   

EF-hand calcium binding allergen  

Dimer or monomer  

no  

no  

4.39  

Pollen grains  

Regulation of pollen germination and 

pollen tube growth  

Protein characteristics of Phl p 7
Allergen source  

Protein family  

UniProtKB accession 

Crystal structure  

Molecular structure  

Theoretical molecular weight 

 Length  

Ligand binding  

Dimerization  

Glycosylation  

Isoelectric point  

Synthesis  

Function 
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TA B L E  8 9  Allergenic polcalcins described

Asteraceae  

Betulaceae 

Brassicaceae      

Chenopodiaceae      

Cupressaceae        

Oleaceae        

Poaceae      

Urticaceae  

Short ragweed Ambrosia artemisiifolia  

English mugwort Artemisia vulgaris  

Sieversian wormwood Artemisia sieversiana    

Birch Betula verrucosa  

Alder Alnus glutinosa    

Rapeseed Brassica napus  

Block choy Bird rape Brassica rapa    

Goosefoot Chenopodium album  

Russian thistle Salsola kali    

Arizona cypress Cupressus arizonica  

Prickly juniper Juniperus oxycedrus       

Ash Fraxinus excelsior  

Olive Olea europaea  

Common lilac Syringa vulgaris    

Bermuda grass Cynodon dactylon  

Timothy crass Phleum pratense    

Pellitory Parietaria judaica  

Amb a 9  

Amb a 10 *  

Art v 5  

Art si 5    

Bet v 3 *  

Bet v 4  

Aln g 4    

(Bra n 7)  

Bra r 5    

Che a 3  

Sal k 7    

(Cup a 4) *   

Jun o 4 *      

(Fra e 3)   

Ole e 3  

Ole e 8 *  

Syr v 3    

Cyn d 7  

Phl p 7    

Par j 4  

Allergen sourceBotanical family Allergen

F I G U R E  1 6 5  Cross-reactivity among polcalcins from different allergenic sources. 
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3 – Clinical relevance

Members of this protein family have been identified as allergens. 
However, it is considered a minor allergen in all populations stud-
ied, since the reported frequencies of IgE binding to members 
of this family of proteins varies between 5% and 46%. Che a 3, 
a polcalcin from Chenopodium album, common in semi-desert 
areas, is an atypical polcalcin because it showed reactivity up to 
46% of sera from individuals with chenopod allergy.1512 The high 
prevalence of this pan-allergen in these patients might have a re-
lationship with their characteristic polysensitization (Table  90). 
Moverare et al.1513 compared different European populations re-
garding the reactivity of Bet v 4 and found prevalence values be-
tween 5% and 11% for patients from North and Central Europe, 
and 27% for Italian patients. All these data point to the existence 
of a certain correlation between the polysensitization degree and 
geographical area and prevalence of sensitization to minor aller-
gens. In Table 90 the percentage of sensitization to different pol-
calcins in patients with pollen allergy are shown. Barber et al.280 
described that in patients who were simultaneously sensitized to 

polcalcins and profilins, there was a duplication both in the num-
ber of sensitizations to major allergens and in the years of disease 
evolution. Similar findings were obtained by Orovitg et al.1514 
Moreover, this specific sensitization profile is not linked to any 
particular pollen.280,1515,1516 Therefore, sensitization to polcalcin 
should be considered a marker of a longer duration of symptoms 
and a more severe respiratory disease. Nevertheless, contrary to 
profilin,1397,1412 the relevance of polcalcin to induce respiratory 
symptoms has not been demonstrated.

4 – Clinical management

Polcalcins are only expressed in pollen, thus are not related to food 
allergy, contrary to other pan-allergens such as profilin or nsLTPs. 
It is considered as a pan-allergen and therefore could be a con-
founding factor in the diagnosis of polysensitized pollen-allergic 
patients and may lead to a diagnosis of “allergy mirages”1397,1517 
(Figure 166). Through IgE inhibition assays, Asero et al. found im-
portant differences in IgE reactivity between rBet v 4 and rPhl 
p 7, since only grass pollen extract was able to markedly inhibit 
rPhl p 7. By contrast, other pollen extracts (birch, ragweed, olive, 
Parietaria) significantly inhibited IgE reactivity to rBet v 4.1412,1421 
That suggests that in some areas the primary source of sensitiza-
tion for polcalcin is grass pollen. Polcalcins are not commercially 
available for SPT. However, in some research articles, an extract 
derived from palm pollen has been used and prepared by ALK 
(Madrid, Spain).1412,1421 Recently a method to purify the olive pol-
calcin, Ole e 3, has been described.1517,1518 For specific IgE deter-
minations, there are only three polcalcins available; Phl p 7, Bet v 4 
and Aln g 4. The diagnosis of patients sensitized to polcalcins can 
be performed with specific IgE to Phl p 7 or Bet v 4. The presence 
of polcalcin sensitization in patients with pollen allergy does not 
require to change the clinical indications for immunotherapy and 
does not have to be considered a contraindication. Only grass pol-
len extracts used in AIT are rich in polcalcin.1421

F I G U R E  1 6 6  Scheme to follow in case of polysensitization to pollen. Added value of the use of specific IgE to species-specific pollen 
allergens and to pan-allergens

TA B L E  9 0  Prevalence of polcalcin sensitization in patients with 
pollen allergy

Bet v 4: 5%  

Che a 3: 46%; Che a 3: 41%  

Ole e 3: 20-30%  

Phl p 7: 2-10%  

Aln g 4: 18%  

Che a 3: 33%  

Fra a 3: 16%  

Cup a 4: 10%  

Polcalcin: 31%  

Polcalcin: 10%  

[1518]    

[1512, 1709]  

[1514]  

[85, 86, 1514]  

[1710]  

[1397]  

[1711]  

[1712]  

[1412] 

[1515]  

Main sensitisation of
the population studied

Prevalence of 
sensitisation to Polcalcin

Reference

Birch  

Chenopodium/Salsola  

Olive  

Grass  

Alder  

Robinia pseudoacacia  

Ash  

Cypress  

Polysensitized to pollen  

Birch, ash, mugwort, grass  
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5 – Clinical case

Clinical History: Male, 26 years, with a 10-year history of rhinitis and 
asthma during spring. No complaint of adverse reaction to food.

Test with extracts: Skin prick test showed positive reaction to 
grass, olive, cypress and plantain. Due to extensive polysensitization 
to pollen a molecular diagnosis was performed to give an indication 
for immunotherapy.

Test with molecules: Specific IgE was positive for Phl p 1, Phl p 5, 
Phl p 12, Phl p 7 and negative for Ole e 1, Cup a 1, Pla l 1.

Conclusion: Results indicate a primary sensitization only to grass 
pollen and pan-allergens (profilin and polcacin), which confirm a lon-
ger duration of the respiratory symptoms and the severity of the 
disease. Immunotherapy with a grass pollen extract was prescribed.
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C07 – Lipocal ins

Bente Janssen-Weets, Christiane Hilger

Highlights

•	 Common tertiary structure with low sequence identity among 
family members.

•	 Airborne, easily spreading into indoor environment.
•	 Sensitization to multiple components is associated with disease 

severity.
•	 Cross-reactive subgroup with high sequence identity.

1 – The protein

Equ c 1, the major allergen of horse, was one of the first lipocalins 
to be isolated, cloned and characterized (Table  91).1519 The deter-
mination of its three-dimensional structure classified it as lipocalin 
(Figure 167).1520 The physiological role of Equ c 1 is still under inves-
tigation. Lipocalins have diverse functions that are often associated 
with their ability to transport ligands. Equ c 1 purified from horse 
sweat contains oleamide, an endogenous bioactive substance, and 
other small organic molecules. Equ c 1 was found to have surfactant 
properties; it lowers the surface tension of liquids and could play a 
role in sweat evaporation.1521 Horse allergens are shed into the air 
and are passively transported to homes and public places, most likely 
by sticking to clothes and hair.1376,1522 They are detectable in class-
rooms when many children have regular contact with horses.1521

Equ c 1 has been detected in the majority of air-borne dust sam-
ples in small animal veterinary practices and their employees' homes, 

although horses were not treated there. The highest Equ c 1 concen-
trations were found in the practices changing rooms, suggesting an 
important spreading of allergens via passive transfer.820 Gender and 
castration status seem to influence allergen content in horse hair. 
Statistically, stallions have higher quantities of Equ c 1 than mares 
and geldings.794

The characterization of B and T cell epitopes is still under investi-
gation. T-cell epitopes seem to cluster in an immunodominant region 
at the carboxy-terminal end of the molecule1524. Attempts to de-
velop hypoallergenic Equ c 1 variants for immunotherapy also target 
its dimerization interface.1525 Data on horse immunotherapy with 
extracts are scarce and larger clinical trials are needed for assessing 
efficacy and safety of the treatment.

2 – The family

The majority of the mammalian allergens are lipocalins345 (Table 92). 
Lipocalins are proteins that are ubiquitous; they are present also in 
arthropods, plants and bacteria, and have very diverse functions. 
They are characterized by a common tertiary structure composed of 
a central β-barrel formed of eight anti-parallel β-strands. The internal 
binding pocket carries a broad range of small hydrophobic molecules 
such as retinol, steroids, lipids, pheromones and odorants (see chap-
ter A11). Mammalian allergens isolated so far are mostly odorant and 
pheromone binding lipocalins. Only few natural ligands have been 
characterized.

Depending on the individual protein and it's concentration, lipo-
calins exist as monomers or in an oligomeric state. Most of them are 
glycosylated. Lipocalins are characterized by a weak cellular immune 

F I G U R E  1 67 Ribbon model of the three-dimensional structure 
of Equ c 1 (PDB: 1EW3). N-terminal end in dark blue, C-terminal 
end in red. 

TA B L E  9 1 Protein characteristics of Equ c 1

Equus caballus, horse  

lipocalin  

Q95182  

yes  

mainly beta-sheet  

20.097 kDa  

22.0 kDa  

187 amino acids, mature protein 172  

yes  

homodimer  

yes   

1  

4.51  

sublingual gland, low levels in 

submaxillary gland and liver, secreted  

fur, saliva, urine  

Protein characteristics of Equ c 1
Allergen source  

Protein family  

UniProtKB accession 

Crystal structure  

Molecular structure  

Theoretical molecular weight

Molecular weight measured 

by mass spectrometry 

Length  

Ligand binding  

Dimerization  

Glycosylation  

Isoelectric point  

Synthesis  

Distribution
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response and their mechanism of sensitization remains largely unre-
solved.26 It has been hypothesized that the binding of ligands might in-
fluence their allergenicity. For example, the milk allergen Bos d 5 is able 
to bind complexed iron. The state of ligand load and the transport of 
iron to sites of immune activation seem to have a tolerogenic effect.466 
The dog lipocalin allergen Can f 6 may display immunomodulatory 
properties when combined with lipopolysaccharide ligands by enhanc-
ing Toll-like receptor 4 signaling of the innate immune system.318

Lipocalin allergens are present in dander, saliva and urine. They 
stick to particles, become easily airborne and are transported to 
public places such as schools or day-care centres.820,1376,1672 Dog 
lipocalin allergens Can f 6 and Can f 4 where found to distribute 
evenly in airborne fractions of different particle size ranging from 
0.14 to >8.1 μm, whereas the majority of Can f 1 molecules seem to 
stick to particles above 8.1 μm.1526,1527

Lipocalins are small, secreted molecules of 150-250 amino 
acids. Among 10 allergen families, lipocalins were ranked lowest 
according to their propensity for cross-reactivity based on the av-
erage of the proteins' sequence similarity and identity.1529 Despite 
their highly conserved structure, they display little sequence 
identity, usually between 20 and 30%. Therefore, lipocalins were 
considered as species-specific allergy markers. Residues and their 
positions that are of structural and functional importance are con-
served through evolution and can be the potential target for IgE 
cross-reactivity between homologous allergens (Figure 168). The 
further isolation of new allergen molecules showed that some li-
pocalins have much higher sequence identities, which can be as 

high as 67%. In inhibition studies, they were able to cross-react 
at low doses.814,821,1529 Representatives of this cross-reactive 
group are Equ c 1, Fel d 4 and Can f 6.821 Only lately, Cav p 6 was 
found to be cross-reactive with Fel d 4 and Can f 6 as well.822 
Can f 1 and Fel d 7 also share a high sequence identity (62%) and 
IgE cross-reactivity was recently confirmed in polysensitized pa-
tients.1530,1531 However, even between molecules of low general 
sequence identity such as Fel d 4 and Can f 2 (25% identity), single 
epitopes may have short stretches of sequence identity and lead 
to patient-dependent IgE cross-reactivity.1532 Can f 4 has been 
reported to show some cross-reactivity with a putative bovine 
allergen sharing only 37% of sequence identity.1533 Table 93 dis-
plays two-by-two comparisons of amino acid identities between a 
subgroup of lipocalins.

All pairs with a high sequence identity are potentially cross-
reactive. The challenge of further studies is to analyze which li-
pocalins are adequate species-specific markers and which are 

Family characteristics

•	 Common tertiary structure with central barrel
•	 Divergent sequences with low identity
•	 Sub-group with high sequence identity
•	 Small secreted molecules of 16-25 kDa
•	 Airborne, easily spreading into indoor environment

TA B L E  9 2 Respiratory and food lipocalin allergens from mammals

Bovidae    

Canidae    

Cavidae    

Cricetidae    

Equidae    

Felidae    

Leporidae    

Muridae    

Domestic cattle (Bos domesticus) 

Dog (Canis familiaris)    

Guinea-pig (Cavia porcellus)        

Golden hamster (Mesocricetus auratus) 

Siberian hamster (Phodopus sungorus)  

Domestic horse (Equus caballus)  

Cat (Felis domesticus)    

Rabbit (Oryctolagus cuniculus)

Mouse (Mus musculus)  

Rat (Rattus norvegicus)  

Bos d 2  

Bos d 5  

Can f 1  

Can f 2  

Can f 4  

Can f 6  

Cav p 1  

Cav p 2  

Cav p 3  

Cav p 6  

Mes a 1  

Phod s 1  

Equ c 1  

Equ c 2  

Fel d 4  

Fel d 7  

Ory c 1  

Ory c 4  

Mus m 1  

Rat n 1  

Allergen sourceFamily Allergen
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markers of cross-reactivity. Sequence alignments are good primary 
prediction tools for cross-reactivity, even more so when combined 
with structural information. Nevertheless, the use of IgE-inhibition 
studies with sera from well-characterized patients is of most im-
portance when defining clinically relevant cross-reactivity.

Figure 169 visualizes how a high amino acid sequence identity 
combined with a similar tertiary structure can result in large surface 
areas that form potential cross-reactive IgE epitopes.

The objective of further studies will be the identification of 
marker molecules for each animal species in order to clearly identify 
the sensitizing allergen source. Figure 170 shows documented and 
putative cross-reactive molecules.

3 – Clinical relevance

All mammalian lipocalin allergens are respiratory allergens, with the 
exception of the β-lactoglobulins (e.g., Bos d 5), which are present in 
milk.345 They are major allergens of different furry pets and are shed 
into the environment by animal dander and secretions. They stick 
to clothes and human hair and are passively transferred to public 
places.1376 Allergens quantified in airborne dust in schools have been 
shown to attain levels that are able to sensitize children or to even 
stimulate asthma exacerbations. Domestic exposure to high levels of 
cat and dog allergens was associated with excess asthma attacks in 
sensitised patients.557

TA B L E  9 3 Amino acid identities (%) between lipocalins with high sequence identity

F I G U R E  1 6 8 Lipocalins: Highly conserved tertiary structures in a protein family of high amino acid sequence diversity. (A) Phylogenetic 
tree of mammalian lipocalin allergens (Marked in red: Cross-reactive molecules of high clinical relevance). (B) Superimposition of Equ c 1 
(1EW3) and Can f 4 (4ODD) crystal structures (side view and bottom view into the calyx) show a highly similar tertiary structure despite 
their low amino acid sequence identity (30%). Evolutionary conservation patterns were analyzed using the ConSurf software1672 and based 
on a multiple sequence alignment (Clustal Omega) comprising 19 identified mammalian derived lipocalin allergens. Slowly evolving, highly 
conserved amino acid positions are colored in maroon (grade 9), whereas rapidly evolving variable positions are colored in turquoise (grade 1).
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The reduction in pet allergen exposures may significantly de-
crease asthma morbidity.

Up to 50% of the households in industrialized countries have a 
pet. Twenty-four percent of European households have a cat, 25% 
have a dog and about 6-8% own a small mammal. Particularly fami-
lies with children more frequently own a pet.

Allergy to furry animals is considered a risk factor for develop-
ment of asthma.783 The role of single allergen molecules as markers 
of severe or mild disease has been investigated in several studies.803 
A general conclusion from those studies is that a polysensitization to 
several components of one allergen source and/or polysensitization 
to components of several furry animals are associated with a higher 
risk of asthma and rhinitis, as well as a predictor of disease severity. 
With respect to lipocalins, sensitisation to the dog lipocalins, in par-
ticular to Can f 4 and Can f 6, has shown to be associated with dog 
allergy.811 For details, please see chapter B06.

For the moment, the best treatment seems to be allergen avoid-
ance. However, this is not always feasible as the allergens are pres-
ent in schools, day-care centres, and public places. Furthermore, 

pets are kept in many households. Thus, severely allergic patients 
are facing the risk of social exclusion by trying to avoid the allergens. 
The only immunotherapies currently available are made of animal 
dander extracts. Results of subcutaneous immunotherapy (SCIT) 
have shown a benefit in cat-allergic patients with asthma and rhino-
conjunctivitis.802 Studies on dog SCIT are limited. Due to the more 
complex sensitization pattern in dog allergy and a high variation of 
allergen content in allergen extracts,261 further efforts are needed 
to improve AIT for dog allergy.802 Before being able to develop spe-
cific lipocalin vaccine reagents, much more research has to be done 
to investigate the mechanism related to their allergenicity.

4 – Clinical management

A careful record of the clinical history such as the presence of pets 
at home or regular pet contact is of great value. Skin prick test or 
specific IgE using animal dander will confirm animal sensitization. 
As animal dander contains cross-reactive molecules such as serum 
albumins, some of the cross-reactive lipocalins and potentially other 
cross-reactive molecules, it is important to define the primary aller-
genic source, especially if a specific immunotherapy is intended. Co-
sensitization has to be distinguished from cross-sensitization. It is 
important to acknowledge that IgE cross-reactivity may not always 
imply clinical cross-reactivity.

At the current state of the art, Fel d 1, Fel d 7, Can f 1, Can f 2, 
Can f 4, and Can f 5 are commercially available species-specific mark-
ers of sensitisation, although sensitisation to Can f 1 is not a specific 
marker in case of co-sensitisation to cat. Can f 6 is a marker of poten-
tial cross-reactivity to cat or horse. Equ c 1 often cross-reacts with Fel 

Clinical relevance

•	 Up to 50% of households have a pet
•	 Risk factor for respiratory symptoms and asthma
•	 Sensitization to multiple components is associated with 

disease severity
•	 No molecule based therapeutic approach available

F I G U R E  1 6 9 Interspecies cross-reactive lipocalins: The dog allergen Can f 6 shares higher amino acid sequence identities with its 
homologues derived from cat and horse than with lipocalin allergens within its own species. Surface representation of the dog allergen Can 
f 6 (6NRE) showing potential cross-reactive IgE epitopes. (A) Amino acid sequence identities between Can f 6, Can f 1 and Can f 2. (B) Amino 
acid sequence identities between Can f 6, Equ c 1 and Fel d 4. Identical amino acid residues between 3 lipocalin allergens are colored in red. 
Identical amino acid residues between 2 out of 3 allergens are colored in yellow and non-overlapping residues are colored in gray.
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d 4 and Can f 6, Mus m 1 may cross-react with Rat n 1. If the clinical 
history does not allow a clear identification of the sensitising animal, 
the following decision tree (Figures 171–173) will help to orient the use 
of components. Unfortunately, the number of commercially available 
components is still limited. The coverage is rather good for cat and dog, 
but for others, not all allergens are available from all providers. Horse 
allergens Equ c 1 and Equ c 3 are both cross-reactive, Equ c 4 may be a 
specific marker, but this needs to be further evaluated. More recently, 
some allergens of small furry pets became available for component-
resolved diagnosis of allergy to hamster, rabbit and guinea-pig.

5 – Clinical cases

Case 1 (published1534)
Clinical history: A 24-year-old man presented at the clinic with a 

14-year history of rhinitis and asthma when exposed to horses and a 
2 years history of rhinitis when exposed to dogs.

Test with extracts: Specific IgE to horse dander were elevated 
(92 kU/L), they were moderate to dog (7.2 kU/L).

Test with molecules: Specific IgE were detected to Equ c 1 (18 
kU/L). All commercially available dog allergens (Can f 1, 2, 3, 5) were 

F I G U R E  17 0 Cross-reactivities among allergenic lipocalins. Solid lines represent documented IgE cross-reactivity. Dotted lines represent 
potential IgE cross-reactivity based on high sequence identities. Allergens depicted in the outer circle (white font) show overall low sequence 
identities with other family members and are candidates for species-specific marker allergens, but their cross-reactive potential still needs to 
be investigated. 

F I G U R E  17 1 Single allergens are of added value to identify the primary sensitisation source in the case of a positive IgE test to cat 
dander. 
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negative. However IgE to Can f 6 were clearly positive (3.7 kU/L). 
Inhibition assays showed that IgE recognition of Can f 6 could be 
totally inhibited by low doses of Equ c 1.

Conclusion: In this particular case, clinical symptoms to dog were 
due to cross-reactivity of Can f 6 with Equ c 1.

Case 2 (published1529)
Clinical history: A 30-year-old women had asthma upon expo-

sure to her cat.
Test with extracts: Specific IgE were positive for cat (>100 kU/L) 

and dog dander (9 kU/L).
Test with molecules: The patient had specific IgE against Fel d 1 

(51 kU/L) and Fel d 4 (51 kU/L), but Fel d 2, Can f 1, Can f 2, and Can 
f 3 were negative. Specific IgE to the cross-reactive Can f 6 were 18 
kU/L. These could be completely inhibited by Fel d 4, suggesting cat 
as the primary allergen source.

Conclusion: Specific IgE were positive to cat and dog, but the 
presence of specific IgE to the marker allergen Fel d 1 and the ab-
sence of specific IgE to Can f 1 or Can f 2 confirmed that cat was the 

primary allergen source and that Can f 6 was a IgE-cross-reacting 
allergen in dog.

Case 3 (published1529)
Clinical history: A 53-year-old man presents with respiratory 

symptoms upon exposure to cat and dog.
Test with extracts: Specific IgE were positive for cat (65 kU/L) 

and dog dander (68 kU/L).
Test with molecules: The patient had specific IgE against Fel d 1 

(35.8 kU/L), Fel d 2 (0.7 kU/L), Fel d 4 (45 kU/L), Can f 1 (26 kU/L), 
Can f 2 (13.5 kU/L), Can f 3 (0.2 kU/L) and Can f 6 (33 kU/L).

Conclusion: The presence of IgE to the specific markers Fel 
d 1, Can f 1 and Can f 2 argues for co-sensitization of cat and 
dog. Inhibition and cross-inhibition studies with Can f 6 and 
Fel d 4 showed weak inhibition, confirming the hypothesis of 
co-sensitization.

Allergen nomenclature: Fel d 1, cat secretoglobin; Can f 1, Can f 2, 
Can f 6, Equ c 1, Fel d 4, dog, horse and cat lipocalins; Can f 3, Fel d 2: 
dog and cat serum albumins; Can f 5, dog kallikrein.

F I G U R E  17 3 Single allergens are of added value to identify the primary sensitization source in the case of a positive IgE test to horse 
dander 

F I G U R E  17 2 Single allergens are of added value to identify the primary sensitisation source in the case of a positive IgE test to dog 
dander. 
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C08 – Seed storage proteins

Merima Bublin, Christian Radauer, Anna M. Ehlers, 
Thuy-My Le

Highlights

•	 Seed storage proteins (2S albumins, 7S globulins and 11S globu-
lins) are marker allergens for clinically relevant sensitizations to 
legumes, tree nuts and seeds.

•	 Not all relevant allergenic seed storage proteins are available for 
routine diagnosis.

•	 IgE cross-reactivity occurs between members of the same protein 
family most with allergens from related plants that show high pro-
tein sequence identities.

•	 IgE cross-reactivity may also occur between allergens from differ-
ent families of seed storage proteins.

•	 The clinical relevance of IgE co-sensitization and the impact of 
cross-reactivity are largely unknown and still have to be stud-
ied using well-defined allergens together with primary material 
(serum, whole blood depending on the test) collected from well-
characterized patients.

1 – The protein

Seeds comprise the most important constituents of the human diet, 
but they are also major elicitors of food allergies. Edible seeds are 
derived from botanically diverse types of plants such as cereals 
(e.g., wheat, rye, corn, rice see chapter B16), legumes (e.g., peanut, 
soybean, lentil chapters B17, B18), tree nuts (e.g., walnut, hazelnut) 
and others falling into neither of those categories (e.g., buckwheat, 
sesame, mustard chapter B19). Seeds are rich in protein, the most 
abundant of which are seed storage proteins whose main biological 
functions are to provide nutrients and energy sources for the germi-
nating plant. Storage proteins of noncereal seeds can be classified 
into three protein families, the 2S albumins, the 7S globulins, also 
named vicilins, and the 11S globulins, also named legumins.1535 All 
three families contain major allergens from legumes, tree nuts and 
other seeds. Sensitization to these allergens is often associated with 
severe reactions. Examples are Ara h 1, 2, 3, 6 and 7 from peanut, 
Jug r 1, 2, 4 and 6 from walnut and Ses i 1, 2, 3, 6 and 7 from sesame 
(Table 94). In addition, seed storage proteins may also elicit allergic 
reactions to certain fruits, such as tomato or kiwifruit, that contain 
small seeds usually eaten together with the fruit pulp. Cereal grains 
contain different types of storage proteins, the cereal prolamins, 
which are discussed in chapter B16.

2 – The families

2S albumins
2S albumins belong to the prolamin superfamily and are structur-

ally related to the cereal bifunctional amylase and protease inhibitors 
(chapter B16) and the nonspecific lipid transfer proteins (nsLTPs; see 
chapter C03). Important members of this family are Ara h 2 and Ara 
h 6 from peanut, Jug r 1 from walnut, and Ses i 1 and Ses i 2 from 
sesame (Table 94). Most 2S albumins are composed of two disulfide-
linked polypeptide chains that are generated by post-translational 
cleavage of a single polypeptide (Figure 174A), a small chain of about 4 
kDa and a large chain of about 9 kDa (Table 95). Some members of this 
family consist of a single chain such as Ara h 2 and Ara h 6 from pea-
nut. 2S albumins fold into compact α-helical bundles further stabilized 
by 4-5 disulfide bonds (Figure 175A). Apart from a conserved pattern 
of eight cysteine residues, sequences of 2S albumins from unrelated 
plants show very low sequence identities of less than 40% (Table 96).

7S globulins
7S globulins (vicilins) and 11S globulins (legumins) are structurally 

related and belong to the cupin superfamily. Important allergenic vi-
cilins are Ara h 1 from peanut, Gly m 5 from soybean and Jug r 2 from 
walnut (Table 94). Vicilins are composed of subunits of about 50 kDa in 
size (Table 95) folding into structures composed of two so-called cupin 
β-barrel domains surrounded by surface-exposed α-helices and un-
structured loops (Figure 175B). These subunits form stable trimers of 
150-190 kDa held together by noncovalent interactions (Figure 175C). 
In addition, many vicilins contain an N-linked glycan (Figure  174B). 
Sequences of vicilins from unrelated plants show only low levels of con-
servation with identities typically between 30% and 50% (Table 97).

During post-translational processing of vicilins, a large N-
terminal propeptide is cleaved off and, in many cases, is not de-
graded but further processed into one or several shorter peptides 
with anti-microbial activity (Figure 174B). These peptides, known as 
α-hairpinins, contain a conserved cysteine pattern (CX3CX10-12CX3C) 
and fold into an α-hairpin structure stabilized by two disulfide 

2S albumin family characteristics

•	 Alpha-helical structure stabilized by disulphide bonds
•	 Low sequence conservation except a conserved cysteine 

skeleton
•	 Small, water-soluble molecules of about 15 kDa
•	 Highly stable against heat and digestion
•	 Present in all seeds of dicotyledonous plants
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bonds.1536 Some of these peptides, such as those derived from Ara 
h 1 and Jug r 2, bind IgE from a considerable fraction of patients 
allergic to peanut or walnut, respectively.1537 Strikingly, IgE from a 
subpopulation of these allergic patients does not even bind the re-
spective mature vicilin. Hence, these peptides constitute important 
allergens distinct from mature vicilins.

11S globulins
11S globulins (legumins) are the most abundant seed storage 

proteins comprising up to 50% of the total protein in some spe-
cies. Legumins with allergenic properties are Ara h 3 from pea-
nut, Gly m 6 from soybean and Cor a 9 from hazelnut (Table 94). 
Legumin subunits are 50-60 kDa in size and are composed of a 
30-40 kDa acidic chain and a 20 kDa basic chain connected by a 
conserved disulfide bond (Table 95; Figure 174C). These subunits 
adopt a fold similar to that of vicilins composed of two cupin β-
barrels surrounded by surface-exposed α-helical and unstructured 
stretches (Figure 175D). Legumins form hexamers of 300-450 kDa 
in size composed of two trimers one stacked on top of the other 
(Figure  175E,F). Sequences of legumins are more conserved than 
those of other storage proteins, with typically 40-60% sequence 
identity between homologues from nonrelated plants (Table 98). In 
addition, legumins show considerable sequence similarities with the 
structurally related vicilins.

7S globulin family characteristics

•	 Trimeric glycoproteins composed of subunits folding 
into two β-barrels surrounded by α-helical loops

•	 Moderately conserved sequences
•	 Trimers of about 150 kDa in size but also containing dif-

ferently processed molecular forms
•	 Stable against heat and digestion
•	 Present in seeds of dicotyledonous plants

TA B L E  9 4 Seed storage proteins identified as allergens

Fabaceae

Juglandaceae

Betulaceae  

Rosaceae  

Anacardiaceae    

Lecythidaceae  

Proteaceae  

Pinaceae    

Pedaliaceae  

Linaceae  

Brassicaceae  

Rutaceae  

Actinidaceae  

Cucurbitaceae  

Polygonaceae

Euphorbiaceae  

Legumes  

Tree nuts

Other seeds

Peanut (Arachis hypogaea)  

Soybean (Glycine max)  

Pea (Pisum sativum)  

Narrow-leaved blue lupine (Lupinus angustifolius)  

Lentil (Lens culinaris)  

Mung bean (Vigna radiata)    

English walnut (Juglans regia)  

Black walnut (Juglans nigra)  

Pecan (Carya illinoinensis)  

Hazelnut (Corylus avellana)  

Almond (Prunus dulcis)  

Cashew nut (Anacardium occidentale)  

Pistachio (Pistacia vera)  

Brazil nut (Bertholletia excelsa)  

Macadamia nut (Macadamia integrifolia)  

Korean pine (Pinus koraiensis)  

Stone pine (Pinus pinea)    

Sesame (Sesamum indicum)   

Flaxseed (Linum usitatissimum)  

Yellow mustard (Sinapis alba)  

Indian mustard (Brassica juncea)  

Rapeseed (Brassica napus)  

Field mustard (Brassica rapa)  

Sichuan pepper (Zanthoxylum bungeanum)  

Kiwi fruit (Actinidia deliciosa)  

Pumpkin (Cucurbita maxima)  

Common buckwheat (Fagopyrum esculentum)  

Tartarian buckwheat (Fagopyrum tataricum)  

Castor bean (Ricinus communis)    

Ara h 2, Ara h 6, Ara h 7  

Gly m 8            

Jug r 1  

Jug n 1  

Car i 1  

Cor a 14    

Ana o 3  

Pis v 1  

Ber e 1      

Pin p 1    

Ses i 1, Ses i 2  

Lin u 1  

Sin a 1  

Bra j 1  

Bra n 1  

Bra r 1  

Zan b 1  

Act d 13  

Cuc ma 5  

Fag e 2  

Fag t 2  

Ric c 1, Ric c 3  

Ara h 1  

Gly m 5  

Pis s 1, Pis s 2  

Lup an 1  

Len c 1  

Vig r 2 

Jug r 2, Jug r 6  

Jug n 2  

Car i 2  

Cor a 11    

Ana o 1  

Pis v 3    

Mac i 1  

Pin k 2      

Ses i 3                    

Fag e 3, Fag e 5      

Ara h 3  

Gly m 6            

Jug r 4  

Jug n 4  

Car i 4  

Cor a 9  

Pru du 6  

Ana o 2  

Pis v 2, Pis v 5  

Ber e 2  

Mac i 2        

Ses i 6, Ses i 7    

Sin a 2            

Act d 12  

Cuc ma 4  

Allergen sourcePlant family Allergen name
2S albumins Vicilins (7S globulins) Legumins (11S globulins)
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Heterogeneity of seed storage proteins
Seed storage proteins purified from their natural sources are 

heterogeneous mixtures of similar proteins, which presents a chal-
lenge for their exact characterization and the production of natural-
like recombinant allergens. Several mechanisms contribute to this 
heterogeneity:

•	 Isoforms: Many storage proteins are expressed as mixtures of dis-
tinct isoforms that differ mainly in their surface-exposed regions 
and therefore may also have different IgE-binding properties.

11S globulins family characteristics

•	 Hexameric proteins composed of subunits folding into 
two β-barrels surrounded by α-helices and unstruc-
tured loops

•	 Moderately conserved sequences
•	 Hexamers of 300-450 kDa in size
•	 Stable against heat and digestion
•	 Highly abundant in seeds of dicotyledonous plants

F I G U R E  174 Typical post-translational 
processing of seed storage proteins. 
A. 2S albumins; B. 7S globulins; C. 11S 
globulins 

TA B L E  9 5 Basic protein characteristics of seed storage proteins

Allergen source  

Molecular structure  

Theoretical molecular weight  

Length  

Ligand binding  

Oligomerization  

Glycosylation  

Isoelectric point  

Synthesis  

Distribution  

Legumes, nuts, seeds  

α-helical bundle of 4-5 helices; 

linked chains  

11-18 kDa;  small chain: 3-5 kD;  

large chain: 8-10 kDa  

90-151 aa;  small chain: 26-43 

aa; large chain: 64-92 aa  

No  

No  

No  

4-5  

4.5-7.5;  small chain: 5.4-10.1;  

large chain: 4.6-7.0 ;   

Brassicaceae: 9.4-10.8;  small 

chain: 10.3-10.9;  large chain: 

9.1-9.5  

In seeds after fertilisation until 

maturation  

In seeds of gymnosperms and 

dicotyledonous plants   

Legumes, nuts, seeds  

2 β-barrels surrounded by 

α-helical and unstructured loops  

45-60 kDa  

400-522 aa  

No  

Trimers  

Yes  

No  

4.9-7.3  

In seeds after fertilisation until 

maturation  

In seeds of mono- and 

dicotyledonous plants  

Legumes, nuts, seeds  

2 β-barrels surrounded by α-helical 

and unstructured loops; composed 

50-61 kDa;  acidic chain: 29-40 

kDa;  basic chain: 19-22 kDa  

438-531 aa;  acidic chain: 256-347 

aa;  basic chain: 172-192 aa  

Metal ions, e.g. Mg2+

Hexamers  

No  

2  

5.6-7.3;  acidic chain: 4.9-6.0;  

basic chain: 6.1-10.6  

In seeds after fertilisation until 

maturation  

In seeds of mono- and 

dicotyledonous plants  

2S albumins 7S globulinsPorotein characteristics 11S globulins
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F I G U R E  175 Representative structures of seed storage proteins. A. Ber e 1 from Brazil nut, a 2S albumin (PDB: 2lvf); B, C. Cor a 11 from 
hazelnut, a 7S globulin (PDB: 6l4c) (B) single subunit and (C) trimer, D-F: Ara h 3 from peanut, a 11S globulin (PDB: 3c3v) (D) single subunit 
and (E, F) hexamer. Structures in A, B and D are colored by secondary structure elements from blue (N-terminus) to red (C-terminus). In the 
oligomeric structures in C, E and F, each subunit is colored in a different color. The images were created with UCSF ChimeraX (https://www.
rbvi.ucsf.edu/chime​rax/). 

TA B L E  9 6 Amino acid sequence identities (%) between allergenic 2S albumins. Light blue: identities from 35% to 49%, blue: identities 
from 50% to 74%, dark blue: identities ≥ 75%. Sequence alignments were performed using ClustalX.
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•	 Post-translational proteolytic processing: The proteolytic pro-
cessing described above for all three families further increases 
the heterogeneity as cleavage may occur at different positions 
leading to differentially truncated forms of the proteins.

•	 Glycosylation: Most vicilins harbor a single N-linked glycan. 
Hence, the existence of different glycoforms adds an additional 
layer of complexity.

Biochemical and physico-chemical properties
The distinct properties of seed storage proteins explain many of 

their allergological features

•	 Abundance: Seeds contain between 10% (cereal grains) and 40% 
(some legumes and oilseeds) protein; the major part of it is com-
posed of storage proteins.1535 As a consequence, even minute 
amounts of seeds contain sufficient quantities of storage proteins 
to elicit allergic reactions in some highly sensitized individuals. In 
placebo-controlled oral provocation studies, some patients re-
acted to as little as 0.1 mg of peanut flour or 0.5 mg of lupine 
flour.1538 Small amounts of these proteins are also found as im-
purities in processed foods. These “hidden” allergens pose a risk 
to allergic individuals, who may react with dangerously severe 
symptoms.

TA B L E  9 7 Amino acid sequence identities (%) between allergenic 7S globulins. Light blue: identities from 35% to 49%, blue: identities 
from 50% to 74%, dark blue: identities ≥ 75%. Sequence alignments were performed using ClustalX.

TA B L E  9 8 Amino acid sequence identities (%) between allergenic 11S globulins. Light blue: identities from 35% to 49%, blue: identities 
from 50% to 74%, dark blue: identities ≥ 75%. Sequence alignments were performed using ClustalX.
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•	 Stability: Seed storage proteins, especially 2S albumins, are highly 
stable against food processing and gastro-intestinal digestion.1539 
For instance, it has been shown that roasting of peanuts increased 
the IgE-binding capacity and stability of the allergens, partially 
due to covalent cross-linking during the Maillard reaction, which 
leads to the formation of stable molecular aggregates. This ex-
plains why patients sensitized to seed storage proteins usually 
also react to processed foods, such as roasted peanuts or tree 
nuts or peanut butter. Their stability against digestive enzymes 
enables allergenic storage proteins to reach the small intestine 
and the circulation, thereby causing severe systemic allergic 
reactions.

3 – Clinical relevance

Sensitization to these three allergen families (2S albumins, 7S globu-
lins and 11S globulins) is generally associated with a high risk to de-
velop an allergic reaction upon ingestion. Allergic symptoms, which 
are elicited by IgE binding to those allergens, can reach from mild 
(e.g., oral itching) to life-threatening conditions such as anaphylaxis.

2S albumins
The extraordinary stable structure of 2S albumins is thought to 

contribute to its allergenicity and clinical relevance. The measure-
ment of IgE specific to 2S albumins is mostly superior to measuring 
IgE against total extracts in edible seed allergy diagnosis. In peanut 
allergy, approximately 90% of patients sensitized to Ara h 2 suffer 
from a (severe) peanut allergy, while only 70% of patients with IgE 
to peanut extract are truly allergic.1540 A comparable clinical impor-
tance was described for the other two peanut 2S albumins Ara h 6 
and 7.1540 Consistently, IgE binding to tree nut 2S albumins is also 
associated with clinically relevant sensitization: hazelnut Cor a 14, 
cashew nut Ana o 3, Brazil nut Ber e 1 and walnut Jug r 1.1541,1542 
However, it was shown that IgE to Jug r 1 is not significantly more 
relevant than measuring IgE to walnut extract in adults. 2S albumins 
are also predominantly recognized by IgE from patients with seed 
(e.g., sesame Ses i 1) or legume (e.g., soy Gly m 8) allergies.1543,1544

7S globulins
In tree nut allergy, 7S globulins are clinically less relevant com-

pared with 2S albumins. For example, recognition of the hazelnut 
7S globulin Cor a 11 by adults is extremely rare and its clinical rel-
evance is not confirmed.44 By contrast, the role of 7S globulins ap-
pears to be more important in legume allergies. In soybean allergy, 
86% of patients with anaphylaxis were sensitized to Gly m 5, while 
only 33% of patients with subjective symptoms showed IgE to this 
7S globulin.1543 This clear association between sensitization to soy-
bean Gly m 5 and severe symptoms was only confirmed in peadiat-
ric populations. Moreover, 7S globulins were also characterized as 
major allergens (>50% in vitro recognition) in other legumes such as 
lupine, lentil, pea and chickpea. The lentil 7S globulin Len c 1.01 was 
recognized by 77% of lentil allergic patients, and 65% of IgE binding 

to lentil extract was inhibited by preincubation with Len c 1.01.1545 
Despite their extensive recognition by IgE, the exact clinical rele-
vance of 7S globulins in legume allergy needs still to be determined.

11S globulins
The clinical relevance of IgE binding to 11S globulins differs 

between foods and cannot be assigned to a specific group. While 
IgE binding to peanut Ara h 3 is less relevant than IgE to Ara h 2 
(2S albumin), IgE binding to the hazelnut 11S globulin Cor a 9 has 
a comparable diagnostic value compared with IgE to the hazelnut 
2S albumin Cor a 1443. IgE to both allergens is associated with se-
vere symptoms in children. In adults, however, this clear association 
between IgE binding and allergy or objective symptoms was not 
found.1544 In walnut allergy, only a small subpopulation of walnut 
allergic adults recognizes the walnut 11S globulin Jug r 41541 and in 
cashew nut allergic children, the diagnostic value of IgE to Ana o 2 
is comparable to the diagnostic value of IgE to the 2S albumin Ana o 
3.1541 In almond allergy, IgE binding to the almond 11S globulin Pru 
du 6 shows a high sensitivity (83%) and specificity (78%), which is 
superior to measuring IgE against almond extract or other almond 
components.1547 Strikingly, 2S albumins and 7S globulins—important 
allergens for other tree nuts—appear to be absent in almond kernels, 
which makes Pru du 6 an even more important component than 11S 
globulin in other tree nuts, legumes, and seeds. Although sesame 
seeds can cause severe allergic reactions, information regarding clin-
ical relevance of IgE to 11S globulins is lacking. Nevertheless, it has 
been shown that Italian children allergic to sesame strongly recog-
nized the basic subunit of the 11S globulin, which is only accessible 
after proteolytic cleavage of the acidic subunit.1548

Clinical relevance of 2S albumins

•	 Major allergens in peanut and tree nuts such as hazelnut, 
walnut and cashew nut

•	 Marker allergens for clinically relevant sensitizations to 
peanut, seeds and tree nuts

•	 High risk of cross-reactivity between walnut and pecan 
nut or cashew nut and pistachio

•	 IgE to these allergens may elicit severe symptoms

Clinical relevance of 7S globulins (vicilins)

•	 Major allergens of legumes such as soy, pea, lentil and 
lupine

•	 Marker allergens for clinically relevant sensitizations to 
legumes

•	 Risk of cross-reactivity between peanuts and peas or 
lupine

•	 Risk of cross-reactivity between peas and lentils
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Age-related sensitization patterns
Sensitizations to seed storage proteins are biomarkers for a 

clinically relevant edible seed allergy in children. For example, IgE 
to Ara h 2 ≥ 5 kU/l can classify Dutch children as peanut allergic.1549 
Additionally, the absence of IgE to Ara h 2 can be used to rule out 
primary peanut allergy. Such advantageous use of IgE measure-
ments to seed storage proteins (Cor a 9 and 14) was also shown for 
hazelnut allergy in children suffering from objective symptoms.43 
Furthermore, younger children are mostly sensitized to the walnut 
seed storage proteins Jug r 1 and 4, and their allergies have been 
shown to be more severe than walnut allergies in older children and 
adults.1550 By contrast, sensitization patterns of adults, especially 
in birch-endemic regions (Northern and Central Europe), are more 
complex due to increased sensitization to the birch pollen PR-10 
protein, Bet v 1, and its homologues. So far, this effect has been 
shown for peanut, hazelnut, and walnut allergies.43,1549,1550 Hence, 
the absence of IgE binding to seed storage proteins does not neces-
sarily exclude a peanut or tree nut allergy in adults. Nevertheless, 
PR-10 protein-related allergies are usually less severe.1544

Geographical differences
The sensitizing allergens in edible seed allergies differ geo-

graphically. nsLTP-related food allergies—due to sensitization to, 
e.g., peanut Ara h 9—are more common in the Mediterranean area, 
where peanut/tree nut allergies often go along with peach allergy. 

However, it was shown that younger peanut allergic children in Spain 
were predominately sensitized to Ara h 2, while sensitization to Ara 
h 9 predominated over sensitization to Ara h 2 in older children.1551 
Nevertheless, seed storage proteins such as Ara h 2 seem to be more 
important in the clinical setting in the Northern hemisphere.1549

Cross-reactivity
Although extensive in vitro co-sensitization has been shown 

between homologous seed storage proteins in legumes, tree nuts 
and seeds, only a small number of such co-sensitization results 
in clinically relevant co-allergies between tree nuts and peanut. 
Hence, in vitro cross-reactivity does not necessarily imply clinically 
relevant cross-reactivity. Nevertheless, strong clinically relevant 
cross-reactivity was described between walnut and pecan nut and 
between cashew nut and pistachio with walnut and cashew nut as 
respective primary sensitizers.1260

Although extensive research has been performed to evaluate 
in vitro and in vivo cross-reactivity, several cross-reactivities and 
potential risks might not have been identified yet. In particular, in-
formation on molecular in vitro and in vivo cross-reactivity of IgE 
to sesame seed components is lacking despite their known clinical 
relevance. Moreover, the exact underlying allergens responsible for 
certain cross-reactions have often not yet been identified.

Cross-reactivity between 2S albumins
Cross-reactivity between walnut and pecan nut as well as be-

tween cashew nut and pistachio can be potentially explained by 
cross-reactive IgE against the respective 2S albumins. Moreover, 
IgE to 2S albumins plays a role in clinically relevant cross-reactivity 
between walnut and hazelnut (Figure 176). Although in vitro cross-
reactivity has also been shown between peanut Ara h 2 and 2S al-
bumins from lupine (δ-conglutin), Brazil nut Ber e 1 and kiwi seeds, 
its clinical relevance is still a matter of debate. By contrast, negligible 
in vitro cross-reactivity was shown for IgE to hazelnut Cor a 14 and 
peanut Ara h 2.43,1544

Clinical relevance of 11S globulins (legumins)

•	 Major allergens in hazelnut and almond
•	 Marker allergens for clinically relevant sensitizations to 

almonds, hazelnuts and peanuts
•	 IgE to these allergens may elicit severe symptoms

F I G U R E  176 In vitro cross-reactivity between 2S albumins from tree nuts and legumes. Strong cross-reactivity has been shown for 
walnut and pecan nut, cashew and pistachio, and for hazelnut and walnut Cross-reactivity only confirmed in vitro and limited knowledge 
regarding clinical relevance is indicated with a grey arrow. 
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Cross-reactivity between 7S globulins
Although evidence of (in vitro) cross-reactivity between tree nut 

7S globulins is limited, walnut Jug r 6 displays remarkable in vitro 
cross-reactivity with 7S globulins from hazelnut (Cor a 11), pistachio 
(Pis v 3) and sesame seed (Ses i 3), which is in contrast to character-
istics of IgE to the walnut 7S globulin Jug r 2. Additionally, cross-
reactive IgE was also shown for 7S globulins from cashew nut and 
pistachio.1544 By contrast, cross-reactive IgE to 7S globulins from 
legumes seem to play a greater role. Patients anaphylactic to pea 
often suffer from peanut allergy, which can be explained by cross-
reactive IgE between pea Pis s 1 and peanut Ara h 1. Comparable 
cross-reactivity seems also to be present in peanut and lupine al-
lergic patients with IgE to peanut Ara h 1 and lupine ß-conglutin. 
Moreover, IgE binding to pea Pis s 1 was shown to be completely 
cross-reactive with lentil Len c 1 in vitro without confirmed clinical 
relevance so far (Figure 177).

Cross-reactivity between 11S globulins
Limited knowledge is available regarding (in vitro) cross-

reactivity between 11S globulins from tree nuts, legumes and seeds. 
Nevertheless, one study showed that IgE to the 11S globulins from 
hazelnut (Cor a 9) and walnut (Jug r 4) cross-reacted in hazelnut and 
walnut allergic patients.1552 Moreover, a certain degree of cross-
reactivity was shown between hazelnut Cor a 9 and peanut Ara h 
3, while Ara h 3 seems to play no role in cross-reactivity between 
peanut and lupine.1543 Another cross-reactive 11S globulin seems to 
be the yellow mustard Sin a 2 with confirmed in vitro cross-reactivity 
to 11S globulins of peanut and the tree nuts almond, hazelnut, pista-
chio and walnut (Figure 178).1259

Cross-reactivity between nonhomologous seed storage proteins
Clinically relevant cross-reactivity has been commonly reported 

between members of the same family. Recently, several lines of ev-
idence demonstrated that IgE cross-reactivity also exists between 

members of different protein families of seed storage proteins and 
can also occur between seed storage proteins and some cow's milk 
allergens1553It was demonstrated that IgE cross-reactive to peanut 
allergens Ara h 1 (vicilin), Ara h 3 (legumin) and Ara h 2 (2S albumin) 
comprised the major fraction of IgE specific to these allergens.1554 
The molecular basis of this cross-reactivity is the presence of highly 
similar amino acid sequence stretches present on surface-exposed 
loops. The analysis of antibodies produced by B cells from pea-
nut allergic patients confirmed the presence of the IgE antibodies 
with high affinity and cross-reactivity to the three major peanut 
allergens.1555

In addition, cross-reactivity was demonstrated between Ara h 2, 
almond legumin (Pru du 6), and walnut vicilins (Jug r 2) as well as be-
tween non homologous allergens from peanut and lupine.1553 Future 
studies will have to address whether the occurrence of such cross-
reactive antibodies accounts for the clinically observed co-reactivity 
to peanut, diverse tree nuts and other seeds.

Similarly, it was shown that IgE cross-reactivity also exists be-
tween non related bovine caseins, soy vicilin Gly m 5 and soy legu-
min Gly m 6 (summarized in1553). This unexpected cross-reactivity 
could explain occasionally observed incidents of allergic reaction to 
a soy protein formula in cow's milk allergic patients, primarily not 
sensitized to soy.

4 – Clinical management

History
The diagnosis of food allergy always starts with a careful history 

of the symptoms and the foods that cause the symptoms. Seed stor-
age proteins are stable allergens towards digestion and heating and 
are therefore found to be associated with severe symptoms. This 

F I G U R E  17 7 In vitro cross-reactivity between 7S globulins from tree nuts, seeds and legumes. Strong cross-reactivity has been shown 
for cashew and pistachio (black arrow). Cross-reactivity only confirmed in vitro and limited knowledge regarding clinical relevance is 
indicated with a grey arrow. 
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is in contrast to (secondary) sensitization to pollen-related PR10-
proteins and profilins, which are labile proteins and are associated 
with mild to moderate (usually oropharyngeal) symptoms.

Diagnostic value of IgE measurements to seed storage proteins
Skin prick test or allergen specific IgE to whole extracts will 

confirm sensitization to the respective food. In order to define the 
primary allergen source (Figure  179), measurement of specific IgE 
to components can be performed. Not all seed storage proteins are 
available for routine testing. In the ImmunoCAP Specific IgE test 
single and multiplex assays (Thermo Fisher Scientific), the following 
seed storage proteins are currently available for routine in vitro di-
agnostics: peanut rAra h 1, rAra h 2, rAra h 3, rAra h 6, soy nGly m 5, 
nGly m 6, hazelnut nCor a 9, rCor a 14, cashew nut rAna o 2, rAna o 
3, walnut rJug r 1, nJug r 2, Brazil nut rBer e 1, sesame nSes i 1 and 
buckwheat nFag e 2.

Several studies demonstrated that seed storage proteins play an 
important role in the diagnosis of peanut, tree nut and seed allergy. 
They can support the diagnosis of food allergy, but may also give 
an indication on the severity of the food allergy. For peanut, it was 
shown that IgE to Ara h 2 has a better diagnostic accuracy than IgE 
to peanut extract. Cut-off values for Ara h 2 were defined with pos-
itive predictive values (PPV) of up to 100% for diagnosis of peanut 
allergy.1540 However, one should keep in mind that PPVs depend on 
the population, setting and geographic location. Measurement of 
IgE to Ara h 1, 3 and 6 appears less useful in the diagnosis of pea-
nut allergy when IgE to Ara h 2 is already confirmed. However, one 
study showed that measurement of Ara h 6 could be useful, because 
co-sensitization to Ara h 2 and Ara h 6 appeared to be associated 
with severe reactions distinguishing severe allergy from mild symp-
toms. IgE to hazelnut Cor a 9 and 14 was found to be predictive for 
clinical reactivity to hazelnut and both were associated with severe 
reactions.1544 IgE to walnut Jug r 1 was found to be superior to IgE 

to walnut extract in the diagnosis of walnut allergy in children but 
appeared not to have an additional value in the diagnosis of walnut 
allergy in adults. IgE to cashew nut Ana o 3 was highly predictive for 
cashew nut allergy and discriminated between allergic and tolerant 
children better than cashew nut extract specific IgE; a cut off was 
found with 95% PPV for diagnosing cashew nut allergy.1544,1556 The 
diagnostic value of Ses i 1 appeared to be better than IgE to sesame 
extract, to Ses i 2 and to 7S and 11S globulins of sesame.1264 In con-
clusion, IgE to seed storage proteins has generally a high predictive 
value to diagnose an allergy to the respective food, has a higher di-
agnostic value than measurement of IgE to whole extracts, and for 
some foods, IgE to these allergens is associated with severe clinical 
reactions. Therefore, measurement of IgE to seed storage proteins 
is a useful tool in the diagnosis of peanut, tree nut and seed allergy.

Clinical relevance of cross-sensitizations
Cross-sensitization within and between legumes, tree nuts and 

seeds exists, but clinical relevance of these cross-sensitizations var-
ies and may differ between different geographic regions. With re-
gard to legumes, cross-sensitization of peanut allergic patients with 
other legumes occurs frequently but mostly does not demonstrate 
clinical allergy.1067,1538,1552 Lupine may be the most clinically rele-
vant peanut cross-reactive legume, showing sensitization rates of 
34-88% and clinically manifested allergy in 4-88% of peanut allergic 
patients. In peanut allergic patients, sensitization to soybean occurs 
frequently (31-58%), while clinical allergy to soybean only ranged 
from 3% to 15%.

Conversely, one study showed that 88% of soybean allergic pa-
tients were also peanut allergic. Co-allergies to other legumes (e.g., 
lentil, chickpea, and pea) in peanut allergic patients have been re-
ported but are less common, especially for beans. Between other 
legumes, a high degree of IgE cross-reactivity was demonstrated 
among lentils, chickpeas and peas. Food challenges confirmed that 

F I G U R E  17 8 In vitro cross-reactivity between 11S globulins from tree nuts and seeds. Strong cross-reactivity has been shown for 
hazelnut and walnut (black arrow). Cross-reactivity only confirmed in vitro and limited knowledge regarding clinical relevance is indicated 
with a grey arrow. 
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clinical allergy to all three legumes was frequently found in a Spanish 
cohort.1538,1552,1553

Peanut and tree nut allergy often co-exists in one patient. 
Although homology between allergenic proteins of these foods 
has been demonstrated, the co-allergy between peanut and tree 
nuts is probably not primarily due to cross-reactivity of IgE to 
peanut and tree nut allergens.1554 Taxonomically, peanut and tree 
nuts are from very different plant groups. Patients in whom co-
allergy between peanut and tree nuts exists are likely sensitized 
to peanut and tree nuts independently. Regarding cross-reactivity 
of PR-10 proteins, one study showed a high correlation between 
sensitization to Cor a 1 and Ara h 8, which might indicate that 
cross-reactivity of PR-10 proteins is a major cause of hazelnut/
peanut co-sensitization.1555

Regarding co-allergies between tree nuts, The NUT CRACKER 
study demonstrated that whilst most patients were sensitized to 

5-6 tree nuts, over 50% were only allergic to 1-2 tree-nuts. There 
is an especially high correlation between walnut-pecan and cashew-
pistachio allergies. No association between almond and other tree 
nuts was found in the NUT CRACKER study. Besides cross-reactivity 
to seed storage proteins, tree nuts can also show cross-reactivity 
with pollen, resulting in pollen food allergy syndrome, which is re-
lated to milder (usually oropharyngeal) symptoms (Figure 179).

In conclusion, it has to be emphasized that IgE cross-reactivity 
does not mean that there is also clinically relevant co-allergy. 
Diagnosis of a legume or tree nut allergy does not automatically 
imply that all legumes or tree nuts have to be avoided. The oral food 
challenge is still the gold standard to confirm food allergy and to 
investigate whether a found co-sensitization is relevant or not.

Management
Patients with a food allergy to legumes, tree nuts or seeds, 

especially the ones that are sensitized to seed storage proteins 

F I G U R E  17 9 Distinction of primary and secondary sensitization for legumes, tree nuts, and seeds with molecular allergy diagnostics in 
routine care
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should avoid the offending food. Furthermore, patients should 
receive a treatment plan in case of accidental allergic reactions. 
Patients with severe reactions should receive an adrenaline auto-
injector, including a training in how and when to use it as well as 
an allergy pass.

5 – Clinical cases

Case #1
Clinical history: A 21-year old man always developed symp-

toms of tightness of the throat, urticaria, wheezing and dyspnea 
after ingestion of peanut. The same symptoms developed after 
ingestion of green pea and lentil. Beans and products with lupine 
were ingested without symptoms. He avoided soy his whole life, 
so it is unknown if that caused symptoms. No symptoms of allergic 
rhinitis.

Tests with extracts: Skin prick test positive for peanut and soy-
bean. Specific IgE to peanut > 100 kU/l, soy 11.5 kU/l, green pea 8.8 
kU/l, lentil 6.5 kU/l.

Tests with molecules: Ara h 2 79.8 kU/l
Oral food challenges: Food challenge with soy was positive at 

a dose of 0.03 gram soy protein with symptoms of tightness of the 
throat and urticaria.

Diagnosis: Primary peanut	allergy with co-allergy to soybean, 
lentil and green pea. No allergy to lupine or beans.

Case #2
Clinical history: A 10-year old girl had symptoms upon in-

gestion of a nut mix with walnut, hazelnut, almond and cashew 
nut consisting of oral allergy symptoms, erythema, nausea and 
dyspnea. She also had allergic rhinitis. She has never eaten nuts 
before.

Test with extracts: Skin prick test was positive for walnut, hazel-
nut and birch, negative for almond and cashew nut. Specific IgE to 
walnut was 2.09 kU/l, hazelnut 9.4 kU/l, almond 0.06 kU/l, cashew 
nut 0.00 kU/l.

Test with molecules: Multiplex assay ISAC: Walnut Jug r 1 3.4 
ISU, hazelnut Cor a 1.04 8.7 ISU. Negative for hazelnut Cor a 9, neg-
ative for Ana o 2.

Singleplex assay: Cor a 14 2.00 kU/l, Cor a 1 12.1 kU/l
Oral food challenges: Oral food challenge with hazelnut was pos-

itive, symptoms consisted of oral allergy symptoms, tightness of the 
throat, nausea, vomiting and erythema.

Oral food challenge with walnut was also positive, symp-
toms consisted of oral allergy symptoms, erythema and dyspnea. 
Almond and cashew nut were introduced at home without any 
problem.

Conclusion: A primary food allergy to hazelnut and walnut, with 
in addition also a pollen-related food allergy to hazelnut. Because of 
high correlation between walnut and pecan nut allergy, also pecan 
nut has to be avoided. No allergy to almond, no allergy to cashew 
nut.
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C09 – Gibberel l in-regulated proteins

Pascal Poncet, Tomona Iizuka, Hélène Sénéchal, 
Enrico Scala

Highlights

•	 Gibberellin-regulated proteins (GRPs) are small, cationic, nongly-
cosylated monomeric proteins with anti-microbial activity, pres-
ent in plant foods and pollen.

•	 GRPs are resistant to heat and proteolysis.
•	 GRPs are cross-reactive and involved in Pollen Food Allergy 
Syndromes.

•	 Main fruits involved: peach and citrus but also apricot, cherry, or 
pomegranate.

•	 Cupressaceae is, up to now, the only tree family shown to express 
allergenic pollen GRP.

•	 GRPs may induce severe systemic reaction with or without 
cofactors.

1 – The protein

The very first Gibberellin-Regulated Protein (GRP) allergen was 
described in 2013 in peach (Prunus persica) and was named Pru p 7 
(formerly peamaclein).559 The sensitization was reported in peach al-
lergic patients negative for the other allergens known in peach, espe-
cially the nsLTP Pru p 3 that shares some characteristics with Pru p 7, 
i.e., low molecular weight (MW) and basic isoelectric point (pI). The 
characterization was refined and confirmed in 2014.1561 Pru p 7 is a 
nonglycosylated, cationic, monomeric protein with an MW around 
7-8 kDa and a pI around 9. It belongs to the cysteine-rich plant anti-
microbial peptide families that are involved in plant growth and re-
sistance to bacteria, viruses, or other microorganisms that can cause 
plant disease.1562 Twelve cysteines involved in 6 disulfide bridges 
confer the protein stability and resistance to heat and proteolysis.

2 – The family

The family name GRP is now well accepted in the field of allergy 
although it may not be the most appropriate since the allergens, 

with the associated number 7, rather belong to the Snakin/GASA 
(Gibberellic Acid Stimulated in Arabidopsis) protein family, a sub-
family of GRP. Indeed the phytohormone gibberellin regulates very 
diverse proteins in plants, nonallergenic ones as well as allergenic 
such as, besides snakin/GASA proteins, superoxide dismutase, β-
1,3-glucanase, calmodulin or oleosin.1563

Gibberellin is a phytohormone produced by all plants, some fungi 
and bacteria. It corresponds to a family of tetracyclic diterpenic mol-
ecules playing a role in plant growth and breaking dormancy.1564 
Gibberellin and GRP have an important role in plant development, 
host defence and redox homeostasis. Consequently, their concen-
tration is strictly regulated and may be different in specific develop-
mental stages. Furthermore, both biotic and abiotic stresses could 
influence GRP levels.1565 Nowadays gibberellins are widely used 
in modern agriculture to increase the yield and/or quality of plant 
food.1566 Numerous plant foods are submitted to an exogenous gib-
berellin treatment such as grape, cherry, strawberry, pear, tanger-
ine, plum, orange, blueberry, pineapple, tomato, potato, wheat, rice, 
barley, hop, sunflower, alfalfa (Medicago), chili/red pepper, zucchini, 
salad, spinach, celery or cotton. By consequence, the utilization of 
exogenous synthetic gibberellin might affect the concentration of 
GRPs synthesized in plant foods and even in pollens, therefore influ-
encing also their allergenic potency.

Once produced, GRPs contain a signal peptide of 25 amino-acid 
that is subsequently removed to obtain the protein mature form of 7 
kDa (63 AA). Mature GRPs are structurally characterized by a highly 
conserved C-terminal region and, as in Pru p 7, by the 12 cysteines 
at conserved positions. GRPs are water-soluble proteins positively 
charged at neutral pH with a compact globular conformation, which 
may result in over-evaluation of its MW depending on the bio- and 
physicochemical analytical methods used. The protein folding is re-
sponsible for conformational epitopes destroyed upon in vitro reduc-
tion in disulfide bonds.

Snakin-1, the first GRP described in 1999, was isolated from 
Solanum tuberosum from the potato plant tuber allowing extensive 
studies on its structure and antimicrobial activity.1565 The three-
dimensional structure of snakin-1 was obtained by X-ray crystallog-
raphy.1567 The folding of the protein comprises three alpha-helices 
and a cleft likely able to accommodate one or more ligands, as yet 
undetermined (Figure 180).

Snakin-1 is not yet described as an allergen. After the descrip-
tion of Pru p 7, Pun g 7 a GRP from pomegranate (Punica granatum) 
was reported1568 as well as Pru m 7, the GRP from Japanese apricot 
(Prunus mume).1569 In Japan, Japanese apricots are traditionally con-
sumed marinated in salt, they are named umeboshi. More fruits were 
suspected to contain allergenic GRPs,1130 but convincing data were 
subsequently obtained only for orange (Citrus sinensis) and sweet 
cherry (Prunus avium), Cit s 71570 and Pru av 7, respectively (IUIS/
WHO Pru av 7 descriptions: http://www.aller​gen.org/viewa​llerg​
en.php?aid=1002). Grapefruit, tangerine and lemon contain cross-
reactive GRP with orange (Poncet et al., unpublished results).

A breakthrough was provided by the study of allergenic GRPs 
when it was demonstrated that an allergen from the Cupressaceae 

GRP characteristics

•	 6 well-conserved disulfide bridges
•	 Expressed in pulp and peel of plant food
•	 Protein present but not synthesized in pollen grain
•	 Plant defence protein
•	 The structure displays a cleft likely to bind an unknown 

ligand
•	 Pollen/food cross-reactive
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pollen first reported in 2010,1571 the formerly called BP14, was 
shown to belong to the GRP protein family.1572 The pollen food 
associated syndrome (PFAS) between peach or citrus and cypress 
pollen reported in 20061573 and 20151574 was thus explained by the 
existence of an IgE cross-reactivity between Pru p 7 or Cit s 7 and 
the allergen BP14.230,1575,1576 The gene coding for BP14 was then 
fully sequenced from common cypress (Cupressus sempervirens) stro-
bili by next-generation sequencing and the protein named Cup s 7 
(IUIS/WHO Description of Cup s 7, http://www.aller​gen.org/viewa​
llerg​en.php?aid=997). A homologous allergen, Cry j 7, with similar 
fruit cross-reactivities, was then described in Japanese cedar pol-
len (Cryptomeria japonica) by studying Japanese patients allergic to 
Japanese cedar pollen and food.1578 As well the existence of a moun-
tain cedar pollen (Juniperus ashei) GRP, Jun a 7, was confirmed.1157 
We could expect that other trees from the Cupressaceae family such 
as the Japanese cypress (Chamaecyparis obtusa) or the bald cypress 
(Taxodium distichum) also express an allergenic pollen GRP.

Finally, in 2021, an allergenic GRP, Cap a 7, was revealed in bell 
pepper (Capsicum annuum) by studying a Japanese patient allergic to 
several GRPs, from bell/chili pepper (Cap a 7), from peach (Pru p 7), 
orange (Cit s 7) and from Japanese cedar pollen (Cry j 7) demonstrat-
ing a clinical relevance of the cross-reactivities between different 
GRPs (IUIS/WHO Description of Cap a 7, http://www.aller​gen.org/
viewa​llerg​en.php?aid=1061).

Up to now, GRPs from only 9 allergenic sources have been de-
scribed as allergens. Five from fruits, 1 from a vegetable and 3 from 
tree pollen, all belonging to the Cupressaceae family (Tables 99 and 
100).

Cupressaceae GRPs are very similar with more than 90% se-
quence identity and share more than 60% sequence identity with 
fruit and vegetables. Similarly, the percentage of sequence identity 
between fruit GRPs or vegetable GRPs are high and close to each 
other. Therefore, all GRP should theoretically be cross-reactive 
(Table 101). However, the cross-reactivity is not always experimen-
tally observed.1578

The relationships between the different taxa and the 
3-dimensional modelling of proteins are depicted in (Figure  181). 
The pollen GRPs are more distant from plant food-derived ones. 
Snakin-1 from potato and citrus fruits such as grapefruit (Citrus 

maxima), tangerine (Citrus reticulata) and lemon (Citrus limone) are 
depicted on a yellow background because the GRP allergens are not 
fully characterized. However, GRP cross-reactivities were shown 
among citrus fruits and a clementine (Citrus clementina) GRP is de-
scribed in the Uniprot KB database (accession number V4T144) with 
a 100% sequence identity with orange GRP.

Three-dimensional modelling using potato snakin-1 as a template 
showed a few structural differences between the various GRPs that 
could lead to variations in the size of the three epitope regions pre-
dicted by the software DiscoTope 2.0 (Figure 181).

3 – Clinical relevance

GRPs are found in both, pulp and peel of fruits, in contrast to nsLTPs, 
which are mainly present in the peel, and to a lower extent in the 
pulp. However, bell pepper GRP was only found in the pulp (un-
published results). Interestingly GRPs can be present or absent in 
different fruit cultivars, even in distinct lots belonging to the same 
cultivar.559,1568

Very often the sensitization to fruit GRPs is associated with 
Cupressaceae pollen allergy. This was observed for Mediterranean 
cypress in Europe1576,231 as well as for Japanese cedar in Japan.1577 
Forty-six per cent of young Japanese patients allergic to Japanese 
cedar pollen and fruit are sensitized to GRPs. This observation 
suggests a possible interdependence of both sensitizations. The 
association might rely not only on the cross-reactivity between 
Cupressaceae and fruit GRPs but also on a sensitization process in-
volving some specific ligand-protein interactions common between 
the two allergenic sources that synergise the allergic response 
towards GRPs. Interestingly, in the case of allergy to GRPs, sen-
sitization to cypress pollen does not necessarily involve Cup a 1, 
the major allergen of Cupressaceae pollen. It is not known whether 
sensitization to GRPs from cypress (i.e., Cup s 7 or Cry j 7), in the 
absence of recognition of Cup a 1, can generate respiratory symp-
toms or not. At the same time, it is not known whether sensitiza-
tion to food GRPs necessarily follows a sensitization to pollen (as in 
the case of PR-10 or Profilin; (chapters C01, C02) or can be directly 
caused by fruits, acting as primary sensitizers (as for nsLTPs, in the 
Mediterranean area). The main fruits involved are peach and citrus. 
Pomegranate allergy seems much rarer and the only patient aller-
gic to bell/chili pepper was also allergic to Japanese cedar pollen, 
peach and citrus (see clinical case #4). GRP cross-reactivities that 
are immunochemically assessed using recombinant protein may not 
be clinically relevant. This was observed with snakin-1 able to be 
bound by IgEs from a cypress/peach allergic patient (Cup s 7+/ Pru p 
7+) but unable to activate the patient's basophils in agreement with 
the tolerance of potato consumption by the patient.230 Differences 
in antibody affinity probably play a role. At least two pollen food 
allergy syndromes were previously described between cypress 
pollen and peach and/or citrus.1573,1574 GRPs should be clinically 
relevant since they can induce ex-vivo basophil activation.230,231,559 
GRP allergies were reported to be more common in adolescents 

F I G U R E  1 8 0 Three-dimensional structure of Snakin-1 (PDB 
5E5Q). Ribbon representation with (A) or without surface (B).
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and adults than in children and to be clinically associated with ana-
phylactic events, particularly in connection with Pru p 7 and Pru 
m 7, inducing face oedema, especially eyelid, or generalized urti-
caria.1130,1581 Severe adverse reactions to GRPs may sometimes 
happen when cofactors, such as physical exercise or nonsteroidal 
anti-inflammatory drugs (NSAID), are associated, similarly to other 
PFAS.592,1130,1570,1582

4 – Clinical management

In a multicenter study conducted in Italy, the reliability of two com-
mercial allergenic peach extracts for SPT (Lofarma SpA and ALK-
Abellò) was investigated. The test was conducted in parallel with 
the in vitro detection of Pru p 1, Pru p 3, and Pru p 4. In the case of 
sensitization to stabile allergens (Pru p 3 and possibly Pru p 7), the 2 

TA B L E  9 9 Description of 9 allergenic GRPs (*) and the prototype GRP Snakin-1 from potato. Other accession numbers for Cup s 7: 
LC511610 (GenBank, http://www.aller​gen.org/viewa​llerg​en.php?aid=997).) and C0HLL6591, and for Cry j 7: AK412741.1 1577 (Genbank).

1  Cup s 7*

2  Jun a 7 *

3  Cry j 7 *

4  Pru p 7 *

5  Pru m 7 *

6  Pru av 7 *

7  Cit s 7*

8  Pun g 7* 

9  Cap a 7 *

10 Snakin-1

Commom cypress

Mountain cedar

Japanese cedar

Peach

Japanese apricot

Sweet cherry

Sweet orange

Pomegranate

Bell Pepper

Potato

Cupressus sempervirens

Juniperus ashei

Cryptomeria japonica

Prunus persica

Prunus mume

Prunus avium

Citrus sinensis

Punica granatum

Capsicum annuum

Solanum tuberosum

Cupressaceae 

Cupressaceae 

Cupressaceae

Rosaceae

Rosaceae

Rosaceae

Rutaceae 

Lythraceae

Solanaceae

Solanaceae

Pollen

Pollen

Pollen

Food

Food

Food

Food

Food

Food

Uniprot KB

Uniprot KB

Uniprot KB

Uniprot KB

GenBank

Uniprot KB

Uniprot KB

Uniprot KB

Uniprot KB

Uniprot KB

C0HLQ2

C0HLQ0

C0HLQ1

P86888

XP_016649029.1

A0A6P5SVH6

A0A067D4T6

A0A218X6T8

A0A2G2ZRH2

Q948Z4

English name Latin name FamilyProtein Exposure Database Acession number

TA B L E  1 0 0 Multiple sequence alignments of 10 GRPs.

TA B L E  1 0 1 Sequence identities among 10 GRPs sequences shown in percentages. *: reported allergenic activity. Light blue: sequence 
identities between 60 and 80%. Medium blue: sequence identities between 80% and 90%. Dark blue: sequence identities>90%.

Cup s 7* 100.00
Jun a 7* 98 100.00
Cry j 7* 94 92 100.00
Pru p 7* 68 67 68 100.00
Pru m 7* 68 67 68 100.00 100.00
Pru av 7* 67 65 70 97 97 100.00
Cit s 7* 67 67 67 87 87 86 100.00

Pun g 7* 67 65 68 90 90 90 89 100.00
Cap a 7* 63 62 65 84 84 84 83 87 100.00
Snakin-1 63 62 65 83 83 83 81 86 95 100.00

Cup s 7* Jun a 7* Cry j 7* Pru p 7* Pru m 7* Pru av 7* Cit s 7* Pun g 7* Cap a 7* Snakin-1
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extracts showed identical performances, while in the case of labile 
allergen (Pru p 1 or Pru p 4) reactivities, they consistently gave a 
negative result. This extract evaluation is therefore an excellent ap-
proach to identify reactivity to nsLTP or, possibly Pru p 7, during the 
first screening of the patient.1583

In another multicenter Italian study, 835 cypress pollen hyper-
sensitive patients were evaluated with a peach extract containing 
Pru p 7 by SPT. In peach sensitized individuals, IgE to rPru p 3 was 
evaluated, and only those scoring negative were further studied for 
IgE reactivity to rPru p 7 by immunoblot and by an, at that time, “ex-
perimental” ImmunoCAP Specific IgE test with rPru p 7. Peach SPT 
reactivity was found in 163 (19.5%) patients, but 127 (77.9%) were 
excluded because they were also Pru p 3 reactors. On immunoblot, 
only 3/18 subjects recognized a band at about 7 kDa. Ten/18 (56%) 

were Pru p 7 reactors on ImmunoCAP Specific IgE test. Taken to-
gether, Pru p 7 allergy seem to occur quite rarely in Italy (less than 
3% among cypress reactors592).

GRP sensitization has to be suspected after systemic reactions 
that could have been associated with well-known cofactors such as 
physical exercise, NSAID, alcohol, proton pump inhibitors when the 
fruit has been consumed. Since Cupressaceae pollen allergy is a very 
frequent association with GRP sensitization, such pollen sensitiza-
tion should be carefully evaluated even though the association mech-
anism is, up to now, not well understood. Cypress pollen reactivity, 
even after skin prick test, in the absence of Cup a 1, polcalcin or CCD 
IgE recognition may occur in case of GRPs' sensitization. Then, spe-
cific IgE against nsLTP is usually negative as well as against profilin. 
Interestingly sIgE against nsLTP or profilin was not reported in the 
case of cypress pollen allergy. The recombinant Pru p 7-specific IgE 
test, commercially available in singleplex and multiplex assays, may 
help in the diagnosis although a positive GRP immunoassay might 
not be associated with a clinically relevant IgE reactivity. Therefore, 
a method evaluating the IgE reactivity to the natural GRP may be 
helpful to confirm the diagnosis, for instance, immunoblot with total 
extract in nonreducing conditions. To complete the diagnosis an ex-
vivo basophil activation test could be performed with total extract 
and with the recombinant GRP since a positive basophil activation 
test, in contrast to immunoassays, strongly suggests a potential clin-
ical relevance. Because severe reactions such as anaphylactic shock 
were reported, an adrenaline autoinjector should be recommended 
to the patient as well as avoidance of the culprit food in both raw and 
processed forms when the diagnosis is established. An algorithm is 
presented in (Figure 182).

5 – Clinical cases

Case 1 (original):
Clinical History: Male, Italy, born in 2002. Patient suffering from 

seasonal allergic rhinitis every year between January and March. He 
reported three episodes of anaphylactic reaction characterized by 
hypotension and diffuse urticaria with angioedema during dinner, 
after the ingestion of (2015) a slice of peeled peach, (2016) pome-
granate (2018), and (2020) a few slices of orange. The patient in all 
cases was brought to the ER, where he received a combination of 
intramuscular adrenalin and intravenous steroid.

Allergy testing: The patient went through a cutaneous allergic 
evaluation that gave positive results for cypress pollen (10 mm × 
7 mm) and a commercial peach extract containing 30 mg/ml of Pru p 
3 (12 mm × 9 mm). He was then tested for IgE to cypress: 15 kUA/L; 
peach: 3.5 kUA/L; Pru p 1: <0.1 kUA/L, Pru p 4: <0.1 kUA/L, Pru p 3: 
<0.1 kUA/L and MUXF3: <0.1 kUA/L. A year later, the patient was 
further tested, scoring positive for Pru p 7: 14.7 kUA/L.

Conclusion: The serology identifies the patient as genuinely 
sensitized to Pru p 7. The presence of positive results after SPT to 
peach extract in the absence of PR-10, Profilin, nsLTP or CCD reac-
tivity indicates a strong suspicion for GRP sensitization. Nowadays 

F I G U R E  1 8 1 Evolutionary relationships of taxa (phylogenetic 
tree) and 3D modelling of nine allergenic GRP and the prototype 
reference GRP snakin-1 from potato. The evolutionary history was 
inferred using the Neighbor-Joining method1579 and evolutionary 
analyses were conducted in MEGA X1580. Three-dimensional 
structure modelling of proteins was calculated using snakin-1 as a 
template. Three conformational epitopic regions were predicted 
using the software Disco Tope 2.0. They are coloured in yellow and 
orange. 
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it is possible to in vitro test Pru p 7, and this analysis should always 
be included in allergy work-out in patients with severe reactions to 
Rosaceae, pomegranate, or citrus fruits.

Case 2 (original):
Clinical History: Female, Italy, born 1990. The patient has been 

suffering from seasonal allergic rhinitis between February and 
March since 2000. After ingestion of a peeled peach and about 30 
min running, she had an anaphylactic reaction (low blood pressure, 
abdominal pain, generalized flushing and swelling, followed by re-
spiratory difficulty due to laryngeal obstruction) and subsequent 
emergency treatment. Another similar adverse reaction occurred 
after ingestion of two walnuts associated with moderate physical 
exercise.

Allergy testing: (A) SPT: Environmental allergens: Cypress pol-
len (Juniperus a.): 10 mm × 6 mm; plane tree (Platanus a.): 5 mm 
× 6 mm; olive tree (Olea e.): 3 mm × 2 mm; mugwort (Artemisia v.): 
7 mm × 4 mm. Food allergens: all negative except walnut (Juglans r. 
nut): 7 mm × 5 mm and peach (Prunus p.): 19 mm × 8 mm. (B) In-vitro 
testing: [2015] Total IgE 350.3 kU/L, specific IgE to Cypress pollen 
(Cupressus a.): 12.5 kU/L; plane tree (Platanus a.): 0.66 kU/L; Olive 
tree (Olea e.): 0.12 kU/L; Mugwort (Artemisia v.): 2.2 kU/L; Walnut 
(Juglans r. nut) 3.82 kU/L; rPru p 3: 1.79 kU/L.

After 6 years, the patient returned to visit reporting a further 
reaction after physical exertion (bicycle) performed after ingest-
ing an orange. The patient was studied with a multiplex method, 
which allowed to highlight, in addition to the already known 

reactivity to Cypress (Cry j 1: 2.31 kU/L and Cup a 1: 31.93 kU/L) 
and nsLTP (Ole e 7: 1.26 kU/L; Cor a 8: 0.94 kU/L; Jug r 3: 0.35 
kU/L; Art v 3: 0.52 kU/L; Pru p 3: 2.42 kU/L), also the presence 
of reactivity to Pru p 7 (8.34 kU/L). Interestingly, the 2015 serum 
stored in our serum bank was also re-tested, and so we were able 
to demonstrate the presence, since 2015, of a dual reactivity to 
Pru p 7 and Pru p 3.

Conclusion: Strict avoidance of fruits containing nsLTPs and 
GRPs fruit before physical exercise. AIT prescribed only for Cypress.

Case 3 (published230)
Clinical History: The patient is a 40 years-old man currently liv-

ing in Paris (northern France) and born in southwest France. He has 
suffered since childhood from cypress pollen allergy and also food 
allergy and he experienced an anaphylactic shock after ingestion of 
pomegranate (Punica granatum, Lythraceae family) and strong oral 
syndrome after ingestion of Rosaceae fruits (apple and peach). He 
has seasonal rhino-conjunctivitis during the cypress and birch pollen 
seasons, which overlap in the north of France, relieved by antihista-
minic treatment.

Allergy testing: SPT are positive for birch and cypress pol-
len extracts. Specific IgE antibodies to birch (27.2 kU/L) and cy-
press (1.42 kU/L) pollen, citrus (1.38 kU/L), apple (2.62 kU/L), 
peach (1.78 kU/L), strawberry (0.49 kU/L), kiwi (0.43 kU/L) and 
cherry (1.99 kU/L) extracts were found with singleplex technol-
ogy (ImmunoCAP Specific IgE test) and also multiplex microchips 
(ImmunoCAP ISAC). This patient was studied by immunoblot 

F I G U R E  1 8 2 Diagnostic algorithm to assess GRP sensitization 
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against cypress pollen, peach, citrus and pomegranate extracts 
and Pru p 7 and snakin-1, the GRPs of peach and potato, respec-
tively. All immunoblots were positive at low MW corresponding 
to a GRP-specific IgE reactivity. Moreover, basophil activation 
test with total allergen source extracts (cypress pollen, peach and 
pomegranate) and purified allergens (Cup s 7 and Pru p 7) was 
found positive in contrast to snakin-1 in keeping with the toler-
ance to potatoes mentioned by the patient.

Conclusion: Strict avoidance of Rosaceae fruits and especially 
pomegranate.

Case 4 (partially published1577)
Clinical History: The patient is a 16-year-old Japanese girl allergic 

to Japanese cedar (Cryptomeria japonica) pollen who suffered from 
an anaphylactic reaction after consuming chili pepper. She was di-
agnosed allergic to Japanese cedar pollen when she was 10 years 
old. She suffered also from an allergy to apple, peach, and orange 
with symptoms of anaphylaxis exacerbated by physical exercise (or 
before menstruation) with an onset at the age of 12 years after the 
consumption of canned peach. At 14 years, consuming a Korean cui-
sine dish containing beef, bean sprout, spinach, fiddlehead fern, chili 
pepper, and rice, she developed anaphylaxis with symptoms of fa-
cial angioedema, systemic erythema, cough, dyspnea, and cramp. At 
16 years, she again experienced a similar reaction after consuming a 
Chinese cuisine dish containing tofu, minced meat, and chili pepper.

Allergy testing: Specific IgE evaluation showed a high titer to 
Japanese cedar (220 kU/L) and cypress (31.1 kU/L) pollen extracts 

together with other pollen and food sensitizations to peach (4.7 
kU/L), apple (2.54 kU/L), orange (4.55 kU/L), potato (1.08 kU/L) and 
confirmed the sensitization to chili pepper (0.24 kU/L). She has no 
IgE against nsLTPs and a low titer to PR-10.

Oral food challenges to chili pepper (125 mg) or peach (30 g of 
canned peach) were positive inducing allergic symptoms that include 
anaphylaxis and required adrenaline and fluid supplement. In agree-
ment, peach and chili pepper extracts were able to ex vivo activate 
the patient's basophils.

Studied by direct and competitive immunoblot on Japanese 
cedar pollen proteins, the patient showed IgE reactivities at low MW 
inhibited not only by Cry j 7, the GRP of Japanese cedar pollen but 
also by Cap a 7, the GRP from bell pepper.

When tested on bell pepper extracts this patient showed IgE re-
activity to a unique cationic LMW Capsicum annuum protein from bell 
and chili pepper pulp extract. The reactivity could be inhibited by Cry 
j 7, Cap a 7 or Pru p 7. This patient is also allergic to potato, a species 
from the same family as bell pepper, Solanaceae, and an IgE reactiv-
ity was found against recombinant snakin-1, the GRP from potato.

Conclusion: This young patient is shown to be sensitized to an-
other member of the GRP family, an allergen as yet undescribed in 
Capsicum annuum, Cap a 7. Allergy to bell/chili pepper is very rare 
and IgE reactivity to GRP is exceptionally reflecting a very peculiar 
mechanism of crossed and reinforced specific sensitization. It seems 
that this allergy is associated with another very rare allergy to the 
GRP of potato, snakin-1.
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C10 – Oleosins

Uta Jappe, Ronald van Ree

Highlights

•	 Oleosins have a unique structure: a central hydrophobic domain 
flanked on each side by relatively hydrophilic domains. Oleosins 
are lipophilic.

•	 Therefore they are underrepresented in aqueous extract-based in 
vitro- and in vivo-routine diagnostic tests.

•	 Oleosins are resistant to heat and enzymatic processing.
•	 An increase in allergenicity has been observed for peanut and ha-

zelnut oleosins after roasting when compared to raw seeds.

1 – The protein

In 1998, Olszewski and co-workers reported an allergenic protein 
present in peanut oil.1576 After its purification and identification 
as peanut oleosin, they could show in 2002 IgE-binding in sera of 
3 peanut-allergic patients.1577,1578 Moreover, they provided the 
first data for increased allergenicity of oleosins from peanuts that 
were roasted,1578 which was later confirmed by Schwager et al., 
2017.1236 Oleosins are lipophilic, which is due to the division of the 
primary sequence into three defined structural domains: a central 
hydrophobic domain of 72 amino acids flanked on each side by 
relatively hydrophilic domains.1579 This feature is unique. It is the 
hydrophobic domain that is embedded into the oil body membrane 
whereas the hydrophilic parts reside on the surface and interact 
with the head groups of phospholipids (Figure  183).1579–1581 The 
N-terminal domains are either amphipathic or hydrophilic, the C-
terminal part is amphipathic. Oleosins are heat and digestion resist-
ant (Table 102).

The molecular weight ranges from 14 kDa to 17 kDa. A BLAST 
search of the identified IgE-binding sequences revealed a sequence 
similarity between oleosins (Figure  184)1236. Since this method is 
limited to the detection of sequential epitopes, conformational epi-
topes responsible for allergic cross-reactions between oleosins of 
different sources are not included.

2 – The family

Oleosins are stabilizing proteins of the membrane of seed oil bod-
ies, which are lipid storage organelles (Figure  183). They consist 
of a lipid core, surrounded by a single layer of phospholipids and 
embedded proteins, the oleosins, caleosins (~30 kDa)1581–1585 and 
steroleosins (~40 kDa) Among these proteins, the oleosins represent 
80-90% of total protein.1586 So far, oil bodies have been detected in 
diverse plants like peanut, walnut, hazelnut, soybean, sesame, maize, 
rapeseed, and sunflower.1582 Ten allergens from 4 different plant 
sources (peanut, hazelnut, sesame, and buckwheat) are presently 
documented in the WHO/ IUIS allergen nomenclature database1587 
(Table 103).

3 – Clinical relevance

After a hazelnut oleosin was obtained by cloning in 2006 and hypoth-
esized to be a new allergen,1587 two oleosins (Cor a 12 and Cor a 13) 

F I G U R E  1 8 3 Schematic model of an 
oil body with its components (left) and 
the determination of the molecular mass 
of oil body proteins from peanut by SDS-
polyacrylamide gel electrophoresis (right), 
taken from1580

TA B L E  1 0 2 Characteristics of the prototype protein, Ara h 15

Peanuts  

Oleosins  

Q647G3  

No  

The primary sequence is divided into 

by relatively hydrophilic domains  

16875,16 Da  

166 amino acids  

Unknown  

Yes  

No sites predicted  

No  

8.99  

Details not available  

Characteristics of the prototype protein, Ara h 15
Allergen source  

Protein family  

UniProtKB accession No  

Three-dimensional structure 

available  

Molecular structure  

Theoretical molecular weight  

Length  

Ligand binding  

Dimerization  

Glycosylation  

Isoelectric point  

Synthesis  
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were subsequently shown to be allergenic in 201462 and accepted by 
the WHO/IUIS allergen nomenclature subcommittee.1587 In 2021, a 
third was described, Cor a 15.1589 Cor a 15 was the oleosin that was 
predominantly bound by IgE in an Italian cohort of hazelnut-allergic 
children. According to the authors, some allergic children recognized 
solely oleosins by their IgE, which so far is in contrast to patients 
with peanut and sesame allergy. In this case, hazelnut oleosins would 
enrich molecular allergy diagnostics immensely in a subpopulation of 
hazelnut-allergic children.1586

In 2015, the allergenicity of Ara h 10 and Ara h 11 from peanut 
was published together with the identification of additional aller-
genic peanut oleosins, Ara h 14 and Ara h 15. The allergenic poten-
tial of the oleosin initially observed in peanut oil1236,1576,1590,1626 was 
now shown in a larger cohort of peanut-allergic subjects.1236 Most 
probably, oleosins from other plant species (soybean, flax, walnut, 

sunflower [summarized in1580)) might cause allergic reactions, as well. 
An IgE-binding epitope of Ara h 15 was shown to be cross-reactive 
with buckwheat,1591 which suggested oleosins to be present in this 
source. This was recently confirmed.1592 In addition to the general 
feature of allergenicity, oleosins from peanut, hazelnut and sesame 
have been associated with severe allergic reactions.62,1236,1590,1593 
This has been confirmed in 2017 for a cohort of peanut-allergic pa-
tients (of meanwhile above n=70), where only those with severe re-
actions to peanut and not those with mild or moderate symptoms, 
had IgE to oleosins. Although these patients were also IgE-positive 
for Ara h 2, this points to oleosins as marker allergens for the severity 
of a reaction,1236 and so far, foods known to contain allergens from 
the oleosin family are requiring labelling on food products. It was 
shown that roasting increased IgE binding to peanut oleosins1236 and 
hazelnut oleosins.1589

F I G U R E  1 8 4 Similarity of sequences between oleosins in % (all isoforms included) that are documented in www.aller​gen.org. Melanie 
Plum, PhD, Research Group Uta Jappe, Research Center Borstel, Germany. 

TA B L E  1 0 3 Oleosins documented by the WHO/IUIS allergen nomenclature subcommittee [1580, modified]

Fabales        

Fagales      

Lamiales   

Caryophyllales  

Peanut   (Arachis hypogaea) [1236, 1578, 1590]        

Hazelnut  (Corylis avellana) [62, 1588, 1589]      

Sesame  (Sesamum indicum) [1593, 1600]    

Tartarian buckwheat (Fagopyrum tataricum) [1591, 1592]  

Ara h 10  

Ara h 11  

Ara h 14  

Ara h 15  

Cor a 12  

Cor a 13  

Cor a 15  

Ses i 4  

Ses i 5  

Fag t 6  

16  

14  

17.5  

17  

17  

14-16  

17  

17  

15  

18  

Allergen sourceBotanical family Allergen Molecular weight (kDa)
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Ehlers and co-workers investigated the diagnostic relevance 
of recombinantly expressed and native sesame oleosins. They ob-
served no allergic individuals with an oleosin mono-sensitization but 
always a simultaneous recognition of other sesame allergens.1595 
In addition, nonallergic individuals also had IgE to sesame oleosins, 
which is different for peanut oleosins that were only recognized by 
IgE in sera from patients with severe peanut allergy.1236 Up to 30% 
of sesame allergic patients cannot be diagnosed by routine allergy 
diagnostic tests, and according to Ehlers and co-workers, they will 
at present not profit from the addition of Ses i 4 and Ses i 5 to the 
diagnostic allergen panel.1595 However, it is plausible that the appli-
cation of hydrophobic interaction chromatography as a last purifica-
tion step to eliminate impurities of seed storage proteins from the 
oleosin fraction has maybe led to the disruption of lipids, which may 
be important for the recognition of sesame oleosins.

Cross-reactivity was hypothesized from the observation that an 
IgE-binding amino acid sequence in the C-terminal part of the Ara 
h 15 is also found with a high degree of homology in oleosins from 
several other food allergen sources, such as hazelnut, rapeseed, soy, 
sesame, and almond.1236

In the large EuroPrevall outpatient clinic survey in 12 European 
cities, 13% of patients reporting hazelnut allergy were sensitized 
to nCor a 12. Although the prevalence of sensitization was higher 
in patients reporting severe symptoms than in those with mild to 
moderate symptoms, a significant association with severity was not 
demonstrated.45

4 – Clinical management

Clinical diagnosis: Patients with severe food allergic reactions to 
nuts, legumes and seeds are presently investigated for IgE against 
storage proteins and/or lipid transfer proteins because these aller-
gens are widely accepted as potential markers. However, concerning 
anaphylactic reactions to lipid-rich representatives of these food al-
lergen sources, there has been an increasing suspicion that severe 
reactions may also be associated with oleosins. Support for this has 
recently been reported.1236 Unfortunately, the lipophilic nature of 
this family of proteins has hampered the development of reliable 
CRD reagents for oleosins, both singleplex and array-based until re-
cently.1236,1596 There are now reports on recombinant oleosins being 
used in arrays, as they are soluble in aqueous solutions.

Case history: In general, it can be recommended to test IgE 
against oleosins if available.

Skin prick test: Oleosins will be underrepresented in skin prick 
test solutions62 since these are also based on aqueous solutions. 

Only a prick-to-prick test with native foods can be expected to in-
clude natural oleosins. In this regard, “Tahini” sauce may be helpful 
as it allows in vivo detection of sesame sensitization. It may even be 
helpful for the diagnosis of peanut allergic individuals without IgE 
against Ara h 2 and sesame allergic individuals without IgE to seed 
storage proteins.1597

IgE-detection assay: So far, a recombinant oleosin from peanut 
is now applied on the ALEX2 array44,1598 (A naturally purified hazel-
nut oleosin was used in ImmunoCAP in the investigation by Datema 
et al.44 but is not yet commercially available).

Treatment: The treatment of severe reactions to foods contain-
ing oleosins is still strict avoidance. The patients should be provided 
with an emergency kit. So far, only for peanut allergy, oral allergen 
immunotherapy has recently been authorized (see chapter B18).

5 – Clinical cases

Clinical history: An eight-month-old girl with generalized atopic ec-
zema (SCORAD 67) who had been solely breastfed experienced sin-
cere flare-ups of eczema a couple of days after coming home from the 
Dermatology clinic where she had been treated. Eventually, a trigger 
of eczema was suspected in the domestic situation. A thorough en-
vironmental history revealed that peanut butter was regularly con-
sumed, a habit introduced by the mother who was US American. The 
child itself had never consumed peanuts in any form.1599

Diagnostic and therapeutic considerations: The allergens con-
tained in peanut butter were suspected to be responsible for the 
worsening of her eczema, whenever she returned home from the 
hospital. An atopy patch test was performed and confirmed peanut 
to induce eczema. The investigation for a filaggrin mutation was 
negative. First series of IgE tests—Total serum IgE>100IU/L; IgE to 
peanut extract: 71 kU/L. Further IgE tests—Molecular allergy diag-
nostics revealed IgE to Ara h 1: >100 kU/L; Ara h 2: 41 kU/L; Ara h 3: 
24.7 kU/L; Ara h 6: >100 kU/L; Ara h 8: 0.1 kU/L; Ara h 9: 0.49 kU/L.

Testing IgE to new allergen molecules—Several years later, after 
peanut oleosins had been identified and purified by us, her serum 
sampled for the first investigations was tested positive in immuno-
blot for IgE against the peanut oleosins Ara h 10, Ara h 11 and Ara h 
14, Ara h 15.1236

Diagnosis and therapy: The fact that without consumption of 
peanuts such a strong sensitization towards storage proteins, de-
fensins and oleosins, all associated with severe allergic reactions 
to peanut consumption had taken place strongly speaks in favor 
of a cutaneous sensitization. Peanut butter was removed from 
the household, the house was thoroughly and repeatedly cleaned. 
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Absolute avoidance of peanuts in the future was advised for the lit-
tle girl (Figure 185).

Most important protein or family characteristics

Oleosins are lipophilic and therefore not present in aque-
ous extract-based routine diagnostic in vitro and in vivo 
tests.62 They are resistant to heat and enzymatic process-
ing. An increase in allergenicity has been observed for pea-
nut and hazelnut oleosins after roasting when compared to 
raw seeds.1236,1589

Remarkable or important clinical aspects

•	 Oleosins are potential marker allergens for allergy sever-
ity after peanut and hazelnut consumption.62,1236,1589

•	 Risk assessment of anaphylaxis is possible by the detec-
tion of IgE to oleosins.

•	 Precision medicine optimization may make risky and ex-
pensive oral challenge tests superfluous.

•	 The basophil activation test with peanut oleosins 
truly discriminates between allergic and sensitized 
individuals.1236,1596

F I G U R E  1 8 5 Decision algorithm 
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C11 – Par valbumins

Denise Schrama, Tanja Kalic, Martine Morisset, Lars 
K. Poulsen, Annette Kuehn

Highlights

•	 Food, respiratory and contact allergens.
•	 Fish pan-allergens resistant to food processing.
•	 Clinical cross-reactivity is based on the presence of highly con-

served IgE epitopes.
•	 Low cross-reactivity between beta-parvalbumins from bony fish 

and alpha-parvalbumins from cartilaginous fish.
•	 Monosensitized patients have IgE to species-specific epitopes.

1 – The protein

In the early seventies, Gad c 1 was the first parvalbumin identified 
as major fish allergen in Baltic cod (Gadus callarius).1609 Subsequent 
cloning and biomolecular studies were performed with the parval-
bumin Gad m 1, the homologous allergen from Atlantic cod (Gadus 
morhua) (Table 104).195,1015 Gad m 1 is used as a representative aller-
genic parvalbumin in many studies. Currently, two isoallergens are 
listed in the official allergen nomenclature database (www.aller​gen.
org), Gad m 1.01 and Gad m 1.02. Each isoallergen has been char-
acterized as two isoforms (variants) of high sequence identity. The 
protein structure of cod parvalbumin was first modeled on the basis 
of the x-ray structure from carp parvalbumin, Cyp c 1. In 2014, the 
NMR-based protein structure was published, revealing the impor-
tant characteristics on the folding and stability of parvalbumins.1610 
Gad m 1 has a six alpha-helical protein fold, which is a common fea-
ture of parvalbumins (Figure 186). Since then, structures of several 
other allergenic fish and non-fish parvalbumins were determined.

Gad m 1 was identified as the major allergen in cod muscle. 
However, food allergy to codfish can also be caused by other aller-
gens, such as Gad m 2 (cod enolase) and Gad m 3 (cod aldolase) (see 
Chapter B12).1024 Cod parvalbumin, a highly heat-stable protein of 
low molecular weight (10–12 kDa), binds Ca2+-ions (or Mg2+-ions) 
via two loops called EF-hand motifs.1611 It is involved in the regula-
tion of the intracellular calcium concentration during muscle relax-
ation.1611 As all bony fish, cod has two types of muscles, light and 
dark, which differ by their physiological function. Cod belongs to the 
whitefish and has mainly light muscle tissue and only a small strip of 
dark tissue underneath the skin. Parvalbumins are more abundant 
in the light muscles than the dark ones as described for tuna.1612 
In cod, the parvalbumin level is up to 2 mg per g of muscle tissue 
(see chapter B12 “Fish allergy” for information on other species).1009 
B cell epitopes have been determined for cod parvalbumin.1015,1613 
Several regions of the protein seem to be involved in the antigen-
antibody interaction. A correlation was found between the sever-
ity of the allergic reaction and the number of epitopes recognized 
by patients' IgE. Allergic patients who recognized ten IgE-binding 

peptides including an important C-terminal epitope had more severe 
reactions than others.1613 It was concluded that the number of linear 
epitopes could serve as a marker for the severity of the allergic reac-
tion. A strategy for immunotherapy using hypoallergenic parvalbu-
min has been developed but is unavailable for clinical practice.429,1614 

TA B L E  1 0 4 Basic protein characteristics of Gad m 1

Gadus morhua, Atlantic cod   

Parvalbumin  

Q90YL0  

Yes  

Alpha-helical structure  

11.55 kDa  

11.36 kDa  

109 amino acids residues  

Yes (Ca2+, Mg2+)  

Dimers, oligomers  

No  

No  

4.58  

Muscle tissue, cytosolic protein  

Muscle, swimbladder  

Basic protein characteristics of Gad m 1
Allergen source  

Protein family  

UniProtKB accession No  

Three-dimensional structure 

available  

Molecular structure  

Theoretical molecular weight  

Molecular weight measured 

by mass spectrometry  

Length  

Ligand binding  

Oligomerization  

Glycosylation  

Isoelectric point  

Synthesis  

Distribution  

F I G U R E  1 8 6 A ribbon model of the three-dimensional 
structure of cod parvalbumin Gad m 1 (PDB: 2MBX). Two calcium 
ions (purple) are bound by two functional EF-hand motifs. The 
model was created by ChimeraX (http://www.cgl.ucsf.edu/chime​
rax/). 
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So far, successful oral immunotherapy for allergy to cod has only 
been reported for patients treated with boiled cod.1615

2 – The family

Based on their protein characteristics, parvalbumins are attributed 
to two different phylogenetic origins, the alpha- and the beta-
lineage.1031 Both subtypes can be found in different organs (central 
nervous system, endocrine tissue), but the highest expression rates 
have been determined in muscles.329 Muscles from mammals and 
birds express alpha-parvalbumins, which are considered as rarely al-
lergenic proteins.195

Parvalbumins of the beta-subtype have been characterized as 
pan-allergens in fish muscle.1031 They belong to the EF-hand pro-
tein superfamily comprising important allergens from both animal 
and plant origin (see also chapter C06 “Polcalcins”). These proteins 
share conserved domains consisting of Ca2+-binding peptide loops 
flanked on both sides by α-helices. These structures are called EF-
hand motifs as both α-helices are arranged like the thumb and the 

forefinger of a hand. Fish parvalbumins have three EF-hand motifs 
(AB, CD, EF) but only the CD- and EF-motifs are functional and bind 
divalent cations (Ca2+, Mg2+). Parvalbumin structures rearrange 
globally upon ion-binding or release. The ion-binding capacity is 
essential for the correct parvalbumin function and its IgE-binding 
capability.430 Parvalbumins with unfunctional calcium-binding 
sites bind IgE antibodies from fish-allergic patients only weakly.329 
Therefore, the functional calcium-binding motifs (CD, EF) have been 
suggested as important conformational B cell epitopes.

Textbox Parvalbumin family characteristics

•	 Parvalbumins are members of the Ca2+-binding EF-
hand superfamily.

•	 Clinical cross-reactivity is based on the presence of 
highly conserved IgE epitopes.

•	 Monosensitized patients have IgE to species-specific 
epitopes.

TA B L E  1 0 5 Gad m 1 - homologus allergens from several fish and non-fish species

Anura  

Carcharhiniformes  

Clupeiformes

Crocodylia  

Cypriniformes  

Gadiformes 

Galliformes  

Perciformes   

Pleuronectiformes    

Salmoniformes     

Edible frog (Rana esculenta/Pelophylax esculentus)  

Edible shark (Mustelus griseus)  

Atlantic herring (Clupea harengus)  

(Sardinops sagax)  

Australian saltwater crocodile (Crocodylus porosus)

Grass carp (Ctenopharyngodon idella)  

Common carp (Cyprinus carpio) 

Baltic cod (Gadus callarias)  

Atlantic cod (Gadus morhua)  

Atlantic hake (Merluccius merluccius)  

Alaska pollock (Gadus chalcogrammus)  

Chicken (Gallus gallus domesticus)  

Barramundi (Lates calcarifer)  

 (Thunnus albacares)  

(Xiphias gladius)  

Megrim 

Common sole (Solea solea)  

Rainbow trout (Onchorhynchus mykiss)

Atlantic salmon (Salmo salar)  

Ran e 2*  

Mus g 1  

Clu h 1*  

Sar sa 1*  

Cro p 1*  

Cten i 1*  

Cyp c 1*  

Gad c 1*  

Gad m 1*  

Mer mr 1  

The c 1  

Gal d 8*  

Lat c 1*  

Thu a 1*  

Xip g 1*  

Lep w 1*  

Sole s 1*  

Onc m 1*  

Sal s 1*  

Allergen sourceTaxonomic order Allergen

Scombriformes     

Scorpaeniformes   

Siluriformes   

Indian mackerel (Rastrelliger kanagurta)  

Atlantic mackerel (Scomber scrombus)  

 (Sebastes marinus)  

(Pangasianodon hypophtalmus)  

Ras k 1*  

Sco s 1*  

Seb m 1*  

Pan h 1*  

* Allergens officially accepted and designated by the WHO/IUIS Allergen Nomenclature Sub-Committee (www.allergen.org); all others are unofficial names taken 

from the Allergome database (www.allergome.org).

* Allergens officially accepted and designated by the WHO/IUIS Allergen Nomenclature Sub-Committee (http://www.aller​gen.org); all others are 
unofficial names taken from the Allergome database (http://www.aller​gome.org).
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Allergens from the parvalbumin family have been identified 
and characterized in a number of fish.195,1015 Homologs from 16 
fish species have been validated and included in the official aller-
gen nomenclature database (www.aller​gen.org, accessed 26 April 
2022), but several other parvalbumins with IgE-binding proper-
ties can be found in other databases (Allergen Online, www.aller​
genon​line.org; COMPARE, www.compa​redat​abase.org; Allergome, 
www.aller​gome.org). Detailed data on molecular and allergenic 
properties are available for parvalbumins from fish, which are 
commonly consumed in Europe such as cod, salmon, mackerel and 
tuna. Parvalbumin from cartilaginous fish (ray, shark), crocodile, 
frog and chicken, all mostly alpha-subtypes, are also included in 
the databases.1045,1616,1673 Some important representatives of the 
parvalbumin family are summarized in Table  105. Parvalbumins 
are small cytosolic molecules of 107-110 amino acids.1015 Several 
but most often two isoallergens can be found in the same fish 
muscle, as it was shown for salmon, cod and carp (www.aller​gen.
org). These allergens were named beta1- and beta2-parvalbumins 
sharing a sequence identity of 64%, 72% and 84%, respectively. 

Not all isoforms are necessarily included in the official allergen 
nomenclature database. Table  106 illustrates pairwise compar-
isons of amino acid sequence identities between parvalbumins 
from different species, which are commonly consumed in Europe. 
Highlighted in blue are the pairs of parvalbumin, which have been 
shown to be IgE cross-reactive in in vitro studies. This comparison 
shows that sequence identities vary over a broad range. However, 
IgE cross-reactivity has not been only reported for highly similar 
(98% identity) but even more distantly related fish parvalbumins 
(63% identity). This complies with the fact that the global protein 
structures are highly conserved and argues for common conforma-
tional B-cell epitopes.329

Fish parvalbumins are highly cross-reactive proteins; anti-
parvalbumin IgE antibodies often recognize homologues from different 
fish supporting the fact that fish-allergic patients commonly react to 
multiple fish species (see chapter B12).1036 While IgE cross-reactivity 
appears limited between alpha- and beta-parvalbumins, frequent cross-
reactivities are observed among beta-homologues. The molecular basis 
for this high IgE cross-reactivity is the remarkable structural homology, 

TA B L E  1 0 6 Amino acid sequence identities (%) between parvalbumins registered by the WHO/IUIS Allergen Nomenclature Sub 
Committee
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especially in the ion-binding regions.195,1015 The surface comparison 
of selected cross-reactive fish allergens visualizes potential conforma-
tional B cell epitopes common to most parvalbumins (Figure 187).

However, a number of patients react only to specific or sin-
gle fish. Tolerance of single species might be explained by very 
low allergen contents such as for tuna.1009 Another reason for this 
clinical mono-/oligo-sensitivity are species-specific IgE-binding 
epitopes present on parvalbumins.1616 It was also recently de-
scribed that cartilaginous fish may be tolerated by patients sensi-
tized to bony fish due to a low cross-reactivity between their only 
distantly related parvalbumins.208 Studies on monosensitization 
to salmon/trout confirmed the presence of a salmonid-specific 
parvalbumin epitope, which is unique for these fish allergens1621 
(Figure 188).

Figure  189 represents documented and putative cross-
reactivities among known fish and non-fish parvalbumins. During 
the past decade, new fish allergens have been characterized (see 
chapter B12). Future studies will have to address the characteriza-
tion of selective marker molecules, parvalbumins and the new fish 
allergens, for IgE-based diagnosis to discriminate between patients 
with clinical cross-reactivity and fish species-specific sensitization. 

The use of basophil activation assays with fish allergens appears to 
be promising and potentially exceeds the performance of simple IgE-
binding assays.208,1617 Their diagnostic relevance still needs to be 
further explored.

3 – Clinical relevance

Beta-parvalbumins are present in fish muscle and skin, but they be-
come airborne upon handling and processing of fish.1015 As such, 
they are both food and respiratory allergens but also potential con-
tact allergens for occupationally exposed workers. Fish allergy is 
important in the domestic, public and occupational environment. 
Incidental episodes might occur upon inhalation of volatile allergens 
during fish preparation in the domestic environment. These allergens 
can be present as hidden allergens, for example, as contaminations 
of food that is not expected to contain fish and products thereof.558 
Respiratory problems of the upper and lower airway tract have been 
reported in the occupational context among workers processing 
fish.1052 Both beta and alpha parvalbumins were shown to efficiently 
cross the epithelial barrier in vitro.1618 A clear correlation has been 

F I G U R E  1 8 8 Surface comparisons of non-cross-reactive parvalbumins in salmonid-monosensitized patients (based on PDB 2MBX, 
sequence conservation determined using the ConSurf tool). A. Cod Gad m 1, B. Salmon Sal s 1, C. Trout Onc m 1. Yellow, Ca2+-binding sites; 
red, species-specific epitopes 

F I G U R E  1 8 7 Surface comparisons of three different cross-reactive parvalbumins (based on PDB 2MBX, sequence conservation 
determined using the ConSurf tool). A. Cod Gad m 1, B. Salmon Sal s 1, C. Tuna Thu a 1; colored according to protein identity between Gad 
m 1 and the two others: blue, variable; white, average; purple/pink, conserved 
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shown for the development of work-related asthma and fish allergy 
as explained by the high environmental fish allergen concentrations 
in the workplace.

Studies estimated that < 1% of the general population suffers 
from an allergy to fish (see chapter B12).329 Children often maintain 
their clinical allergy to fish during adolescence.976 However, a recent 
study reported that the tolerance of fish increases from childhood 
into adulthood, with about half of the fish-allergic children reaching 
fish tolerance in adolescence.1035 Fish allergy is more frequent in 
countries with large coastal regions characterized by frequent fish 
consumption and settling of fish-processing industries. Concerning 
the prevalence of specific IgE to parvalbumins in fish-allergic pa-
tients, it has been stated for a long time that more than 90% are 
sensitized to this pan-allergen. According to results of more recent 
studies, this prevalence seems to be considerably lower (see chapter 
B12). However, parvalbumin appears to still be the major allergen.195

The main route of sensitization to fish parvalbumins is thought 
to be by ingestion, thus by uptake through the gastrointestinal 
tract. Epidermal or airway sensitization might also play a role, 
especially in children with active atopic dermatitis at the time 
of solid food introduction into diet1035 and through inhalation of 
airborne allergens in occupational settings.1014 Common clinical 
manifestations include mild (oral allergy syndrome, erythema) to 
moderate (urticaria, vomiting, diarrhea) or severe (angioedema, 

bronchospasm, anaphylaxis) symptoms.195,1015 Sensitized patients 
on antacid medication are at higher risk to develop severe reac-
tions than others.1619

A key feature of potent food allergens is their stability to ther-
mal treatments. Fish parvalbumins are extremely heat stable, and 
therefore, they are still detectable in products processed by cooking 
or frying or in pickled food.1009 This emphasizes their undiminished 
allergenicity upon various food preparation methods. Fish parval-
bumins become glycosylated by heating in the presence of glucose 
through the Maillard reaction. However, the resulting effects on 
their allergenic potency, be it cumulative or diminishing, still require 
further investigations.

Textbox Clinical relevance

•	 Parvalbumins are fish pan-allergens.
•	 Parvalbumins are food, respiratory and contact allergens.
•	 Beta-parvalbumins retain IgE-binding properties upon 

food processing.
•	 Low cross-reactivity between beta-parvalbumins from 

bony fish and alpha-parvalbumins from cartilaginous 
fish has been observed.

F I G U R E  1 8 9 Cross-reactivities among allergenic fish and non-fish parvalbumins. All parvalbumins have a high potential for cross-
reactivity based on high sequence homology. Lines represent documented IgE-cross-reactivity. Clockwise: Atlantic cod, Atlantic mackerel, 
megrim, common sole, Atlantic salmon, rainbow trout, Atlantic hake, crocodile, chicken, edible frog, Alaska pollock, yellowfin tuna, common 
carp, Atlantic herring 
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Currently, there is no causal therapy available to treat allergic 
sensitization to fish parvalbumins. The therapeutic desensitization 
with increasing doses of fish is disadvised in clinical routine practice, 
as the risk for anaphylactic reactions cannot be ruled out. Often, 
a strict avoidance diet is recommended—except for selectively tol-
erated species (see chapter B12). Caution is advised with products 
of fish origin, which might be contaminated with parvalbumins or 
contain other fish allergens (fish collagen and gelatin). An important 
perspective for the future treatment of fish allergy could be the de-
velopment of hypoallergenic low IgE-binding parvalbumins,430 (see 
Chapter A09). Beyond, novel procedures in fish farming, tailored to 
reduce the allergenicity of fish parvalbumin, might be another pro-
spective approach.1620

4 – Clinical management

The mainstay for the diagnosis of fish allergy are the record of the 
patient's medical history, the analysis of the skin prick test reactiv-
ity using fish extracts or the dorsal-rostral part of selected fish or 
the potentially symptoms-eliciting food source, the quantification of 
serum IgE antibodies, and in some cases, oral food challenges (see 
chapter “Fish allergy”). Commercial IgE-quantification assays have 
long been available from Thermo Fisher Scientific (ImmunoCAP 
Specific IgE test and ImmunoCAP ISAC, www.therm​ofish​er.com) 
for about 30 extracts from different fish species as well as two 
recombinant parvalbumins, Gad c 1 from cod and Cyp c 1 from 
carp. A recently developed ALEX2 multiplex platform (MacroArray 
Diagnostics, www.macro​array​dx.com) made available a number of 
parvalbumins and total extracts from several fish species, along with 
other fish allergens such as cod enolase and cod aldolase (6 different 
fish species plus 9 fish allergens).

Highly sensitized patients often react to various fish. First, they 
should be cautiously tested, due to potential reactions, for skin re-
activity to cod, salmon and the symptoms-eliciting fish, followed by 
analysis of specific IgE binding to cod and salmon extract. Second, 
a polysensitization to fish can be confirmed by detecting specific 
IgE to the cross-reactive parvalbumin from cod (Gad m 1). Future 
IgE testing for other allergens will entail a more specific diagnosis 

of these patients. With the advent of novel IgE-multiplexing plat-
forms, the testing of sensitization to parvalbumins from distantly 
related bony fish as well as cartilaginous fish such as ray, is possible. 
Indeed, if this IgE testing in parvalbumin-positive patients is neg-
ative (Figure 190), there is a high probability that ray will be toler-
ated,208 which needs to be confirmed by oral provocation.

However, a number of fish-allergic individuals react to specific 
fish only.1024,1035 The challenge of future studies will be the iden-
tification of marker allergens for IgE tests to discriminate between 
these poly- and oligo-/ mono-sensitized patients. As for now, the 
discriminative significance of anti-parvalbumin IgE antibodies seems 
to be limited because they are often cross-reactive with various ho-
mologues, which does not necessarily imply a clinical reactivity. An 
exception has been reported for a subgroup of patients with mono-
sensitivity to salmonid fish. They might be diagnosed efficiently by 
determination of specific IgE to salmon and trout parvalbumin (see 
“Clinical case 2”).1621 However, the positive predictive value (PPV) 
for single parvalbumins in the diagnosis of allergy to single fish still 
needs to be defined.

Overall, allergens different from parvalbumins might be 
elicitors for fish allergy. Cod enolases and aldolases have been 
identified as responsible allergens in three clinical cases of mono-
sensitivity to cod (see Chapter B12).1037 Even other allergens such 
as fish gelatin, fish collagen and others might play a role in this 
context (Figure 191)1012,1025 Anyway, diagnostic conclusions from 
in vitro IgE results, especially negative results, should be confirmed 
by further oral provocation tests in case of a strong suspicion of 
a fish allergy.

Textbox Advices

•	 Perform skin testing with cod and salmon muscle.
•	 Be aware that a false negative result might be obtained 

with dark fish muscle!
•	 Test specific IgE to cod and salmon extract.
•	 Test specific IgE to purified cod parvalbumin.

F I G U R E  19 0 Added value of the use of single allergens in the case of a positive IgE test to cod extract 
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5 – Clinical cases

In the clinical cases presented in this paragraph, the following par-
valbumins have been included in IgE-based diagnostic procedures 
during research studies: salmon Sal s 1, carp Cyp c 1, cod Gad m 1, 
tuna Thu a 1, trout Onc m 1, crocodile Cro p 1.

Case 1 (published1019)
Clinical History: A male child, 12 years old, with a clinical history 

of fish allergy since early childhood presenting with angioedema and 
respiratory problems upon ingestion of different fish as well as with 
acute urticaria when touching fish.

Test with extracts: Skin tests performed with commercial ex-
tracts were positive for cod, salmon and tuna. IgE to cod, salmon 
and tuna extract were positive (16 kU/L, 32 kU/L and 65 kU/L, 
respectively).

Food challenge: The parents of the child refused a food 
challenge.

Test with molecules: Cod, salmon and tuna parvalbumins 
were positive in IgE ELISA (20 kU/L, 18 kU/L and 30 kU/L, 
respectively).

Conclusion: The polysensitization to multiple fish species was 
confirmed in this case by revealing cross-reactive IgE antibodies to 
homologue parvalbumins from different species. (Figure 192)

Case 2 (published1621)
Clinical History: A female patient, 21 years old, with a clinical his-

tory of fish allergy since childhood presenting with swellling of the 
tongue and oral mucosa, facial edema and vomiting minutes after 
ingestion of salmon or trout.

Test with extracts: Skin tests performed with commercial ex-
tracts were positive for salmon and trout but negative for other fish. 
Only IgE to salmon extract was slightly positive (0.4 kU/L).

Food challenge: As the patient repeatedly experienced symp-
toms with salmonid fish, she refused to be tested by oral provocation.

Test with molecules: As determined by IgE ELISA, salmon and 
trout parvalbumins were positive at 0.2-0.4 kU/L. No inhibition as-
says were performed with other fish parvalbumins as IgE binding was 
negative for cod, carp, mackerel, redfish and herring homologues.

Conclusion: In this case, clinical species-specific sensitivity to 
salmonid fish was confirmed by specific IgE to salmon and trout par-
valbumin (Figure 193).

F I G U R E  19 1 Added value of the use of single allergens in the case of a positive IgE test to tuna extract

F I G U R E  19 2 Diagnostic procedure for case 1 

F I G U R E  19 3 Diagnostic procedure for case 2
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Case 3 (published1622)
Clinical History: Male patient, 9 years old, presenting with in-

tense oral itching, perioral erythema, dyspnea, and generalized ur-
ticaria within minutes of eating a small portion of crocodile burger 
for the first time.

Test with extracts: Skin tests with commercial extracts were 
positive for most fish (cod, salmon, trout, tuna, anchovy, megrim, 
sole, hake, anglerfish, sardine) but negative for swordfish. Prick-to-
prick was positive with raw and cooked crocodile meat, raw conger 
body and cooked conger body.

Specific IgE was positive for most fish (cod 100, salmon 68, trout 
20.6, tuna 2.7, megrim 8.1, sole 41.7, hake 15.4, sardine 5.4, sword-
fish 1.3 kU/L).

Food challenge: No oral food challenge was performed.
Test with molecules: IgE binding was detected for cod parvalbu-

min (r Gad c 1, 24.6 kU/L) and in immunoblot, for crocodile parval-
bumin Cro p 1.

Conclusion: An anaphylactic reaction to crocodile meat was 
explained by primary sensitization to fish parvalbumin with cross-
reactivity to the crocodile homologue (Figure 194).

F I G U R E  19 4 Diagnostic procedure for case 3
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