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Absence of T-regulatory cell expression and
function in atopic dermatitis skin

Johan Verhagen, MSc,a Mübeccel Akdis, MD, PhD,a Claudia Traidl-Hoffmann, MD,b

Peter Schmid-Grendelmeier, MD,c DirkJan Hijnen, MD,d Edward F. Knol, PhD,d

Heidrun Behrendt, MD,b Kurt Blaser, PhD,a and Cezmi A. Akdis, MDa Davos Platz

and Zurich, Switzerland, Munich, Germany, and Utrecht, The Netherlands
Background: The role of regulatory T cells has been widely

reported in the suppression of T-cell activation. A dysfunction

in CD41CD251 T-regulatory cell–specific transcription factor

FoxP3 leads to immune dysregulation, polyendocrinopathy,

enteropathy X-linked syndrome, often associated with atopic

dermatitis. Increasing the number and activity of regulatory

T cells in affected organs has been suggested as a remedy in

various inflammatory diseases, including allergy.

Objective: To determine the presence and function of

regulatory T cells in atopic dermatitis.

Methods: Immunohistochemistry of lesional atopic dermatitis

skin and control skin conditions was used to demonstrate

regulatory cells and cytokines in situ. The role of effector and

regulatory T cells as well as their specific cytokines in apoptosis

in human keratinocyte cultures and artificial skin equivalents

was investigated.

Results: Human T-regulatory type 1 cells, their suppressive

cytokines, IL-10 and TGF-b, as well as receptors for these

cytokines were significantly expressed, whereas

CD41CD251FoxP31 T-regulatory cells were not found in

lesional and atopy patch test atopic dermatitis or psoriasis skin.

Both subsets of regulatory T cells suppress the allergen-specific

activation of TH1 and TH2 cells. In coculture and artificial skin

equivalent experiments, subsets of T-regulatory cells neither

induced keratinocyte death nor suppressed apoptosis induced

by skin T cells, TH1 cells, IFN-g, or TNF-a.

Conclusion: A dysregulation of disease-causing effector T cells

is observed in atopic dermatitis lesions, in association with an

impaired CD41CD251FoxP31 T-cell infiltration, despite the

expression of type 1 regulatory cells in the dermis.          
                            

                                                            
                                      

Atopic dermatitis (AD) is a chronic relapsing skin
disorder with an interplay of migrating lymphocytes and
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epidermal keratinocytes (KC).1,2 Lesional AD skin is his-
tologically characterized by dermal mononuclear infiltra-
tion and spongiosis in the epidermis. At the initial stages
of inflammation, TH2 cells migrate to the dermis, where
they acquire a TH0/TH1 phenotype under the influence
of IL-12, produced by antigen-presenting cells or acti-
vated keratinocytes.3-5 These TH0/TH1 cells are character-
ized by the expression of Fas ligand (FasL) and secretion
of significant amounts of the effector cytokines TNF-a
and IFN-g.2,4,5 The secreted IFN-g induces apoptosis
of keratinocytes, leading eventually to the eczematous
lesions characteristic of AD.6,7 In response, keratinocytes
upregulate the production of IFN-g–inducible chemo-
kines,8 which in turn promotes the further infiltration of
T cells into the epidermis, thereby augmenting the severity
of inflammation and keratinocyte apoptosis.

After their initial discovery in the early 1970s, the
concept of T-regulatory (Treg) cell–mediated immune
suppression has been extensively explored. Two main
groups of Treg cells have been defined. One comprises
the natural Treg cells, which are characterized by their
CD41CD251 phenotype. These cells have been sug-
gested to develop under the control of the transcription
factor FoxP3.9 The other group of Treg cells, the adaptive
Treg or T-regulatory type 1 (Tr1), are characterized by the
secretion of high levels of IL-10with orwithout TGF-b.10-12

They develop in the periphery under the influence of pre-
sumably immature dendritic cells13 and/or the presence of
IL-10 and TGF-b, but also immunosuppressive drugs like
glucocorticoids and vitamin D3,14 and operate in a
cytokine-mediated manner.

Most research on the inhibitory capacities of Treg cells
has focused on their ability to suppress proliferation of
effector T cells. It has been tempting to speculate that
migration of increased numbers of Treg cells to the
inflammation area, or the induction of their local prolif-
eration, might be beneficial in the treatment of several

Abbreviations used
AD: Atopic dermatitis

APT: Atopy patch test

FasL: Fas ligand

HDM: House dust mite

NAD: Nonallergic type of dermatitis

Tr1: T-regulatory type 1

Treg: T-regulatory
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inflammatory diseases, including allergy, autoimmunity,
and transplantation rejection. Accordingly, we investi-
gated the presence of Treg cells and their cytokines IL-10
and TGF-b, as well as their potential to suppress T-cell
effector functions in AD skin. Here, we show that IL-10–
secreting Tr1 cells, but not FoxP31CD41CD251 T cells,
infiltrate lesional AD skin, demonstrating an imbalance in
T-cell regulation in the affected organ.

METHODS

Subjects

PBMCs were isolated from peripheral blood of 15 healthy

volunteers or patients with AD (aged 19-45 years) hypersensitive to

house dust mite (HDM) or birch pollen allergens and then purified or

cultured to provide the various types of T cells used in this study.

Twenty-four–hour positive atopy patch test (APT) biopsies were

taken of 3 patients with AD at the UniversityMedical Center Utrecht,

The Netherlands, as previously described.15 Three psoriasis biopsies

were obtained from the ZAUM-Center for Allergy and Environment,

Munich, Germany. Lesional skin biopsies were obtained from 3

patients with allergic contact dermatitis and 8 patients with AD

diagnosed according to standard criteria16 at the allergy unit of the de-

partment of dermatology, University of Zurich. Patients with AD and

nonallergic form of dermatitis (NAD)17 were included in the study.

They did not receive any systemic therapy for at least 2 weeks before

taking the biopsy. All studies were approved by the ethical commis-

sions of the Canton of Graubunden, Switzerland, the Zurich

University, Switzerland, the ZAUM, Munich, Germany, or the

University Medical Center Utrecht, The Netherlands.

Purification and in vitro differentiation
of T-cell subsets

Cytokine-secreting cells. PBMCs were isolated by Ficoll

(Biochrom, Berlin, Germany) density gradient centrifugation of

peripheral venous blood. Cells were washed 3 times and resuspended

in RPMI 1640 medium supplemented as described.12 Cells, 2.5 3

107, were stimulated with 0.3 mmol/L Der p 1 in 5 mL medium in

6-well plates (Corning-Costar Corp, Cambridge, United Kingdom).

Secreting T cells were purified by immunomagnetic separation using

the cytokine-secretion assay (AutoMacs; Miltenyi Biotec, Bergish

Gladbach, Germany) for IL-4, IL-10, or IFN-g as previously de-

scribed.12 Purified IL-4–secreting cells, IL-10–secreting cells, and

IFN-g–secreting cells were stimulated in complete culture medium

with 1 nmol/L doses of growth factors: IL-2 (Roche, Basel,

Switzerland) and IL-4 (Novartis, Basel, Switzerland), IL-2 and IL-

15 (Peprotech, London, United Kingdom), and IL-2, respectively,

and the following combination of mAbs to T-cell surface molecules:

anti-CD2 (4B2 and 6G4, each 0.5 mg/mL), anti-CD3 (0.5 mg/mL),

and anti-CD28 (0.5 mg/mL; all from CLB, Amsterdam, The

Netherlands). Their cytokine profiles have been previously reported

as TH2-like, Tr1-like, and TH1-like cells, respectively.
12

CD41CD251 T cells. CD41CD251 T cells were purified from

PBMCs of healthy donors by using the CD41CD251 regulatory

T-cell isolation reagents (Miltenyi Biotec).18 The expression of

FoxP3 on CD41CD251 T cells was significantly higher than on

CD41CD252 T cells, as previously reported.19 Purified CD41CD251

T cells were cultured for 18 hours in complete RPMI 1640 medium

containing IL-2 before being used in experiments.

TH1 cells. CD45RA1 T cells were purified by depletion of

PBMCs using Pan T-cell isolation reagents (Miltenyi Biotec) and

anti-CD45RO labeled microbeads (Miltenyi Biotec). Naive T cells

(1 3 105 cells in 500 mL complete RPMI 1640, in 48-well plates;
Corning-Costar Corp) were cultured with IL-2 (50 ng/mL), IL-12

(25 ng/mL), anti-CD2/3/28 mAb, and anti–IL-4 mAb (10 mg/mL)

for 12 days to generate TH1 cells.20

AD skin–derived T cells. T cells from the epidermis of lesional

biopsies of patients with AD were isolated as previously described.5

FoxP3 mRNA expression was analyzed as previously described.19

Keratinocyte cultures

Primary human keratinocytes (pooled normal human epi-

dermal keratinocytes from neonatal skin) were purchased from

BioWhittaker, Verviers, Belgium; PromoCell GmbH, Heidelberg,

Germany; or Invitrogen, Basel, Switzerland, and grown in fully

supplemented keratinocyte growth medium (KGM-2 bullet kit,

BioWhittaker). During experiments, hydrocortisone was left out of

the medium. Immortalized human HaCaT keratinocytes (a gift from

Prof Dr N. E. Fusenig, Heidelberg, Germany) were grown in com-

plete RPMI 1640 medium.

T-cell–keratinocyte cocultures

Keratinocytes were first seeded into 48-well or 96-well plates

(Corning-Costar Corp) and were incubated to allow attachment and

formation of a 75% to 90% confluent monolayer. After refreshing the

medium, cytokines IFN-g (Peprotech), soluble Fas ligand (Alexis

Corp, Lausen, Switzerland), TNF-a (Alexis Corp; all 10 ng/mL), IL-

10 (20 ng/mL; Peprotech), and TGF-b (2 ng/mL; R&D Systems Inc,

Abingdon, United Kingdom) were used in different combinations.

IL-10 and TGF-bwere added at least 2 hours before if combinedwith

other cells and/or cytokines. In cocultures with keratinocytes, T cells

were incubated for only 24 hours and then washed away. If effector

and IL-10–secreting Tr1 or CD41CD251 T cells were combined,

regulatory cells were added at least 2 hours earlier. Of each type of

T cell, 2.5 to 5 3 104 (96-well or 48-well plate, respectively) were

used per well.

Artificial skin equivalents

Skin equivalents were cultured on dead de-epidermized dermis

from human foreskin. A total of 4 3 105 third passage primary hu-

man keratinocytes were seeded onto the de-epidermized dermis and

grown in an air-fluid interface for 10 days in modified Greens me-

dium.21 Fully differentiated artificial skin equivalents were grown

for 4 days in a transwell system, while combinations of IFN-g,

soluble Fas ligand (sFasL), IL-10, and TGF-b were added directly

to the medium below the insert. After 4 days, the skin pieces were

snap-frozen in liquid nitrogen and embedded in Tissue-Tek opti-

mal cutting temperature compound (Sakura Finetek Europe BV,

Zoeterwoude, The Netherlands).

Viability and apoptosis detection

Keratinocyte viability was evaluated by means of ethidium

bromide (25 mmol/L; Sigma Chemical Co, St Louis, Mo) exclu-

sion and flow cytometry (EPICS XL-MCL flow cytometer; Coulter

Corp, Hialeah, Fla). Hoechst staining was performed according to

Norris et al22 on cytospin samples and frozen sections of artificial

skin equivalents. Terminal deoxynucleotidyl transferase-mediated

dUTP nick end labeling staining was performed on frozen sections

of artificial skin equivalent by using the MEBSTAIN apoptosis kit

II (MBL, Naka-ku Nagoya, Japan). Stained samples were mounted

with Fluorescent Mounting Medium (DAKO, Glostrup, Denmark)

and subsequently evaluated under an ultraviolet microscope

(Axiovert 405M; Carl Zeiss AG, Feldbach, Switzerland).

Immunohistochemistry

Biopsy specimens were taken from lesions 3 to 6 days old and

positive 24-hour APT of patients with AD, and from normal skin
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of healthy individuals. Frozen sections were stained by using the

ready-to-use Vectastain Universal Elite Kit (Vector Laboratories,

Burlingame, Calif). Primary antibodies were antihuman IL-10, anti-

human TGFb1 (both R&DSystems Inc), antihuman IL-10R1, antihu-

man TGFbRI, anti-human TGFbRII (all Santa Cruz Biotechnology

Inc, Santa Cruz, Calif), antihuman FoxP3 ab10563 (Abcam,

Cambridge, United Kingdom), antihuman CD25 (BD Biosciences

Pharmingen, San Diego, Calif) and polyclonal rabbit or mouse IgG

(Santa Cruz Biotechnology) as isotype controls. FoxP3 peptide

ab14151 (0.125 mg/mL; Abcam) was used as a control to block

anti-FoxP3 binding.

Statistical analysis

All data are expressed as means 6 SDs. Statistical analysis was

performed by using the Student t test and Mann Whitney U test for

samples n < 6 (*P < .05).

FIG 1. A, CD25 expression in the dermis of AD, APT, and psoriasis

skin. B, FoxP3 staining in corresponding skin diseases (ACD, aller-

gic contact dermatitis) and human tonsil. Arrows indicate positive

cells. C, Blockage of FoxP3 staining with specific peptide. D, FoxP3

mRNA expression in skin T cells and blood CD41CD251 Treg cells

relative to CD41CD252 T cells (u.s., unstimulated; stim, anti-CD2,

anti-CD3, and anti-CD28 mAbs stimulation for 2 hour). Same

results obtained in �3 samples.
RESULTS

Expression of IL-10 and TGF-b as well as their
receptors, but not FoxP3, in lesional AD skin

To investigate the expression and function of Treg
cells in AD, we looked at whether the Tr1 cell-specific
cytokines, IL-10 and TGF-b, or CD41CD251 Treg cell-
specific transcription factor FoxP3 are expressed in le-
sional AD skin. Despite the presence of large numbers
of CD251 cells (Fig 1, A), we did not detect any FoxP31

cells, neither in the dermal infiltrate of chronic lesional
AD skin nor in acutely inflamed skin 24 hours after
APT, psoriatic skin, or healthy skin (Fig 1, B). FoxP3
was detectable abundantly on T cells in the follicular
area of the tonsil, and on approximately 1% of infiltrating
T cells in allergic contact dermatitis skin by an exclusively
nuclear staining. The binding of FoxP3 antibody could
be blocked by preincubating the antibody with specific
FoxP3 peptide (Fig 1, C). Analysis of mRNA levels con-
firmed that T cells isolated from AD skin express very
low levels of FoxP3, comparable to CD41CD252 T cells.
CD41CD251 Treg cells express relatively high levels of
FoxP3 mRNA, which are upregulated on activation (Fig
1, D). Both IL-10 and TGF-b were abundantly present
throughout epidermal keratinocyte layers as well as in der-
mal mononuclear cell infiltrate of affected skin (Fig 2, A).
TGFbRI and TGFbRII were highly expressed in the
epidermis and dermis of affected skin, whereas IL-10R
was expressed in the whole epidermal layers, but only
on a few cells in the dermal infiltrate (Fig 2, B).

IL-4–secreting, IL-10–secreting, and
IFN-g–secreting T cells are present in
both AD and NAD skin lesions

Next, we isolated and characterized T cells from
lesional skin biopsies of 4 patients with AD and 4 patients
with NAD. Cytokine patterns determined by ELISA

FIG 2. A, IL-10 and TGF-b expression in AD skin. B, TGFRI and

TGFRII were expressed throughout the skin, IL-10R almost exclu-

sively in the epidermis. Arrows indicate positive cells. Highlighted

areas magnified below. Scale bar: 50 mm. Similar results obtained

in �3 patients.
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showed a significant increase in IL-5 and IL-13 in AD. IL-
10, IFN-g, and IL-4 secretion did not differ significantly
between the 2 types of AD (Fig 3, A). In either type of AD,
both IFN-g as an effector cytokine and IL-10
as a regulatory cytokine were detectable. A quantitative
determination of IL-4–secreting, IL-10–secreting, and
IFN-g–secreting T cells was possible by capturing the se-
creted cytokine on the surface of the T cell. The majority
of T cells isolated from AD skin were IFN-g–secreting
cells. A considerable percentage of IL-10–secreting cells,
but only a minor fraction of IL-4–secreting cells, were
found among skin T cells (Fig 3, B).

FIG 3. Cytokine profile of T cells isolated from AD skin. A, T cells

isolated from AD and NAD skin restimulated with anti-CD2, anti-

CD3, and anti-CD28 mAbs. Cytokines were measured after 72

hours in supernatants, by ELISA. *P < .005). B, Skin T cells were

stimulated for 48 hours with anti-CD2, anti-CD3, and anti-CD28

antibodies. IL-4–secreting, IL-10–secreting, and IFN-g–secreting

CD31 T cells were demonstrated.
Allergen-specific IL-10–secreting Tr1 cells and
CD41CD251 Treg cells inhibit activation of
allergen-specific effector T cells

To establish the immune regulatory capacity of the
IL-10–secreting Tr1-like cells used in this study, we

FIG 4. Tr1 and CD41CD251 T cells suppress allergen-specific T

cells. Der p 1–specific IFN-g–secreting, IL-4–secreting, and IL-10–se-

creting T cells were purified from peripheral blood. IFN-g–secreting

(A) and IL-4–secreting (B) T cells were added to PBMCs and stimu-

lated with Der p 1 in the absence or presence of IL-10–secreting Tr1

cells. One experiment representative of 8 is shown. C, CD41CD251

T cells suppress the Der p 1–induced proliferation of PBMCs of

donors allergic to HDM (n 5 3). u.s., Unstimulated. [3H] Thymidine

(TdR) incorporation determined after 5 days. *P < .05.
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examined their effect on the antigen-specific activation of
IL-4–secreting TH2-like and IFN-g–secreting TH1-like T
cells. Freshly purified TH cells selected for their specific-
ity against the HDM allergen Der p 1 showed increased
proliferation upon encounter with this allergen when
added to autologous PBMCs (Fig 4, A and B). An equal
amount of IL-10–secreting Tr1 cells to that of IL-4–

FIG 5. IL-10, TGF-b, and Tr1 cells do not influence keratinocyte (KC)

apoptosis. A, Viability of KCs 3 days after coculture with T cells iso-

lated from AD or NAD skin. IL-10–secreting Tr1 cells were added in

equal amounts to skin T cells. B, IL-10 and TGF-b do not influence

skin T-cell–induced KC death. C, KCs cocultured with Tr1 cells and

TH1 cells. D, IL-10 and TGF-b do not influence TH1 cell–induced KC

death. E, Staining of KCs 3 days after coculture with TH1 cells and/

or IL-10–secreting Tr1 cells with Hoechst 33342. F, KCs stimulated

for 3 days with IFN-g, TNF-a, IL-10, and TGF-b. (A-F) One ex-

periment representative of 3 is shown. Viability determined by

ethidium bromide exclusion. G, Artificial skin equivalents were

cultured with IFN-g and sFasL for 4 days, in the presence or

absence of IL-10 (10 ng/mL) and TGF-b (2 ng/mL). *P < .05. TUNEL,

Terminal deoxynucleotidyl transferase-mediated dUTP nick end

labeling.
secreting or IFN-g–secreting cells nearly abolished this
response. This shows that IL-10–secreting Tr1 cells can
suppress allergen-specific activation of both TH2-like
and TH1-like cells. Similarly, CD41CD251 T cells
showed significant suppression of Der p 1–specific prolif-
eration of PBMCs from donors allergic to HDM (Fig 4,C).

Tr1 cells, their cytokines IL-10 and TGF-b, and
CD41CD251 Treg cells do not suppress
T-cell–induced keratinocyte apoptosis

T-cell–induced keratinocyte apoptosis plays an essen-
tial role in the development of eczematous lesions in AD.
Accordingly, we investigated whether Tr1 cells or their
suppressive cytokines IL-10 and TGF-b can suppress skin
T-cell–induced, in vitro differentiated TH1 cell–induced,
or IFN-g and sFasL–induced keratinocyte apoptosis in co-
cultures and artificial skin equivalents. Keratinocyte death
induced by skin T cells did not show any difference
between T cells isolated from AD or NAD biopsies. In
both cases, keratinocyte death induced by preactivated
skin T cells was not prevented by the addition of IL-10–
secreting Tr1 cells in coculture (Fig 5, A). Moreover, skin
T-cell–induced keratinocyte death was not blocked by the
addition of IL-10 or TGF-b (Fig 5, B).

The suppressive capacity of IL-10–secreting Tr1 cells
on IL-12–driven TH1 cell–induced keratinocyte apoptosis
was further analyzed in cocultures with human keratino-
cytes. IL-10–secreting Tr1 cells did not affect keratinocyte
viability alone, nor did they suppress TH1 cell–induced
keratinocyte death in cocultures (Fig 5, C). Addition of
IL-10 or TGF-b to keratinocytes during coculture again
did not suppress TH1-induced keratinocyte death (Fig 5,
D). Bright, condensed, and fragmented staining of kera-
tinocyte nuclei with Hoechst 33342 dye, 3 days after co-
culture with TH1 cells, further confirmed these findings

FIG 6. CD41CD251 Treg cells do not affect keratinocyte (KC) death

induced by (A) IFN-g and sFasL (72 hours), (B) in vitro–differenti-

ated TH1 cells (48 hours), or (C) CD41CD252 T cells, preactivated

for 48 hours. Viability was measured by ethidium bromide exclu-

sion 48 to 72 hours after coculture. Experiments were performed

at least twice in triplicate cultures. *P < .05.
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and suggested that cell death was in the form of apoptosis,
which was not inhibited by IL-10–secreting Tr1 cells
(Fig 5, E).

Because direct T-cell–keratinocyte contact is not es-
sential for the pathology of AD, we performed the same
experiments based solely on cytokines. Keratinocytes
were cultured with the effector cytokines IFN-g and
TNF-a. Again, a substantial reduction in the viability of
keratinocytes was observed, mainly after culture with
IFN-g and to a lesser extent with TNF-a after 3 days. As in
the experiments with TH1 cells, the induced keratinocyte
death was not suppressed by IL-10 and TGF-b (Fig 5,
F). Similar results were obtained with HaCaT and primary
human keratinocytes.

The differentiation status of keratinocytes was hypoth-
esized to play a role in the observations with monolayer
cell cultures. Accordingly, the effects of the aforemen-
tioned cytokines were studied in a model of artificial
skin equivalents in a 3-dimensional structure that in-
volves primary human keratinocytes, dermal fibrocytes,
and extracellular matrix proteins. IFN-g and sFasL
induced severe cell death throughout the epidermis of
skin equivalents after 4 days (Fig 5, G). Similar to mono-
layer keratinocyte cultures, IL-10 or TGF-b did not sup-
press the apoptosis of keratinocytes in artificial skin
equivalents.

A direct interaction of CD41CD251 Treg cells and
keratinocytes was investigated by the addition of
CD41CD251 Treg cells to TNF-a–stimulated or IFN-g–
stimulated keratinocytes. The reduced viability of kera-
tinocytes observed after 3 days was not affected by
CD41CD251 Treg cells, similar to the findings with
IL-10–secreting Tr1 cells (Fig 6, A). Like Tr1 cells,
CD41CD251 Treg cells did not induce keratinocyte
apoptosis. To assess whether CD41CD251 Treg cells
suppress TH1-induced or CD41CD25- T-cell–induced
keratinocyte apoptosis, CD41CD251 Treg cells were
added to a coculture of TH1 or CD41CD252 T cells with
keratinocytes. In both cases, CD41CD251 Treg cells did
not inhibit keratinocyte death (Fig 6, B and C).

DISCUSSION

During the last decade, a significant amount of data
has accumulated on the suppressive effects of Tr1 or
CD41CD251 T-regulatory cells in models of autoimmu-
nity, allergy, transplantation tolerance, tumor tolerance,
and chronic infections.12,23 The efficacy of various Treg
cell subsets in the suppression of inflammation has
tempted scientists to speculate that increasing Treg cell
numbers may suppress inflammation and tissue injury in
affected organs. In the current study, we show that
FoxP31CD251 T cells are not present in AD skin,
whereas Tr1 cells, their suppressive cytokines IL-10 and
TGF-b, and receptors for these cytokines are abundantly
expressed. Both CD41CD251 T regulatory cells and
Tr1 cells can efficiently suppress activation of TH1 and
TH2 cells stimulated with allergen/antigen. However, the
effector function of preactivated T cells, namely keratino-
cyte apoptosis, is not affected either by CD41CD251

T cells or Tr1 cells and their suppressive cytokines IL-10
and TGF-b.

One difficulty in comparing the results of different
studies with Treg cells is the variation in regulatory cell
types. The IL-10–secreting Tr1 cells used in this study
were selected for their allergen-induced IL-10 secretion as
previously described.12 CD41CD251 T cells were iso-
lated from peripheral blood of healthy and donors allergic
to HDM. Most studies with IL-10–secreting Tr1 cells
and CD41CD251 T cells have focused on their ability to
inhibit proliferation of responder cells. Here, we dem-
onstrate that IL-10–secreting Tr1 cells can inhibit the
allergen-specific proliferation of IL-4–secreting TH2 as
well as of IFN-g–secreting TH1 cells. In addition, a consid-
erable percentage of T cells isolated from lesional AD skin
are IL-10–secreting cells. Furthermore, we showed the
presence of Tr1 cytokines, IL-10 and TGF-b, and their re-
ceptors in biopsies of AD skin. Supporting these findings,
overexpression of IL-10 was previously described in
AD,24 and all isoforms of TGF-b have been described to
be expressed in nonaffected skin, with an upregulation
during wound repair.25

Previously, CD41CD251 Treg cells and CLA1CD41

CD251 T cells have been demonstrated to be elevated in
peripheral blood of patients with AD compared with
healthy controls or patients with asthma.26 Although we
found a high amount of CD251 cells in the dermal infil-
trate of AD skin, we did not detect any FoxP3 expression.
This shows that these CD251 cells present in the skin are
activated T cells and not regulatory CD41CD251 T cells.
Similarly, circulating CLA1CD41 or CD81 T cells have
been demonstrated to express CD25 highly and display
effector functions by inducing IgE production by B cells
and prolonged survival of eosinophils.26 Mutations in
the FoxP3 gene have previously been reported to play
a critical role in the onset of immune dysregulation,
polyendocrinopathy, enteropathy X-linked syndrome, an
X-linked recessive immunological disorder. This rare
disease is often associated with eczema (4 out of 5 patients
in 1 study) and high levels of IgE.27 Together, these data
suggest that there might be an essential role for
CD41CD251FoxP31 Treg cells in controlling inflamma-
tion of the skin, a system apparently malfunctioning in AD.

Both IL-10R and TGF-bR have been described in the
epidermis of healthy skin, with a marked upregulation
of the latter during wound repair.28,29 In contrast to pso-
riasis,28 IL-10R was abundantly expressed throughout
affected epidermis in AD. Although no effect of IL-10
on keratinocytes has previously been reported, this
expression of IL-10R suggests that there might be a role
for IL-10 in the control of keratinocyte death in AD.
Accordingly, we examined the role of IL-10–secreting
Tr1 and CD41CD251 Treg cells in the control of kerati-
nocyte apoptosis on both a cell-to-cell contact and a cyto-
kine-mediated level. We found that T cells isolated from
lesional skin of patients with AD induced apoptosis of ke-
ratinocytes, despite the presence of a considerable amount
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of IL-10–secreting Tr1 cells. The addition of exogenous
IL-10–secreting Tr1 cells isolated from peripheral blood
of healthy donors did not prevent the apoptosis of kerati-
nocytes in these cocultures. A defect in regulation has
been suggested as a determinant in the ongoing effector
functions of AD skin T cells. Superantigens, present in
the skin of more than 90% of patients with AD, can induce
strong proliferation of CD41 and CD81 T cells in the
skin.30 Strong binding of superantigens to the TCR in con-
junction with CD28 costimulation31 was shown to render
T cells insensitive to suppression by CD41CD251 Treg
cells32 and IL-10.33 Superantigens also abrogate immune
suppression by corticosteroids,34 which operate via the
induction of Treg cells19 This provides a possible explana-
tion for the absence of inhibition of skin T-cell–induced
keratinocyte apoptosis by Tr1 or CD41CD251 Treg cells.
To exclude this phenomenon, the same experiments were
repeated with Th1 cells and CD41CD252 T cells from
healthy donors. The apoptosis induction by these cell
types was comparable to that seen with skin T cells, but
Tr1 and CD41CD251 Treg cells did not induce keratino-
cyte apoptosis. Because an inhibitory effect might be
cell contact–independent and cytokine levels secreted by
T cells may vary, similar experiments were performed
with effector cytokines such as TNF-a and IFN-g and
suppressor cytokines like IL-10 and TGF-b. Again, no
inhibitory effect of IL-10 and TGF-b was seen on IFN-g–
induced or TNF-a–induced apoptosis.

In perspective, 4 distinct stages play an important role
in allergic inflammation of the skin. The first is the acti-
vation of T cells by allergens or superantigens, followed
by organ-selective homing, whereby cells are influenced
by the network of chemokines in the skin.2,35 The third
stage is classified by prolonged survival of inflammatory
cells within the inflamed skin and reactivation, by aller-
gens and/or superantigens. Finally, the effector role of
T cells in the skin is characterized by the induction of
keratinocyte apoptosis and development of spongiosis,
all of which are important factors in AD. Thus, regulatory
T cells of either Tr1 or CD41CD251 Treg phenotype can
suppress antigen-specific activation of T cells (stage 1 and
stage 3), but they cannot prevent activated effector T-cell–
induced keratinocyte apoptosis (stage 4). In addition,
taken together with AD and hyper-IgE in the phenotype
of immune dysregulation, polyendocrinopathy, enteropa-
thy X-linked syndrome, the absent expression
of CD41CD251FoxP31 Treg cells in AD and psoriasis
skin suggests a dysregulated control of inflammation,
particularly by natural Treg cells.
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