
Introduction

Atopic dermatitis (AD) is a common inflammatory skin disease
characterized by impaired epidermal barrier function and cuta-
neous inflammation usually with onset in early infancy. It affects
10–20% of children and 1–3% of adults in industrialized countries,
but its prevalence has more than doubled in the past 30 years [1].

AD is associated with other atopic diseases such as asthma and
allergic rhinitis in many patients and thus represents an enormous
burden on health care. Although it is a prevalent disease, relatively
little is understood about the pathogenic mechanisms involved in
the development of AD [1]. Current treatments including corticos-
teroids, calcineurin inhibitors and UV therapy bear the risk of side
effects when used for long-term therapy including skin atrophy,
infections and carcinogenesis [1]. In order to develop more tar-
geted approaches to treatment of AD, it is mandatory to better
understand its pathogenesis.

Currently, AD is seen as a result of combined altered barrier
function, abnormal immune reactivity and environmental factors
such as allergens and microbes [1]. Impaired epidermal barrier
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Abstract

Genetic or vitamin D3-induced overexpression of thymic stromal lymphopoietin (TSLP) by keratinocytes results in an atopic dermatitis
(AD)-like inflammatory phenotype in mice echoing the discovery of high TSLP expression in epidermis from AD patients. Although skin
dendritic cells (DC) are suspected to be involved in AD, direct evidence of a pathogenetic role for skin DC in TSLP-induced skin inflam-
mation has not yet been demonstrated. In a mouse model of AD, i.e. mice treated with the low-calcemic vitamin D3 analogue, MC903,
we show that epidermal Langerhans cells (LC)-depleted mice treated with MC903 do neither develop AD-like inflammation nor increased
serum IgE as compared to vitamin D3 analogue-treated control mice. Accordingly, we show that, in mice treated with MC903 or in 
K14-TSLP transgenic mice, expression of maturation markers by LC is increased whereas maturation of dermal DC is not altered.
Moreover, only LC are responsible for the polarization of naïve CD4� T cells to a Th2 phenotype, i.e. decrease in interferon-� and
increase in interleukin (IL)-13 production by CD4� T cells. This effect of LC on T-lymphocytes does not require OX40-L/CD134 and is
mediated by a concomitant down-regulation of IL-12 and CD70. Although it was previously stated that TSLP up-regulates the produc-
tion of thymus and activation-regulated chemokine (TARC)/chemokine (C-C motif) ligand 17 (CCL17) and macrophage-derived
chemokine (MDC)/CCL22 by human LC in vitro, our work shows that production of these Th2- cell attracting chemokines is increased
only in keratinocytes in response to TSLP overexpression. These results demonstrate that LC are required for the development of AD in
mouse models of AD involving epidermal TSLP overexpression.
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function can be due to inherited epidermal abnormalities such as
mutations in the gene encoding for the epidermal protein filaggrin
[2, 3] and of other proteins important for epidermal structure and
function [4]. Recent work has identified epidermal expression of
thymic stromal lymphopoietin (TSLP) as an important factor pro-
moting Th2-dominated inflammation. TSLP is an interleukin (IL)-
7-like cytokine that is critically involved in allergic disease [5]. It is
highly expressed by keratinocytes in lesional AD but not in other
types of skin inflammation. Aside from its direct effect on lympho-
cytes, TSLP increases the production of thymus and activation-
regulated chemokine (TARC)/CCL17, a Th2 cell-attracting
chemokine, by human CD11c� blood dendritic cells (DC) and
Langerhans cells (LC) in vitro [6, 7]. Moreover, human CD4�

helper T cells [6] as well as CD8� T cells [8] stimulated by TSLP-
treated DC in an antigen-specific manner, secrete a Th2 pattern of
cytokines that was termed ‘pro-allergic’ [6]. Pro-allergic T cells
secrete a specific pattern of cytokines including an increased
amount of IL-13 and a reduced level of interferon (IFN)-�.

Mouse studies corroborate a critical role of TSLP in the patho-
genesis of AD. In mice overexpressing TSLP under the control of
an inducible keratin promoter in the epidermis, an AD-like inflam-
matory phenotype has been observed, i.e. eczematous lesions
containing infiltrating inflammatory cells, an increase in Th2
CD4� cells expressing cutaneous homing receptors, and high
levels of serum IgE [9, 10]. Furthermore, mice deficient in 
RXR-�/� selectively in the epidermis, or mice topically treated
with a low-calcemic vitamin D3 analogue, namely MC903,
develop an AD-like phenotype associated with increased epider-
mal TSLP expression [11, 12].

It was suggested that the activation of DC may be a critical
downstream effect of TSLP. Indeed, an almost complete lack of LC
from TSLP-expressing patches was observed in inflamed atopic
skin suggesting an activation of LC by TSLP resulting in their emi-
gration from the epidermis [6, 11]. LC are a subset of DC residing
primarily in epithelia, foremost in the epidermis [13, 14]. Although
their in vitro T-cell stimulatory function is firmly established [15],
there is also evidence that LC act as antigen-presenting cells 
in vivo, such as in contact dermatitis [16, 17] and in AD [18] even
though this is presently under discussion [19].

Interestingly, in TSLP-expressing patches of lesional AD, LC
appear to have emigrated from epidermis to the underlying dermis
where phenotypically mature skin DC (as defined by DC-
LAMP/CD208 expression) were found [6]. It was therefore sug-
gested that LC eventually migrate to skin draining lymph nodes
where they induce pro-allergic Th2 cells, in analogy to what was
shown for blood DC [5]. However, the differential contribution of
LC versus dermal DC to this phenomenon has not yet been
addressed directly [5, 11].

Therefore, we wanted to further clarify the role of LC in the
pathogenesis of AD in vivo. We characterized the in vivo pheno-
type and function of LC versus dermal DC in two mouse models
of AD associated with increased expression of epidermal TSLP.
Mice were topically treated with a low-calcemic vitamin D3 ana-
logue (MC903) [11, 12]. Alternatively, we used mice overexpress-
ing TSLP under the control of a K14 promotor [10]. We assessed

whether LC were required for the development of AD by combin-
ing the MC903 mouse model of AD with diphtheria-mediated
depletion of LC and langerin� dermal DC in langerin-DTR (diph-
theria toxin receptor) knockin mice expressing a DTR under the
control of the langerin promotor [19]. Our results strongly support
a pathogenetic role for a long-standing ‘suspect’ in AD develop-
ment, namely the epidermal LC.

Materials and methods

Animals

Mice of the inbred strain C57BL/6 were purchased from Charles River
Laboratories (Sulzfeld, Germany) and used at 2–3 months of age. K14-TSLP
transgenic mice [10] and langerin-DTR-EGFP knockin mice expressing a
DTR and enhanced green fluorescent protein (EGFP) under the langerin
promotor in LC and in langerin� dermal and lymph node DC were bred on
a C57BL/6 background as described previously [20]. All animal experi-
ments were carried out according to governmental guidelines.

Antibodies and reagents

Anti-mouse TARC/CCL17, macrophage-derived chemokine (MDC)/CCL22,
eotaxin/CCL11 monoclonal antibodies (mAb) were purchased from R&D
Systems (Minneapolis, MN, USA). MAb used for detecting LC were the
antimouse major histocompatibility complex (MHC)-class II-FITC, clone
2G9, from BD Biosciences (San Diego, CA, USA) and the antimouse lan-
gerin-Alexa488, clone 929F3/CD207 from Dendritics (Lyon, France). CD4�

T cells were detected with antimouse CD4-allophycocyanin (APC), clone
RM4–5, from BD Biosciences. Directly labelled primary mAb specific for
CD86 (clone GL1), CD40 (clone 3/23), CCR7 (clone 3D12), CD11c (clone
HL3 or N418), MHCII (clone 2G9), CD103 (clone M290) and CD70 (clone
FR70) were purchased from BD Biosciences. Antimouse IL-12p40/70
(clone C15.6), IL-12p70 (clone 9A5), tumour necrosis factor (TNF)-�
(clone MP6-XT22), IL-10 (clone JES5–16E3), IL-4 (clone BVD4–24G2), IL-
5 (clone TRFK5), IFN-� (clone XMG1.2) mAb and goat polyclonal anti-
mouse IL-13 antibody were purchased from BD Pharmingen (San Diego,
CA, USA) and antimouse OX40-L (clone RM134L) and IL-23p19 (clone
G23–8) from eBioscience (San Diego, CA, USA). Anti-rat or goat-biotin
antibody and streptavidin Alexa-Fluor-594 were purchased from
Amersham Biosciences (GE Healthcare, Buckinghamshire, UK) and
Invitrogen/Molecular Probes (Carlsbad, CA, USA), respectively. Plasma IgE
concentration was measured by using the mouse ELISA kit from BD
Pharmingen. Cytokine production by keratinocytes was assessed by using
the multi-analyte profiler ELISAarrayTM kit from SuperArray Bioscience
Corporation (Frederick, MD, USA). Vitamin D3, diphtheria toxin (DT) and
oxazolone were purchased from Sigma (St. Louis, MO, USA) and MC903
from Leo Pharma (Ballerup, Denmark).

Keratinocyte cell culture

Second passage keratinocytes isolated from C57BL/6 mice were seeded in
6-well plates and cultured in keratinocyte growth medium (Cellntec, Berne,
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Switzerland) until reaching 80% confluency. Then keratinocytes were cul-
tured in medium and vehicle or 45 �M MC903 for 72 hrs. Supernatants
were collected and cytokine concentrations were determined by multi-ana-
lyte profiler ELISAarray.

Phenotype analysis of skin DC

Epidermal cells were isolated by trypsinization. Pieces of mouse skin were
incubated in 0.8% trypsin (Merck, Darmstadt, Germany) for 25–45 min. at
37�C. Epidermis was peeled off and incubated for another 30 min. at 37�C
as described earlier [21]. In parallel, the dermis was cut into small pieces
and incubated for 45 min. in Roswell Park Memorial Institute (RPMI) with
5% foetal calf serum and DNase I (200 U/ml) at 37�C under constant shak-
ing. Cells were then stained with mAb and analysed by flow cytometry.

Measurement of the skin DC migration to skin
draining lymph nodes

Auricular draining lymph nodes from mice treated on the ears with MC903 or
vehicle or from K14-TSLP transgenic mice were analysed. Lymph nodes were
digested with collagenase P (Roche Applied Science, Mannheim, Germany)
for 30 min. at 37�C and cells were counted in the haemocytometer, stained
with mAb and analysed by flow cytometry as described earlier [21]. Absolute
numbers of DC per auricular lymph node were calculated on the basis of flu-
orescence-activated cell sorting (FACS) analysis and haemocytometer cell
counts. Langerin�CD40�MHCIIhighCD11c� cells were considered 
as emigrated epidermal LC and dermal langerin� DC whereas lan-
gerin�CD40�MHCIIhighCD11c� cells as emigrated dermal DC. Discrimination
between emigrated epidermal LC and langerin� dermal DC was addressed 
on the basis of CD103 staining, i.e. epidermal LC was designed as 
langerin�CD11c�CD103� and langerin� dermal DC as lan-
gerin�CD11c�CD103�.

Detection of intracellular cytokines

DC and T cells were isolated from lymph nodes by collagenase P (Roche
Applied Science) digestion and cultured for 4.5 hrs with 1 �g/ml Brefeldin
A (BD  Biosciences) to prevent cytokine secretion as described earlier [21].
To detect cytokines, cells were permeabilized with a cell permeabilization
kit (Fix&PermTM, An der Grub Bio-Research, Kaumberg, Austria) for 15 min.
at room temperature, washed, stained with antibodies and then analysed
by flow cytometry.

Flow cytometry and immunohistochemistry

Flow cytometry analysis was done using a FACScalibur using CellQuest
software (BD Immunocytometry Systems, San Jose, CA, USA). Epidermal
sheets prepared by separation with 0.5 M ammonium thiocyanate (Merck,
Westchester, PA, USA) or cytospins were fixed in acetone as described ear-
lier [21], washed and then stained with unconjugated primary mAb in 1%
PBS/BSA for 1 hr at 37�C. After washing, sheets or cytospins were incu-
bated with an anti-rat-biotin antibody for 1 hr at 37�C, then washed and fur-
ther incubated with streptavidin Alexa-fluor-594 for 1 hr at 37�C. After
washing, the sheets or cytospins were counterstained with antimouse

MHC-class II-FITC mAb for 1 hr at 37�C. The staining was visualized with
a 40	 objective using an Olympus (Center Valley, PA, USA) B	60 epiflu-
orescence microscope. As negative controls fluorochrome-matched iso-
types were used in parallel for both flow cytometry and immunohistochem-
istry. Six millimetre punch biopsies from ears were fixed in formalin,
embedded in paraffin and stained with haematoxylin and eosin stains.

Mouse treatments and ear thickness measurement

The low-calcemic vitamin D3 analogue, MC903 (25 �l of a 45 �M solution
per ear) was dissolved in ethanol and topically applied once a day on ears
of 6- to 8-week-old mice as described previously [12]. Oxazolone (5%) in
acetone:olive oil (4:1) or vitamin D3 analogue in ethanol were applied to
the inner and outer surfaces of mouse ears. Ear thickness was monitored
with a digital calliper (Kroeplin, Schluechtern, Germany). Wild-type and
langerin-DTR mice were injected intraperitoneally with DT at day–2 
(1 �g/mouse), day�4 (100 ng/mouse) and day�10 (100 ng/mouse)
according to the length of mouse treatment.

Quantitative PCR

Quantitative PCR analyses were performed using ABI PRISM 7700
sequence detector (Applied Biosystems, Vienna, Austria) and the TaqMan
Brilliant Quantitative PCR Core Reagent Kit from Stratagene (Heidelberg,
Germany). Random primed cDNA was prepared (Superscript II RNase 
H-reverse transcriptase; Life Technologies, Vienna, Austria) from total RNA
isolated from mouse ears. Total RNA was extracted using TRIZOL (Gibco
BRl, Life Technology). Sequences for probes and primers (synthesized by
Microsynth, Balgach, Switzerland) specific for mouse TATA binding protein
and TSLP mRNA molecules were selected using Primer Express software
(Applied Biosystems, Foster City, CA, USA) and are available upon request.

Statistical analysis

Results are expressed as mean 
 S.E.M., n represents the number of mice
used for each experiment. Data were analysed using a Student’s t-test.

Results

Epidermal TSLP creates a pro-allergic milieu 
in skin and lymph nodes before the development
of clinical signs of inflammation

Previous work has shown that topical treatment of mice with the
low-calcemic vitamin D3 analogue, MC903 induces an overex-
pression of TSLP by keratinocytes and results in an AD-like
inflammation of the skin with erythema, swelling, scratching and
dermal inflammatory cell infiltrates involving Th2 lymphocytes
and eosinophils [12]. In order to characterize early pro-inflamma-
tory events, we topically treated mice with MC903 for 4 days. Only
subtle dermal inflammatory infiltrates and mild epidermal hyperplasia
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were observed at these early time-points (Fig. 1A). Furthermore,
MC903 did not significantly alter the production of IL-1� and �,
IL-2, IL-4, IL-6, IL-10, IL-12, IL-17A, IFN-�, TNF-� and granu-
locyte-macrophage colony-stimulating factor (GM-CSF) in cul-
tured keratinocytes when compared to vehicle-treated cells (data
not shown), suggesting that TSLP is the major cytokine mediat-
ing the effects of MC903. Similarly, overexpression of TSLP
under the K14 promotor also resulted in AD-like phenotype such
as erythema, swelling, dermal inflammatory cell infiltration, in
association with a strong Th2 immune response (Fig. 1A) [10].

Immunostaining of epidermal sheets and cytospins revealed
that both TARC/CCL17 and MDC/CCL22 are expressed in 
keratinocytes and LC in situ or in freshly isolated LC (Fig. 1B
and C). However, MC903 induced an increase of epidermal pro-
duction of TARC/CCL17 and MDC/CCL22 only in keratinocytes
and not in LC when compared to vehicle (Fig. 1C) and in young
K14-TSLP transgenic mice when compared to littermate con-
trols (Fig. S1A), whereas eotaxin/CCL11 was not detectable
(data not shown).

Characterization of DC in the skin
In order to study the role of skin DC in early stages of AD, we
assessed the phenotype of skin DC isolated from two different
mouse models of AD, i.e. mice topically treated with MC903 for 
4 days or 2-month-old K14-TSLP transgenic mice. The density of
LC, as determined in situ on epidermal sheets, appeared to be
decreased in some epidermal areas, however, total LC numbers in
the epidermis were not significantly modified by MC903 treatment
when compared to vehicle control (Fig. 1B). However, LC exhibited
an activated morphology as indicated by the up-regulation of
MHC-class II, CD40, CD86 and CCR7 (Figs 1D and S1B). In 
contrast, the dermal DC subpopulation, defined as CD11c�

MHCII�langerin� cells, was not significantly affected neither by
MC903 treatment nor by TSLP overexpression in the epidermis,
i.e. the cells did not up-regulate activation markers (Figs 1E and
S1C). A new subset of langerin� DC in the dermis distinct from
the traditional epidermal LC was recently discovered [22] but the
function of these langerin� dermal DC remains to be clarified. In
our study, the phenotype of the CD11c�MHCII�langerin� popula-
tion of the dermis was neither altered in mice treated with MC903
nor in mice genetically overexpressing TSLP under the K14 pro-
motor as compared to controls (Fig. S2). Altogether, these data
indicate that TSLP activated LC, whereas dermal DC remained in a
resting state.

Characterization of DC in the lymph nodes
We next characterized skin DC that had migrated into the lymph
nodes. The total number of lymph node cells was increased
approximately 3.4-fold in MC903-treated animals as compared to
vehicle-treated animals (data not shown). In addition, the number
of emigrated total langerin� DC (epidermal LC and langerin�

dermal DC) was higher with MC903 treatment as compared to
vehicle control (data not shown). This results from an increased
migration of both epidermal LC and langerin� dermal DC whereas
dermal DC emigration did not reach significance (n � 7) (Fig. 2A).
To further characterize the phenotype of emigrated skin DC, we
assessed cytokine production by DC in skin draining lymph nodes
by intracellular staining and flow cytometry. We chose to screen
cytokine production by cells in absence of in vitro restimulation to
avoid artefactual changes in cytokine profiles. To determine if the
cytokine profile of DC was polarized towards a Th1 or a Th2
response, we analysed in parallel an established mouse model
exhibiting a predominant Th1 response, i.e. mice topically treated
with oxazolone [23]. Migratory skin DC express high levels of
MHC-class II and can be subdivided into three subsets based on
their langerin and CD103 expression [19] in contrast to lymph
node resident DC that express low to intermediate levels of MHC-
class II. In regard to the Th1-inducing cytokine IL-12, we observed
that production of IL-12p40/70 by all lymph node langerin� DC
(i.e. all MHC-class IIhighCD11c�langerin� cells originating from
epidermis and dermis) was markedly decreased (2.6 times) in 
the MC903 group when compared to the Th1 oxazolone-treated
control group, this decrease was smaller in dermal DC (i.e. all
MHC-class IIhighCD11c�langerin� cells [1.6 times]) (Figs 2B and
S3). The reduction of IL12p40/70 production by lymph node 
resident DC (MHC-class IIintCD11c�langerin� cells) was statisti-
cally not significant (Fig. 2B). Interestingly, emigrated LC 
(langerin�CD11c�CD103�) produced lower amount of IL-
12p40/70 although emigrated langerin� dermal DC (langerin�

CD11c�CD103�) produced similar amount of IL-12p40/70 in the
MC903 group when compared to the Th-1 control group (Fig 2C).
Moreover, langerin� DC (i.e. all CD11c�langerin� cells originating
from epidermis and dermis) exhibited lower amount of IL-12p70,
the active form of IL-12, in the MC903 group when compared to
the Th-1 control group whereas emigrated dermal DC and resident
lymph node did not (Fig. 2D). Because DC from patients with AD
show defective IL-12 but also TNF-� production which may con-
tribute to increased susceptibility to infection and to the mainte-
nance of the Th-2 cell-mediated allergic state in patients with AD

Fig. 1 Phenotype of skin DC in a mouse model of early atopic dermatitis, i.e. before the development of clinical signs of inflammation: Mice treated
with vehicle (ethanol, ETOH) or vitamin D3 analogue MC903 for 4 days and 2-month-old K14-TSLP transgenic (K14-TSLP) and littermate control 
(wild-type) mice were used. One representative image of the results is shown for the different analyses. (A) Haematoxylin and eosin staining of mouse
ear sections showing the inflammatory infiltrate, n � 4. (B, C). Immunostaining of epidermal sheets (B) or cytospins (C) showing the expression of
MDC/CCL22 and TARC/CCL17 (red fluorescence) in epidermal cells isolated from ethanol or MC903-treated mice, n � 3. LC were stained with anti-
mouse MHC-class II mAb (green fluorescence). DAPI stain shows nuclei for cytospins. (D) Expression of maturation markers at the cell surface of LC
analysed by flow cytometry and immunostaining of LC, n � 3. Cells were gated on MHC-class II. (E) Expression of maturation markers at the cell sur-
face of dermal DC analysed by flow cytometry, n � 3. Cells were gated as MHC-class II�langerin� cells.
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[24], we also measured the production of TNF-� by the different
subsets of lymph node DC in our mouse models of AD. Production
of TNF-� was not significantly affected by MC903 treatment in lan-
gerin� DC whereas it was decreased in langerin� DC in MC903-
treated mice when compared to the Th1 control group (Figs 2E
and S3). In contrast, IL-23 remained undetectable in all DC popu-
lations (data not shown).

Because OX40-L/CD134 was previously shown to be important
for the polarization of T cells [25], we next assessed the expres-
sion of OX40-L/CD134. We found that expression of OX40-
L/CD134 was not decreased in all subsets of DC with MC903 treat-
ment when compared to Th1 control (Figs 2D and S3). Recently,
it was shown that CD70, a member of the TNF family and the ligand
for the T-cell co-stimulatory receptor CD27, promotes Th1 differen-
tiation of CD4� naïve T cell upon priming by mature DC [26, 27].
Therefore, we also investigated the level of CD70 expression on
the different subsets of DC in the skin draining lymph nodes. We
found that CD70 expression was dramatically decreased on the
cell surface of langerin� DC (7.7 times) whereas expression of
CD70 remained low in langerin� DC in the MC903 group when
compared to the Th-1 control group (Fig. 2E). It is of note that the
different subsets of DC did not exhibit major differences in the
vehicle-treated control group with respect to cytokine production
and CD70 expression when compared to untreated mice (data not
shown). Altogether, these data indicate that TSLP-activated LC
down-regulated both IL-12 and CD70 but not OX40-L/CD134.

Analysis of T-cell cytokines
We found that after treatment with MC903 T cells exhibited a pre-
dominant Th2 cytokine response when compared to a Th1
response, i.e. oxazolone (Figs 2F and 4F). IFN-� production by
CD4� T cells was reduced whereas IL-13 was significantly
increased in MC903-treated mice compared to vehicle and oxa-
zolone-treated controls (Figs 2F and 4F). However, production of IL-4,
IL-5 and IL-10 by CD4� T cells was comparable in all treatment
groups, and production of TNF-� was generally very low (data not
shown). Similar results were observed in K14-TSLP mice (Fig. S4).

These data show that in two mouse models of AD, LC are
altered before the development of clinical signs of AD and suggest
that TSLP mediates these effects on LC [28].

Phenotype of skin DC at the time-point of overt
atopic dermatitis

Characterization of DC in the skin
In order to correlate the DC phenotype with the evolution of AD
over time, we studied the phenotype of skin DC isolated at later
disease stages of our mouse models; i.e. from mice treated with
MC903 for 10 days and from 3-month-old K14-TSLP transgenic
mice. Both the magnitude of the dermal inflammatory infiltrates
and epidermal thickness were significantly increased at this later
time-point (Fig. 3A). The inflammatory infiltrates primarily con-
sisted of lymphocytes, macrophages, eosinophils and neutrophils
as previously published [12]. In the epidermis, LC exhibited an
activated phenotype, i.e. an increase in MHC-class II, CD40, CD86
and CCR7 in MC903-treated animals when compared to animals
treated with vehicle and to animals treated with MC903 for 4 days,
i.e. before the development of clinical signs of inflammation 
(Figs 1D and 3B). In contrast to LC, at this later disease stage, the
phenotype of dermal DC remained unchanged on the basis of
CD40 level of expression (Fig. 3C). Similar results were observed
in K14-TSLP overexpressing mice (Fig. S5A and B).

Characterization of DC and CD4� T cells in lymph nodes
In the draining lymph nodes of MC903-treated mice, cell numbers
were approximately 10-fold increased compared to vehicle-treated
animals (data not shown). Furthermore, the number of emigrated
langerin� DC and langerin� dermal DC was higher in MC903-
treated compared to vehicle-treated animals (Fig. 3D). Again,
comparable results were found with K14-TSLP overexpression as
compared to littermate controls (Fig. S5C). Low-level production
of IL-12p70 followed similar variations as compared to the early
time-point in the draining lymph nodes, i.e. reduced production of

Fig. 2 OX40-L/CD134 and CD70 expression and cytokine production by lymph node DC in early AD, i.e. before the development of inflammation: Mice
were treated with vehicle (ethanol, ETOH) or MC903 for 4 days on ears. Oxazolone-treated mice were used as a control for a Th1 predominant response.
One representative image of the results is shown while histograms show all combined results. (A) Number of DC which have emigrated from the skin
to skin draining lymph nodes analysed by flow cytometry, n � 7. Cells were gated on CD11c and emigrated epidermal LC were defined as lan-
gerin�CD103� cells, emigrated dermal langerin� DC as langerin�CD103� cells and emigrated dermal DC as langerin�MHC-class IIhighCD40� cells. (B)
Production of IL-12p40/70 analysed by flow cytometry by different subsets of DC. Cells were gated on CD11c. Distinction between resident and migrated
DC was done on the basis of MHC-class II expression, n � 3–8. (C) Production of IL-12p40/70 by emigrated epidermal LC versus langerin� dermal DC
analysed by flow cytometry. Cells were gated on langerin, n � 3. (D) Production of IL-12p70 analysed by flow cytometry by different subsets of DC.
Cells were gated on CD11c. Distinction between resident and migrated DC was done on the basis of MHC-class II expression, n � 3 for the MC903
group and a pool of three mice was used for the oxazolone Th-1 control. (E) Production of TNF-� and expression of OX40-L/CD134 or CD70 by total
lymph node langerin� DC and DC analysed by flow cytometry. Lymph nodes cells were gated for CD11c, n � 3–4 for the MC903 group and a pool of
three mice was used for the oxazolone Th-1 control. In FACS plots, numbers show relative percentage of CD70�langerin� DC and CD70�langerin� DC,
gated on CD11c. (F) Production of IFN-� and IL-13 by lymph node CD4� T cells analysed by flow cytometry, n � 3–4. Data were analysed using a
Student’s t-test.
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IL-12p70 in the MC903 group when compared the Th-1 control
group in langerin� DC but not in langerin� DC (data not shown).
Expression of OX40-L/CD134 remained very low to absent on lan-
gerin� DC at this time-point with all treatment modalities (data not
shown). At this later time-point, CD4� T cells exhibited a pro-aller-
gic phenotype similar to the early time-point (Figs 2F and 3E).
These data suggest that there is indeed a correlation between LC
activation level within the epidermis and evolution of AD over time
and thus reveal a dose and time-dependent effects of TSLP on LC.

Atopic dermatitis-like inflammation does not
develop in the absence of Langerhans cells 
in a mouse model involving high epidermal 
TSLP expression

To dissect the role of LC and dermal DC in the development of AD
in the MC903 model, we treated LC-depleted (langerin-DTR-EGFP
treated with DT) or wild-type mouse ears with MC903 or ethanol

Fig. 3 Phenotype of skin DC in mouse models of overt atopic dermatitis: Mice treated with vehicle (ethanol, ETOH) or MC903 for 10 days on ears and 3-
month-old K14-TSLP transgenic (K14-TSLP) and littermate control (wild-type) mice were used. Oxazolone-treated mice were used as a positive control for a
Th1 predominant response. One representative image of the results is shown for the different analyses. (A) Haematoxylin and eosin staining of mouse ear
sections showing the inflammatory infiltrate, n � 4. (B) Expression of maturation markers at the cell surface of LC analysed by flow cytometry. Cells were
gated on MHC-class II, n � 4. (C) Expression of CD40 at the cell surface of dermal DC analysed by flow cytometry. Cells were gated as MHCII�langerin�

cells, n � 4. (D) Number of DC which have emigrated from the skin to skin draining lymph nodes analysed by flow cytometry, pool of three mice. (E)
Production of IFN-� and IL-13 by lymph node CD4� T cells analysed by flow cytometry, n � 3–4. Data were analysed using a Student’s t-test.
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for 4 days. Immunostaining of epidermal sheets confirmed
absence of LC and langerin� dermal DC in depleted mice (Fig. S6A
and B). Ear thickness was not significantly different between treat-
ment groups and controls at day 5 (data not shown). Although the
dermal inflammatory infiltrate was slightly increased in MC903-
treated mice as compared to vehicle controls, the overall magni-
tude of inflammation was not significantly different between
MC903- and vehicle-treated LC-depleted mice (Fig. 4A). The phe-
notype of dermal DC in the dermis was neither affected by MC903
treatment nor by LC depletion (data not shown). The number of
auricular lymph node cells was significantly higher in MC903-
treated mice compared to vehicle in both LC-depleted and wild-
type mice (Fig. 4B). The number of dermal DC emigrated to the
draining lymph nodes was markedly increased in MC903-treated
LC-depleted mice as compared to controls (Fig. 4C). Production of
low levels of IL-12p70 by DC was not affected by LC depletion or
by MC903 treatment whereas production of TNF-� was reduced in
the MC903 group when compared to the Th-1 control group inde-
pendently of LC depletion (Fig 4D). Importantly, Fig. 4E shows that
the CD4� T-cell cytokine secretion pattern was not altered in
MC903-treated LC-depleted mice compared to vehicle-treated LC-
depleted mice, indicating decrease induction of Th2 cytokines in
response to MC903 in absence of LC. In wild-type mice in which
LC are present, IFN-� production by CD4� T cells was reduced
whereas IL-13 was significantly increased in MC903-treated mice
compared to vehicle and Th1 oxazolone-treated controls (Fig. 4F).
The production of IL-4, IL-5 and IL-10 by CD4� T cells was com-
parable in all treatment groups, and the production of TNF-� was
generally very low (data not shown). These data show that LC are
required for the polarization of naïve CD4� T cells to a Th2 pheno-
type, i.e. a decrease in IFN-� and an increase in IL-13 production
by CD4� T cells. Moreover, the down-regulation of TNF-� produc-
tion by DC is not involved in the development of a Th2 response.

To more rigorously test the hypothesis that LC are essential in
AD development, we assessed LC-depleted or wild-type mice for
AD-like symptoms after treatment with MC903 or ethanol at a late
disease stage. Mice were injected with DT 2 days before and 4 and
10 days after onset of treatment. The depletion of LC abolished the
increase in both ear thickness and dermal inflammatory infiltrate
in response to MC903 but it did not prevent MC903-induced epi-
dermal hyperplasia (Fig. 5A). Moreover, LC depletion abolished
the MC903-induced increase in plasma IgE (Fig. 5B). TSLP
expression in the skin was increased after MC903 as compared to
vehicle treatment regardless of the presence of LC (Fig. S7). In
summary, these results demonstrate that LC are required for the
development of AD in this mouse model and that TSLP is most
likely the main mediator [28].

Discussion

Using two different mouse models of AD: (1) mice topically
treated with a low-calcemic vitamin D3 analogue (MC903) [11, 12]

and (2) mice overexpressing TSLP under the control of the K14
promotor [10], we here show for the first time that LC play a 
critical role both in the development and in the maintenance of 
AD-like inflammation and symptoms.

At early stages of AD development, i.e. before clinical signs of
inflammation develop, LC exhibit an activated phenotype as shown
by the increased expression of stimulatory and co-stimulatory
molecules namely MHC-class II, CD40, CCR7 and CD86 in both
mouse models. In contrast, dermal DC do not exhibit a modified
phenotype under the same experimental conditions. Moreover,
topical application of MC903 induces a significant migration of LC
from the skin to the skin draining lymph nodes, which is not
observed for dermal DC. LC migration is followed by the induction
of a strong Th2 response by CD4� T cells as shown by a decrease
in the production of IFN-� and an increase in the production of 
IL-13 [29]. Indeed, IL-13 has emerged as a pivotal mediator of
Th2-dominant immune responses [30] and also as a predictive
marker of AD development in children [31], thus supporting that
IL-13 plays an important role also in AD pathogenesis notably by
inducing the production of IgE [32–34]. The polarization of the
CD4� T cells towards a Th2 cytokine response in our study seems
not to result from an altered expression of OX40-L/CD134 as sug-
gested by previous in vitro work with DC isolated from human
blood [25, 35]. In a recent report on human LC the TSLP-induced
induction of a pro-allergic T-cell cytokine pattern was also not
accompanied by an up-regulation of OX40-L/CD134 on LC [7].
Therefore, further investigations about the exact role of OX40-
L/CD134 are required in order to clarify its real importance in Th
responses induced by LC. Interestingly, we found a down-regula-
tion of CD70, a receptor recently shown to be involved in Th1
response [26, 27], upon MC903 treatment more prominently in LC
than in DC. The down-regulation of CD70 at the cell surface of LC
in combination with the decreased IL-12 production by LC is likely
to be the crucial factor for the polarization towards the Th2
cytokine response. Indeed, only in LC but not in DC did IL-12 pro-
duction appear to be markedly reduced in response to MC903,
suggesting that DC may be little or not involved in the develop-
ment of Th2-polarized T cells in early stage AD. Indeed, the use of
LC-depleted mice strongly supports the notion that LC are the crit-
ical inducers of the Th2 response. Signs of AD did not develop in
the absence of LC. Although dermal DC still migrated to skin
draining lymph nodes in response to MC903 and induced prolifer-
ation of lymphocytes, they are unable to skew CD4� T cells
towards a pro-allergic cytokine pattern. These results demonstrate
that LC are required to induce the Th2 polarization of CD4� T cells,
a prerequisite for AD development.

Previous reports showed an increase in the production of
TARC/CCL17 and MDC/CCL22 by TSLP-treated human LC 
in vitro [7]. Our study shows that, in our two different mouse
models of AD, keratinocytes produce higher amounts of
TARC/CCL17 which is known to attract T cells and macrophages
and of MDC/CCL22 which mostly recruits T cells but also
eosinophils [5, 36–38] in response to genetic or MC903-induced
TSLP overexpression. Thus, keratinocytes may have the potential
to contribute to the development of AD not only by producing
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LC-depleted mice treated with ethanol or MC903 analysed by flow cytometry. Cells were gated on CD11c, n � 4–5. (E, F). Percentage of IFN-�� and
IL-13� CD4� T cells analysed by flow cytometry in the skin draining lymph nodes of LC-depleted (E) or wild-type (F) mice, n � 3–4 or a pool of three
mice. Data were analysed with a Student’s t-test.

Fig. 4 Phenotype of the dermal DC and CD4� T cells in 
LC-depleted mice upon MC903 treatment: Wild-type and DTR-LC
(langerin-DTR-EGFP) mice were injected with 1 �g diphtheria
toxin (DT) intraperitoneally at day–2. At day 0, ethanol (vehicle) or
MC903 were topically applied onto mouse ears for 4 days.
Oxazolone-treated mice were used as a positive control for a Th1
predominant response. One representative image of the results is
shown for the different analyses. (A) Haematoxylin and eosin
staining of mouse ear sections showing inflammatory infiltrate, 
n � 4. (B) Number of auricular lymph node cells counted under
the haemocytometer, n � 4–7. (C) Number of emigrated dermal
DC which have reached the skin draining lymph nodes, n � 3–4.
(D) Percentage of IL-12p70� and TNF-�� DC in wild-type and 
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high amounts of TSLP in response to danger signals such as
physical injury, microbial products or allergens [39] but also by
secretion of chemoattractant chemokines that would sustain the
allergic inflammation [40].

The role of LC in AD – mechanistic aspects
To prove that LC are required in the development of AD in our
mouse model, we treated LC-depleted mice with MC903 for 
2 weeks and we found that these mice did not develop AD-like
symptoms including skin inflammation and high serum IgE. The
implications of these results are as followed (i ) LC but not dermal
DC were required for the polarization of the T cells towards a Th2
profile. (ii ) LC were required for the attraction of inflammatory
cells such as lymphocytes and eosinophils to the dermis in AD, in
spite of the production by keratinocytes of high amount of the
Th2- cell-attracting chemokines, TARC/CCL17 and MDR/CCL22.
(iii ) LC are responsible for the production of IL-13 by CD4� T
cells, which in turn induces the production of IgE. Therefore, this
study definitively attributes a pathogenetic role to a long-standing
candidate for triggering AD, namely the epidermal LC. Our data are
in agreement with previous studies showing the effects of TSLP
on human LC and blood-derived DC [6, 7] or more recently on the
beneficial effects of the inhibition of antigen-presenting function in
different mouse models of dermatitis [41, 42].

The role of TSLP-inducing compound MC903
The effect of MC903 on LC is likely mediated by TSLP, which is
massively produced by MC903-treated keratinocytes, or by 
keratinocytes overexpressing TSLP under the control of the K14
promotor. Indeed, a direct effect of MC903 on the phenotype of LC
can be excluded because MC903 was shown to inhibit LC func-
tion, at least in vitro [43]. Moreover, our results show that MC903-
activated keratinocytes do not produce a cytokine pattern that 
differs from vehicle-treated keratinocytes. Instead, the amount of
TSLP and / or the time-related effects of TSLP seem to be crucial.
Indeed, very short-term treatment with MC903 induces a signifi-
cant emigration of LC associated with a lower production of IL-12
by emigrated LC but does not alter the dermal DC function (Fig. 2).
However, at later time-points, both populations have significantly
migrated to skin draining lymph nodes (Fig. 3). Thus, the accumu-
lation of TSLP in the skin or its long-standing effect could partici-
pate in the maintenance of AD by involving all skin DC subsets.
Finally, it is unlikely that MC903-induced TSLP overexpression in
skin could directly drive the development of AD by controlling the

Th2 cytokine production by T-lymphocytes as suggested recently
by He et al. [44]. Indeed, we found that LC-depleted mice treated
with MC903 do not develop AD (Fig. 5) while producing high
amount of epidermal TSLP (Fig. S7) firmly demonstrating that LC
are required to develop AD-like disease in our mouse model.

The recent discovery of a new subset of langerin� DC in the
dermis distinct from the traditional epidermal LC brings another
level of complexity into the investigation of the differential con-
tribution of each different skin DC subset in skin immune
responses [22, 45, 46]. Systems that would allow discriminating
epidermal LC from langerin� dermal DC including complex
immunostaining or mouse models remain difficult to use. In our
study, we cannot exclude that dermal langerin� DC contribute to
the development of AD because these cells are depleted in the
langerin-DTR-EGFP mice as well. However, we could not see any
obvious phenotypical modification of langerin� dermal DC in our
mouse models of AD over time including expression of matura-
tion markers (Fig. S2) and production of IL-12 (Fig. 2), largely
minimizing their contribution to the development of the disease
even though it could not be definitively excluded. Furthermore,
the small size of this population in the dermis argues against
them being a major contributor. Future studies should further
detail the function of dermal langerin� DC in the skin and in
inflammatory skin disease.

In conclusion, we formally identified LC as the main actor in
the development of AD-like symptoms in two different models of
AD although both dermal DC and keratinocytes contribute to the
inflammatory phenotype. However in the absence of LC, these
cells are unable to alone provoke the disease. We show here for
the first time the critical implication of LC in the development of
AD, their ability to induce the Th2 response by the CD4� T cells
and the essential role of TSLP in triggering AD via LC. The mech-
anism that initiates the production of TSLP by keratinocytes in AD
patients remains to be determined. Based on these findings it is
tempting to speculate that inhibiting LC function at early stages of
AD development could be a particularly effective strategy.
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Fig. 5 LC-depleted mice do not develop AD after MC903 topical application: Wild-type and DTR-LC (langerin-DTR-EGFP) mice were injected with diph-
theria toxin (DT) at day–2, day�4 and day�10 of treatment. DTR-LC mice not injected with DT were used as additional controls. At day 0, ethanol and
MC903 were topically applied on mouse ears for 15 days. (A) Haematoxylin and eosin staining showing inflammatory infiltrate of mouse ear skin at day
15 and time course of ear thickness, n � 3–6. The two lower pictures are closer view of skin section from wild-type and DTR-LC mice mice injected
with DT and topically treated with MC903. (B) Plasma IgE concentration determined by ELISA, n � 2–7. Data were analysed with a Student’s t-test.
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Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1 Skin phenotype of 2-month-old K14-TSLP mice. (A)
Immunostaining of epidermal sheets showing the expression of
TARClCCL17 and MDClCCL22. (B) Expression of maturation mark-
ers at the cell surface of LC analysed by flow cytometry.
Histograms demonstrate the overlay of CD40, CD86 and CCR7
expression on LC, i.e. on cells gated on MHC-class II. The plain
black Histogram designates cells isolated from K14-TSLP mice,
the grey line cells isolated from littermate control mice and the
dotted grey line the isotype control. (C) Expression of maturation
markers at the cell surface of dermal DC analysed by flow cytom-
etry. Cells were gated on MCH-class II�Langerin- cells. One rep-
resentative picture is shown for immunofluorescence stainings or
flow cytometry analyses. Groups of three mice were used.

Fig. S2 Phenotype of dermal langerin�CDIIc�MHCclass II�
cells. Expression of maturation markers at the cell surface of der-
mal langerin� DC were analysed by flow cytometry. Cells from
mouse ears treated with vehicle (ethanol, ETOH) or MC903 for 
4 days (nght panel) or from 2-month-old K14-TSLP transgenic
(K14-TSLP) mice or littermate control (control) mice (left panel)
were used, n � 3, 4 Dot plots show cells gated on MHC-class II
and CDIIc and one representative image of the results.

Fig. S3 0x40-LiCD134 expression and cytokine production by
lymph node DC in early AD i.e. before the development of
inflammation: Mice were treated with vehicle (ethanol, ETOH) or
MC903 for 4 days on ears Oxazolone-treated mice were used as a
control for a Thl predominant response. Dot plots show cells
treated on CDIIc and one representative image of the results.
Numbers show relative percentage of cytokine� or 0x40-L� lan-
gerin� DC and of cytokine� or 0x40-L� langerin- DC, gated 
on CDIIc.

Fig. S4 Phenotype of CD4� T cells In K14–TSLP mice: Production of
IFN-g and IL-13 by lymph node CD4� T cells analyzed by flow cytome-

try in K14-TSLP transgenic (K14-TSLP) and littermate control (WT)
mice, n � 2–4. Oxazolone-treated mice were used as a positive control
for a Thl predominant response, n � 3,4. Data were analysed using a
student’s t-test.

Fig. S5 Phenotype of three-month old K14-TSLP mice: (A) Expression
of maturation markers at the cell surface of LC analysed by flow cytom-
etry, n � 3. (B) Expression of maturation markers at the cell surface of
dermal DC analysed by flow cytometry. Results from 4 animals were
pooled. (C) Number of emigrated DC analysed in the lymph nodes by
flow cytometry, n � 4.

Fig. S6 Depletion of langerin� skin DC: (A) Immunohistochemistry
of epidermal sheets showing the expression of Langerin (red fluores-
cence) and MHCclass II (green fluorescence) in the epidermis of wild
type (WT) and LC-depleted (DTR-LC) mice treated with vehicle (ethanol,
ETOH) or MC903. (B) Flow cytometry analysis of langerin expression in
the dermis of wild type and LC-depleted mice treated with vehicle
(ethanol) or MC903. Dermal cells were gated on MHC-class I1.
Representative images are shown. Groups of three to eight animals
were used.

Fig. S7 Quantitative PCR for TSLP transcript in mouse ears. Wild type
(WT) and LCdepleted (DTR-LC) mice were injected with diphthena toxin
(DT) at day-2, day�4 and day�10 of the treatment. DTR-LC mice not
injected with diphtheria toxin were used as additional controls. Ethanol
(vehicle. ETOH) and MC903 were topically applied to mouse ears for 
15 days. Then RNA was prepared from whole ears Groups of three to
seven animals were used.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1582-
4934.2009.00797.x

(This link will take you to the article abstract).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.
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