®
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w h Universititsbibliothek

Tissue specific antigen presenting cells contribute to
distinct phenotypes of allergy

Stefan Schiilke, Stefanie Gilles, Adan C. Jirmo, Johannes U. Mayer

Angaben zur Veroéffentlichung / Publication details:

Schlke, Stefan, Stefanie Gilles, Adan C. Jirmo, and Johannes U. Mayer. 2023.
“Tissue specific antigen presenting cells contribute to distinct phenotypes of allergy.”
European journal of Immunology 53 (12): 2249980. https://doi.org/10.1002/eji.202249980.

Nutzungsbedingungen / Terms of use: CC BY-NC 4.0

Dieses Dokument wird unter folgenden Bedingungen zur Verfugung geste/lt / This document is made available under these conditions:
CC-BY-NC 4.0: Creative C - Nicht k ziell

Weitere Informationen finden Sie unter: / For more /nformatlon see:

https://creativecommons.org/licenses/by-nc/4.0/deed.de



https://doi.org/10.1002/eji.202249980
https://creativecommons.org/licenses/by-nc/4.0/deed.de

W) Check for updates

Eur. J. Immunol. 2023;0:2249980 DOI: 10.1002/€ji.202249980 Stefan Schiilke etal. 1 of 10

HIGHLIGHTS oo

REVIEW

Tissue-specific antigen-presenting cells contribute to
distinct phenotypes of allergy

JiSe

Stefan Schiilke!, Stefanie Gilles?, Adan C. Jirmo® and Johannes U. Mayer*

! Vice President s Research Group: Molecular Allergology, Paul-Ehrlich-Institut, Langen
(Hesse), Germany

2 Environmental Medicine, Faculty of Medicine, University of Augsburg, Augsburg, Germany

3 Department of Pediatric Pneumology, Allergology and Neonatology, Hannover Medical
School, Hannover, Germany

4 Department of Dermatology, University Medical Center of the Johannes
Gutenberg-University Mainz, Mainz, Germany

Antigen-presenting cells (APCs) are critical cells bridging innate and adaptive immune
responses by taking up, processing, and presenting antigens to naive T cells. At steady
state, APCs thus control both tissue homeostasis and the induction of tolerance. In aller-
gies however, APCs drive a Th2-biased immune response that is directed against oth-
erwise harmless antigens from the environment. The main types of APCs involved in
the induction of allergy are dendritic cells, monocytes, and macrophages. However, these
cell types can be further divided into local, tissue-specific populations that differ in
their phenotype, migratory capacity, T-cell activating potential, and production of effec-
tor molecules. Understanding if distinct populations of APCs contribute to either tissue-
specific immune tolerance, allergen sensitization, or allergic inflammation will allow us to
better understand disease pathology and develop targeted treatment options for different
stages of allergic disease. Therefore, this review describes the main characteristics, phe-
notypes, and effector molecules of the APCs involved in the induction of allergen-specific
Th2 responses in affected barrier sites, such as the skin, nose, lung, and gastrointesti-
nal tract. Furthermore, we highlight open questions that remain to be addressed to fully
understand the contribution of different APCs to allergic disease.
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Introduction

Antigen-presenting cells (APCs) are the critical link bridging
innate and adaptive immune responses. To do so, APCs in barrier
tissues constantly screen their surroundings for danger-associated
molecular patterns and take up antigens which are intracellularly
processed into short peptides and presented via MHC molecules
to naive T cells in the draining lymph nodes [1]. At the steady
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state, APCs maintain tissue homeostasis by presenting self and
innocuous antigens in a tolerogenic context, while the activation
of APCs under inflammatory conditions results in priming of dis-
tinct effector T-cell populations through co-stimulatory molecules
on the cell surface, and soluble cytokine and chemokine signaling.

In the context of allergies, foreign antigens are recognized as
pathogenic and elicit type 2 immune responses, which are locally
modulated and affect allergen-specific T-cell activation, differen-
tiation, and proliferation [2]. Many of these mechanisms are con-
trolled by APCs, especially by dendritic cells (DCs), monocytes,
and macrophages. These populations differ in their ontogeny,
activation status, molecular phenotype, migratory capacity, as
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Figure 1. APC involvement in tissue homeostasis and the development of allergies. The main types of professional APCs are DCs and macrophages.
Upon antigen uptake (either direct uptake of antigen uptake via trans-epithelial sampling, or indirect antigen transport over the epithelial barrier via
M-cells), APCs migrate to draining lymphoid organs to activate naive, antigen-specific T cells. For the maintenance of antigen-specific tolerance, DCs
contribute to the induction of Foxp3* Tregs via secretion of TGF-p and retinoic acid but are also able to drive Th17 responses via the secretion of IL-6
and IL-23. In the intestine, intestinal macrophages are highly phagocytic but only express low levels of TLRs and do not secrete pro-inflammatory
cytokines after exposure to different bacterial signals. Instead, they locally promote the IL-10-dependent induction, maintenance, and expansion
of Foxp3* Tregs. Furthermore, intestinal macrophages transfer gut lumen antigens (transported over the intestinal barrier via M cells) to migratory
CD103* DC via a connexin 43-dependent mechanism that requires membrane transfer. Together Tregs and Th17 cells control the local microbiome
and prevent detrimental immune responses against harmless microorganisms. During allergic sensitization, allergens can either directly disrupt
epithelial integrity (e.g., by protease activity that degrades tight junction proteins), be taken up via trans-epithelial sampling of APCs, or enter the
sterile inside of our body via damaged tissues. Epithelial cells are able to signal these events via the release of damage- and danger-associated
molecules (IL-25, IL-33, TLSP) to recruit and activate local immune cells. Subsequent antigen uptake by local DCs results in the allergen-specific
differentiation of Th2 cells via secretion of epithelial-derived IL-33 and the surface expression of OX40L. Allergen-specific Th2 cells in turn promote
the activation and differentiation of allergen-specific IgE-producing plasma cells. The produced IgE binds to the high-affinity IgE receptor FceRI on
mast cells (and basophils). Upon allergen-contact IgE-sensitized mast cells are activated, degranulate, and promote allergic inflammation. Allergic
inflammation then contributes to a disruption of epithelial integrity and structure, loss of tight junction proteins, nausea (intestine), itch (skin)
and tightened airways (lung), and a dysbiosis of the local microbiome. Abbreviations: Ag: antigen, APC: antigen-presenting cell, FceRI: high-affinity
IgE receptor, GC: granulocyte, MC: macrophage, OX40L: OX40 ligand, PPAR-y: peroxisome proliferator-activated receptor gamma, RA: retinoic acid,
TGF-p: transforming growth factor beta, TIM-4: T-cell immunoglobulin and mucin 4, TSLP: thymic stromal lymphopoietin.

well as T-cell activation potential, and different developmental
lineages and tissue-specific subsets have been defined [3, 4].
Tissue-specific APCs also play a role in allergen sensitization and
have been implicated in the induction of allergen-specific Th2
responses in the skin, nose, lung, and gastrointestinal tract (GIT)
(Fig. 1.

APC populations shape allergic responses in the skin

The skin serves as a physical and immunological barrier against
pathogen invasion. It is composed of an outer epithelial layer, the
epidermis, which is formed by several layers of dead and differ-
entiating keratinocytes, and an inner dermal layer comprising of
stromal cells and fibroblasts. Within these layers of the skin, dif-
ferent populations of APCs serve as sentinels and a first line of
defense against invading pathogens [5].

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

The epidermis is populated by Langerhans cells (LCs), a unique
type of APCs that shares properties of both DCs and macrophages
[6]. LCs control local immune tolerance and are locally main-
tained through TGFp and IL-34 signaling [7, 8]. Upon activation,
LCs migrate to the dermis and the draining LN [9]. Although LCs
are poor APCs, recent data have shown that LCs can pass anti-
gens to dermal DC populationsto indirectly influence T cell prim-
ing [10]. In the context of skin allergies, LCs display an activated
phenotype in lesional skin of atopic dermatitis (AD) patients, but
fail to activate T-cell responses in situ [11], a phenomenon also
observed in murine models of skin allergy [12]. In the context
of contact hypersensitivity, LCs have however shown a protective
effect. Mice lacking epidermal LCs develop exaggerated contact-
hypersensitivity responses and LC-derived IL-10 is necessary for
the induction of regulatory T cells (Treg) and the suppression of
inflammatory CD4 and CD8 T-cell responses [13].

In both mice and humans, the dermis contains conventional
DCs, including IRF8-dependent DC1s and IRF4-dependent DC2s,
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which in mice can further be distinguished into high- or low-
expressing CD11b DC2 [14, 15]. DC2s are the most abundant
DC populations in healthy skin of mice and humans [16], while
monocytes increase in number during inflammation [17]. In
healthy skin, topical antigens can reach the dermal layer via the
hair follicles where, in the steady state, they are taken up by IRF4-
dependent dermal DC2 populations to induce Treg responses and
peripheral tolerance [18]. In disrupted skin particulate antigens
can directly reach the dermis and are taken up by DC2s, which
prime a variety of antigen-specific CD4 T-cell responses in the
draining LN [19].

In the context of skin allergy and AD, DCs upregulate CCL17
and CCL18 [20]. Furthermore, TSLP-receptor is upregulated,
which has been linked to allergic Th2 priming in several condi-
tions [21]. DC2s, and in particular CD301b- and PDL2-expressing
DC2 populations, are essential for priming Th2 responses in
murine models of skin allergy [22, 23]. Dermal CD11b-low DC2s
furthermore display extensive transcriptional changes after aller-
gen immunization in murine Th2 models, including the upregu-
lation of CCL17 and CCL22 [24, 25]. This skin-specific popula-
tion of DC2 develops in response to homeostatic IL-13 signaling
in healthy skin, depends on the transcription factors KLF4 and
STAT6 expression [15, 26], and is highly responsive to TSLP sig-
naling [27]. TLSP furthermore induces the expression of OX40L
in murine and human DC2s, which is thought to promote Th2
and T follicular responses [28, 29]. Upregulation of Notch signal-
ing pathways and the interaction with basophils have also been
observed and linked to T-cell priming and Th2 responses [30, 31].
While similar molecular signatures are enriched in skin DCs from
AD patients, other signatures are linked to a dysfunctional micro-
biome and an outgrowth of Staphylococcus aureus [32]. CCL18
expression by human DC has, for example, been linked to the
exposure of S. aureus antigens and correlates with reduced IFN-
y receptor expression and attenuated IFN-y responses by DC in
patients with AD [33, 34].

During chronic AD, macrophages and monocytes also con-
tribute to disease, although it is unclear if they are recruited by
the type 2 inflammatory signature or by signals induced by the
infiltrating microbiome. Monocytes are recruited to inflamed skin
by keratinocytes expressing MCP-1, which interacts with CCR2
[35]. While this recruitment is usually restricted to the dermis,
monocytes can also reach the epidermis during skin injury [36],
but it remains unclear if this also occurs in AD. Monocyte- and
fetal-derived macrophages, which reside in the dermis [37], fur-
ther display an alternatively activated anti-inflammatory pheno-
type in AD, which contributes to itch, fibrosis, inflammation, and
microbial dysbiosis [38].

APC populations shaping allergic responses in the
nose

The nose is the site of entry for virtually all inhaled antigens,
including allergens. The nasal mucosa, therefore, serves as
another important immunological barrier. Two main types of
professional APCs (DCs and macrophages) are present in the

© 2023 The Authors. European Journal of Immunology published by
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nasal mucosa and are found in the subepithelium [39, 40], the
lamina propria [41], and in nasal-associated lymphoid tissue
(NALT) [42, 43].

In contrast to rodents, where DCs are the most abundant APCs
within the nasal epithelium, a detailed confocal microscopic anal-
ysis of the human nasal mucosa revealed mature macrophages
as the most dominant APCs [39]. Human resident APCs consist
of MHC II* CD68" macrophages and DCs, which can further be
divided into BDCA1* DC1s and BDCA3* DC2s, as well as a small
number of plasmacytoid DC (pDC) [39, 44]. In the mouse, res-
ident APCs include DC, pDC, and macrophages, and nasal DC
can further be divided into three subpopulations based on their
expression of CD103 and CD11b, which is similar to DC popula-
tions found in the intestine [43, 45].

Nasal epithelial APCs form dense subepithelial networks, sim-
ilar to the LC network observed in the epidermis of the skin [39].
In early work, nasal resident DCs were indeed thought to be
very similar to LC and characterized by their expression of CD1a,
CD207/langerin, and Birbeck granules [46]. More recent findings,
however, suggest that the majority of nasal epithelial DC express
EpCAM, but only few co-express the LC-specific markers CDla
and CD207 [39]. E-cadherin and EpCAM expression are thought
to support the interaction of DC with epithelial cells and facili-
tate the formation of long cytoplasmic protrusions that penetrate
tight junctions and enable the sampling of antigens from the nasal
lumen [43, 47]. Similarly, macrophages located at the basement
membrane of the human nasal epithelium can also form long pro-
trusions that penetrate the epithelium, suggesting a similar role
in antigen sampling [39].

The majority of nasal DCs in mice can be found in the NALT,
organized lymphoid structures located bilaterally between the
upper soft palate and the opening of the nasopharyngeal duct
[47, 48]. NALTs resemble intestinal Peyer’s patches [49], contain
distinct T cell areas and B cell follicles, and are lined by squa-
mous epithelium with antigen-sampling microfold cells (M cells)
[50]. Immunohistochemical staining demonstrates that different
phenotypes of DCs are present in different NALT substructures.
Nasal DCs in the crypt are immature and mainly make contact
with B cells, squamous epithelial DC resemble LCs and might be
involved in antigen-removal, while DCs in the T-cell zone have an
activated phenotype [51]. Within the NALT vasculature, perivas-
cular DCs have also been described and can enter the NALT via
high endothelial venules [43], although it remains unclear if they
belong to the DC or monocyte lineage [52].

Functionally, nasal DCs are essential and sufficient for prim-
ing CD4" T cells [53]. Apart from their role in allergic sensi-
tization, nasal DCs also play a key role during recall responses
against seasonal allergens. Upon inhalation of allergens, resting
nasal DCs become activated and acquire a migratory phenotype.
Activation of DCs can either occur directly via triggering of pattern
recognition receptors by PAMPs and Damage associated molecu-
lar patterns (DAMPs) linked to allergen carriers, or indirectly, via
alarmins secreted by activated epithelial cells. Mature nasal DCs
migrate to the cervical lymph nodes via interaction of CCR7 with a
CCL21 gradient and prime naive T cells (allergic sensitization), or
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migrate into the NALT and inflamed tissue by means of FLT3 lig-
and, PAMB or chemokine signaling to interact with local effector
cells (allergic effector phase) [43, 54].

Tissue alarmins, such as TSLP [55] and IL-33 [56], ILC2-
derived IL-13 [57], and Notch ligands [58], shape the pheno-
type of allergen-activated nasal DCs and lead to the induction
of allergen-specific Th2 and Th17 cells [59]. Similar to mech-
anisms in the skin, TSLP acts by increasing the expression of
OX40L in DCs, which favors Th2 priming [60], while indolamine-
2,3-dioxygenase (IDO)-expressing, tolerogenic DCs are potent
inducers of Tregs [61]. PPAR-y-signaling can also have a tolero-
genic effect, which has been observed in allergic rhinitis patients
[62], although PPAR-y-signaling might also act independently
of APCs [63, 64]. In contrast, TLR4 engagement on DCs pre-
ceding an allergen exposure is presumed to limit Th2 differen-
tiation by skewing the T-cell differentiation toward Thl [65],
with TLR-agonistic adjuvants now being used in clinical trials
[66]. Chronic allergen exposure, however, can induce autophagy
of nasal DCs, which in murine models promotes excessive Th2-
mediated inflammation and can be reversed by using autophagy
inhibitors [67].

APC populations shaping allergic responses in the
lung

Within the lung, DCs and macrophages play important roles in the
maintenance of tolerance to innocuous environmental antigens
and the sensitization of allergic responses [68]. In steady-state
conditions, both DC1 and DC2 are found in close proximity to the
airways and sample antigens via probing through the epithelial
layer [69-71]. Alveolar macrophages, in contrast to interstitial
macrophages, have a limited role in antigen presentation and
mostly maintain homeostasis and protection of the lung lumen
[72, 731.

Three different populations of DCs have been implicated in
the induction of pulmonary Th2 responses. CD103* DCs have
been shown to initiate Th2 responses [74], but also restrain aller-
gic airway inflammation through the production of IL-12 [75]
and the de novo differentiation of Tregs through mechanisms
controlled by the transcription factor PPAR-y and the production
of retinoic acid [76, 77]. While CD103" DCs are mostly asso-
ciated with the DC1 lineage, CD103 expression has also been
reported on DC2 [78], making the use of DC1- and DC2-specific
markers (such as XCR1 and Sirpa, respectively) necessary to
correctly interpret DC subset specific functions [4]. Additional
levels of heterogeneity within these DC populations have been
described using single-cell RNA sequencing tools, opening new
possibilities to discover additional tissue-specific populations and
novel functional mechanisms [79-81].

In the lung, human and murine DC2 are essential for
allergen-induced Th2 and Th17 responses [82-84], which can
be mediated by dectin-2-dependent mechanisms [85]. Lung DC2
function is enhanced by CSF-2 and TSLB which promotes DCs
recruitment to the lung and the expression of Th2-promoting

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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OX40L, respectively [60, 77]. While additional subsets of lung
DC2 have recently been described in mice and humans [86], their
contribution toward allergen-induced Th2 and Th17 responses
remains to be investigated.

In addition, monocyte-derived DCs (also known as moDC or
inflammatory DC) expressing Ly6C, CD64, FceR, and C5aR1 are
recruited to the murine lung in large numbers after allergen expo-
sure, which requires CCL2/CCR2 signaling and the formyl pep-
tide receptor 2 [83]. Recent studies have found that murine DC2s
acquire a similar moDC phenotype, but in contrast to moDC in the
lung are the sole contributors to T-cell priming in the mediastinal
LN [80]. Therefore, a regional distribution of type 2 associated
APCs could be observed, with moDC supporting the activation of
T cells, eosinophils, and monocytes within the lung via cytokines
and chemokines such as CCL2, CCL4, CCL7, CCL9, CCL12, and
CCL24 [83], while DC2 primed de novo Th2 cells in the LN [80].
Interestingly, murine monocytes can also differentiate into pro-
inflammatory COX-2-expressing MHCII" interstitial macrophages
in the lung, which further contribute to allergic inflammation [73,
871, suggesting that monocytes can influence allergic responses
both in the short and long term.

APC populations shaping allergic responses in the
Gastrointestinal tract

In intestinal homeostasis, DCs and macrophages establish
a delicate balance between tolerance toward molecules
derived from food, the commensal microbiome and appro-
priate responsiveness toward invading pathogens. Intestinal
DCs can be classified into CD103* DC1, CD103* DC2, and
CD103~ DC2 [88], while macrophages can be identified as
F4/807CD103~CX3CR1"CD64" cells that do not migrate upon
stimulation [89, 90]. At the steady state, murine intestinal
macrophages are highly phagocytic but only express low levels
of TLRs and do not secrete pro-inflammatory cytokines such as
IL-1B, IL-6, IL-12, IL-23, or TNF-a after exposure to different bac-
terial signals [91, 92]. Instead, they promote the IL-10-dependent
induction, maintenance, and expansion of Foxp3™ Tregs both in
vitro and in vivo [93]. Moreover, murine CX3CR1" macrophages
contribute to Treg-generation and oral tolerance by transferring
gut lumen antigens to migratory CD103* DC via a connexin
43-dependent mechanism requiring membrane transfer [94].
During chronic intestinal inflammation, macrophages change
their profile and express high levels of TLRs, co-stimulatory
molecules, and inflammatory receptors [95, 96]. Intestinal
macrophages from patients with inflammatory bowel disease also
produce large quantities of TNF-a and other proinflammatory
cytokines [73, 97, 98], indicating that intestinal macrophages
can possess anti- or pro-inflammatory phenotypes. However, the
relevance of either of these phenotypes in the induction and
maintenance of allergic inflammation in the GIT remain largely
unclear (reviewed in [99]).

In contrast, murine DCs have clearly been linked to intesti-
nal allergy. Intestinal DCs express CCR7 and are highly migratory
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Figure 2. Tissue-specific mechanisms involved in the local induction of allergen-specific Th2 responses. In the skin, allergen uptake by dermal
DC2s (including skin specific CD11b-low DC2) in the context of polarizing cytokines and chemokines (CCL-18, IL-33, TSLP) results in the activation
of allergen-specific T cells via CCL17, CCL22, and OX40L. Furthermore, MCP-1 released from keratinocytes promotes the differentiation of M2
macrophages from monocytes, which in turn contribute to allergic inflammation, itching, fibrosis, and microbial dysbiosis. In the nose, nasal
allergens are either taken up by trans-epithelial sampling of nasal migratory DC1 and DC2 or cross the epithelial barrier independently. In the
presence of epithelial-derived factors such as Notch-L, IL-13, IL-33, or TSLP, these cells promote the activation of allergen-specific T cells via CCL19,
CCL21, and OX40L. Effector T cells homing to the lung via the chemokines CCL17 and CCL22 (produced by CD103* DC1s) are activated by CD11ct DC2
subsets that express OX40L and the costimulatory molecules CD80/86. After allergen exposure, moDCs are CCL2/CCR2-dependently recruited to the
lung in large numbers to orchestrate local inflammatory responses. While being dispensable for allergic sensitization, moDCs support activation
of the recruited T cells, eosinophils, and monocytes via secretion of cytokines and chemokines. Also, interstitial macrophages differentiating
from circulating monocytes contribute to allergic inflammation via the secretion of IL-5. Finally, in the gastrointestinal tract, allergen sampling by
intestinal DC or direct crossing of allergens through a damaged epithelial barrier promotes the IL33-, OX40L-, and TIM-4-dependent differentiation
of allergen-specific Th2 cells. Intestinal dysbiosis further contributes to the activation of Th2-promoting APCs in the GIT. Currently, the contribution
of intestinal macrophages to the activation of allergen-specific Th2 cells is not clear. The phenotypes, transcription factors, surface molecules,
and main characteristics of the different tissue-specific APCs relevant in the induction of Th2 responses are indicated in the lower half of the
figure. Abbreviations: BDCA(1/3): blood dendritic cell antigen (1/3), CCL: C-C chemokine ligand, CCR2: C-C motif chemokine receptor type 2, moDC:
monocyte derived DC, OX40L: OX40 ligand, GIT: gastrointestinal tract, KLF4: Kriippel-like factor 4, Mar-1: maresin 1, MCP-1: mast cell chemotactic
protein 1, Notch-1: Notch ligand, PDL2: programmed cell death 1 ligand 2, STAT-3: signal transducer and activator of transcription 3, TSLP: thymic

HIGHLIGHTS 5o0f 1

stromal lymphopoietin, TSLPR: TSLP receptor, TIM-4 T-cell immunoglobulin and mucin 4, Xcrl: X-C motif chemokine receptor 1.

[100]. At steady state, they contribute to Foxp3™ Treg-induction
via TGF-B and retinoic acid secretion [101], but are also able
to respond to pathogens and can drive Th17 responses in the
lamina propria via the secretion of IL-6 and IL-23 [102]. While
CD103-expression clearly distinguishes two distinct populations
of murine DC2 in the intestine and mesenteric LN [103], fur-
ther subsets of CD1037CD11b™ DCs have recently been identified
within the epithelium [104].

Within the GIT, food allergy is the most common allergic phe-
notype and arises from a failure of tolerance toward ingested food
antigens resulting in IgE-mediated, local inflammation in the GIT
with symptoms like nausea, regurgitation, and diarrhea. In food
allergic patients, Treg induction is compromised, resulting in the
generation of antigen-specific Th2 cells that drive both IgE class
switching and expansion of allergic effector cells [105]. Sensi-
tization toward food allergens can occur via the GIT, skin, and
less commonly via the respiratory tract [106, 107]. Intestinal DCs
either directly sample antigens from the intestinal lumen or via M
cells within Peyer’s patches and present those antigens to naive T
cells within the Peyer’s patches or the mesenteric LN [108].

Changes among intestinal DCs are readily observed during GIT
allergic models (such as peanut extract and cholera toxin treat-
ment) and result in increased numbers of inflammatory CD11b*

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

DCs and reduced numbers of immune-regulatory CD103" DCs
[109]. In addition, different populations of murine CD11b* DC2
and ILC have been described throughout the GIT [4, 110, 111],
which might impact local Th2 induction and a distinct pathology
between the small intestine and colon. The mechanisms of GIT
allergy induction follow similar pathways as those observed in
the lung and skin. Oral feeding of peanut or mite allergen plus
cholera toxin was shown to trigger IL-33 release from epithelial
cells, which induced OX40L expression on CD103* DCs, leading
to Th2 priming [112]. Moreover, in murine models of food
allergy, oral feeding of cholera toxin induced both DC maturation
and Th2 differentiation via upregulation of OX40L in mesenteric
LN [113]. TIM-4 expression on intestinal DCs was upregulated
in food allergy models driven by staphylococcal enterotoxin B
[114] or cholera toxin [115] and might represent a specialized
molecular pathway that enhances Th2 polarization within the
intestine (Fig. 2).

Conclusions and future perspectives

APCs are a highly diverse population of cells that share cer-
tain functional and molecular properties, but also fulfill highly
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specialized functions in their respective tissues. Distinct popu-
lations of APCs thus impact allergic sensitization and chronic
allergic inflammation. In most contexts, DC2s promote Th2
priming and allergen sensitization. However, unique signals from
the microenvironment are necessary to activate DC2 in a Th2-
promoting manner, and together with responses from other APCs
lead to highly context- and tissue-specific allergic phenotypes.

In the murine skin, two unique populations of DCs exist, which
differentially contribute to allergies. Epidermal LCs, which usu-
ally promote tolerance, display an activated phenotype and an
impaired tolerogenic ability during skin allergy in both mice and
humans, while dermal CD11b-low DC2 promote enhanced type 2
immune responses, strongly respond to TSLP and produce high
amounts of CCL17. Within the airways, nasal EpCAM+ DCs can
be activated by allergy-associated alarmins, ILC2-derived IL-13,
or Notch ligands and prime local CD4" T cells against seasonal
allergens via OX40L. In the lung, DC2s are essential for allergen-
induced Th2 and Th17 responses via dectin-2-dependent mech-
anisms, while moDCs are recruited to the murine lung in large
numbers after allergen exposure to orchestrate local inflamma-
tory responses via the secretion of cytokines and chemokines [83].
While in the intestine, CD103" DC2 are involved in the induction
of Th2 responses via TIM-4 and OX40L.

Regardless of tissue, epithelial cell-derived DAMPs and
alarmins are of critical importance in allergic sensitization and
lead to the upregulation of OX40L and other cytokines and
chemokines by DCs that facilitate the priming of Th2 cells. Inter-
estingly, dermal CD11b-low DC2 are particularly responsive to IL-
13 and alarmin signaling [26, 27], providing a potential explana-
tion for the skin-specific bias toward type 2 immune responses,
which not only affects the local immune environment but can
also lead to food and lung allergies [116]. In addition to these
classical activators, immune cell metabolism has become a promi-
nent field of study in the context of allergies [117]. While acti-
vated DCs and proinflammatory macrophages have a glycolytic
profile [118, 119], lipid metabolism has been associated with
APCs that induce type 2 immunity [120]. It has, for example, been
observed that the inhibition of fatty acid metabolism in murine DC
results in an altered T-cell polarization profile that favors proin-
flammatory Th1 responses [121]. Similarly, murine CD11b* DCs
displayed disrupted fatty acid oxidation upon mTOR deficiency,
which results in the preferential induction of proinflammatory
neutrophilic Th17 responses instead of eosinophilic Th2 inflam-
mation upon intranasal challenge with house dust mite [122].
These metabolic mechanisms might also explain the epidemio-
logical link between obesity and allergy, which has been associ-
ated with epigenetic reprogramming and an increased heritable
susceptibility to develop allergies [123]. Modulating the immune
cell metabolome might therefore represent a promising new ther-
apeutic avenue. Several approaches to interfere with immune
cell metabolism are being studied and include studies of APCs.
High levels of IDO activity in DCs lead to increased tryptophan
catabolism and have been consistently linked to a regulatory DC
phenotype with an enhanced propensity to induce Treg differ-
entiation and the suppression of allergic responses [61, 124].

© 2023 The Authors. European Journal of Immunology published by

Wiley-VCH GmbH.
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Increasing the expression of IDO has already been tested in mod-
els of autoimmunity and contact sensitivity [125] and highlights
the potential the immune cell metabolism holds in controlling
disease.

Future studies characterizing the heterogeneity of APCs in
the context of allergies should therefore not only focus on
the responses of chemokines and cytokines but also assess the
immune-metabolic profile as an important mediator of disease.

Open access funding enabled and orga-
nized by Projekt DEAL.

The authors declare no commercial or finan-
cial conflict of interest.

Data sharing is not applicable to
this article, as no new data were created or analyzed in this study.

The peer review history for this article is available
at https://publons.com/publon/10.1002/¢€ji.202249980

References

[

Steinman, R. M., Dendritic cells: understanding immunogenicity. Eur. J.
Immunol. 2007. 37.

N

Zhu, J., Yamane, H. and Paul, W. E., Differentiation of effector CD4 T cell
populations (*). Annu. Rev. Immunol. 2010. 28: 445-489.

w

Guilliams, M., Dendritic cells, monocytes and macrophages: a unified
nomenclature based on ontogeny. Nat. Rev. Immunol. 2014. 14: 571-
578.

IS

Sichien, D., Lambrecht, B. N., Guilliams, M. and Scott, C. L., Development
of conventional dendritic cells: from common bone marrow progenitors
to multiple subsets in peripheral tissues. Mucosal Immunol. 2017. 10: 831-
844.

wv

Ronchese, F., Hilligan, K. L. and Mayer, J. U,, cells and the skin environ-
ment. Curr: Opin. Immunol. 2020. 64: 56-62.

[e)]

Doebel, T., Voisin, B. and Nagao, K., Langerhans cells - the macrophage
in dendritic cell clothing. Trends Immunol. 2017. 38: 817-828.

~N

Mohammed, J., Beura, L. K., Bobr, A,, Astry, B., Chicoine, B., Kashem, S.
W., Welty, N. E. et al., Stromal cells control the epithelial residence of DC
and memory T cells by regulated activation of TGF-. Nat. Immunol. 2016.
17:414-421.

oe]

Wang, Y., Szretter, K. J., Vermi, W., Gilfillan, S., Rossini, C., Cella, M., Bar-
row, A. D. et al,, IL-34 is a tissue-restricted ligand of CSF1R required for
the development of Langerhans cells and microglia. Nat. Immunol. 2012.
13:753-760.

o)

Sheng, J., Chen, Q., Wu, X., Dong, Y. W., Mayer, J., Zhang, J., Wang, L.
et al., Fate mapping analysis reveals a novel murine dermal migratory
Langerhans-like cell population. ELife 2021. 10: e65412.

10 Yao, C. and Kaplan, D. H., Langerhans cells transfer targeted antigen to
dermal dendritic cells and acquire major histocompatibility complex II
in vivo. PNAS 2018. 115. E906-E915.

www.eji-journal.eu

d “T1 *€T0T “THIPITSI

:sdny wouy papeoy

25U20IT Suowo)) 2ANear)) d[qearjdde oY) Aq pauIaA03 aIe sa[oNIE YO 2SN JO SINI 10§ AIRIqIT dUI[UQ AJ[IA UO (SUONIPUOI-PUEB-SULIA}/ W00 AAIM ATeIqI[aur[uo//:sd)y) suonipuoy) pue suid [, 3y 39S “[$z0z/10/11] uo Areiqi auruQ Ao[iA ‘SingsSny [qigsioensioatun Aq 0866220 10/2001°01/10p/wod K[



Eur. J. Immunol. 2023;0:2249980

11

12

13

14

15

16

17

1

2]

1

e}

20

21

22

23

24

2!

w

26

2

~N

© 2023 The Authors. European Journal of Immunology published by

Iwamoto, K., Nimm, T. J., Koch, S., Herrmann, N., Leib, N. and Bieber, T.,
Langerhans and inflammatory dendritic epidermal cells in atopic der-
matitis are tolerized toward TLR2 activation. Allergy 2018. 73: 2205-2213.

Dubrac, S., Schmuth, M. and Ebner, S., Atopic dermatitis: the role of
Langerhans cells in disease pathogenesis. Immunol. Cell Biol. 2010. 88:
400-4009.

de Agiiero, M. G., Vocanson, M., Hacini-Rachinel, F., Taillardet, M., Spar-
wasser, T., Kissenpfennig, A., Malissen, B. et al., Langerhans cells protect
from allergic contact dermatitis in mice by tolerizing CD8+ T cells and
activating Foxp3+ regulatory T cells. J. Clin. Invest. 2012. 122: 1700-1711.

Sumpter, T. L., Balmert, S. C. and Kaplan, D. H., Cutaneous immune
responses mediated by dendritic cells and mast cells. JCI Insight 2019.
4.123947.

Tussiwand, R., Everts, B., Grajales-Reyes, G. E., Kretzer, N. M., Iwata, A.,
Bagaitkar, J., Wu, X. et al., KIf4 expression in conventional dendritic cells
is required for T helper 2 cell responses. Immunity 2015. 42: 916-928.

Alcantara-Hernandez, M., Leylek, R., Wagar, L. E., Engleman, E. G., Keler,
T., Marinkovich, M. P., Davis, M. M. et al., High-dimensional phenotypic
mapping of human dendritic cells reveals interindividual variation and
tissue specialization. Immunity 2017. 47: 1037-1050.

Tamoutounour, S., Guilliams, M., MontananaSanchis, F., Liu, H., Ter-
horst, D., Malosse, C., Pollet, E. et al., Origins and functional specializa-
tion of macrophages and of conventional and monocyte-derived den-
dritic cells in mouse skin. Immunity 2013. 39: 925-938.

Tordesillas, L., Lozano-Ojalvo, D., Dunkin, D., , L., Agudo, J., Merad, M.,
Sampson, H. A. et al., PDL2(+) CD11b(+) dermal dendritic cells capture
topical antigen through hair follicles to prime LAP(+) Tregs. Nat. Commun.
2018.9: 5238.

Hilligan, K. L., Tang, S.-C., Hyde, E. J., Roussel, E., Mayer, J. U., Yang, J.,
Wakelin, K. A. et al., Dermal IRF4-+ dendritic cells and monocytes license
CD4+ T helper cells to distinct cytokine profiles. Nat. Commun. 2020. 11.
5637.

Guttman-Yassky, E.,Lowes, M. A., Fuentes-Duculan, J., Whynot, J., Novit-
skaya, 1., Cardinale, I., Haider, A. et al., Major differences in inflam-
matory dendritic cells and their products distinguish atopic dermatitis
from psoriasis. J. Allergy Clin. Immunol. 2007. 119: 1210-1217.

Ito, T., Liu, Y. J. and Arima, K., Cellular and molecular mechanisms of
TSLP function in human allergic disorders — TSLP programs the “Th2
code” in dendritic cells. Allergol. Int. 2012. 61: 35-43.

Gao, Y., Nish, S. A,, Jiang, R., Hou, L., Licona-Limén, P., Weinstein, ]. S.,
Zhao, H. et al., Control of T helper 2 responses by transcription factor
IRF4-dependent dendritic cells. Immunity 2013. 39: 722-732.

Kumamoto, Y., Linehan, M., Weinstein, J. S., Laidlaw, B. J., Craft, J. E.
and Iwasaki, A., CD301b+ dermal dendritic cells drive T helper 2 cell-
mediated immunity. Immunity 2013. 39: 733-743.

Blecher-Gonen, R., Bost, P, Hilligan, K. L., David, E., Salame, T. M., Rous-
sel, E., Connor, L. M. et al., Single-cell analysis of diverse pathogen
responses defines a molecular roadmap for generating antigen-specific
immunity. Cell Syst. 2019. 8.

Connor, L. M., Tang, S. C., Cognard, E., Ochiai, S., Hilligan, K. L., Old, S.
L, Pellefigues, C. et al., Th2 responses are primed by skin dendritic cells
with distinct transcriptional profiles. J. Exp. Med. 2017. 214: 125-142.

Mayer, J. U, Hilligan, K. L., Chandler, J. S., Eccles, D. A, Old, S. I,
Domingues, R. G., Yang, J. et al., Homeostatic IL-13 in healthy skin directs
dendritic cell differentiation to promote TH2 and inhibit TH17 cell polar-
ization. Nat. Immunol. 2021. 22: 1538-1550.

Ochiai, S., Roediger, B., Abtin, A., Shklovskaya, E., de St Groth, B,
Yamane, H., Weninger, W. et al., CD326(10)CD103(lo)CD11b(lo) dermal

Wiley-VCH GmbH.

28

29

30

31

32

33

34

3

v

36

3

~N

38

39

40

41

42

HIGHLIGHTS

dendritic cells are activated by thymic stromal lymphopoietin during
contact sensitization in mice. J. Immunol. 2014. 193: 2504-2511.

Bell, B. D, Kitajima, M., Larson, R. P., Stoklasek, T. A., Dang, K., Sakamoto,
K., Wagner, K. U. et al, The transcription factor STATS is critical in
dendritic cells for the development of TH2 but not TH1 responses. Nat.
Immunol. 2013. 14: 364-371.

Pattarini, L., Trichot, C., Bogiatzi, S., Grandclaudon, M., Meller, S.,
Keuylian, Z., Durand, M. et al., TSLP-activated dendritic cells induce
human T follicular helper cell differentiation through 0X40-ligand. J.
Exp. Med. 2017. 214: 1529-1546.

Mobs, C., Salheiser, M., Bleise, F., Witt, M. and Mayer, J. U., Basophils
control T cell priming through soluble mediators rather than antigen
presentation. Front. Immunol. 2023. 13: 6443.

Tindemans, I., Peeters, M. J. W. and Hendriks, R. W., Notch signaling in
T helper cell subsets: instructor or unbiased amplifier? Front. Immunol.
2017. 8: 419.

Geoghegan, J. A., Irvine, A. D. and Foster, T. J., Staphylococcus aureus and
atopic dermatitis: a complex and evolving relationship. Trends Microbiol.
2018. 26: 484-497.

Gros, E., Petzold, S., Maintz, L., Bieber, T. and Novak, N., Reduced IFN-y
receptor expression and attenuated IFN-y response by dendritic cells in
patients with atopic dermatitis. J. Allergy Clin. Immunol. 2011. 128: 1015-
1021.

Pivarcsi, A., Gombert, M., Dieu-Nosjean, M.-C.,, A., Kubitza, R., Meller, S.,
Rieker, J. et al., CC chemokine ligand 18, an atopic dermatitis-associated
and dendritic cell-derived chemokine, is regulated by staphylococcal
products and allergen exposure. J. Immunol. 2004. 173: 5810-5817.

Vestergaard, C., Just, H., Baumgartner Nielsen, J., Thestrup-Pedersen, K.
and Deleuran, M., Expression of CCR2 on monocytes and macrophages
in chronically inflamed skin in atopic dermatitis and psoriasis. Acta
Dermato-Venereol. 2004. 84: 353-358.

Ferrer, I. R., West, H. C., Henderson, S., Ushakov, D. S., Sousa, P. S. E.,
Strid, J., Chakraverty, R. et al., A wave of monocytes is recruited to replen-
ish the long-term Langerhans cell network after immune injury. Sci.
Immunol. 2019. 4. 8704.

Malissen, B., Tamoutounour, S. and Henri, S., The origins and functions
of dendritic cells and macrophages in the skin. Nat. Rev. Immunol. 2014.
14: 417-428.

Egawa, M., Mukai, K., Yoshikawa, S., Iki, M., Mukaida, N., Kawano,
Y., Minegishi, Y. et al., Inflammatory monocytes recruited to allergic
skin acquire an anti-inflammatory M2 phenotype via basophil-derived
interleukin-4. Immunity 2013. 38: 570-580.

Jahnsen, F. L., Gran, E., Haye, R. and Brandtzaeg, P., Human nasal mucosa
contains antigen-presenting cells of strikingly different functional phe-
notypes. Am. J. Respir. Cell Mol. Biol. 2002. 30: 31-37.

van Benten, L. J,, van Drunen, C. M., Koevoet, J. L. M., Koopman, L. P,
Hop, W. C. J., Osterhaus, A. D. M. E., Neijens, H. J. et al., Reduced nasal
IL-10 and enhanced TNFo responses during rhinovirus and RSV-induced
upper respiratory tract infection in atopic and non-atopic infants. J. Med.
Virol. 2005. 75: 348-357.

Eijgenraam, J. W,, Reinartz, S. M., Kamerling, S. W. A,, van Ham, V. J.,
Zuidwijk, K., van Drunen, C. M., Daha, M. R. et al., Immuno-histological
analysis of dendritic cells in nasal biopsies of IgA nephropathy patients.
Nephrol. Dial. Transplant. 2008. 23: 612-620.

Debertin, A. S., Tschernig, T., Ténjes, H., Kleemann, W. J., Troger, H.
D. and Pabst, R., Nasal-associated lymphoid tissue (NALT): frequency
and localization in young children. Clin. Exp. Immunol. 2003. 134: 503-
507.

www.eji-journal.eu

7 of1

d ‘T1 ‘€T0T gﬂm

:sdny wouy papeoy

D puE SuIa L, ay1 328 “[70z/10/11] uo Arerqr autjuQ L3[1p Singsdny [qigsieensioaun £q 08664TT0T /2001 01/10p/w0> A1

JHRuI[u0//:sdny) suonip

10}/w00" A3 IM A

&l

A5U20IT SuoWWo)) dANEa1) d[qearjdde oy Aq pauIaA0S aIe SI[ONIE V() (2SN JO SI|NI 10§ AIRIIT dUI[UQ) AJJIAN UO (¢



(o)}

~N

8 of 10 Stefan Schiilke et al.

Lee, H,, Ruane, D, Law, K., Ho, Y., Garg, A., Rahman, A., Esterhazy, D.
et al., Phenotype and function of nasal dendritic cells. Mucosal Immunol.
2015. 8: 1083-1098.

Hartmann, E., Graefe, H., Hopert, A., Pries, R., Rothenfusser, S., Poeck, H.,
Mack, B. et al., Analysis of plasmacytoid and myeloid dendritic cells in
nasal epithelium. Clin. Vaccine Immunol. 2006. 13: 1278-1286.

Mayer, J. U., Brown, S. L., MacDonald, A. S. and Milling, S. W., Defined
intestinal regions are drained by specific lymph nodes that mount
distinct Th1 and Th2 responses against Schistosoma mansoni eggs. Front.
Immunol. 2020. 11: 2745.

Fokkens, W. J., Broekhuis-Fluitsma, D. M., Rijntjes, E., Vroom, T. M. and
Hoefsmit, E. C. M., Langerhans cells in nasal mucosa of patients with
grass pollen allergy. Immunobiology 1991. 182: 135-142.

KleinJan, A. and Lambrecht, B. N., Dendritic cells in rhinitis. Handbook
Exp. Pharmacol. 2009. 188: 115-136.

Eur. J. Immunol. 2023;0:2249980

helper type 2 cell response through 0X40 ligand. J. Exp. Med. 2005. 202:
1213-1223.

von Bubnoff, D., Fimmers, R., Bogdanow, M. Matz, H., Koch, S.
and Bieber, T., Asymptomatic atopy is associated with increased
indoleamine 2,3-dioxygenase activity and interleukin-10 production
during seasonal allergen exposure. Clin. Exp. Allergy 2004. 34: 1056-
1063.

Wang, W., Zhu, Z., Zhu, B. and Ma, Z., Peroxisome proliferator-activated
receptor-yagonist induces regulatory T cells in a murine model of aller-
gic rhinitis. Otolaryngol. Head Neck Surg. 2011. 144: 506-513.

Fukui, N., Honda, K., Ito, E. and Ishikawa, K., Peroxisome proliferator-
activated receptor y negatively regulates allergic rhinitis in mice. Allergol.
Int. 2009. 58: 247-253.

Khare, A., Chakraborty, K., Raundhal, M., Ray, P. and Ray, A., Cutting
edge: dual function of PPARy in CD11c + cells ensures immune tolerance

d ‘T1 *€T0T “THIPITSI

:sdy woiy pap

in the airways . J. Immunol. 2015. 195: 431-435.

48 Pabst, R., Mucosal vaccination by the intranasal route. Nose-associated
lymphoid tissue (NALT)—structure, function and species differences. 65 Puggioni, F., Durham, S. R. and Francis, J. N., Monophosphoryl lipid A
Vaccine 2015. 33: 4406-4413. (MPL®)* promotes allergen-induced immune deviation in favour of Th1
49 Kiyono, H. and Fukuyama, S., NALT- versus PEYER’S-patch-mediated responses. Allergy 2005. 60: 678-684.

mucosal immunity. Nat. Rev. Immunol. 2004. 4: 699-710. 66 Worm, M., Higenbottam, T., Pfaar, O., Mdsges, R., Aberer, W., Gunawar-

50 Lindquist, R. L., Shakhar, G., Dudziak, D., Wardemann, H., Eisenreich, dena, K., Wessiepe, D. et al., Randomized controlled trials define shape

T., Dustin, M. L. and Nussenzweig, M. C., Visualizing dendritic cell net-
works in vivo. Nat. Immunol. 2004. 12: 1243-1250.

of dose response for Pollinex Quattro Birch allergoid immunotherapy.
Allergy 2018. 73: 1812-1822.

67 He, Y. Q,, Qiao, Y. L., Xu, S,, Jiao, W. E., Yang, R., Kong, Y. G., Tao, Z. Z.

51 Takahashi, K., Nishikawa, Y., Sato, H., Oka, T., Yoshino, T. and Miyatani, . .
et al,, Allergen induces CD11c+ dendritic cell autophagy to aggravate

K., Dendritic cells interacting mainly with B cells in the lymphoepithelial
symbiosis of the human palatine tonsil. Virchows Archiv. 2006. 448: 623—
629.

allergic rhinitis through promoting immune imbalance. Int. Inmunophar-
macol. 2022. 106: 108611.

68 Low, J. S., Farsakoglu, Y., Amezcua Vesely, M. C., Sefik, E., Kelly, J. B,

52 Lamiable, O., Mayer, J. U., Munoz-Erazo, L. and Ronchese, F., Dendritic . X
Harman, C. C. D., Jackson, R. et al., Tissue-resident memory T cell reac-

cells in Th2 immune responses and allergic sensitisation. Immunol. Cell

Biol. 2020. 98. 807-818. tivation by diverse antigen-presenting cells imparts distinct functional

responses. J. Exp. Med. 2020. 217: 151854.
53 Hammad, H., Plantinga, M., Deswarte, K., Pouliot, P., Willart, M. A.

M., Kool, M., Muskens, F. et al, Inflammatory dendritic cells—not
basophils—are necessary and sufficient for induction of Th2 immunity
to inhaled house dust mite allergen. J. Exp. Med. 2010. 207: 2097-2111.

69 Bakocevié, N., Worbs, T., Davalos-Misslitz, A. and Forster, R., T cell-
dendritic cell interaction dynamics during the induction of respiratory
tolerance and immunity. J. Immunol. 2010. 184: 1317-1327.

7!

o

Lambrecht, B. N. and Hammad, H., Taking our breath away: dendritic

54 Rangel-Moreno, J., Moyron-Quiroz, J., Kusser, K., Hartson, L., Nakano, X .
cells in the pathogenesis of asthma. Nat. Rev. Immunol. 2003. 3: 994-1003.

H. and Randall, T. D., Role of CXC chemokine ligand 13, CC chemokine
ligand (CCL) 19, and CCL21 in the organization and function of nasal- 71 Worbs, T., Hammerschmidt, S. I. and Férster, R., Dendritic cell migration
associated lymphoid tissue. J. Immunol. 2005. 175: 4904-4913. in health and disease. Nat. Rev. Immunol. 2016. 17: 30-48.

55 Melum, G. R., Farkas, L., Scheel, C., van Dieren, B., Gran, E., Liu, Y. 72 Hou, F, Xiao, K., Tang, L. and Xie, L., Diversity of macrophages in lung
J., Johansen, F. E. et al., A thymic stromal lymphopoietin-responsive homeostasis and diseases. Front. Inmunol. 2021. 12: 3930.
dendritic cell subset mediates allergic responses in the upper airway

73 Zasltona, Z. Przybranowski, S. Wilke, C., van Rooijen, N., Teitz-
mucosa. J. Allergy Clin. Inmunol. 2014. 134: 613-621.e7.

Tennenbaum, S., Osterholzer, J.J., Wilkinson, J. E. et al., Resident alveolar

56 Haenuki, Y., Matsushita, K., Futatsugi-Yumikura, S., Ishii, K. J., Kawagoe, macrophages suppress, whereas recruited monocytes promote, allergic
T., Imoto, Y., Fujieda, S. et al., A critical role of IL-33 in experimental lung inflammation in murine models of asthma. J. Immunol. 2014. 193:
allergic rhinitis. J. Allergy Clin. Inmunol. 2012. 130: 184-194.e11. 4245-4253.

57 Halim, T. Y., Hwang, Y. Y., Scanlon, S. T., Zaghouani, H., Garbi, N., Fallon, 74 Nakano, H., Free, M. E., Whitehead, G. S., Maruoka, S., Wilson, R. H.,

P.G. and McKenzie, A. N., Group 2 innate lymphoid cells license dendritic Nakano, K. and Cook, D. N., Pulmonary CD103+ dendritic cells prime
cells to potentiate memory TH2 cell responses. Nat. Immunol. 2016. 17:

57-64.

Th2 responses to inhaled allergens. Mucosal Immunol. 2011. 5: 53-65.

75 Conejero, L., Khouili, S. C., Martinez-Cano, S., Izquierdo, H. M., Brandi,
P. and Sancho, D., Lung CD103+ dendritic cells restrain allergic airway
inflammation through IL-12 production. JCI Insight 2017. 2: 90420.

58 Fukuyama, Y., Tokuhara, D., Sekine, S., Kataoka, K., Markham, J. D.,
Irwin, A.R.,Moon, G. H. et al., Notch-ligand expression by NALT dendritic
cells regulates mucosal Thl- and Th2-type responses. Biochem. Biophys.
Res. Commun. 2012. 418: 6-11.

7

[}

Khare, A.,Krishnamoorthy, N., Oriss, T. B., Fei, M., Ray, P. and Ray, A., Cut-
ting edge: Inhaled antigen upregulates retinaldehyde dehydrogenase in

59 Pilette, C., Jacobson, M. R., Ratajczak, C., Detry, B., Banfield, G., Vansnick, lung CD103+ but not plasmacytoid dendritic cells to induce Foxp3 de
J., Durham, S. R. et al., Aberrant dendritic cell function conditions Th2- novo in CD4+ T cells and promote airway tolerance. J. Immunol. 2013.
cell polarization in allergic rhinitis. Allergy 2013. 68: 312-321. 191: 25-29.

60 Ito, T., Wang, Y. H., Duramad, O., Hori, T., Delespesse, G. ]., Watanabe, N., 77 Zhou, Q,, Ho, A. W. S,, Schlitzer, A., Tang, Y., Wong, K. H. S., Wong, F.

Qin, F. X. et al., TSLP-activated dendritic cells induce an inflammatory T H. S., Chua, Y. L. et al., GM-CSF-licensed CD11b + lung dendritic cells

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

D puE SWISL, 341 39S “[+20T/10/11] uo Areiqr aurjuQ Adqip Bings3ny [qigsivensioatun £q 086640 112/2001°01/10p/wod Aa[Im”

:sdny) suontp

101/W00 Ko i

pi

9SULDIT suowto) dANeaI) a[qedrjdde o) Aq paUIdA0S a1 SIONIR YO 2SN JO SN 10J AIeIqIT SUIUQ A3[IAN UO (SUONIP



Eur. J. Immunol. 2023;0:2249980

78

79

8

o

81

82

83

84

85

86

8

~N

8

0o

89

o

o

91

orchestrate Th2 immunity to Blomia tropicalis. J. Immunol. 2014. 193: 496—
509.

Merad, M., Sathe, P., Helft, J., Miller, J. and Mortha, A., The dendritic cell
lineage: ontogeny and function of dendritic cells and their subsets in
the steady state and the inflamed setting. Annu. Rev. Immunol. 2013. 31:
563-604.

Ardouin, L., Luche, H., Chelbi, R., Carpentier, S., Shawket, A., Mon-
tanana Sanchis, F.,, Santa Maria, C. et al., Broad and largely concordant
molecular changes characterize tolerogenic and immunogenic dendritic
cell maturation in thymus and periphery. Immunity 2016. 45: 305-318.

Bosteels, C., Neyt, K., Vanheerswynghels, M., van Helden, M. J., Sichien,
D., Debeuf, N., de Prijck, S. et al., Inflammatory type 2 cDC acquire fea-
tures of cDC1s and macrophages to orchestrate immunity to respiratory
virus infection. Immunity 2020. 52: 1039-1056 €9.

Maier, B., Leader, A. M., Chen, S. T., Tung, N., Chang, C., LeBerichel, ].,
Chudnovskiy, A. et al., A conserved dendritic-cell regulatory program
limits antitumour immunity. Nature 2020. 580: 257-262.

Furuhashi, K., Suda, T., Hasegawa, H. Suzuki, Y. Hashimoto, D.,
Enomoto, N., Fujisawa, T. et al., Mouse lung CD103+ and CD11bhigh den-
dritic cells preferentially induce distinct CD4+ T-cell responses. Am. J.
Respir Cell Mol. Biol. 2012. 46: 165-172.

Plantinga, M., Guilliams, M., Vanheerswynghels, M., Deswarte, K.,
Branco-Madeira, F., Toussaint, W., Vanhoutte, L. et al., Conventional and
monocyte-derived CD11b+ dendritic cells initiate and maintain T helper
2 cell-mediated immunity to house dust mite allergen. Immunity 2013. 38:
322-335.

Schlitzer, A., McGovern, N., Teo, P., Zelante, T., Atarashi, K., Low, D., Ho, A.
W. S. et al., IRF4 transcription factor-dependent CD11b+ dendritic cells
in human and mouse control mucosal IL-17 cytokine responses. Immu-
nity 2013. 38: 970-983.

Norimoto, A., Hirose, K., Iwata, A., Tamachi, T., Yokota, M., Takahashi,
K., Saijo, S. et al., Dectin-2 promotes house dust mite-induced T helper
type 2 and type 17 cell differentiation and allergic airway inflammation
in mice. Am. J. Respir. Cell Mol. Biol. 2014. 51: 201-209.

Mansouri, S., Katikaneni, D. S., Gogoi, H., Pipkin, M., Machuca, T. N.,
Emtiazjoo, A. M. and Jin, L., Lung IFNAR1hi TNFR2+ ¢DC2 promotes lung
regulatory T cells induction and maintains lung mucosal tolerance at
steady state. Mucosal Immunol. 2020. 13: 595-608.

Jakubzick, C., Gautier, E. L., Gibbings, S. L., Sojka, D. K., Schlitzer, A.,
Johnson, T.E.,Ivanov, S. et al.,, Minimal differentiation of classical mono-
cytes as they survey steady-state tissues and transport antigen to lymph
nodes. Immunity 2013. 39: 599-610.

Denning, T. L., Norris, B. A., Medina-Contreras, O., Manicassamy, S.,
Geem, D., Madan, R., Karp, C. L. et al., Functional specializations of
intestinal dendritic cell and macrophage subsets that control Th17 and
regulatory T cell responses are dependent on the T cell/APC ratio, source
of mouse strain, and regional localization. J. Immunol. 2011. 187: 733-
747.

Bain, C. C., Bravo-Blas, A., Scott, C. L., Gomez Perdiguero, E., Geissmann,
F., Henri, S., Malissen, B. et al., Constant replenishment from circulat-
ing monocytes maintains the macrophage pool in the intestine of adult
mice. Nat. Immunol. 2014. 15: 929-937.

Diehl, G. E., Longman, R. S., Zhang, J. X., Breart, B, Galan, C., Cuesta, A,
Schwab, S. R. et al., Microbiota restricts trafficking of bacteria to mesen-
teric lymph nodes by CX3CR1hi cells. Nature 2013. 494: 116-120.

Bain, C. C., Scott, C. L., Uronen-Hansson, H., Gudjonsson, S., Jans-
son, O., Grip, O., Guilliams, M. et al., Resident and pro-inflammatory
macrophages in the colon represent alternative context-dependent
fates of the same Ly6Chi monocyte precursors. Mucosal Immunol. 2012.
6: 498-510.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

92

93

94

95

96

97

98

99

100

10

-

102

103

104

105

106

HIGHLIGHTS

Denning, T. L., Wang, Y. C., Patel, S. R., Williams, I. R. and Pulendran, B.,
Lamina propria macrophages and dendritic cells differentially induce
regulatory and interleukin 17-producing T cell responses. Nat. Immunol.
2007. 8: 1086-1094.

Hadis, U., Wahl, B., Schulz, O., Hardtke-Wolenski, M., Schippers, A., Wag-
ner, N., Miiller, W. et al., Intestinal tolerance requires gut homing and
expansion of FoxP3+ regulatory T cells in the lamina propria. Immunity
2011. 34: 237-246.

Mazzini, E., Massimiliano, L., Penna, G. and Rescigno, M., Oral toler-
ance can be established via gap junction transfer of fed antigens from
CX3CR1+ macrophages to CD103+ dendritic cells. Immunity 2014. 40:
248-261.

Carlsen, H. S., Yamanaka, T., Scott, H., Rugtveit, J. and Brandtzaeg, P.,
The proportion of CD40+ mucosal macrophages is increased in inflam-
matory bowel disease whereas CD40 ligand (CD154)+ T cells are rela-
tively decreased, suggesting differential modulation of these costimu-
latory molecules in human gut lamina propria. Inflamm Bowel Dis. 2006.
12: 1013-1024.

Hausmann, M., Kiessling, S., Mestermann, S., Webb, G., Spéttl, T., Andus,
T., Schélmerich, J. et al., Toll-like receptors 2 and 4 are up-regulated dur-
ing intestinal inflammation. Gastroenterology 2002. 122: 1987-2000.

Hausmann, M., Spétt], T., Andus, T., Rothe, G., Falk, W., Schdélmerich, J.,
Herfarth, H. et al., Subtractive screening reveals up-regulation of NADPH
oxidase expression in Crohn’s disease intestinal macrophages. Clin. Exp.
Immunol. 2001. 125: 48-55.

Rugtveit, J., Bakka, A. and Brandtzaeg, P., Differential distribution of
B7.1 (CD80) and B7.2 (CD86) costimulatory molecules on mucosal
macrophage subsets in human inflammatory bowel disease (IBD). Clin.
Exp. Immunol. 2003. 110: 104-113.

Liu, E. G, Yin, X., Swaminathan, A. and Eisenbarth, S. C., Antigen-
presenting cells in food tolerance and allergy. Front. Immunol. 2021. 11:
3362.

Worbs, T., Bode, U., Yan, S., Hoffmann, M. W., Hintzen, G., Bernhardt,
G., Forster, R. et al., Oral tolerance originates in the intestinal immune
system and relies on antigen carriage by dendritic cells. J. Exp. Med. 2006.
203: 519-527.

Coombes, J. L., Siddiqui, K. R. R., Arancibia-Carcamo, C. v., Hall, J., Sun,
C. M., Belkaid, Y. and Powrie, F., A functionally specialized population of
mucosal CD103+ DC induces Foxp3+ regulatory T cells via a TGF-p—- and
retinoic acid-dependent mechanism. J. Exp. Med. 2007. 204: 1757-1764.

Persson, E. K., Uronen-Hansson, H., Semmrich, M., Rivollier, A., Hager-
brand, K., Marsal, J.,, Gudjonsson, S. et al., IRF4 transcription-factor-
dependent CD103+CD11b+ dendritic cells drive mucosal T helper 17 cell
differentiation. Immunity 2013. 38: 958-969.

Bain, C. C., Montgomery, J., Scott, C. L., Kel, J. M., Girard-Madoux, M. J. H.
H., Martens, L., Zangerle-Murray, T. F. P. P. et al., TGFgR signalling con-
trols CD103+CD11b+ dendritic cell development in the intestine. Nat.
Commun. 2017. 8: 620.

Claudia Rivera, A. A., Randrian, V., Richer, W., Rivera, C. A., Gerber-
Ferder, Y., Delgado, M.-G. et al., Epithelial colonization by gut dendritic
cells promotes their functional diversification. Immunity 2022. 55: 129-
144.

Wambre, E., Bajzik, V., DeLong, ]. H., O'Brien, K., Nguyen, Q. A., Speake,
C., Gersuk, V. H. et al., A phenotypically and functionally distinct human
TH2 cell subpopulation is associated with allergic disorders. Sci. Trans.
Med. 2017.9: 9171.

Brough, H. A,, Liu, A. H,, Sicherer, S., Makinson, K., Douiri, A., Brown, S.
J., Stephens, A. C. et al., Atopic dermatitis increases the effect of expo-
sure to peanut antigen in dust on peanut sensitization and likely peanut
allergy. J. Allergy Clin. Immunol. 2015. 135: 164-170.

www.eji-journal.eu

90of1

d ‘T1 ‘€T0T gﬂm

:sdny wouy papeoy

D puE SuIa L, ay1 328 “[70z/10/11] uo Arerqr autjuQ L3[1p Singsdny [qigsieensioaun £q 08664TT0T /2001 01/10p/w0> A1

JHRuI[u0//:sdny) suonip

10}/w00" A3 IM A

&l

A5U20IT SuoWWo)) dANEa1) d[qearjdde oy Aq pauIaA0S aIe SI[ONIE V() (2SN JO SI|NI 10§ AIRIIT dUI[UQ) AJJIAN UO (¢



i 10 of 10 Stefan Schiilke et al.

107

108

109

110

111

112

113

114

115

116

117

Galand, C., Leyva-Castillo, J. M., Yoon, J., Han, A,, Lee, M. S., McKenzie,
A. N. ], Stassen, M. et al,, IL-33 promotes food anaphylaxis in epicuta-
neously sensitized mice by targeting mast cells. J. Allergy Clin. Immunol.
2016. 138: 1356-1366.

Rescigno, M., Urbano, M., Valzasina, B., Francolini, M., Rotta, G., Bonasio,
R., Granucci, F. et al.,, Dendritic cells express tight junction proteins and
penetrate gut epithelial monolayers to sample bacteria. Nat. Immunol.
2001. 2: 361-367.

Smit, J. J., Bol-Schoenmakers, M., Hassing, 1., Fiechter, D., Boon, L., Bleu-
mink, R. and Pieters, R. H. H.,, The role of intestinal dendritic cells subsets
in the of food allergy. Clin. Exp. Allergy 2011. 41: 890-898.

Kistele, V., Mayer, J., Lee, E. S., Papazian, N., Cole, J. J., Cerovic, V., Belz, G.
et al,, Intestinal-derived ILCs migrating in lymph increase IFNy produc-
tion in response to Salmonella Typhimurium infection. Mucosal Immunol.
2021.14:717-727.

Mayer, J. U., Demiri, M., Agace, W. W., MacDonald, A. S., Svensson-Frej,
M. and Milling, S. W., Different populations of CD11b(+) dendritic cells
drive Th2 responses in the small intestine and colon. Nat. Commun. 2017.
8:15820.

Chu, D. K., Llop-Guevara, A., Walker, T. D., Flader, K., Goncharova, S.,
Boudreau, J. E., Moore, C. L. et al., IL-33, but not thymic stromal lym-
phopoietin or IL-25, is central to mite and peanut allergic sensitization.
J. Allergy Clin. Immunol. 2013. 131: 187-200.e8.

Bliazquez, A. B, Knight, A. K., Getachew, H., Bromberg, J. S., Lira, S. A.,
Mayer, L. and Berin, M. C., A functional role for CCR6 on proallergic T
cells in the gastrointestinal tract. Gastroenterology 2010. 138: 275-284.e4.

Yang, P. C., Xing, Z., Berin, C. M., Soderholm, J. D., Feng, B. S., Wu, L.
and Yeh, C., TIM-4 expressed by mucosal dendritic cells plays a critical
role in food antigen-specific Th2 differentiation and intestinal allergy.
Gastroenterology 2007. 133: 1522-1533.

Feng, B. S., Chen, X., He, S. H., Zheng, P. Y., Foster, ., Xing, Z., Bienen-
stock, J. et al., Disruption of T-cell immunoglobulin and mucin domain
molecule (TIM)-1/TIM4 interaction as a therapeutic strategy in a den-
dritic cell-induced peanut allergy model. J. Allergy Clin. Immunol. 2008.
122: 55-61.

Kulis, M. D., Smeekens, J. M., Immormino, R. M. and Moran, T. P., The air-
way as a route of sensitization to peanut: an update to the dual allergen
exposure hypothesis. J. Allergy Clin. Immunol. 2021. 148: 689.

Goretzki, A. Zimmermann, J., Lin, Y.-J. and Schiilke, S., Immune
metabolism-an opportunity to better understand allergic pathology and
improve treatment of allergic diseases? Front. Allergy 2022. 3: 17.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Eur. J. Immunol. 2023;0:2249980

118 Krawczyk, C. M., Holowka, T., Sun, J., Blagih, J., Amiel, E., DeBerardinis,
R. ], Cross, J. R. et al., Toll-like receptor-induced changes in glycolytic
metabolism regulate dendritic cell activation. Blood 2010. 115: 4742-

4749.

119 Yu, Q, Wang, Y., Dong, L., He, Y,, Liu, R, Yang, Q.,, Cao, Y. et al., Regu-
lations of glycolytic activities on macrophages functions in tumor and

infectious inflammation. Front. Cell. Infect. Microbiol. 2020. 10.

120 Sun, S,, Luo, J., Du, H,, Liu, G., Liu, M., Wang, J., Han, S. et al., Widely
targeted lipidomics and transcriptomics analysis revealed changes of
lipid metabolism in spleen dendritic cells in shrimp allergy. Foods 2022.

11.

121 Elesela, S., Morris, S. B., Narayanan, S., Kumar, S., Lombard, D. B. and
Lukacs, N. W,, Sirtuin 1 regulates mitochondrial function and immune
homeostasis in respiratory syncytial virus infected dendritic cells. PLoS

Pathog. 2020. 16.

122 Sinclair, C., Bommakanti, G., Gardinassi, L., Loebbermann, J., Johnson,
M. J., Hakimpour, P., Hagan, T. et al., mTOR regulates metabolic adapta-
tion of APCs in the lung and controls the outcome of allergic inflamma-

tion. Science 2017. 357: 1014-1021.

123 Hersoug, L. G. and Linneberg, A., The link between the epidemics of obe-
sity and allergic diseases: does obesity induce decreased immune toler-

ance? Allergy 2007. 62: 1205-1213.

124 Hayashi, T., Beck, L., Rossetto, C., Gong, X., Takikawa, O., Takabayashi,
K., Broide, D. H. et al., Inhibition of experimental asthma by indoleamine

2,3-dioxygenase. J Clin. Invest. 2004. 114(2), 270-279.

125 Bianco, N. R., Seon, H. K., Ruffner, M. A. and Robbins, P. D., Therapeu-
tic effect of exosomes from indoleamine 2,3-dioxygenase-positive den-
dritic cells in collagen-induced arthritis and delayed-type hypersensi-

tivity disease models. Arthritis Rheum. 2009. 60(2): 380-389.

Full correspondence: Prof. Johannes U. Mayer, Department for
Dermatology, University Medical Center of the Johannes Gutenberg
University Mainz, Langenbeckstrasse 1, 55131 Mainz, Germany
e-mail: johannes.mayer@unimedizin-mainz.de

Received: 8/10/2022

Revised: 19/1/2023

Accepted: 13/3/2023

Accepted article online: 20/3/2023

www.eji-journal.eu

d ‘T1 *€T0T “THIPITSI

:sdy woiy pap

D puE SWISL, 341 39S “[+20T/10/11] uo Areiqr aurjuQ Adqip Bings3ny [qigsivensioatun £q 086640 112/2001°01/10p/wod Aa[Im”

:sdny) suontp

101/W00 Ko i

pi

9SULDIT suowto) dANeaI) a[qedrjdde o) Aq paUIdA0S a1 SIONIR YO 2SN JO SN 10J AIeIqIT SUIUQ A3[IAN UO (SUONIP



