Journal Pre'prOOf L THE JOURNAL OF -
Allergy...Clinical
Immunology

Dual function of Langerhans cells in skin TSLP-promoted Tfh cell differentiation in
mouse atopic dermatitis

Pierre Marschall, PhD, Ruicheng Wei, PhD, Justine Segaud, MS, Wenijin Yao, PhD,

Pierre Hener, MS, Beatriz Falcon German, MS, Pierre Meyer, MS, Cecile Hugel, MS,
Grace Ada Da Silva, PhD, Reinhard Braun, MS, Daniel H. Kaplan, MD, PhD, Mei Li,

PhD

Pl S0091-6749(20)31408-1
DOI: https://doi.org/10.1016/j.jaci.2020.10.006
Reference: YMAI 14788

To appearin:  Journal of Allergy and Clinical Immunology

Received Date: 21 April 2020
Revised Date: 29 September 2020
Accepted Date: 5 October 2020

Please cite this article as: Marschall P, Wei R, Segaud J, Yao W, Hener P, German BF, Meyer P, Hugel
C, Da Silva GA, Braun R, Kaplan DH, Li M, Dual function of Langerhans cells in skin TSLP-promoted
Tth cell differentiation in mouse atopic dermatitis, Journal of Allergy and Clinical Immunology (2020), doi:
https://doi.org/10.1016/j.jaci.2020.10.006.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Inc. on behalf of the American Academy of Allergy, Asthma &
Immunology.


https://doi.org/10.1016/j.jaci.2020.10.006
https://doi.org/10.1016/j.jaci.2020.10.006

Dual functions of LCs in skin TSLP-promoted Tfh and Th2 cell
differentiation in mouse atopic dermatitis
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Abstract

Background: Atopic dermatitis (AD) is one of the most commaronic inflammatory skin
diseases, usually occurring early in life, and ofieeceding other atopic diseases like asthma.
Th2 cellhas been believed to play a crucial role in cellalad humoral response in AD, but
accumulating evidences have shown that T follichlelper (Tth) cell, a critical player in
humoral immunity, is associated with disease sgvemd plays an important role in AD
pathogenesis.

Objective: We aimed at investigating how Tfh cells are gatest during the pathogenesis of
AD, particularly what is the role of keratinocytertved cytokine TSLP and Langerhans cells
(LCs).

Methods: We employed two experimental AD mouse modelsggieied by the
overproduction of TSLP through topical applicat@MC903, or induced by epicutaneous
allergen ovalbumin (OVA) sensitization.

Results: We demonstrated that the development of Tth @ils GC response were crucially
dependent on TSLP in MC903 model and OVA sensitinanodel. Moreover, we found that
LCs promoted Tth cell differentiation and GC resgeim MC903 model, and the depletion of
Langeriri DCs or selective depletion of LCs diminished tlile/GC response. By contrast, in
the model with OVA sensitization, LCs inhibited T8C response and suppressed Th2 skin
inflammation and the subsequent asthma. Transamiptanalysis of Langerinand Langerin
migratory DCs revealed that LangériDCs became activated in MC903 model, whereas
these cells remained inactivated in OVA sensittmatnodel.

Conclusion: Together, these studies revealed a dual funcitgrafl LCs in TSLP-promoted

Tfth and Th2 cell differentiation in AD pathogenesis
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Capsule Summary

This study demonstrates that keratinocyte-derivkine TSLP plays a critical role in
promoting not only Th2 but also Tth/GC responsehi@ pathogenesis of atopic dermatitis,

which implicates a dual function of epidermal Larigss cells.

K ey messages:

e TSLP is critically involved in mounting Tfh/GC respse in mouse AD driven by
MC903 or OVA-sensitization.

e LCs promote Tfth/GC response in MC903-induced AD.

* LCs suppress Tfth/GC response and Th2 skin inflanemah OVA sensitization-

induced AD.

Key words:

Atopic dermatitis; TSLP; Dendritic cells; Langerisasells; Tth; Th2; allergen sensitization;

mouse

Abbreviations:

AD: atopic dermatitis

BAL: Bronchoalveolar lavage

CT: Wild-type Control

DC: Dendritic cell

DEG: Differentially expressed genes

DT: Diphtheria toxin
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DTR: Diphtheria toxin receptor

EDLN: Ear-draining lymph node

GC: Germinal center

H&E: Hematoxylin and eosin

IHC: Immunohistochemistry

Ig: Immunoglobulin

i.n.: Intranasal

i.p.: Intraperitoneal

LC: Langerhans cell

LMP: laser-assisted skin microporation
LN: Lymph node

NT: Non-treated

PAS: Periodic Acid Schiff

PCA: Principle component analysis
Tth: T follicular helper

Th2: T helper type 2

ELISA: Enzyme-linked immunosorbent assay
TS: Tape stripping

TSLP: Thymic stromal lymphopoietin
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I ntroduction

Atopic dermatitis (AD) is one of the most commomartic inflammatory skin diseases which
affects up to 20% of children and 3% of adults wattle, with increasing prevalence in the
industrialized countries during the last 30 year8D is characterized by chronic cutaneous
inflammation, T helper type 2 (Th2) response angehnyimmunoglobulin IgE. Patients
suffering from AD often present genetic risk fastan the form of mutations affecting the
skin barrier structure or the immune systen®nset of AD usually occurs early in life and
may lead to allergen sensitization, which can &rgipe progression from AD to other atopic
diseases such as asthmay/allergic rhinitis, in age®called “atopic march".

It has been recognized that Th2 cell responseitisadly implicated in the pathogenesis
of AD. Previous studies from us and others usingiggomodels have established a central
role of the cytokine thymic stromal lymphopoietiTSLP) expressed by epidermal
keratinocytes in promoting Th2 cell response aridirdy the pathogenesis of ADS. In
addition to Th2 cell response, humoral immune raspas another key feature of AD, with
increased serum IgE and IgG1 levels associated Aithwhich contribute to AD pathology
and the atopic march’® For a long time, Th2 celias been believed to play a crucial role
both in cellular response and humoral responsehelging B cells to produce Igs. However,
such knowledge has been challenged with the idestiibn of T follicular helper (Tfh) cell,
which emerges to be a critical player in humorahimity and T cell memor-.

In lymphoid organs, Tfth cell differentiation proseis believed to begin with an initial
dendritic cell (DC) priming of naive CD4T cells, which undergo a cell-fate decision wiike t
acquisition of master transcription factor Bcl6 eegsion and chemokine receptor CXCR5

expressed on cell surface to become early Tfh ,celiswhich CXCR5 promotes their
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migration from T cell zone to the B cell follicle¥ '3 The full differentiation and
maintenance of Tfh cells implicate the Tfh cell-Blldnteraction, leading to GC Tfh cells
which are phenotypically defined by their high esgmion of CXCR5 and PD4. It has been
shown that Tfh cells coordinate generation of tl@& @itiate help for antigen-specific B cells,
and promote selection of high-affinity B cells adiifferentiation into either memory B cells
or long-lived plasma cell¥. Recent studies have identified Tfh cells as apoirant source
of IL-4, a master regulator in type 2 immunity wiiwas previously thought to be produced
by Th2 cells, for providing critical B-cell help ks anti-apoptotic and IgE and IgG1 class
switch effects’®. In addition, it was reported that Tfh cells produlL-4 in a GATA3-
independent mannéf, suggesting distinct mechanisms employed by TthEm® cells in the
regulation of IL-4.

Since their initial identification, the biologicalunctions of Tfh cells and their
mechanisms of action in the onset and developméndiseases have been studied in
autoimmuity, infectious diseases, immunodeficiemaed vaccination®. Less is known on
Tth cells in the context of AD and other atopicedises, but more and more evidences have
suggested that Tfh cells are associated with dissagerity and Tfh cells play an important
role in the pathogenest&®: In human, alteration of circulating Tfh cellsdsrrelated with
severity of the disease in children with AB) or with the comorbid association of allergic
rhinitis with asthm&2, and allergen-specific T follicular helper cellucas are correlated with
specific IgE levels and efficacy of allergen immtimrapy?®. In mice, it has been reported
that Tth cells are important for house dust mitgsiced asthm& or peanut allerg$’.

Despite of these accumulating evidences showingntipertance of Tth cells in atopic
diseases, how Tfh cells and humoral responseseaerated and regulated in AD remained to
be investigated. In this study, by employing twgoexmental AD mouse models, one

triggered by the overexpression of TSLP in mouse gkough topical application of MC903
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©.7.27 and the other one induced by epicutaneous alesgalbumin (OVA) sensitization, we

demonstrated that skin TSLP plays a crucial roldriming/promoting Tth cell differentiation
and GC response, in addition to its recognizedirofgomoting Th2 cell response. Moreover,
we investigated the role of skin DCs in mediating Tth cell differentiation. We uncovered a
dual functionality of epidermal langerhans cellsC§) in TSLP-promoted Tfh/Th2 cell
differentiation in AD pathogenesis, and further lexged the molecular insights by
transcriptomic analyses, thus shedding new ligkd ¢ime long-standing controversy of LCs in

skin immunity.



156 Methods

157 Details on the methods used in this study are destin the Methods section in this article’s
158 Online Repository, including Experimental mice; Mi39topical application; Epicutaneous
159 OVA sensitization and airway challenge; Depletidn_angerin’ DCs or LCs in mice; Cell
160 preparation for flow cytometry analyses; Surfacnshg for flow cytometry analyses; LN
161 cell culture and antigen stimulation; RNA sequeggirBAL cell analyses; ELISA,

162 Histopathology; IHC staining; RNA in situ hybridizan and Statistics.

163
164 Results

165

166 Topical MC903 treatment induces TSLP-dependent Tfh cell differentiation and GC
167 response

168 We have previously reported that topical treatnvatit MC903, a low calcemic analog of
169 vitamin D3, induces the overproduction of TSLP (P3f") and the pathogenesis of AD
170 ’. To examine the Tfh cell differentiation and G@pense in MC903-induced AD model,
171 Balb/c wildtype (WT) mouse ears were topically teebevery other day from day (D) O to
172 D10 with MC903 and ear-draining lymph nodes (EDLhgre analyzed at DO, D7 and
173 D11 (Fig 1A). Results showed that the frequency and numb@x@&R5 PD-1" Tth cells
174 were both increased in MC903-treated WT mice aabd further augmented at D1Hiq
175 1B). We next examined the expression of IL-4, a kigjma provided by Tfh cells to
176 sustain B cell maturation, by taking uselldfl113 dual reporter 4C13%° mice, in which
177 AmCyan and dsRed are expressed under the contholdband IL-13 regulatory elements,
178 respectively’®. In agreement with a previous repBttCXCRS PD-1" Tth cells in EDLNs

179 express IL-4 (AmCyan) but not IL-13 (dsRe#)d E1A), and the IL-4 expression by Tfh
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cells was augmented in MC903-treated 4C8Rmice at both D7 and D1¥Fig 1C).
Together, MC903 treatment induces not only Tfh ddifferentiation but also the
production of IL-4 by Tfh cells.

To examine whether the induction of Tth cells in 03 model is triggered by TSLP,
mice lacking TSLP Tslp”) ¢ were subjected to MC903 treatment. Results shavat
these mice exhibited highly diminished Tth cellguency and number at D7 and D11,
compared to WT miceF{g 1B). By breedingTslp” with 4C13R%° to generateTslp”
14C13RY° mice, we showed that MC903-induced IL-4 expressionTfh cells was
abrogated in the absence of TSURg(1C). In agreement with the recognized role of
TSLP in Th2 cell differentiation, we showed thae tMC903-induced IL-4- or IL-13-
expressing CXCRZD4" non-Tfh cells (representing Th2 cells) were alscogated in
Tsp” mice Fig E1B). These results indicate that the overproductioRiQLP triggers not
only Th2 cell differentiation, but also Tfh cellfidirentiation and IL-4 expression by these
cells.

Next, we examined the GC response in MC903-treBtd/c WT mice. The number
of GC B cells, identified as GL-TCD95 B cells, exhibited an increase in MC903-treated
WT mice at D11, but not at DFig 1D). Such increase was abrogated in MC903-treated
Tdp” mice Eig 1D). This was confirmed by immunofluorescence (IRjirihg for GCs
(Fig E2A). In addition, both IgGland IgE B cells exhibited an increase in their numbers
in MC903-treated WT mice at D11, which was alsooghated in MC903-treatedislp”
mice Fig 1E). Of note, we observed that most of the 1§®lcells were GL-7 CD95'
(Fig E1C), suggesting that these cells harbor a GC pheeptypwever, this was not the
case for IgE B cells Fig E1C).

Taken together, these data indicate that the owduation of TSLP triggers Tfh cell

differentiation and GC response.
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Depletion of Langerin® DCs or LCs diminishes the TSLP®®-triggered Tfh/GC
response

LCs reside in the epidermis as a dense networknofiune system sentinels, in close
proximity to keratinocytes. We then asked wheth@slmediate the TSI%F-triggered
Tfh/GC response. To this aim, we first employed denin-DTR knock-in mice (LarigF)

in which Langerifi cells, including LCs and Langefimermal DCs, express the human
diphtheria toxin receptor (DTR) and can thus bdeted upon injection of diphtheria toxin
(DT) *°. Land’™® mice and their wildtype control littermates wengraperitoneally i(p.)
injected with DT at D-2, DO and every 4 days to min the depletion of Langefirells
(named Lan@f" and CT respectively), and were subjected to topit@903 treatment
(Fig 2A). Results showed that the TSY®Rtriggered Tfh cell differentiation was largely
diminished in LangF" mice Fig 2B). The expression of IL-4 (AmCyan) by Tfh cells was
also reduced in Laf§7/4C13R%° mice Fig 2C). Accordingly, GC B cell number was
lower and 1gG1 (however not in IgB B cell number was significantly decreas&ey(2D).
Therefore, these results indicate that Langeb@s play an important role in mediating
the TSLP"*-induced Tfh/GC response.

As LCs and LangerincDC1s were both depleted in L&i§ mice, we next examined
whether LCs mediate Tfh cell differentiation by t#mg selectively LCs using two
strategies: one took use of the differential recpvime between LCs and Langerin
cDC1s after DT-induced depletion as previously regsb®! (Fig E3A-B), and the other
one employed human Langerin-DTR (huLBHY mice in which DT injection efficiently
depletes LCs but not LangetinDC1s* (Fig E3C-D). In both cases, we showed that the
selective depletion of LCs led to a decrease imueacy and number of Tfh cells,

suggesting an important role for LCs in TSIRtriggered Tfh cell differentiation.

11
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Epicutaneous OVA sensitization induces a TSL P-dependent Tfh cell differentiation
and GC response
We have previously reported that TSLP plays a atucole for promoting skin
sensitization to allergens, using an experimentaluse protocol in which OVA
sensitization through tape-stripped (TS) skin leaolsan allergic AD inflammation,
accompanied by Th2 cell response, and an incrgaseldiction of OVA-specific IgG1 and
IgE in sera®. Here, we developed a novel experimental protdoolyhich Precise Laser
Epidermal System (P.L.E.A.SH.>* was used to disrupt skin barrier and to generate
patterned micropores in mouse skin. This protodlmweed us to deliver allergens to
micropores at precise depths of the epidermisgthernchieving a higher efficiency and
reproducibility of allergen sensitization throudte tskin compared with experiments based
on TS. We showed that micropores at a depth of 30mm-LMP) on Balb/c WT mouse
ears reached basal layer of ear epiderrhig BA). ELISA analyses indicated that the
protein level of TSLP increased at 48 hours afeatment Fig 3B), in agreement with the
previous studies showing that barrier disrupticduires TSLP production in mou$kand
human skin®. Notably, such level of TSLP was comparable to paviously reported
TSLP level in TS skirf®, although it was much lower compared to that of9@8 treated
skin (Fig 3B; see also Fig E13B). The administration of OVA did not further indutiee
TSLP level Fig 3B). In situ hybridization showed that TSLP RNA expression was
restricted to epidermal keratinocytes in LMP slig(3C).

As expected, OVA treatment on LMP ears (named “LONPA”; Fig 3D) induced a
Th2-type skin inflammation in TSLP-dependent manshowing that OVA sensitization-
induced infiltration of eosinophils and basophHsyE4A-B), Th2 cytokines (IL-4 and IL-

13) expression by T cells in the skifig E4C) and by CXCRZD4" cells in EDLNSs Fig

12
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E4D), were all abolished in mice lacking TSLP. Exantima of EDLNSs revealed that both
frequency and number of Tfh cells were increaseldMif/OVA- compared to LMP/PBS-
treated WT mice, and such increase was largelyriiméd inTslp” mice Fig 3E). Note
that LMP/PBS was not sufficient to induce Tfh adifferentiation (despite of the induction
of TSLP), but LMP plus OVA together promoted Tfh/G&sponse which was TSLP-
dependent Rig 3E). Moreover, IL-4 production by Tfh cells was augies in
LMP/OVA-treated Tslp**/4C13R¥° mice but nofTslp’/4C13R%° mice Fig 3F). GC B
cell number analyzed by flow cytometryFig 3G) and GC size analyzed by
immunofluorescence~(g E2B) both showed an increase in LMP/OVA-treated WTenic
and this increase was abrogated in the absenc&IloP TigGT and IgE B cell numbers
were also increased in LMP/OVA-treated WT mice, ghdy were much lower in
LMP/OVA-treated Tlp” mice Fig 3G). Accordingly, serum levels of OVA-lgG1 and
OVA-IgE were decreased ifslp’ mice compared to WT mice upon LMP/OVA treatment
(Fig 3H). Together, these results demonstrate that TSLRrusially required for

epicutaneous OVA sensitization-induced Th2 and@@fesponses.

Depletion of Langerin® DCs or LCs augments the Tfh/GC response induced by
epicutaneous OV A sensitization

Based on the above data from MC903-induced AD, ae éxpected that LangefiDCs
would be crucially required for epicutaneous OVAluced Tfh/GC response. To our
surprise, when subjected to 30pm-LMP/OVA sensitirafFig 4A), Land=" mice did not
exhibit a reduction in frequency and number of CXCRD-I" Tfh cells, instead they
tended to be higher compared to CT miEeg(4B). More strikingly, IL-4 expression by
Tth cells was higher in EDLN from LMP/OVA-treatecaihd="/4C13R¥°mice Fig 4C).

Accordingly, the GC B cell, IgGland IgE B cell number were not reduced in

13
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LMP/OVA-treated Lanf"" mice Eig 4D), and serum OVA-specific IgE and OVA-
specific 1gG1 were higher or tended to be higheig (4E). Thus, in contrast to our
expectation, LangerinDCs are not required for the Tfh/GC response inPIONVA-
induced AD model; instead, they appear to playunteracting role.

Because LCs are located on the suprabasal layireaépidermis, we suspected that
Langeriri cells would be only required in Tfh cell differ@atton when allergens are
encountered superficially on the skin. To test gessibility, LMP was performed at the
depth of 11um, which disrupted only the cornified layer of tegidermis Fig 5A). We
observed that the 11um-LMP induced also the proaluaif TSLP, even though its level
was lower compared to 30um-LMIFig 5B). Treatment of wildtype control (CT) ears
with 11pum-LMP/OVA induced significant increases tlfaugh milder than 30um-
LMP/OVA) in Tth cell frequency as well as GC B cealimber, which were all abolished
in Tsip” mice Fig 5C), indicating that, despite of a low induction o8P, the Tfh/GC
response promoted by 11pum-LMP/OVA is still crugiadlependent on TSLP. However,
when Lan§®" mice were subjected to 11um-LMP/OVA treatment,yttexhibited a
significant increase in the frequency of Tth ceiltslL-4 expression by Tth cells, as well as
in GC B cell, IgGI and IgE B cell numbers in EDLNsHig 5D-F), accompanied by
augmented serum levels of OVA-IgG1 and OVA-Igtg(5G). Similar results were also
obtained with huLarff" mice Eig 5H-1), indicating that LCs significantly counteract the
Tth/GC response induced upon the 11um-LMP/OVA sizagion.

Furthermore, we sought to compare antigen-spedifit cells between CT and
huLand’”®" mice using an activation-induced marker as$ain this assay, the stimulation
of LN suspensions with specific antigen drives gptation of CD154 (CD40L), CD25
and OX40 on Tfh cells, providing a sensitive metti@dquantifying antigen-specific Tfh

cells in mice®®. We showed than vitro stimulation with OVA drove the upregulation of

14
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CD154, OX40 and CD25 in EDLN-derived Tth cells fraulP/OVA-sensitized CT mice;
and such upregulation was significantly higher iim Tells from LMP/OVA-sensitized
huLang® mice Fig 5J), thus indicating a stronger OVA-specific Tfh celfferentiation
in huLang’®" mice upon OVA sensitization.

Together, these data indicate that LCs suppress$h®-dependent Tfh/GC response

in epicutaneous OVA sensitization model.

Langerin® DCs or LCs limit epicutaneous OVA-induced Th2 skin inflammation and
the subsequent asthma
Having observed the opposite role of LangeBCs or LCs in Tfh/GC response in the two
mouse AD models, we further explored their involeemin the induction of Th2 cell
response. Upon MC903 treatment, LAAC13R¥° mice exhibited a slight decrease in
IL-4 and a tendency of decrease in IL-13 produchgrCXCR5CD4" cells in EDLN Fig
E5A), or by TCRBB" cells in dermisKig E5B), which suggests a role, even though minor,
for Langerii DCs in the development of Th2 cell response. Intrast, upon 30um-
LMP/OVA treatment, Lantf/4C13R%° mice exhibited a higher Th2 cell response in
both skin Fig 6A) and EDLN Fig E6). This was in accordance with the observation that
LMP/OVA-sensitized Lang" mice exhibited a stronger skin inflammatioig 6B),
accompanied with an increase in eosinophils anedbals Fig 6C). Moreover, when
subjected to 11um-LMP/OVA sensitization, both L3rigand huLang™ mice exhibited
an enhanced AD-like skin inflammation compared t® @ice Fig E7). Therefore,
contrary to their minor role in promoting Th2 ce#lsponse in MC903-AD, LCs suppress
the Th2 cell response in OVA-AD.

We further examined whether LangéridCs limit the atopic march. Updntranasal

(i.n.) OVA challenge following epicutaneous allergenssgration Fig 6D), the Lan§="
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mice developed a much stronger asthmatic inflamomatompared with CT mice,
exhibiting an increase in the number of eosinophilsronchoalveolar lavage fluid (BAL)
(Fig 6E), and in RNA expression of Th2 cytokines IL-4, 3Land IL-13, as well as
chemokine receptor CCR3 (eosinophils) and MCPT8dphils) by BAL cellsFig 6F). In
addition, H&E staining of lung sections of OVA-tted Land®" mice revealed an
increased peribronchial and perivascular infilomfi and PAS staining showed an
enhanced goblet cells hyperplasig(6G). Similar results were obtained with huL&R
mice Fig E8 A-F), indicating that LCs counteract the asthma deweknt following
epicutaneous allergen sensitization. To excludetssibility that the enhanced asthmatic
inflammation is due to any depletion of lung DCgidg the intranasal challenge, we
subjected huLarf” mice toi.p. sensitization with OVA/alum anidn. OVA challenge,
and observed that these mice developed similamagih inflammation as wildtype control
mice Fig E8 G-H). This suggests that the limitation of asthmaaimiination by LCs is
indeed due to their role in suppressing the epnadas allergen sensitization.

Taken together, these studies reveal opposite @fldsCs in two AD models: in
MC903-AD, LCs play an important role in priming T&C response; they participate but
to a lesser extend in promoting Th2 responses.MA-BD, LCs are neither required for
Tfth/GC nor Th2 responses, instead, they suppres&-@fuced Tfh/GC and Th2

responses as well as the “atopic march”.

Langerin® migratory DCs from MC903-AD but not from OVA-AD mice present
profound transcriptomic changes

We next conducted transcriptomic studies to explomecular insights underlying the
opposite roles of LangefirDCs in Tfh and Th2 cell differentiation in MC903Aand

OVA-AD, by taking use of Lang" mouse line in which GFP reports the expression of
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Langerin®®. Land®™ mice were treated with MC903 (at DO, D2 and D4) BIP/OVA (at
DO and D3), and at D5, LangelifGFP®) and Langerin (GFP*®9 migratory DCs
(migDCs) were sorted from EDLNs of non-treated (NW)C903- or LMP/OVA-treated
mice, and proceeded to mMRNA sequencifig) E9A). The time point at D5 was selected
to compare gene expression patterns of migDCseainthiation stage of Tth and Th2 cell
differentiation.

Principle component analysis (PCA) for the RNAsatpdevealed that the Pos_ MC
(GFP* migDCs from MC903-treated Lafig mice) was clearly separated from the
Pos_NT (GFP*® migDCs from non-treated Lafif’ mice); however, the Pos_OVA
(GFP**migDCs from LMP/OVA-treated Lar®j” mice) was inseparable from the Pos_NT
(Fig 7A). Correspondingly, analyses of differentially eegsed genes (DEGS) in Pos_MC
vs Pos_NT identified 756 upregulated and 559 doguieded genes (with a fold change
>1.5 and adjusted p<0.06jg 7B); in a sharp contrast, the comparison of Pos_O¥A v
Pos_NT revealed only 39 upregulated and 9 downaggligenesHig 7B). Therefore, in
MC903-AD, Langerifi migDCs undergo profound transcriptomic changes,im®DVA-
AD, they present almost no, or very little, tramstmmic changes.

As to LangerinmigDCs, PCA showed that Neg_ MC (G¥PmigDCs from MC903-
treated Lan§™ mice), Neg OVA (GF¥? migDCs from LMP/OVA-treated Larf§"
mice) and Neg_NT (GF¥ migDCs from non-treated Lafi§° mice) were all clustered
away from each otheF{g 7A). Analyses of DEGs identified 710 upregulated &9
downregulated genes for Neg MC vs Neg NT; and 43tegulated and 427
downregulated genes for Neg OVA vs Neg_ NHig(7B), suggesting that Langerin
migDCs present major transcriptomic changes in Bd@903-AD and OVA-AD, with

considerable numbers of overlapped DEGs (249 upatggland 215 downregulated).
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Gene ontology analyses of DEGsin Langerin® migDCs from M C903-treated mice

Next, using the upregulated or downregulated DElgstified in Pos_MC (vs Pos_NT) as
input, we performed cluster analyses of all theugsoand generated heat map to visualize
trends of expression for genes across the diffegemiips. Results are presentedFig
E9B and Fig E10A. Further, we performed gene ontology (GO) analysésthe
upregulated genes in Pos_MEid 7C), and examined whether these genes were also
significantly upregulated in Neg_MC (vs Neg_NT)dadeg OVA (vs Neg_NT). We paid
particular attention to the upregulated genes shareall the three groups (Pos_MC,
Neg_MC and Neg_OVA), standing here for “commonlyagulated” genes (highlighted
in red in Fig 7C), as they could be implicated in TSLP-promoted afid/or Th2, a
common feature shared by MC903-AD and OVA-AD. Amahgm, we found genes
related to: 1) “regulation of cell migrationfnany of which were reported to facilitate DC
migration Mmp14 3" Sat5 % Nrp2 3% Sema7a *9); 2) “T cell costimulation”:Cd80 and
Cd86 **, 1L2ra *?, Pdcdllg2 (PD-L2)* Cd274 (PD-L1), Gpr183 (EBI2)* ** 3) “cytokine
signal”: 112ra, Tnfrsf11b andCcl22; and 4) “transcription factors” such Bf4, Irf4, Sat4

and Sat5a.

We examined TSLP signaling pathway among the upaegpi genes in Pos_MC. Using
the reported TSLP-regulated gene &&twe identified Cd84, Cd82, Ccl17, Ccl22 and
Tnfrsf11b (in the cluster with higher expression in Pos_Mé@ntiNeg MC), as well aSish,
Cd86, Cd80, Cd274, 112ra, 116, ccr2, Tgfbl (in the cluster with higher expression in Neg_MC
than Pos_MCJFig 7D). In addition, we identifiedrf4, which has been recently shown to be
downstream of TSLP signaling in human migratory €sThe upregulation of these TSLP-
targeting genes by LangefimigDCs suggests that these cells could be a diesgonder to

TSLP signaling, although it remains to be demonetighat TSLP signals through its receptor
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on LCs drive their migration/activation. Besidesgd known TSLP downstream genes, more
TSLP pathway genes identified from those “commaugyegulated” genes can be envisaged.

Interestingly, we did not find'nfsf4 (encoding OX40L) among the DEGs in Pos_MC,
despite that OX40L was reported to be TSLP-respengene and mediate TSLP-promoted
Th2 *® and Tfh*® cell differentiation. Actually, OX40lexpression by GF® cells was barely
detected in Pos_NT, Pos_MC or Pos_ OVAg( 7E). On the other hand, OX40L was
expressed in Neg_NT, and its expression was futtpergulated in Neg_MC and Neg_OVA.
Therefore, it is unlikely that OX40L would be resgible for the Tth-promoting function of
Langeriri DCs, while its precise function as a potential PSlownstream factor in Langerin
DCs remains to be defineBi§ 7E).

Among the above-mentioned TSLP-regulated gene, hias been shown to be a critical
cytokine for Tfh cell differentiation®® > We thus tested whether IL-6 neutralization
decreases Tfh / GC response in MC903-AD. Resultsvetl that IL-6 was not required for
the initiation of Tfh cell differentiation and thererall GC reactionKig E11), although it is
possible that its function in Tfh response is regthm with other signals as suggested by Eto
et al >2. Besides IL-6, several other Tfh-promoting factdesived from DCs have been

d&% **and EBI2 Gpr183) ** %> whose expression

recently reported, including IRF?4 IL-2R
was all “commonly upregulated” in Pos_MC, Neg_MG é&heg OVA Fig 7D). The role of
these potential candidates in TSLP-promoting Tthdifferentiation remains to be examined.
Finally, among the downregulated genEgy(E10B), less knowledge was available, but
we could seél12b (IL-23/IL-12p40), whose expression in DCs was poasly reported to be
suppressed by TSLP. Other commonly downregulated ones included geslesed “T cell
costimulation”Havcr2 (TIM3), Lgals8 (Galectin 8); “Regulation of cell migratiorBdam15

and Ptk2 (negative regulators for cell migration) and “region of transcription”Foxc2,

Thrb, Tcf712, Ehf andLmo?2.
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Discussion

In this study, we analyzed how Tfh cells were gatest in two experimental AD mouse
models, triggered by the overproduction of TSLP tbpical application of MC903, or
induced by epicutaneous OVA sensitization. We destrated a crucial role for TSLP in
promoting Tfh cells and GC response in MC903-ADwnadl as OVA-AD. Intriguingly, we

revealed a dual function of LCs in TSLP-promoteti/Th2 cell differentiation: while they
promoted Tfh cell differentiation in MC903-AD, thewnhibited Tfh/GC response and

suppressed Th2 skin inflammation and the atopicmar OVA-AD.

1) TSLP: critical player for Th2 and Tfh cell responsein AD
It has been recognized that TSLP is overproducedbnlesional skin®®, however, its
expression varies from high to low, which could fe¢ated with the cause (e.g. genetic
mutation ofSpink5 which induces a high level of TSP vs skin barrier impairment which
induces a low level of TSLP), age (e.g. TSLP serum level in AD children isthig early
stage and decreases with &)e or the nature of disease (e.g. intrinsic oriestc AD). Our
study demonstrates that no matter in AD modelsciestsal with either high or low TSLP
expression, TSLP is crucial for promoting Tfth/GGspense in AD. Recently, the link
between TSLP and Tfh cell differentiation was sisgee by the study with human blood DC-
T cell coculture systedf. Thus, the Tfh-promoting function of TSLP appear§e conserved
between mouse and human, which suggests thatr@l@sant and valuable to employ AD
mouse models to elucidate mechanisms underlying 81 (skin)-Tfh (draining LN) axis,
particularly the access of tissue and lymphoid nsga rather limited in human study.

Our data add new evidence that neutralization dfPT8r blocking TSLP downstream

pathway will be helpful for reducing Th2 and Tfhllaesponses in AD. Notably, TSLP is
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crucial for driving the downstream IL-4/IL-13 expston by Th2 cells, as well as IL-4
expression by Tfh cells. Indeed, blocking antib@tainst IL-4/-13R (Dupilumab), which
may actually target both Th2 and Tfh cell responbas been shown to achieve significant
therapeutic effect on AD®. Intriguingly, neutralization TSLP antibody Tez&pmab has
been demonstrated to significantly reduce annuidin@s exacerbation rate in patients with
uncontrolled asthm&. A recent study with Tezepelumab showed numerjzravements in
patients with moderate to severe AD, despite theitet were certain limitations in that study
including patient selection, use of topical corsi®oids, duration of treatment and uncertain
inhibition of TSLP with the dose us&d Given the preclinical evidence for the role ofLPS
in AD, more clinical studies are required to ev&UBSLP as therapeutic target in AD.

It should be also noted that recent studies hasegrezed the importance of Tfth cells in
AD 2L but thein vivo function of Tfh remains to be further delineatesing AD mouse
models. This is challenged by the lack of apprdpriaols to deplete Tth cells. We are under
the way to generate mouse line in which DTR cassddectively expressed in Tfh cells, thus

allowing the DT-induced depletion of Tth cells.

2) LCs: function asmigratory DCsto promote Tfh cell differentiation

LCs represent one of the most studied but contsisleDC subtypes. Our study shows that
LCs are importantly engaged in the initiation Tfallcdifferentiation and GC response
triggered by TSLP® in MC903-AD. This provides new evidence on the -pfomoting
function of LCs in AD, in addition to several stadireporting the requirement of LCs for
humoral responses in other conte®$>® In MC903-AD, we observed that LCs play a
dominant role in Tfh cell differentiation, althouglermal langerirDCs may also contribute.
On the other hand, langerinCs (cDC2) appear to be the major player for th&.PPE™-

induced Th2, while LCs have somewhat but minor oation. Nevertheless, to provide
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direct evidence for the contribution of cDC2 in TSHriven Tfth and Th2 responses in AD,
further studies could be performed using DC-spe#fD of IRF4 or Dock8 mice, which have
impaired development and migration of CD1HDC2 ®°, or CD301b-DTR mice in which
CD301B ¢DC2 can be transiently deplet&d

There have been long debates on the migratiorgeantiptake, and T cell differentiation
of LCs in different contexts; but transcriptomiady on migratory LCs in skin-draining LNs
under inflammatory pathological contexts was lagki@ur transcriptomic data are therefore
of value; however, one drawback is that migratoysLand cDC1 were not separated in
Langerii (GFP°) migDCs, thus the gene expression data still neede cautiously
interpreted concerning LCs. Nevertheless, we haoesvs that LangerinmigDCs in EDLN
of MC903-induced TSLP® mice presented substantial transcriptional chang@ggesting
that the activation and migration of LangéridC to the draining LNs underlie its function to
prime Tth cell differentiation in MC903-AD. Indeegthen comparing numbers of GFPand
GFP™ migratory DCs in EDLN of MC903-treated Lafi§ mice at D5, we observed that
both were increasedFig E12), supporting that both LangefirDCs and LangerinDCs

migrate to draining LNs in MC903-AD.

3) LCs: function as non-migratory cellsin the skin to suppress Tfh/Th2 response?

Our study revealed a suppressive role of LCs fautaneous OVA-induced Tfh and Th2 cell
differentiation. This is in contrast with two preus studies which reported a role of LCs in
provoking AD inflammation by using a tape strippifis) OVA sensitization modé&l' °® To
examine whether the discrepancy is due to therdifteeffects of LMP compared to TS, we
performed TS/OVA sensitization on mouse ears. Reshlowed that, similar to LMP/OVA,
TS/OVA-sensitized Larff® mouse EDLNs exhibited increased frequency and eunob

Tfh cells, increased IL-4 expression by Tfh celiggher numbers of GC B cells, IgG&nd
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IgE™ B cells, with elevated OVA-IgG1 and OVA-IgE in agFig E13 A-G). Moreover, when
i.n. challenged with OVA, Larff" mice developed a stronger asthmatic inflammatfeig (
E13 H-1). Therefore, the discrepancy with the previousores?” ®®is not explained by the
difference of LMP vs TS technique in epicutaneod\Gensitization; rather, it could be due
to other factors remained yet to be determinedh [ag the allergen application method:
topical OVA vs long exposure (2-day) of OVA placed patch-test tape; the difference of
mouse background: Balb/c vs C57BI/6; or the sitallefrgen application: ear vs back.

Why are LCs not implicated in the promotion of Tith2 cell differentiation in EDLN in
this context? Transcriptomic analyses showed thaharp contrast to MC903-AD, Langé€rin
migDCs in OVA-AD presented almost the same trapsemic program as in untreated mice,
suggesting an absence of migration/activation @séhcells. Indeed, LangetiigDC
numbers in EDLNs from LMP/OVA-treated or TS/OVA#ted mice at D5 were nearly
unchanged, whereas LangémmigDC number was increasefig E12). This is in agreement
with previous studies showing that when skin waatd with fluorescence-conjugated OVA
 HDM °° or Dextran’, antigen uptake and transport to draining LNs weaénly exerted
by Langerin DCs. Of note, it was recently shown that LCs c¢andfer antigen to cDC2 in the
context of Langerin mAb-mediated targetifiy It will be interesting to see whether this
occurs in AD models, and whether efficiency of Laigen transfer could be altered in the
two models, as another possible explication ofedé#ht implication of LCs in Tfh cell
differentiation.

Then how do LCs exert their anti-Tfh/Th2 role in ®AD? A recent study showed that
LCs played an immunosuppressive role when OVA wpaglied on the intact skin, in
accompany with the induction of IL-10 in LCs in sidraining LNs’%. However, this does
not seem to be our case, because LangemigDCs in EDLN did not exhibit any

transcriptional change of Treg-inducing signalsludimg IL-10 and TGB, or RALDH2.
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More likely, the anti-Tfh/Th2 effect of LCs is rédal to their immune suppression function
situ in the skin, in keeping with LC ontogeny not org DCs but also as non-migratory
macrophage§® " It should be further studied how LCs exert sugfcfionality, for example,
by limiting the antigen-uptake by cDC2 in the skam, by promoting local Tregs in OVA-
sensitized skirf® °. Transcriptomic analysis of LCs isolated from D¥A-treated skin site

may provide further molecular insights.

4) What signals switch the function of L Cs?

One intriguing question is what microenvironmenegwand molecular signals switch the
function of LC between anti-Tfh/Th2 to pro-Tfth/Ti2 AD contexts. Notably, MC903-AD
and OVA-AD exhibit similar AD phenotype which is TB-dependent, but the quantity of
TSLP and the nature of antigen are different irs¢hivo models. In MC903-AD, MC903
induced a high production of TSLPwhich was sufficient to induce Tfh and Th2 cell
differentiation. As there was no administrationegperimental allergen, the nature of antigen
implicated in T cell differentiation in MC903 modeiay involve endogenous antigens or
microbiota co-existing in the skin. On the othendhain OVA-AD, the disruption of skin
barrier with LMP induced TSLP expression howeveatmuch lower extent. It is possible
that LCs sense the quantity of TSLP. Indeed, asrayer signal, TSLP may convert the
function of LCs when its level is above certainegirold.In vitro studies have shown that
TSLP triggers DC migratioft, or promotes the survival, maturation and migraté human
LCs, and allogenic naive CDAT cells cocultured with TSLP-conditioned LCs prodd
cytokines IL-4 and IL-13"® but quantitative study on TSLP signaling has neveen
performed. It will be interesting to explore wheatrend how quantitative TSLP signaling
determines the role of LCs, by conductimgvivo or ex vivo dose-dependent experiments. In

addition, the nature and quantity of antigens caralso involved in the functional switch of
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LCs. To unravel such complexity, the emerging matic modeling’® &

may eventually
help to integrate multiple parameters for a betteterstanding of functional switch of LCs.

It will be interesting to further explore in AD pextits whether and how TSLP levels are
correlated with the states and function of LCs. &tér understanding of what molecular
switch determines the function of LCs either a®-pfth/Th2" or as "anti-Tfh/Th2", and of
how LCs exert such functions, will allow us to skdpCs to act in suppressing the skin
inflammation, limiting the allergen sensitizatiohraugh AD skin, thus preventing the
progression from AD to asthma. On the other hahne,potential of LCs to induce Tfh cell
differentiation and GC response and the subseqguoduattion of antigen-specific antibodies
has been of interest for transcutaneous vacciniti8h Therefore, the knowledge we obtain
from this study should be also insightful for LCskd skin vaccination, including the use of

TSLP at an appropriate level as an effective adju¥ar promoting Tfh cell differentiation

and humoral response.
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Figure Legends

FIG 1. Overproduction of TSLP in the skin triggers Tfiifetentiation and GC reponse in
MC903-induced AD miceA, Experimental protocol. Mouse ears were topicatiated with
MC903 or ethanol (EtOH; as vehicle control) evetljen day from day (D) O to D10 and
EDLNs were analyzed at DO, D7 and Bl.Frequency and number of CXCRBD-1" Tfh
cells in EDLN from MC903-treated Balb/c wildtype {WandTslp” mice.C, Frequency of
IL-4 (AmCyan)* in Tfh cells and cell number of IL4Tth cells in EDLNs.D-E, Number of
CD95 GL-7" GC B cells, IgG1B cells and IgE B cells in EDLNs. Values shown are means
+ SEMs. B-D, one-way ANOVA with Tukey’s multiple comparison giehoc test;E,
unpaired t-test with Welch’s correction. Data apresentative of 3 independent experiments

with similar results.

FIG 2. Depletion of Langerihcells diminishes the MC903-induced Tfh/GC resporse
Experimental protocol. Lafig® mice and wildtype littermate controls (CT) wéne injected
with DT at D-2 and DO and then every 4 days. Maesses were topically treated with MC903
or EtOH every other day from DO to D10 and EDLNsevanalyzed at D11B, Frequency
and number of Tfh cell€C, IL-4 (AmCyan) expression by Tth cell®, Total number of GC
B cells, IgGt and IgE B cells. Values shown are means + SEMs; one-wa@XN with
Tukey's multiple comparison post-hoc test. Date aepresentative of 3 independent

experiments with similar results.

FIG 3. OVA sensitization through laser-microporated (LM#R)n induces TSLP-dependent
Tth/GC responseA, H&E staining of untreated or 30pum-LMP ears oftBalWT mice. The

red arrow points to a micropore with the disruptainthe epidermis. Scale bar, 10f. B,
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TSLP protein levels in ears of WT mice at 48h afiter indicated treatment., RNAscope in
situ hybridization for TSLP in untreated or 30-LMP-ears at 48h after the microporation.
The black arrow points to one of the positive sign&cale bar, 5Qum. D, Experimental
protocol for OVA epicutaneous sensitization throkdhP ears. OVA or PBS (vehicle) were
topically applied on LMP ears at DO, D4, D7 and @htl EDLNs were analyzed at DEBF,
Frequency and cell number of Tth cel) (@and IL-4 (AmCyan) producing Tfh cell§) in
EDLNSs. G, GC B cell, IgG1 and IgE B cell numbers in EDLNsH, Serum levels of OVA-
IgG1 and OVA-IgE. Values shown are mean + SEM; wag- ANOVA with Tukey's
multiple comparison post-hoc test. Data are regmagive of 3 independent experiments with

similar results.

FIG 4. Depletion of Langerih cells does not reduce but rather tends to augrdepm-
LMP/OVA-induced Tfh/GC responsé., Experimental protocol. LaR§® mice and wildtype
littermate controls (CT) werep. injected with DT at D-2, DO and then every 4 dadyisuse
ears were treated by 30um-LMP/OVA or 30um-LMP/PBD8, D4, D7 and D11 and
EDLNs were analyzed at D18, Frequency and number of Tth celS, IL-4 (AmCyan)
expression by Tfh cell®, Number of GC B cells, IgGland IgE B cells.E, Serum levels of
OVA-specific IgG1 and OVA-specific IgE in 30um-LMBY/A-sensitized Lang" or CT
mice. Data are means + SEM®:D, one-way ANOVA with Tukey’s multiple comparison
post-hoc testE, unpaired t-test with Welch’'s correction. Data aspresentative of 3

independent experiments with similar results.

FIG 5. Depletion of Langerih cells or LCs enhances 11um-LMP/OVA-induced TSLP-

dependent Tfh/GC respongk, H&E staining of untreated or 11um-LMP ears oftialWT

mice. The red arrow points to a micropore with ithpairment of cornified layer. Scale bar,
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100 um.B, TSLP protein levels in ears of WT midg, Comparison of Tth cells and GC B
cells in EDLNSs from WT offslp” mice.D-F, Comparison of Tth cellsD), IL-4 (AmCyan)
expression by Tfh cell&€) and number of GC B cells, IgGB cells and IgE B cells ) in
EDLNs from CT or Lang mice. G, Serum OVA-lgGl and OVA-IgE levelsH,
Experimental protocol., Comparison of Tfh cells, GC B cells, IgGand IgE B cells in CT
and huLanfF" mice. J, Comparison of antigen-specific Tfh cells betwdeP/OVA-
sensitized CT and huLalg mice. EDLNs werein vitro stimulated with OVA or PBS
(vehicle control), and activation markers CD154, 25Dand OX40 expressed by EDLN-
derived Tfh cells were examined. Values shown aeamt SEM; one-way ANOVA with
Tukey's multiple comparison post-hoc test. Data aepresentative of 2 independent

experiments with similar results.

FIG 6. Langerirfi cells counteract LMP/OVA sensitization-inducednsRih2 inflammation
and the subsequent asthmatic phenotgpél-4 (AmCyan) and IL-13 (DsRed) expression in
TCRB" dermal cellsB, H&E staining of mouse ear€, IHC staining of mouse ears with anti-
MBP (for eosinophils) or anti-MCPT8 (for basophil#)rrows point to positive signal®,
Experimental protocol for OVA epicutaneous senaitan and airway challenge. Mice were
i.p. injected with DT at D-2, DO and then every 4 dayge were either treated with OVA on
LMP ears at DO, D4, D7 and D11 or non-treated (NAI). mice were subjected ton.
instillation with OVA from D9 to D12, and analyzedl D13.E, Differential cell counting for
eosinophils (Eos), neutrophils (Neutro), lymphosyteympho) and macrophages (Macro) in
BAL. F, RNA levels of indicated genes in BAL cells by RPCR.G, Lung sections were
stained with H&E for histology or PAS for gobletlideyperplasia analyses. B: bronchiole, V:

blood vessel. Scale bar, 100pum. Values shown asnsne SEM; one-way ANOVA with
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Tukey's multiple comparison post-hoc test. Date aepresentative of 2 independent

experiments with similar results.

FIG 7. Transcriptomic analyses of migratory DCs in EDL&{s.and®™ mice upon MC903
treatment or epicutaneous OVA sensitization. [“ARgnice were treated with MC903 at DO,
D2 and D4 or 30um-LMP/OVA on DO and D3; EDLNs werdlected at D5 for cell sorting
and RNAseq analysesA, Left, percentage of variability explained by eaPBhincipal
Component. Right, principal component analyses smpWwC1, PC2 and PC3®, Venn
diagram showing the number of upregulated and deguiated genes (fold change > 1.5; p <
0.05; raw read > 200 in at least one sample ofyaups), and the number of commonly
upregulated or downregulated genes between the arsops, as indicated. Pos_NT,
Pos_MC, Pos_OVA: GF¥®migDCs from non-treated, MC903-treated or LMP/OYfgated
Lang®™ mice; Neg_NT, Neg_MC, Neg OVA: GBF¥ migDCs from non-treated, MC903-
treated or LMP/OVA-treated Lafif” mice. C, Selected genes corresponding to gene
ontology terms. *, p<0.05; NS, non significabt, Heatmaps of the reported TSLP pathway
genes, which are significantly upregulated in Po€ ¥ Pos_NTE, Heatmap of Tnfsf4

(encoding OX40L) from RNAseq data, and RT-qPCR ysed.
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