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Thymic stromal lymphopoietin converts
human epidermal Langerhans cells into
antigen presenting cells that induce

pro-allergic T cells

Susanne Ebner, PhD,?¢ Van Anh Nguyen, MD,? Markus Forstner,*° Yui-Hsi Wang, PhD,?
Dolores Wolfram, MD,® Yong-Jun Liu, MD, PhD, and Nikolaus Romani, PhD®* Innsbruck,

Austria, and Houston, Tex

Background: Thymic stromal lymphopoietin (TSLP) endows
human CD11c* dendritic cells (DCs) from peripheral blood
with the capacity to induce pro-allergic T cells. TSLP is present
at high levels in the epidermis of atopic dermatitis where it
appears to trigger emigration of epidermal Langerhans cells
(LCs); however, nothing else is known about the influence

of TSLP on LCs.

Objective: Effects of TSLP on human epidermal LCs

were investigated.

Methods: LCs were isolated by trypsinization from healthy
human skin, highly enriched by immunomagnetic techniques
(via CD1a) and cultured for 2 days. Additionally, migratory LCs
were obtained by emigration from epidermal sheets for 3 days.
Results: The addition of TSLP promoted survival and
maturation of LCs obtained by trypsinization, as indicated by
their increased expression of CD83, CD86, and high levels of
MHC II. TSLP markedly increased numbers of migratory LCs.
Allogeneic naive CD4" T cells, cocultured with migratory
TSLP-LCs produced less IFN-y and IL-10 and more IL-4, IL-5,
IL-13, and TNF-c. Finally, TSLP-LCs secreted markedly more
of the Ty2 T-cell-attracting chemokine CCL17/thymus and
activation-regulated chemokine.

Conclusion: These cytokine patterns correspond to those
described for TSLP-treated blood DCs. They highlight

a direct effect of TSLP on epidermal LCs.

Clinical implications: Our data emphasize a critical role for
LCs in the triggering of atopic dermatitis. Furthermore, they
underscore the interest in TSLP as a potential therapeutic
target in atopic diseases. (J Allergy Clin Immunol
EEEE;EEN:EEE-NEN,)
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Langerhans cells (LCs) are dendritic cells (DCs) resid-
ing primarily in epithelia, foremost in the epidermis.'~
The T-cell stimulatory function of LCs in vitro is firmly
established.” Evidence also exists that LCs function as
antigen-presenting cells in vivo, even though this is cur-
rently under discussion.*> Nevertheless, it is still likely
that in both contact dermatitis®’ and atopic dermatitis®’
LCs serve as critical antigen-presenting cells. In the latter
condition, LCs express high-affinity IgE receptors that
allow them to focus low amounts of allergen and render
them more efficient in processing and presenting them to
T cells.'® Thus, it is of interest to further study the role
of LC in atopic disease.

Thymic stromal lymphopoietin (TSLP) is an IL-7-like
cytokine that seems to be critically involved in allergic
disease.' ' It is highly expressed by keratinocytes in the
lesions of acute and chronic atopic dermatitis but not in
other types of skin inflammation. Human blood DCs trea-
ted with TSLP undergo phenotypic and functional matura-
tion. CD4 " helper T cells'® as well as CD8 ™ T cells'* that
are stimulated by TSLP-treated DCs in an antigen-specific
manner secrete a pro-allergic pattern of cytokines, that is,
increased amounts of IL-4, IL-5, IL-13, and TNF-« and re-
duced levels of IFN-y and IL-10. Notably, TSLP-treated
CD11c* blood DCs produce thymus and activation-regu-
lated chemokine (TARC)/CCL17, a T2 T-cell-attracting
chemokine."? The observations in human DCs are corrob-
orated by mouse studies that also point to a critical role for
TSLP in the pathogenesis of atopic disease. When TSLP
is transgenically expressed in the epidermis under the
control of a keratin promoter, mice develop symptoms
strongly resembling atopic dermatitis, that is, eczematous
lesions containing infiltrating inflammatory cells, an in-
crease in Ty2 CD4™ T cells expressing cutaneous homing
receptors, and higher levels of IgE in the serum.'> A sim-
ilar phenotype is observed when expression of TSLP is
induced in the epidermis by rendering mice deficient
for retinoid X receptors selectively in keratinocytes.'® The
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Abbreviations used

DC: Dendritic cell

FITC: Fluorescein isothiocyanate

IDEC: Inflammatory dendritic epidermal cell(s)
LC: Langerhans cell
PE: Phycoerythrin

TARC: Thymus and activation-regulated chemokine

TSLP: Thymic stromal lymphopoietin

role of LCs in contributing to the observed pathology has
not been investigated in these mouse models.

The original study on the effects of TSLP on DCs' re-
ported that, in the TSLP-expressing patches of inflamed
skin, LCs were almost absent. Instead, these authors found
many LCs in the underlying dermis in a phenotypically
mature state (as defined by the DC-LAMP/CD208 expres-
sion),'* which suggests that TSLPs may have induced
their emigration from the epidermis and their maturation.
Based on these observations, Soumelis et al'? hypothe-
sized that these LCs eventually migrate to the lymph nodes
and induce pro-allergic Ty2 T cells there, in analogy to
what has been shown for blood DCs. Indeed, such T2
cells were recently found in the dermis of atopic eczema
in close association with DC-LAMP—expressing DCs.'”
However, none of the mentioned studies, including the
original report by Soumelis et al,'® has functionally inves-
tigated LCs isolated from the epidermis. It is not known
whether TSLP acts on LC in the same way as on blood
DCs, which prompted us to directly study the effects of
TSLP on LCs obtained from the human epidermis either
by migration from epidermal explants or by trypsinization
and subsequent enrichment.

METHODS
Media and reagents

The culture medium used for human skin cultures was RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum, 2 mmol/L
L-glutamine (Sigma Chemicals, St. Louis, Mo), and 50-pg/mL gen-
tamycin (PAA, Linz, Austria). Recombinant TSLP (15 ng/mL final
working concentration in all experiments) and a neutralizing anti-
TSLP-antibody were purchased from R&D Systems (Minneapolis,
Minn). For phenotypical analyses by flow cytometry fluorescein
isothiocyanate (FITC)- and phycoerythrin (PE)-conjugated mouse
anti-human mAbs were used: anti-CD1a, anti-CD40, anti-CD80,
anti-CD86, anti-HLA-DR (all from BD-Biosciences, San Diego,
Calif), anti-CD83 (Beckman-Coulter, Fullerton, Calif), anti-CCR7
(R&D Systems), anti-OX40L (Ancell, Bayport, Minn), and anti-
CD205/DEC-205 (clone MG38,'® gift of Dr. R. M. Steinman, The
Rockefeller University, NY). Isotype controls included the appropri-
ate fluorochrome-conjugated mouse IgG1 (from BD-Biosciences and
Ancell), mouse IgG2a (R&D Systems), and mouse IgG2b (DAKO,
Glostrup, Denmark) reagents.

Isolation and enrichment of LCs

Normal human split-thickness skin (0.3 mm) was obtained as
discarded material from plastic surgery (reduction mammoplasty and
reduction abdominoplasty) after local ethical committee approval.
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Epidermal cell suspensions were prepared as previously described in
detail." Trypsin-EDTA (Gibco-Invitrogen, Paisley, UK) was used at
a final concentration of 0.05% trypsin and 0.53 mmol/L EDTA at 4°C
for 16 hours. LCs were isolated from epidermal cell suspensions by
positive selection using a mouse anti-human CD1a antibody directly
coupled to super-paramagnetic microbeads (clone HI149, IgGl)
(Miltenyi Biotech, Bergisch Gladbach, Germany) according to the
manufacturefs protocol. Purity of CDla* cells was consistently
greater than 90%.

Skin explant culture

This culture was based on established methods.'** Standardized
pieces of normal skin were prepared by means of an 8-mm punch
from split-thickness skin (0.3 mm). Epidermis and dermis were split
before the onset of culture by the enzyme Dispase I (final concentra-
tion 1.2 IU/mL, 30 minutes/37°C; Roche Applied Sciences, Basel,
Switzerland). Epidermis was floated on 1-mL culture medium in
24-well plates (1 explant per well) for 3 days at 37°C in the absence
or presence of TSLP (“TSLP-LC”’). Migratory LCs that had migrated
into the culture medium during this time were harvested, counted, and
further evaluated by flow cytometry and/or LC-T-cell cocultures.

Determination of cell yields, viability,
and migration of LCs

Freshly isolated, highly enriched LCs were cultured side by side in
the presence or absence of TSLP and in the presence of granulocyte-
macrophage colony-stimulating factor (GM-CSF) for 2 days. A total
of 0.5 X 10° LC were cultured in 48-well plates in 1 mL of medium.
Cells were counted under the hemacytometer, and viability was deter-
mined by trypan blue dye exclusion.

To analyze migration of LCs, Dispase-procured epidermal sheets
of standardized size (8 mm in diameter) were cultured side by side in
the presence or absence of TSLP for 3 days. LCs that had migrated into
the culture medium were counted. LCs were readily and unequivo-
cally identified under the hemacytometer by their pronounced hairy
shape. Dead cells were excluded by trypan blue staining.

Purification of naive T cells and cocultures
with LCs

Peripheral blood mononuclear cells (PBMCs) for naive T cells
were obtained from healthy anonymized blood bank donors. Their
state of atopy was not assessed. PBMCs were incubated with a
mixture of mAbs, including CD14, HLA-DR, CD56, CD8, CD19,
CD45R0, and CD40 (all from BD-Biosciences). Petri dishes were
coated for 1 hour with AffiniPure goat anti-mouse IgG (10 pg/mL;
Jackson ImmunoResearch Laboratories, Avondale, Pa). Naive cD4*
CD45RA™ T cells were isolated using a panning technique described
previously.?! This technique was repeated twice to obtain greater than
95% pure CD4 ™" T cells. LCs cultured under different conditions (me-
dium alone, TSLP, neutralizing anti-TSLP antibody) were washed
twice and cocultured with naive CD4*"CD45RA™ T cells in
48-well plates at a 6:1 ratio (6 X 10° T cells; 1 X 10° viable LC)
for 6 days before being restimulated for cytokine analyses.

Analysis of T-cell cytokine production

For enzyme-linked immunosorbent assays (ELISAs), 6-day
cocultured cells were transferred to fresh wells and restimulated
with plate-bound anti-CD3 (10 pg/mL; BD-Biosciences) and anti-
CD28 (2 ng/mL; BD-Biosciences) for another 30 hours for ELISA.
Culture supernatants were frozen at —80°C until levels of IL-4, IL-5,
IL-10, IL-13, TNF-«, and IFN-y were measured with ELISA kits (IL-
4,1L-5,1L-10, IL-13, and TNF-« from Bender MedSystems, Vienna,
Austria; IFN-y from BD-Biosciences). For analyses of intracellular
cytokine production, the primed CD4 " T cells were restimulated on
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day 6 by adding 50 ng/mL PMA plus 2 pg/mL of ionomycin for an
additional 6 hours. GolgiStop (1 pg/mL; BD-Biosciences) was also
added during these 6 hours. Cells were washed and stained with the
combination of PE-labeled mAbs to IL-4, IL-10, IL-13, and FITC-
labeled anti-IFN-y and allophycocyanin-labeled anti-TNF-o (all
from BD-Biosciences) using a cell permeabilization kit (Fix&Perm,
An der Grub, Kaumberg, Austria).

Mixed leukocyte reaction

Graded doses of LC were added to 2 X 10° allogeneic
CD4"CD45RA™ T cells in 96-well, flat-bottom culture plates for
6 days. Proliferation was determined by the addition of 1 nCi
[*H]thymidine (specific activity 247.9 GBg/mmol = 6.7 Ci/mmol;
New England Nuclear, Boston, Mass) during the last 16 hours of
the culture period and subsequent measurement of incorporated radi-
oactivity in a scintillation counter (Perkin Elmer Life Sciences,
Boston, Mass). Results were calculated as means for triplicate wells.

Determination of LC-derived IL-12p70
and CCL17/TARC

Epidermal explants were cultured in the absence or presence of
TSLP or in the presence of a neutralizing anti-TSLP antibody for 3
days. The resulting migratory LCs were then plated at 1 X 10%mL in
the presence or absence of CD40 ligand-expressing cells for another
48 hours, that is, from day 3 to day 5. Murine myeloma cells trans-
fected with the human CD154/CD40 ligand molecule (P3xTBA7
cells) were used to ligate the CD40 molecule on the surface
of LC.** Wild-type cells served as a negative control (P3x63Ag8.
653-WT). These cells were a gift from Dr. R. A. Kroczek (Berlin,
Germany). Supernatants were taken at 48 hours and were stored at
—80°C until assayed for IL-12p70 and CCL17/TARC by ELISA
(BD-Biosciences for IL-12p70; R&D Systems for CCL17).

Statistical analyses

All experiments were performed at least 3 times with similar
results. P values are from a nonparametric 2-tailed Wilcoxon matched
pair test and from a nonparametric 2-tailed Friedman test followed
by the Dunn multiple comparison test.

RESULTS

TSLP promotes maturation of human LCs. Freshly
isolated, highly enriched LCs expressed substantial levels
of MHC II, low levels of C86, and no CD40 and CD83.
‘When cultured for 48 hours in the presence and absence of
TSLP and GM-CSF, both populations upregulated surface
CD86 to a larger extent as compared with LCs cultured
in medium alone. Percentages of LC (ie, CDla™ cells)
expressing CD86 at high levels were 30-44-44% in exper-
iment 1, 11-35-31% in experiment 2, and 45-63-47% in
experiment 3 for culture in medium alone, TSLP, and GM-
CSF, respectively. A subpopulation of freshly isolated LC
upregulated CD83 spontaneously without experimental
stimulation. Both TSLP (P < .01, n = 7) and GM-CSF
(P < .05, n = 7) further enhanced CD83 expression of
LC (Fig 1, A). Neither treatment, however, led to CD83
expression on the entire population of CDIla* cells.
Soumelis et al'® showed that TSLP-activated CD11c™"
cells express high levels of CD40 and CD80. In contrast,
freshly isolated LCs cultured with TSLP showed no neo-
expression of CD40 and CD80 (not shown). Thus, this
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finding distinguished CD11c™ DCs isolated from human
blood and LCs isolated and enriched from human skin.

Alternatively, enriched populations of LC (up to 70% of
viable cells) could be obtained without enzymatic treat-
ment by migration from epidermal sheets. The phenotypic
properties of migratory LCs differed from LCs isolated
via CDla sorting. All emigrants highly expressed the
costimulatory molecule CD86, maturation marker CD83,
chemokine receptor CCR7, and C-type lectin receptor
DEC-205 (CD205). They also moderately expressed
CD40 (Fig 1, B). From the ‘‘default” maturation that
occurs in these explant cultures, an additional maturation-
enhancing effect of TSLP could not be well appreciated
except for 1 marker. In response to TSLP, expression
levels of CD80 increased further in migratory LCs as com-
pared with LC cultured in medium alone (Fig 1, B). This
result was previously described for CDI1lc™ blood
DCs." Tto et al** implicated OX40L-OX40 interactions
in the induction of TNF-« and IL-4 producing T cells ac-
tivated with TSLP stimulated CD11c¢™ blood DCs. Unlike
CD11c™ blood DCs, migratory LCs with and without
activation by TSLP displayed no differences in their
expression levels of OX40L (Fig 1, C).

TSLP enhances survival of epidermal LCs. Soumelis
etal'? showed that TSLP maintains the survival of CD11c™
DCs from human blood in 24-hour cultures. We cultured
freshly isolated, highly enriched LCs in medium only, in
the presence of TSLP, and in the presence of GM-CSF.
After 24 hours of culture, no significant difference in LC
numbers could be retrieved from the different culture con-
ditions (data not shown). After 48 hours of culture, how-
ever, survival of LCs cultured in the presence of TSLP
was significantly higher than in cultures with medium
only as shown in Fig 2, A (P = .0078, n = 8). Also, a
significantly higher survival of LCs was found in the
presence of TSLP as compared with GM-CSF (Fig 2, B;
P = .0078, n = 8). Therefore, we conclude that TSLP is
a survival-supporting cytokine for epidermal LCs, similar
to GM-CSF, which is a known survival factor for murine
and human LCs.***

TSLP increases migration of migratory LCs from
epidermal explant cultures. Between 3.000 and 12.000
viable LCs emigrated into the culture medium per epider-
mal sheet (approximately 0.5 cm?). In each experiment,
migration of LC was enhanced in the presence of TSLP
(P = .0156, n = 7) as compared with emigration in
medium alone (Fig 2, C). Migration of LC from epidermal
explant cultures was also augmented by TSLP when
assessed on day 4 of the culture (Fig 2, D).

TSLP increases the immunostimulatory capacity of
freshly isolated LCs. The immunostimulatory capacity of
LC was tested in the allogeneic mixed leukocyte reaction.
LCs that had migrated from epidermal sheets in the
presence of TSLP stimulated naive CD4" CD45RA™
T cells efficiently. From the ‘‘default” maturation of LC
in these epidermal explant cultures, TSLP-LCs were only
slightly and insignificantly better than LCs that had
migrated in the absence of TSLP (Fig 3, A). In contrast,
freshly isolated, highly enriched LCs cultured for 48 hours
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FIG 1. Phenotype of LCs activated with TSLP. LCs were identified by their CD1a expression. Fluorescence of
CD1a-gated cells is depicted in the histograms. Filled histograms represent staining of experimental
antibodies; open histograms are isotype controls. A, Freshly isolated LCs were cultured with medium alone,
with TSLP, and with GM-CSF for 48 hours. TSLP markedly increased the percentage of CD83-expressing LCs.
One representative experiment of 3 complete experiments (ie, with all antibodies) is shown in the histograms.
CD83 analyses were performed in 4 additional experiments. B, Maturation-associated molecules CD40, 86, 83,
205, and CCR7 were expressed at high levels already in the absence of TSLP. Only CD80 expression was fur-
ther enhanced by TSLP. One representative experiment of 5 is shown. C, Migratory LCs are highly positive for
HLA-DR and CD1a, and there is no differential expression of OX-40L.
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FIG 2. TSLP improves viability of cultured LCs and enhances migration of human skin emigrants. Highly
enriched LCs were cultured side by side in the presence or absence of TSLP (A) or in the presence of TSLP or
GM-CSF (B) for 2 days. Cell yields, that is, percent surviving LCs of LC plated at the onset of culture are indi-
cated (n = 8; P = .0078 for control vs TSLP; P = .0078 for GM-CSF vs TSLP). C, Dispase-procured epidermal
sheets were cultured side by side in the presence or in the absence of TSLP for 3 days. LCs that had migrated
into the culture medium were counted (n = 7, P=.0156). D, Cultures were conducted as in C, but for a total of 4

days (n = 4, NS).
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FIG 3. Naive CD4 T-cell proliferation induced by TSLP-treated migratory LCs (A) and by freshly isolated LCs (B).
Different numbers of LCs were cocultured with naive allogeneic T cells. Freshly isolated LCs cultured in the
presence of TSLP or GM-CSF stimulate T cells more efficiently (B). One representative experiment of 3
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each is shown.

in the presence of TSLP and GM-CSF stimulated naive
CD4" CD45RA™ T cells more efficiently than their coun-
terparts cultured in the absence of TSLP (Fig 3, B).
TSLP primes migratory LCs for the production of
CCL17/TARC, but not of IL-12, in response to CD40
ligation. To investigate the capacity of migratory LCs
to release CCL17/TARC, a typical Ty2-attracting che-
mokine and IL-12p70, LC populations were cocultured
with CD40L-transfected cells, and released cytokines
were measured by ELISA. Low levels of TARC were de-
tected in the cultures of migratory LCs in the absence of
TSLP and irrespective of the presence of CD40L-express-
ing cells or of neutralizing anti-TSLP antibodies. This
finding corresponds to the constitutive production of
CCL17 that was described for LC-like cells derived
from human monocytes.26 In contrast, LCs that had mi-
grated from the sheets in the presence of TSLP secreted

substantial amounts of CCL17 (up to 15 ng per mL and
10° cells) in response to CD40 ligation (P < .05, n = 5)
(Fig 4). Migratory LCs released no IL-12p70 under any
conditions tested (data not shown).

TSLP-treated migratory LCs induce an inflammatory
T2 cytokine profile in naive CD4 " helper T cells. The
capacity of LCs migrated from epidermal sheets in the
presence of TSLP to polarize naive CD4 ™ T cells was com-
pared with migratory LCs generated in the absence of
TSLP or in the presence of a neutralizing anti-TSLP
antibody. Naive allogeneic CD4*/CD45RA™ T cells
purified from adult peripheral blood were cultured with
LCs at a 6:1 ratio for 6 days. They were restimulated for
30 hours with anti-CD3 and anti-CD28, and cytokines
released into the culture supernatants were measured by
ELISA. Compared with migratory LCs generated in
medium alone, TSLP-LC induced naive CD4™ T cells to
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FIG 4. CCL17/TARC production by TSLP-treated migratory LCs in response to CD40 ligation. Epidermal
explants were cultured for 3 days in the absence or presence of TSLP and in the presence of a neutralizing anti-
TSLP antibody. The resulting mature LCs were cocultured with CD40 ligand-expressing cells, and superna-
tants were assayed for CCL17. In response to CD40 ligation, TSLP-treated migratory LCs produced
significantly more CCL17/TARC than LCs without TSLP treatment (n = 5, P < .05). CD40 ligation of LCs that
had migrated in the absence of TSLP or in the presence of anti-TSLP antibody did not induce increased

CCL17 secretion.

produce higher amounts of IL-4 (P < .05, n = 5), IL-13
(P < .05,n = 4), IL-5 (not significant, n = 4), and TNF-a
(P <.05,n = 4), but less of the Th1 cytokine IFN-y (P <
.05, n = 4) and the anti-inflammatory cytokine IL-10
(P < .05,n = 4) (Fig 5, A). These cytokine secretion pat-
terns became also evident in flow cytometry analyses of
intracellular T-cell cytokines (Fig 5, B). Flow cytometry
experiments (n = 6) were performed with LCs from differ-
ent donors as those used for ELISA analyses.

DISCUSSION

In this study, we describe distinct effects of TSLP on
human epidermal LCs. Similar to what has been reported
for DCs isolated from peripheral blood, ' TSLP treatment
of LCs leads to (1) increased viability; (2) heightened mat-
uration; (3) enhanced migratory capacity; (4) pronounced
production of CCL17/TARC; and (5) induction of an in-
flammatory Ty2 cytokine profile in CD4™ helper T cells.

Migratory LCs were used for most experiments of this
study. This model, where LCs are initially confronted with
experimentally added TSLP, still within the epidermal
environment, seems to be more physiological. It may
also correspond better to the recently described mouse
models.">'® Two points reassured that the observed ef-
fects on T cells could be attributed to LCs rather than to
contaminating non-LC leukocytes or to residual keratino-
cytes. (1) As described previously,20 we found that vir-
tually all HLA-DR™ cells in the populations that had
migrated from the epidermal sheets coexpressed CDla
(Fig. 1C), a reliable marker for LCs within the epidermal
context. (2) Epithelial cells do not express TSLP recep-
tors,” and therefore, it is unlikely that TSLP would act
indirectly via keratinocytes.

Relevance for the pathogenesis
of atopic dermatitis

TSLP is present in the epidermis of human atopic
dermatitis (but not in normal keratinocytes or in other

inflammatory dermatoses) where it seems to induce
migration of LCs. This result was shown by an immuno-
histochemistry approach.'® Furthermore, it was shown
that TSLP-treated human blood DCs induce an inflamma-
tory T2 cytokine pattern in T cells.'® These findings led
to the hypothesis that TSLP may be a ‘‘master switch’’ for
allergic inflammation.'? LCs were not tested in those
studies. Our data link these 2 sets of observations in
that we show here that TSLP elicits essentially the same
effects in LC obtained from the human epidermis as pre-
viously described for blood DCs. This result may indeed
render them capable of inducing or maintaining atopic
disease.

Overexpression of TSLP in the epidermis of mice leads
to the development of a phenotype that is similar to atopic
eczema (more eosinophils and mast cells in the skin; IgE in
the serum; increased numbers of Ty2 cells with homing
receptors for the skin; increased expression of Ty2-asso-
ciated cytokines in the skin).15 16 Based on our data, it is
tempting to speculate that epidermal LCs may indeed be
responsible for the atopy-related phenomena. This notion
is supported by recent observations that LC-like cells,
derived from peripheral blood monocytes of atopic derma-
titis patients, induce larger numbers of IL-4—producing
autologous, allergen-specific T cells than inflammatory
dendritic epidermal cells (IDECs) analyzed in parallel.”®
Also, it has been described that repeated stimulation of
T cells with cultured murine LCs leads to the outgrowth
of IL-4—producing Ty;2 lines.*® More studies using newly
devised mouse models, where LCs can be selectively
ablated,”®" will help to further clarify the role of LCs
in atopic dermatitis.

A hypothetical scenario for the development
of atopic dermatitis

In synopsis with previous reports, our data allow us
to devise a hypothetical sequence of events that may lead
to atopic dermatitis. TSLP produced by keratinocytes in
atopic dermatitis lesions induces maturation and migration
of LCs to draining lymph nodes. This result may hold true
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FIG 5. TSLP-treated migratory LCs induce T cells to make less IFN-y and IL-10 but more IL-4, 5, and 13. A, Naive
T cells were cocultured with allogeneic mature LCs that had migrated from epidermal sheets in the absence
(control) or presence of TSLP or a neutralizing anti-TSLP antibody (-TSLP+Ab) for 3 days. Differences
between control- and TSLP-LC-stimulated T-cell cytokine levels were significant for IL-4, IL-13, IL-10, IFN-y,
and TNF-a (see text). The increase in IL-5 was not statistically significant. Individual donors are marked by
identical symbols across stimulation conditions. B, Intracellular cytokine staining of T cells confirmed the
cytokine secretion profiles measured by ELISA. Data are representative for 1 of 6 independent experiments.

in an analogous manner for bronchial epithelium and
the development of asthma:*> TSLP was found there as
well,*® and the existence of lung DCS,34’35 including
LCS,% is well documented.

In the lymph node, TSLP-““primed”” LCs would polar-
ize allergen-specific T2 cells. As we found similar levels
of OX40 ligand on TSLP-treated and -untreated migratory
LCs, it remains to be investigated whether LCs use the
same OX40 ligand-dependent mechanism to induce
pro-allergic T cells as described for blood-derived DCs. >
When back in the skin, these T cells may promote the in-
flammatory process by their high production of TNF-a
and their relatively low secretion of IL-10, both hallmarks
of the TSLP-induced “inflammatory Ty2 pattern.”'?

TNF-a has been implicated in Ty2-cell-mediated allergic
diseases such as atopic dermatitis and asthma.>’°
Influx of Ty2 cells into the skin may additionally be fa-
cilitated by the chemokine CCL17/TARC that is provided
by TSLP-treated LCs. CCL17 is a ligand for CCR4*’ and
CCR8*! and serves for the recruitment and migration of
cells expressing these receptors such as Ty2 cells.***4
CCL17 is indeed selectively expressed in lesional atopic
dermatitis skin, and serum levels of CCL17 correlate with
the disease activity of atopic dermatitis patients.45'47
These observations cannot explain, however, the shift
from a T2 pattern in acute atopic dermatitis to a T 1/TH0
pattern in chronic e1t0py.9’48 Clearly, TSLP cannot account
for it, because it was found to be expressed in lesional
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epidermis of both acute and chronic atopic dermatitis."?
IDECs may be the critical cells that counterbalance and
eventually overrule the Ty2 pattern. Both IDECs grown
in vitro from monocytes and directly isolated from atopic
skin lesion were shown to produce Tyl-promoting cyto-
kines IL-12 and IL-18.%°

Conclusions

Taken together, our data may provide a “‘missing link”
in the hypothesis that TSLP is critically involved in the
pathogenesis of atopic dermatitis and asthma.'""'? In anal-
ogy to blood DCs, where this has been shown previously,
epidermal Langerhans respond to TSLP in essentially the
same way—release of Tyy2-attracting chemokines (CCL17)
and induction of “‘inflammatory Ty2 cells.”"? Thus, this
study provides a direct functional link among epithelial
cells, LCs, and T-cell-mediated immune responses. TSLP,
which acts upstream of CD4" T cell responses, should
therefore be considered as a potential target for therapy of
atopic dermatitis.
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for his support and encouragement. We greatly appreciate the
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(Tilak Ges.m.b.H.). We also thank all of the colleagues from the
Department of Plastic and Reconstructive Surgery who contributed
to the supply of skin for this study.

REFERENCES

1. Romani N, Holzmann S, Tripp CH, Koch F, Stoitzner P. Langerhans
cells—dendritic cells of the epidermis. APMIS 2003;111:725-40.

2. Romani N, Tripp CH, Ratzinger G, Heufler C, Koch F, Saeland S, et al.
Epidermal langerhans cells. In: Lutz MB, Romani N, Steinkasserer A,
editors. Handbook of dendritic cells, biology, diseases and therapies.
Weinheim, Germany: Wiley-VCH Verlag; 2006. p. 73-100.

3. Schuler G, Steinman RM. Murine epidermal Langerhans cells mature
into potent immunostimulatory dendritic cells in vitro. J Exp Med
1985;161:526-46.

4. Kissenpfennig A, Malissen B. Langerhans cells—revisiting the paradigm
using genetically engineered mice. Trends Immunol 2006;27:132-9.

5. Romani N, Ebner S, Tripp CH, Flacher V, Koch F, Stoitzner P. Epi-
dermal Langerhans cells—changing views on their function in vivo.
Immunol Lett 2006;106:119-25.

6. Silberberg IR, Baer L, Rosenthal SA. The role of Langerhans cells in al-
lergic contact hypersensitivity. A review of findings in man and guinea
pigs. J Invest Dermatol 1976;66:210-7.

7. Toews GB, Bergstresser PR, Streilein JW. Epidermal Langerhans cell
density determines whether contact hypersensitivity or unresponsiveness
follows skin painting with DNFB. J Immunol 1980;124:445-53.

8. Stary G, Bangert C, Stingl G, Kopp T. Dendritic cells in atopic derma-
titis: expression of FceRI on two distinct inflammation-associated
subsets. Int Arch Allergy Immunol 2005;138:278-90.

9. Novak N, Bieber T. The role of dendritic cell subtypes in the pathophys-
iology of atopic dermatitis. J Am Acad Dermatol 2005;53(pt 2):S171-6.

10. Stingl G, Maurer D. IgE-mediated allergen presentation via Fc epsilon RI
on antigen-presenting cells. Int Arch Allergy Immunol 1997;113:24-9.

11. Liu Y-J, Soumelis V, Watanabe N, Ito T, Wang YH, De Waal Malefijt R,
et al. TSLP: an epithelial cell cytokine that regulates t cell differentiation
by conditioning dendritic cell maturation. Annu Rev Immunol 2006; Nov
27 [epub ahead of print].

12. Liu YJ. Thymic stromal lymphopoietin: master switch for allergic inflam-
mation. J Exp Med 2006;203:269-73.

13. Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B, et al.
Human epithelial cells trigger dendritic cell mediated allergic inflamma-
tion by producing TSLP. Nat Immunol 2002;3:673-80.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

J ALLERGY CLIN IMMUNOL
umm 2007

. Gilliet M, Soumelis V, Watanabe N, Hanabuchi S, Antonenko S, Waal-

Malefyt R, et al. Human dendritic cells activated by TSLP and CD40L
induce proallergic cytotoxic T cells. J Exp Med 2003;197:1059-63.

. Yoo J, Omori M, Gyarmati D, Zhou BH, Aye T, Brewer A, et al. Spon-

taneous atopic dermatitis in mice expressing an inducible thymic stromal
lymphopoietin transgene specifically in the skin. J Exp Med 2005;202:
541-9.

. Li M, Messaddeq N, Teletin M, Pasquali J-L, Metzger D, Chambon P.

Retinoid X receptor ablation in adult mouse keratinocytes generates an
atopic dermatitis triggered by thymic stromal lymphopoietin. Proc Natl
Acad Sci U S A 2005;102:14795-800.

. Wang YH, Ito T, Wang YH, Homey B, Watanabe N, Martin R, et al.

Maintenance and polarization of human TH2 central memory T cells
by thymic stromal lymphopoietin-activated dendritic cells. Immunity
2006;24:827-38.

. Guo M, Gong SC, Maric S, Misulovin Z, Pack M, Mahnke K, et al.

A monoclonal antibody to the DEC-205 endocytosis receptor on human
dendritic cells. Human Immunol 2000;61:729-38.

. Romani N, Bhardwaj N, Pope M, Koch F, Swiggard WJ, O’Doherty U,

et al. Dendritic cells. In: Herzenberg LA, Weir DM, Herzenberg L,
Blackwell C, editors. Weir’s handbook of experimental immunology.
Oxford: Blackwell Science; 1997. p. 156.1-14.

Lenz A, Heine M, Schuler G, Romani N. Human and murine dermis con-
tain dendritic cells. Isolation by means of a novel method and phenotyp-
ical and functional characterization. J Clin Invest 1993;92:2587-96.
Koch F, Kdampgen E, Schuler G, Romani N. Effective enrichment of
murine epidermal Langerhans cells by a modified—‘mismatched”—
panning technique. J Invest Dermatol 1992;99:803-7.

Graf D, Korthduer U, Mages HW, Senger G, Kroczek RA. Cloning of
TRAP, a ligand for CD40 on human T cells. Eur J Immunol 1992;22:
3191-4.

Ito T, Wang YH, Duramad O, Hori T, Delespesse GJ, Watanabe N, et al.
TSLP-activated dendritic cells induce an inflammatory T helper type 2
cell response through OX40 ligand. J Exp Med 2005;202:1213-23.
Heufler C, Koch F, Schuler G. Granulocyte-macrophage colony-stimulat-
ing factor and interleukin-1 mediate the maturation of murine epidermal
Langerhans cells into potent immunostimulatory dendritic cells. J Exp
Med 1988;167:700-5.

. Ebner S, Lenz A, Reider D, Fritsch P, Schuler G, Romani N. Expression

of maturation-/migration-related molecules on human dendritic cells
from blood and skin. Immunobiology 1998;198:568-87.

Novak N, Valenta R, Bohle B, Laffer S, Haberstok J, Kraft S, et al. FceRI
engagement of Langerhans cell-like dendritic cells and inflammatory
dendritic epidermal cell-like dendritic cells induces chemotactic signals
and different T-cell phenotypes in vitro. J Allergy Clin Immunol 2004;
113:949-57.

Reche PA, Soumelis V, Gorman DM, Clifford T, Liu M, Travis M, et al.
Human thymic stromal lymphopoietin preferentially stimulates myeloid
cells. J Immunol 2001;167:336-43.

Hauser C, Snapper CM, Ohara J, Paul WE, Katz SI. T helper cells grown
with hapten-modified cultured Langerhans’ cells produce interleukin 4
and stimulate IgE production by B cells. Eur J Immunol 1989;19:245-51.
Kissenpfennig A, Henri S, Dubois B, Laplace-Builhé C, Perrin P,
Romani N, et al. Dynamics and function of Langerhans cells in vivo:
Dermal dendritic cells colonize lymph node areas distinct from slower
migrating Langerhans cells. Immunity 2005;22:643-54.

Bennett CL, van Rijn E, Jung S, Inaba K, Steinman RM, Kapsenberg
ML, et al. Inducible ablation of mouse Langerhans cells diminishes but
fails to abrogate contact hypersensitivity. J Cell Biol 2005;169:569-76.
Kaplan DH, Jenison MC, Saeland S, Shlomchik WD, Shlomchik MJ.
Epidermal Langerhans cell-deficient mice develop enhanced contact
hypersensitivity. Immunity 2005;23:611-20.

Zhou B, Comeau MR, De Smedt T, Liggitt HD, Dahl ME, Lewis DB,
et al. Thymic stromal lymphopoietin as a key initiator of allergic airway
inflammation in mice. Nat Immunol 2005;6:1047-53.

Ying S, O’Connor B, Ratoff J, Meng Q, Mallett K, Cousins D, et al. Thy-
mic stromal lymphopoietin expression is increased in asthmatic airways
and correlates with expression of Th2-attracting chemokines and disease
severity. J Immunol 2005;174:8183-90.

Stumbles PA, Upham JW, Holt PG. Airway dendritic cells: co-ordinators
of immunological homeostasis and immunity in the respiratory tract.
APMIS 2003;111:741-55.



J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER mm

36.

37.

38.

39.

40.

41.

42.

. Van Rijt LS, Lambrecht BN. Dendritic cells in asthma: a function beyond

sensitization. Clin Exp Allergy 2005;35:1125-34.

Valladeau J, Duvert-Frances V, Pin JJ, Dezutter-Dambuyant C, Vincent
C, Massacrier C, et al. The monoclonal antibody DCGM4 recognizes
Langerin, a protein specific of Langerhans cells, and is rapidly internal-
ized from the cell surface. Eur J Immunol 1999;29:2695-704.

Artis D, Humphreys NE, Bancroft AJ, Rothwell NJ, Potten CS, Grencis
RK. Tumor necrosis factor alpha is a critical component of interleukin
13-mediated protective T helper cell type 2 responses during helminth
infection. J Exp Med 1999;190:953-62.

Iwasaki M, Saito K, Takemura M, Sekikawa K, Fujii H, Yamada Y, et al.
TNF-alpha contributes to the development of allergic rhinitis in mice.
J Allergy Clin Immunol 2003;112:134-40.

Chen L, Martinez O, Overbergh L, Mathieu C, Prabhakar BS, Chan LS.
Early up-regulation of Th2 cytokines and late surge of Thl cytokines in
an atopic dermatitis model. Clin Exp Immunol 2004;138:375-87.

Imai T, Baba M, Nishimura M, Kakizaki M, Takagi S, Yoshie O. The T
cell-directed CC chemokine TARC is a highly specific biological ligand
for CC chemokine receptor 4. J Biol Chem 1997;272:15036-42.
Bernardini G, Hedrick J, Sozzani S, Luini W, Spinetti G, Weiss M, et al.
Identification of the CC chemokines TARC and macrophage inflamma-
tory protein-1 beta as novel functional ligands for the CCRS8 receptor.
Eur J Immunol 1998;28:582-8.

Bonecchi R, Bianchi G, Bordignon PP, D’ Ambrosio D, Lang R, Borsatti
A, et al. Differential expression of chemokine receptors and chemotactic

43.

44.

45.

46.

47.

48.

Ebner et al 9

responsiveness of type 1 T helper cells (Thls) and Th2s. J Exp Med
1998;187:129-34.

Zingoni A, Soto H, Hedrick JA, Stoppacciaro A, Storlazzi CT, Sinigaglia
F, et al. The chemokine receptor CCRS is preferentially expressed in Th2
but not Th1 cells. J Immunol 1998;161:547-51.

Imai T, Nagira M, Takagi S, Kakizaki M, Nishimura M, Wang JB, et al.
Selective recruitment of CCR4-bearing T2 cells toward antigen- pre-
senting cells by the CC chemokines thymus and activation- regulated
chemokine and macrophage-derived chemokine. Int Immunol 1999;11:
81-8.

Kakinuma T, Nakamura K, Wakugawa M, Mitsui H, Tada Y, Saeki H,
et al. Thymus and activation-regulated chemokine in atopic dermatitis:
Serum thymus and activation-regulated chemokine level is closely re-
lated with disease activity. J Allergy Clin Immunol 2001;107:535-41.
Jahnz-Rozyk K, Targowski T, Paluchowska E, Owczarek W, Kucharc-
zyk A. Serum thymus and activation-regulated chemokine, macro-
phage-derived chemokine and eotaxin as markers of severity of atopic
dermatitis. Allergy 2005;60:685-8.

Gombert M, Dieu-Nosjean MC, Winterberg F, Biinemann E, Kubitza
RC, Da Cunha L, et al. CCL1-CCRS interactions: an axis mediating
the recruitment of T cells and Langerhans-type dendritic cells to sites
of atopic skin inflammation. J Immunol 2005;174:5082-91.

Homey B, Steinhoff M, Ruzicka T, Leung DY. Cytokines and chemo-
kines orchestrate atopic skin inflammation. J Allergy Clin Immunol
2006;118:178-89.



	Thymic stromal lymphopoietin converts human epidermal Langerhans cells into antigen presenting cells that induce pro-allergic T cells
	Methods
	Media and reagents
	Isolation and enrichment of LCs
	Skin explant culture
	Determination of cell yields, viability, and migration of LCs
	Purification of naIve T cells and cocultures with LCs
	Analysis of T-cell cytokine production
	Mixed leukocyte reaction
	Determination of LC-derived IL-12p70 and CCL17/TARC
	Statistical analyses

	Results
	Discussion
	Relevance for the pathogenesis of atopic dermatitis
	A hypothetical scenario for the development of atopic dermatitis
	Conclusions

	References


