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Percutaneous sensitization is limited by in situ inhibition of
cutaneous dendritic cell migration via skin-resident regulatory T cells
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ABSTRACT

Background: Percutaneous sensitization is assdcwmith various allergic diseases,
including asthma and food allergies. However, tmemunological mechanisms
underlying how the skin regulates percutaneousitsgatson is still unclear.

Objective: We aimed to investigate whether and 1@ Foxp3 regulatory T (Treg)
cells residing in the skin regulate percutaneousisigation in the skin.

Methods: Selective reduction of cutaneous Tregscelds achieved by intradermal

injection of diphtheria toxin into the ear skin Bbxp3°™™

mice, in which Treg cells
specifically express the diphtheria toxin recefptsedwith green fluorescent protein.
Results: Thirty to forty percent of cutaneous Temdls were capable of interleukin
(IL)-10 production in both mice and humans. Selectieduction of cutaneous Treg
cells at the sensitization site promoted migratainantigen-bearing dendritic cells
(DCs) to the draining lymph nodes (dLNs). Accordyngensitization through the skin
with reduced Treg cells led to enhanced antigerispémmune responses in the dLNs,
including both effector T cell differentiation afidcell-dependent B-cell responses such
as the development of germinal center B cells esging IgG1l and IgE. Furthermore,
antigen-bearing cutaneous DC migration was enhamcedce with 1L-10 deficiency
restricted to the cutaneous Treg-cell compartmsuaggesting an important role of
cutaneous IL-10 Treg cells in limiting percutaneous sensitizatidneg cells with a

skin-homing phenotype in skin-dLNs expressed higlels of IL-10, suggesting that

they contribute to the renewal and maintenancehef dutaneous IL-10Treg-cell
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population.
Conclusion: Skin-resident Treg cells limit percwans sensitization by suppressing

antigen-bearing DC migration throughsitu IL-10 production.

Clinical implications
Manipulating the number and/or function of skinidesit Treg cells can be a promising
strategy for preventing the development of variallsrgic diseases and improving the

efficacy of percutaneous vaccination.

Capsule summary
Numerical or functional deficiency of Treg cellsstdcted to the skin promotes
percutaneous sensitization via activating cutanedesdritic cell functionin situ,

thereby leading to potentially increased risk ofeleping various allergic diseases.

Key Words:

regulatory T cells, IL-10, dendritic cells, skirgrputaneous sensitization

Abbreviations used:
BM: Bone marrow
CD62E/P-ligands: E- and P-selectin ligands

CHS: Contact hypersensitivity
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DC: Dendritic cell

DNFB: 2,4-dinitrofluorobenzene
DT: Diphtheria toxin

dLN: Draining lymph node

FITC: Fluorescein isothiocyanate
Try: Follicular helper T

GC: Germinal center

hCD2: Human CD2

NP-OVA: 4-Hydroxy-3-nitrophenylacetyl hapten-conaitgd ovalbumin
OVA: Ovalbumin

TCR: T-cell receptor

Treg: Regulatory T

WT: Wild-type
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INTRODUCTION

Increasing evidence suggests that antigen sensitizéhrough the skin is associated
with both inflammatory skin diseases and variodsrgic diseases involving other
organs, such as systemic metal allergies, asthnth fand allergies® Thus,
understanding what increases susceptibility to yiareous sensitization is of great
importance for improving the clinical managementhafse diseases.

Cutaneous antigen exposure can induce sensitizédward both delayed- and
immediate-type allergies. The former has beenbatteid to the differentiation and
expansion of antigen-specific effector T cells, ihithe latter stems from T
cell-dependent production of antigen-specific IgEEbcells!* Both of these responses
are initiated by the priming of antigen-specifiGveaT cells in the draining lymph nodes
(dLNs) of the sensitized skin, which depends on fhigration of antigen-bearing
dendritic cells (DCs) from the skin to the dLRI§hus, resident cells in the skin,
including both immune and non-immune cells, potdlytiregulate susceptibility to
percutaneous sensitization by affecting the acmaand migration of antigen-bearing
DCs in the skin. In fact, skin barrier abnormasittesuch as filaggrin
deficiency—promote percutaneous sensitization ane development of allergic
disease8,’ presumably due to enhanced antigen penetratiometder, it is not yet
clearly understood how susceptibility to percutarseesensitization is affected by
immunological conditions of the skin in the steadtte, i.e., the number and functions

of a specific immune cell subset residing in thia sk
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FOXP3 regulatory T (Treg) cells are a specialized subjaijpn of CD4 T cells
that play a critical role in the maintenance of iomuological self-tolerance, as well as in
the suppression of overall immune responses agaitigiens. Treg cells can suppress
immune responses through various mechanisms imgumbntact-dependent inhibition
of DC activation and secretion of anti-inflammataytokines in a context-dependent
manner. In both human and murine skin, a substantial nurob&reg cells are resident
cells even under physiological conditions, accounfor nearly half of the CD4T cell
population in the skit>*? This number is in contrast to secondary lymphaigans,
such as the spleen and lymph nodes, where apprtint-10% of CDA T cells are
Treg cells*® The distribution of Treg cells in noninflamed skis controlled by the
intrinsic expression of skin-homing receptors, sashCCR4, and adhesion molecules,
such as CD103 and E- and P-selectin ligands (CO®Hgands).4 16 Mice suffering a
loss of skin-homing capabilities in the Treg cedihpartment spontaneously develop
severe skin inflammation with lymphocytic infiltran,!417 indicating an essential role
for skin-resident Treg cells in the maintenance imimunological tolerance and
homeostasis in the skin. In addition, Treg cellscjr for skin-associated antigens are
suggested to be activated by their cognate antigadsupregulate the expression of
skin-homing-associated molecules in skin-dLNs umuteysiological condition&**"*°
These findings imply that skin-associated antigeecgic Treg cells in skin-dLNs
migrate to the skin, where they exert a suppressifect on the development of

autoimmune skin inflammation. However, it remainxlear whether and how Treg
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cells distributed in the skin in the physiologicgttady state control percutaneous
sensitization with foreign antigens.

An inhibitory role of IL-10 in percutaneous senaition is suggested by a report
that the migration of antigen-bearing cutaneous BCELNs is enhanced iH10"
mice?® In addition, intradermal injection of recombinafit-10 prior to antigen
exposure inhibits the differentiation of antigeresific effector T cells in dLN&" This
finding suggests that IL-10 in the skin at the sie antigen exposure can limit
percutaneous sensitization. However, it is notatertvhether IL-10 endogenously
produced in the skin significantly contributes tbet control of percutaneous
sensitization. In addition, it is also unclear whiype of skin-resident cell contributes
to limiting percutaneous sensitization through situ IL-10 production. Recent
transcriptome analyses have revealed that Treg itethurine skin highly expreskl0
transcripts compared to those in skin-dLNs undesiatiogical condition$*2*
However, the contribution of IL-10 derived from skiesident Treg cells in the control
of percutaneous sensitization has yet to be aakifi

Here, we demonstrated that the selective redudiofreg cells in the skin at the
site of antigen exposure enhances migration ofjantbearing DCs to the dLNs, which
results in the promotion of the differentiation arftigen-specific effector T cells and
antigen-specific IgE-expressing cells in the dLNrtRermore, cutaneous DC migration
to the dLNs after antigen exposure was promotedlLbj0 deficiency restricted to

skin-resident Treg cells. Our results indicate th@tcutaneous sensitization is limited
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150 through thein situ inhibition of DC migration by skin-resident Tregllse and this
151 inhibition is attributed to Treg cell-derived IL-10

152
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METHODS

Selective depletion of cutaneous Treg cells

Diphtheria toxin (DT; Sigma-Aldrich, St Louis, MtJSA) at a dose of 2 ng dissolved
in 10 pl of phosphate-buffered saline was injected intraddly into the ears of

Foxp3°™ mice"® 24 hours prior to sensitization.

Mixed bone marrow chimeras

Bone marrow (BM) cells were injected intravenousiio lethally irradiated (2x 450
rads from a cesium source, 4 hours aptath” mice” at 6 to 7 weeks of agdcrb”
recipients received 4 x i@ells of a 1:1 mixture of BM cells frof@cr4” mice?® and
either WT orl110” mice’, and were subjected to subsequent analyses dtizatien

60 days later.

10
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RESULTS

Skin-resident Treg cells expressed IL-10 under physiological conditions in both
mice and humans

First, we determined what percentage of skin-regideeg cells expressed IL-10 using
11206 x Foxp3™°P? double-reporter mice. 110" mice, a cassette containing an
internal ribosomal entry site and Venus was insertmmediately before the
polyadenylation signal of th#10 gene. InFoxp3"“"? knock-in mice, Foxp3 cells
specifically express a glycosylphosphatidylinosit@Pl)-anchored human CD2-CD52
fusion protein on their cell surface, which enabledto detect Foxp3cells with an
anti-human CD2 antibody. Flow cytometric analydi®wed that Treg cells (hCDR
comprised nearly half of the CDZ cells in the ear skin, while less than 15% ofdCD
T cells from the dLNs were Treg cells (Fig A). Only a very small proportion of
conventional (hnCD2 CD4' T cells expressed Venus (IL-10) in both the skid #he
skin-dLNs (Fig 1,A). In contrast, approximately 40% of Treg cellstive ear skin
expressed Venus compared to less than 4% of Tiegicehe dLNs, suggesting that
skin-resident Treg cells are characterized by Ilpi@duction in the steady state (Fig 1,
A). In human samples, immunofluorescence stainingr@XP3 in combination withn
situ hybridization ofIL10 mRNA showed that approximately 30% of FOXR&lls
expressedL10 in healthy human skin (Fig B andC), suggesting that skin-resident

Treg cells expressed IL-10 physiologically in humas well.

11
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Treg-cell reduction restricted to the skin resulted in enhanced DC migration
following antigen exposure

The most important immunological event in the siat is essential for percutaneous
sensitization is the migration of antigen-bearintpoeous DCs to the dLNs, where they
prime antigen-specific T celflsGiven the substantial number of Treg cells resjdn
naive skin, we hypothesized that skin-resident Trelts may regulate cutaneous DC
migration following antigen exposure. To test thigothesis, we examined whether a
selective reduction of cutaneous Treg cells affédtee migration of antigen-bearing
DCs to the dLNs after topical hapten applicationedrl cells were depleted by DT

DTR
3

administration inFoxp: mice, in which Foxp3 Treg cells specifically express a

human DT receptor (DTR) fused with green fluoresqaotein (GFP)2 Intradermal

3P™R mice resulted in a

injection of an optimal dose of DT into the ear edxp:
significant reduction of Treg cells in the DT-treatskin, but not in the dLNs, 24 hours
after DT injection (Fig 2A andB). In contrast, the number of DCs was not signiftga

affected in the DT-treated skin (Fig E1). DT-treat&/T and Foxp3®'® mice were

treated topically with the fluorescent hapten fesmein isothiocyanate (FITC) on the
ear, followed by flow cytometric analyses of theN# .24 hours after FITC application.
We observed that the numbers of antigen-bearin§Q5IDCs in DT-treatedroxp3® ™"
mice were significantly higher than those of DTatexl WT mice (Fig 2C). We further

evaluated T-cell priming activities of FITACs isolated from the dLNs of WT and

Foxp3°™ mice. FITC DCs were cocultured with OT-I T-cell receptor (TaRansgenic

12
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CD8'" T cells or OT-ll TCR transgenic CD4 cells in the presence or absence of their
respective cognate ovalbumin (OVA) peptides. FITOCs isolated fromFoxp3°™
mice promoted OVAs7-26sinduced IFNy secretion from OT-1 T cells more efficiently
than those from WT mice (Fig B). OVAs»3.33ginduced secretion of IL-13, a central
player of T2-type responses, from OT-Il T cells was also preaidy FITC DCs

from Foxp3°™

mice more efficiently than those from WT micehaligh IL-4 secretion
was not observed in this experimental setting @ig and not shown). Collectively,
these results suggest that the reduction of cutendoeg cells results in increased

migration and augments the T-cell priming actiwtyantigen-bearing DCs following

cutaneous antigen exposure.

Sensitization through the skin with reduced Treg cells resulted in enhanced
antigen-specific immune responses

Next, we examined whether the control of DC mignmatand maturation by cutaneous
Treg cells could possibly be associated with subseq antigen-specific immune

responses in the dLNs. WT affaxp3° ™™

mice were sensitized via exposure of the
DT-pretreated ear to the hapten 2,4-dinitrofluordeme (DNFB) and then subjected to
subsequent analyses 5 days later. Flow cytometatysis revealed that the numbers of
CD44'CD62L effector CD8 T cells in the dLNs ifFoxp3°™" mice were significantly

higher than those in WT mice (Fig B). As topical application of DNFB is known to

induce IFNy-producing CD8 T cell-dominant responsé%?° we next assessed the

13
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effects of cutaneous Treg-cell reduction on the ettgpment of IFNy-producing
effector CD8 T cells in the dLNs associated with DNFB-treat&thsCD8" T cells
harvested fromFoxp3°™® mice secreted a significantly higher amount of AFN
compared to those from WT mice in responstotro stimulation with dinitrobenzene
sulfonic acid (DNBS), a water-soluble analogue dfiHB (Fig 3, B). This result
indicates that the development of antigen-spedfN-y-producing CD8 T cells was
enhanced by cutaneous Treg-cell reduction at thsitsgtion site. In fact, subsequent
rechallenge with DNFB on the DT-untreated ear cdateral to the DT-treated
sensitized ear elicited significantly augmentedtacnhypersensitivity (CHS) responses

in Foxp3®™R

mice compared to WT mice, with the enhanced actation of

IFN-y-producing CD8 T cells in DNFB-challenged skin (Fig 8-E, Fig E2,A). We

confirmed that DT injection did not decrease Tregllsc in the contralateral
non-sensitized ear (Fig EB), excluding the possibility that direct effect BT on the

distant challenging site might contribute to thgraentation of CHS responses.

We further examined whether percutaneous sensdizatith a protein antigen,
ovalbumin-conjugated with 4-hydroxy-3-nitrophenyfd (NP-OVA), was also
controlled by cutaneous Treg cells at the sensibzaite. Intradermal administration of
NP-OVA in alum adjuvant (NP-OVA/alum) is known toduce T2-related antibody
responses, such as IgG1 and IgE production, icell Bependent manner, with a robust
development of follicular helper T £§) cells and germinal center (GC) B ceflswT

3DTR

and Foxp: mice were injected with NP-OVA/alum intradermallyn the

14
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250 DT-pretreated ear; 6 days later, the dLN cells waralyzed by flow cytometry. The
251 development of g cells and GC B cells following immunization withiPNOVA/alum

DTR
3

252 was induced to a markedly greater exterftasp: mice compared to WT mice (Fig

253 3, F, Fig E3, A and B). The immunization-induced increase in the numbér

3°™ mice was also more

254  NP-specific 1IgG1- and IgE-expressing GC B cellsFoxp
255  pronounced than that in WT mice (Fig @, Fig E3,C). In addition,Foxp3°™® mice
256  showed a significantly greater number of NP-speddE plasma cells (PCs) compared
257 to WT mice, although the number of NP-specific IgBCs was equivalent between
258 these two groups (Fig &, Fig E3,C).

259 Taken together, these data suggest that senstizatirough the skin in the
260 presence of reduced Treg cells leads to enhandegkasspecific immune responses in
261  dLNs.

262

263 IL-10inhibited CCR7 upregulation of DCsin human skin explants

264  Our results suggest that skin-resident Treg ciellg percutaneous sensitization through
265  the inhibition of cutaneous DC migration to the di.NMigration of cutaneous DCs
266 following antigen exposure has been reported toehbanced inll10” mice?
267  suggesting an inhibitory role for IL-10 in cutaneoDC migration in mice. Thus, we
268 hypothesized that IL-10 derived from Treg cellghe skin inhibits DC migration after

269 cutaneous antigen exposure. Prior to testing tyymthesis in mice, we confirmed that

270  IL-10 can also inhibit the migration of human cwgans DCs using human samples. We

15
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cultured human skin explangg vivo in the presence or absence of exogenous IL-10 for
3 days and then assessed the level of CCR7 expmessicutaneous DCs, as migration
of cutaneous DCs to the dLNs depends on upreguolaticCCR7 expression on their
surface’> CCR7 expression on DCs was spontaneously indutetiei cultured skin
explants (Fig 4A, Fig E4). The induction of CCR7 was attenuatedh®yaddition of
IL-10 in a dose-dependent manner (Fid3andC), suggesting that IL-10 can suppress

cutaneous DC migration to dLNs in humans as weih asice.

IL-10 deficiency in cutaneous Treg cells resulted in increased DC migration after
cutaneous antigen exposure

Next, we addressed the hypothesis that IL-10 prooludy cutaneous Treg cells has a
suppressive effect on DC maturation and migratiter @utaneous antigen exposure. To
test this hypothesis, we aimed to generate miceviich IL-10 was specifically
deficient in cutaneous Treg cells based on theiqusily reported observation that
CCR4 is essential for the accumulation of CO4cells, but not other types of immune
cells, in the skin under homeostatic conditibhsWe first established that in
T-cell-deficient {crb™) mice (CD45.2) that were transplanted with mixed BM cells
from Ccr4** (CD45.1) andCcr4” (CD45.2) mice, CD4 T cells (including Treg cells)
were reconstituted predominantly wiGtr4”* (CD45.1) BM-derived cells in the ear
skin (Fig 5,A and B). In contrast, other radiosensitive cells, suchC&8" T cells,

dermal DCs, and macrophages, were derived from 6otd"* and Ccr4” BM cells

16
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(Fig 5, B). Radioresistant skin-resident cells, such as edmns cells and mast cells,
were not replaced by WT BM-derived cells as expec¢tag 5, B). Therefore, in the
skin of mice transplanted with mixed BM cells frdhd0” and Ccr4” mice, CD4 T
cells alone should be derived predominantly frdti0” BM cells which are
CCR4-sufficient. This results in IL-10 deficienagstricted to CD4T cells in the skin.
In addition, 1L-10 (Venug) CD4" T cells in the skin were composed exclusively of
Treg cells both physiologically and 24 hours aftgsical DNFB application (Fig 1A
and Fig E5), suggesting that only Treg cells (amalhgCD4" T cells in the skin) can
produce 1L-10 before and 24 hours after antigeroswpe. Taken togethdt10”/Cer4”
mixed BM chimeras demonstrate IL-10 deficiency djpedly in cutaneous Treg cells,
at least under these conditions. Neither skin imffation nor lymphadenopathy
spontaneously developedlii0”/Ccr4” mixed BM chimeras (Fig E6).

We then assessed the migration of antigen-beatitemeous DCs in WTtr4” or
11207/Ccr4” mixed BM chimeras by aim vivo DC migration assay using FITC (Fig 5,
C). 1110"/Ccr4™ chimeras showed a significantly increased numtbéfI8C* DCs in
the dLNs 24 hours after sensitization compared f6/Gtr4” chimeras (Fig 5D).
CD8' T cells from the dLNs ofi10"/Ccr4” chimeras sensitized with DNFB produced
IFN-y in response to DNBS at significantly higher levetsnpared to those from the
dLNs of DNFB-sensitized WTcr4” chimeras (Fig 5,E), indicating enhanced
development of DNFB-specific effector CDB cells.

Collectively, these data suggest that DC migrafidiowing cutaneous antigen

17
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exposure is inhibited by IL-10 derived from cutanedreg cells.

IL-10" Treg-cell population in the skin is constitutively renewed by the migration
of IL-10" skin-tropic Treg cells
Considering our prior results, a breakdown in nemance of the IL-10 Treg-cell
population in the skin could lead to enhanced pgareous sensitization. We therefore
ultimately investigated how the IL-10Treg-cell population is maintained in
noninflamed skin. Although the distribution of Treglls in the skin requires T cell
migration into the skin%17 it is unclear to what extent continuous migratednl cells
into the skin contributes to the physiological mamance of the cutaneous Treg-cell
population. Thus, to assess the contribution afutating cells to the maintenance of
cutaneous Treg cells, we performed parabiosis @rpets in which the blood
circulation of a CD45.2 mouse was joined with tlohtan age- and sex-matched
congenic CD45.1 mouse. In the ear skin of CD45ralgants, CDZ4 T cells (including
both Treg and non-Treg CDZ cells) were composed of 25% and 50% CD248dlls
after 4 and 8 weeks of parabiosis, respectivelg @iA). These results suggest that
cutaneous Treg cells were replenished by circudatells recruited to the skin, with a
turnover time of approximately 8 weeks, rather th@eing maintainedn situ by
long-lived memory cells.

Next, we asked whether Treg cells outside the tfiahwere tropic to the skin (i.e.,

skin-tropic Treg cells) had the capacity to producel0. Given that the adhesion

18
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molecules CD103 and CD62E/P-ligands are functignatiportant for physiologic
Treg-cell migration from the circulation to the iskskin-tropic Treg cells are thought to
express CD10and CD62E/P-ligands in addition to CCR4? Previous studies have
demonstrated that Treg cells undergo switching tmlymphoid tissue-homing
phenotypes in secondary lymphoid orgdh¥. In particular, skin-dLNs contain a
substantial number of Treg cells expressing CD18 @D62E/P-ligands, which have
been shown to also express CCR¥ Flow cytometric analysis revealed that
approximately 20% of the CD108D62E/P-ligand Treg-cell population in the
skin-dLNs of 1110"*" x Foxp3"“P? mice expressed Venus while only minimal
percentages of other Treg-cell populations expessaus (Fig 6B andC), suggesting
that skin-tropic Treg cells in the skin-dLNs werenmpetent for IL-10 production.
Collectively, IL-10" skin-tropic Treg cells likely contribute to the nesval and
maintenance of the cutaneous IL-T@eg-cell population via continuous migration into

the skin under homeostatic conditions.
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DISCUSSION

The present study identifies an immunological madra how the skin regulates
percutaneous sensitization. We find that percutasieensitization is limited through
the in situ inhibition of cutaneous DC migration by skin-resitddreg cells, and this
inhibition is attributed to their IL-10 productio@ur results demonstrated that failure of
this mechanism promotes the differentiation of N-Nroducing effector T cells and
IgE-expressing GC B cells/PCs following cutaneonsgan exposure, which can be
related to the development of delayed- and immedigie allergies, respectively.

It has been generally accepted that Treg cellsesant their suppressive effects
through their IL-10 productio’;*? but in fact, the physiological significance of gre
cell-derived IL-10in vivo has not been well established. Only one previdudyshas
addressed this issue and demonstrated that Trégpesific IL-10-deficient mice
exhibit spontaneous inflammation in the colon, bot in the skin or lung, and an
exacerbated CHS response after hapten sensitizatibrsubsequent challenge through
the skin®* However, it has not yet been clarified when (dgrisensitization or
challenge) and where (in the skin or dLN) Treg-deltived 1L-10 exerts its inhibitory
effects on the induction of CHS. Our study revedheat IL-10 derived from Treg cells
in the skin limits percutaneous sensitization, ¢bgrcontributing to the inhibition of
CHS induction. Possible mechanisms by which IL-&0wd from cutaneous Treg cells
inhibits DC migration include both direct and irelit pathways. Previous vitro

studies have shown that IL-10 can act on murine BRd human monocyte-derived
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DC-like cells to inhibit lipopolysaccharide-induceBCR7 upregulation, thereby
attenuating their migration toward CCL19 and CCL&dggesting a direct inhibitory
effect of IL-10 on DC migration to dLN&:* In addition, IL-10 may indirectly suppress
DC migration after cutaneous antigen exposure tiroacting on other skin-resident
cells to downregulate the expression of proinflanomacytokines that promote DC
migration3®*’

We show that antigen-specific immune responseshm dLNs induced by
cutaneous antigen exposure are enhanced by DT-reededuction of cutaneous Treg
cells and inll107/Ccr4™ BM chimeras. In addition, our results suggest thateased
migration of antigen-bearing cutaneous DCs conteibuo the enhanced responses in
the dLNs. However, there are limitations in ourdstuFirst, we cannot exclude a
possibility that the enhanced responses observeldeirdLNs might be in part due to
marginal reduction of LN Treg cells caused by Dflux into the dLNs from DT-treated
skin. In addition, inll107/Ccr4” chimeras, one-half of T and B cells in the dLNs ar
deficient in IL-10 expression. This may contribute the enhanced development of
effector T cells in the dLNs. Moreover, since IL-d€rived from T and B cells is known
to promote the development ofT GC B cells, and PC%* the suppressive effect of
cutaneous Treg cell-derived IL-10 on the developneéry and IgE-expressing GC B
cells/PCs cannot be directly addressed using Kpsremental model.

We show that the IL-TOTreg-cell population in the skin is maintained tne

constitutive renewal from circulating cells. In &dwh, our results suggest that the
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skin-tropic Treg cells from the skin-dLNs, whictearapable of IL-10 production, likely
contribute to the renewal of the cutaneous IE-Ifeg-cell population via continuously
migrating into the skin under homeostatic condaiddowever, it is possible that IL-10
cutaneous Treg cells were also derived in part fnom-Treg cells and IL-10reg cells
that had undergone phenotypic conversion after atiggr to the skin. Although the
precise mechanisms regarding how the number arddidmnof IL-10" Treg cells in the
skin are controlled remain to be elucidated in fim@ire, manipulating the number
and/or function of skin-resident Treg cells canabpromising strategy for preventing
the development of various allergic diseases argtaming the efficacy of vaccination
through the skin.

In conclusion, our results showed that skin-residerg cells limit percutaneous
sensitization by inhibiting DC migration througih situ IL-10 production. These
findings imply that genetic, physiological, and gammental factors impairing IL-10
Treg cell numbers or function in the skin can Is& factors for both skin inflammation
and other allergic diseases known to be assocuwithdsensitization through the skin,

such as systemic metal allergies, asthma and fterjias’™
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FIGURE LEGENDS

FIG 1. Skin-resident Treg cells were capable of 1L-10 production in both mice and
humans

A, Representative flow cytometric plots of TRRD4" T cells, and the frequency of
Venus cells among Treg (CDACDZ) cells isolated from the skin and dLNs of
11208 x Foxp3"“P? mice. B, Representative images of human eyelid skin from 3
healthy subjects. White arrowheads indidatt0"FOXP3 cells.Scale bars = 50pum C,

The frequency ofl 10" cells among all FOXP3cells in 5 high-powered field$PF) at

20x magnification from each histological slide. $é4@s from 3 different donors were
examined. ***P < .0001. Data are represented as each vayu#g¢ls) and their means

+ SDs pars). ns, Not significant.

FIG 2. Selectivereduction of cutaneous Treg cells enhanced DC migration
Representative flow cytometric plots of TBRED4™ T cells @) and the number of
CD4'GFF Treg cells B) from Foxp3°™® mice given a single intradermal injection of
DT 24 hours before analysi€, Representative flow cytometric plots of CDB220
cells and the number of FIT@ells in the dLNs of WT an&oxp3°™* mice 24 hours
after FITC application. Purified CD8I cells from OT-I mice (D) or CD4T cells from
OT-Il mice (E) were incubated with FITADCs from WT androxp3°™® mice in the
presence or absence of the indicated peptide fdrot®s. IFNy (D) and IL-13 (E) in

culture supernatants as measured by ELISA and thton@tric Bead Array,
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549  respectively. P < .05, *P < .01, **P < .001. Data are represented as each value
550  (symbols) and their means *+ SDbats). ns, Not significantnd, Not detected.

551

552  FIG 3. Sensitization through the skin with reduced Treg cells resulted in enhanced
553  antigen-specificimmuneresponses

554 A, Number of effector (CD4€D62L") CD8'" T cells from dLNs of WT ané&oxp3°™"
555 ~mice 5 days after topical application of DNFHB, IFN-y production from
556 DNBS-stimulated CD8 T cells. CD8 T cells from dLNs of mice 5 days after
557  sensitization with DNFB were cocultured with CD15plenic cells from naive mice in
558 the presence or absence of DNBS for 72 hoQrsSchematic representation of CHS.
559  WT andFoxp3°™® mice were sensitized with 0.5% (v/v) DNFB on D@ated ears on
560 day 0. Mice were challenged with 0.3% (v/v) DNFBthe contralateral ear on dayl®.
561  Kinetics of ear swellingE, Representative H&E staining of ear skin from Wida
562  Foxp3°™® mice 24 hours after challenggcale bars = 50 pm. F, Number of Ey cells
563 and GC B cells from dLNs of WT anBoxp3°'™® mice 6 days after intradermal
564  administration of NP-OVA/alumG, The number of NP-IgG1/IgE-expressing GC B
565 cells or PCs. P < .05, *P < .01, **P < .001, ***P < .0001. Data are represented as
566 each value gymbols) and their means + SDdars). ns, Not significant.nd, Not
567  detected.

568

569 FIG 4.1L-10 suppressed CCR7 expression on DCsfrom cultured human skin
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A, Expression levels of CCR7 on DCs in human skopsy samples before and after
incubation for 3 days. Representative histogramp dnd fold-changes of CCR7
expression@) on DCs cultured with the indicated concentratiohfL_.-10 compared to
DCs cultured in the absence of IL-1® ¥ .05, *P < .01, ***P < .0001. Data are

represented as each valsgntbols) and their means + SDbefs).

FIG 5. 1L-10 deficiency in cutaneous Treg cells resulted in increased migration of
DCsafter cutaneous antigen exposure

A, Schematic representation of the mixed BM chimergperimental set-upB,
Chimerism (% CD45.1cells) of immune cells in skin fro@cr4** (CD45.1)Ccr4”
(CD45.2) chimeras.C, Schematic representation of the mixed BM chimera
experimental set-upD, Number of FITC cells in the dLNs of chimeras treated
topically with FITC 60 days after BM transplantatid, IFN-y levels present in culture
supernatants from DNBS-stimulated T cells. COBcells from dLNs of mice 5 days
after sensitization with DNFB were cocultured wiib11¢ splenic cells from naive
mice in the presence or absence of DNBS for 72shdr< .05, ***P < .0001. Data
are represented as each valggmbols) and their means + SDdéfs). ns, Not

significant.

FIG 6. Skin-tropic Treg cellsin skin-dL Ns expressed IL-10

A, Chimerism (% CD451cells) of CD4Foxp3 non-Treg and CD#oxp3 Treg cells
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591 in skin from untreated CD45.parabionts of CD45.1/CD45.2 parabiotic pairs. Baah
592  represents an individual mouse. Representative dgtametric plots of TCR'CD4™ T
593 cells B) and the frequency of Venusells among CDAHCD2' cells ) from dLNs of
594  1110"*™S x Foxp3"“P? mice. ***P < .0001. Data are represented as each value

595  (symbols) and their means + SDbafs).
596
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ONLINE SUPPLEMENTAL INFORMATION

SUPPLEMENTAL METHODS

Mice

C57BL/6N mice were purchased from Japan SLC (Kyalapan). Foxp3”™R?!
Foxp3™©P22 11103 Cerg” * Terb 7% and 11107° mice were obtained as described
previously. Age- and sex-matched mice were use@asols at 6.5 to 9 weeks of age in

this study. All experimental procedures were appdoliy the Institutional Animal Care

and Use Committee of the Kyoto University Gradugthool of Medicine.

Antibodies

Pacific Blue anti—I-A/I-E (M5/114.15.2), Pacific & anti-IL.-17A (T11-18H10.1),

FITC anti-CD4 (RM4-5), FITC anti-IgE (MRE-1), FIT@nti-human CD11c (3.9),
Peridinin-chlorophyll-protein (PerCP)-Cyanine5.5 tidbD8a (53-6.7),

PerCP-Cyanineb5.5 anti-human CD45 (H130), phycoerytfPE) anti-CD11c (N418),

PE anti-CD62L (MEL-14), PE anti-PD-1 (RMP1-30), RiAti-human CD16 (3G8),
PE-Cyanine7 anti-CD38 (90), PE-Cyanine7 anti-CD45A20), PE-Cyanine7

anti-TCR3 (H57-597), allophycocyanin (APC) anti-CD25 (PC6RARC anti-human

HLA-DR (L243), and APC-Cyanine7 anti-lgD (11-26c)2mtibodies were purchased
from BioLegend (San Diego, Calif, USA). Biotin a@D138 (281-2), Biotin

anti-CXCR5 (2G8), Brilliant Ultraviolet (BUV) 395 rai-CD45 (30-F11), BUV

anti-B220 (RA3-6B2), BUV395 anti-human CCR7 (150p@3acific Blue anti-human
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CD2 (TS1/8), V450 anti-CD4 (RM4-5), V450 anti-CD&3-6.7), V450 anti-CD45
(30-F11), v450 anti-lgG1l (A85-1), Brilliant Viole{BV) 605 anti-CD4 (RM4-5),
BV605 Streptavidin, FITC ang§TCR (GL3), PerCP-Cyanine5.5 anti-B220
(RA3-6B2), PerCP—Cyanine5.5 anti-CP8145-2C11), PE anydTCR (GL3), APC
anti-CD4 (RM4-5), APC anti-IFN-(XMG1.2), and rat anti-mouse CD16/CD32 (2.4G)
antibodies were purchased from BD Biosciences (@ago, Calif, USA). eFluor 450
anti-CD45.1 (A20), FITC anti-CD8b (eBioH35-17.2)erEP—eFluor710 anti-CD8b
(eBioH35-17.2), PE anti-CD4 (RM4-5), PE rat IlgG2appa isotype control (eBR2a),
PE-Cyanine7 anti-human CD14 (61D3), APC anti-CD4¥17), APC anti-Foxp3
(FJK-16s), eFluor 660 anti-GL7 (GL-7), APC Armeniaamster IgG isotype control
(eBio299Arm), and APC-Cyanine7 anti-B220 (RA3-6B#t)tibodies were purchased

from Thermo Fisher Scientific (Waltham, MA, USA).

Prepar ation of single-cell suspensions

Skin dLNs were minced with scissors and incubated2b minutes at 37°C in RPMI
1640 medium containing 10% fetal calf serum (FQS), Penicillin-Streptomycin, 1%
Sodium pyruvate, 1% MEM NEAA, 500 U/ml collagenasge Il (Worthington
Biochemical., Freehold, NJ, USA) and 0.2 mg/ml D&agqSigma-Aldrich). Ears of
mice were excised and separated into dorsal antfalesheets. Human skin samples
were collected with 6 mm biopsy punches (Kai mddiG#u, Japan), subcutaneous fat

tissue was removed with a number 20 scalpel (Kalicad), and the skin biopsies were
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cut into small pieces with scissors. Ear pinnae lamthan skin were digested for 105
minutes at 37°C in 5% COin RPMI 1640 containing 10% FCS, 1%
Penicillin-Streptomycin, 1% Sodium pyruvate, 1% MBMEAA, 0.25 mg/ml Liberase
TL (Roche, Basel, Switzerland) and 0.3 mg/ml DNlager the intracellular staining of
cytokines, ear pinnae were incubated in digestmuati®n with 10ug/ml Brefeldin A
(Sigma-Aldrich). Digested skin sheets were placed Medicon (BD Biosciences) and
homogenized with a Medimachine for 7 minutes. Gtdd cell suspensions from ears
and dLNs were passed through adf-pore-size cell strainer to remove cell clumps
and obtain single-cell suspensions. Human skinmashed through a 40m pore-size
cell strainer to generate single cell suspensiBoae marrow (BM) cells were obtained
from donor mice (8 to 10 weeks old) by flushing famurs and tibias with cold sterile
RPMI 1640 medium containing 2% FCS. Cell susperssivere passed through a
40-4um pore-size cell strainer and incubated in hemolgtiffer for 3 minutes at room
temperature, then washed and resuspended in celidlesRPMI 1640 medium

containing 2% FCS.

Flow cytometry

Cells were stained with fixable viability dye eFtu&06 or 780 (Thermo Fisher
Scientific) according to the manufacturer’s instioies for the exclusion of dead cells.
Next, nonspecific antibody binding was blocked wath anti-CD16/32 antibody (BD

Biosciences), and then cells were stained for sarfantigens. After surface staining,
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cells were fixed and permeabilized with Cytofix/Ggerm solution (BD Biosciences)
and stained intracellularly. NP-specific immunoglbb was intracellularly stained with
NP-PE purchased from Biosearch Technologies (FetlUWCA, USA) as described
previously?®>* For CD62E/P-ligand staining, cells were incubatéth E-selectin Fc
Chimera and P-selectin Fc Chimera (R&D Systemsnitapolis, MN, USA) in Hanks'
Balanced Salt Solution(+) containing 2% FCS andnteustained with PE-conjugated
human IgG1 antibody (eBioscience). Samples weresassl using a BD LSRFortessa
cell analyzer (BD Biosciences), and data were analyzed using Fdowoftware
(TreeStar, San Carlos, Calif, USA). The numbersawh cell subset were evaluated by
Flow-Count Fluorospheres (Beckman Coulter, Brealjf,CSA) and presented as

numbers per tissue.

Human skin samples

Human skin was obtained from healthy donors witthistory of diseases undergoing
plastic surgery at Kyoto University Hospital andhert collaborating hospitals in Japan.
This study was approved by the ethics committe¢hef Kyoto University Graduate

School of Medicine (R0743).

RNA in situ hybridization and immunofluorescence
Human healthy skin from the upper eyelid was fixed 0% (vol/vol) neutral-buffered

formalin at room temperature for 24-36 hours, deatat, and embedded in paraffin.
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Tissue sections cut atbn thicknesses were processed for RiNAiItu detection using
an RNAscope 2.5 HD Assay-RED Kit (Advanced Cell ghastics, Newark, Calif,
USA) according to the manufacturer’s instructionshwslight modifications. Target
retrieval was performed at 95°C for 5 minutes usingelectric pot instead of boiling for
15 minutes, which causes nonspecific signals ineouironment. Slides were incubated
with protease plus at 40°C for 15 minutes. Sequeédhe probes used in the study
were as follows: Hs-IL10 (NM_000572.2) and Negat@entrol Probe DapB. For
immunofluorescence, sections were blocked with krAdg FX Signal Enhancer
(Thermo Fisher Scientific) for 30 minutes at ro@mperature, followed by incubation
with an anti-human FOXP3 antibody (236A/E7; Therfisher Scientific) or mouse
IgG1 isotype control antibody (BioLegend) overnightd°C. Samples were washed and
incubated for 2 hours with Alexa Fluor 647-labelgoat anti-mouse IgG antibodies
(Thermo Fisher Scientific) and 4’,6-diamidino-2-plgéndole dihydrochloride (DAPI;
Sigma-Aldrich). Finally, the sections were embedddti EcoMount (Biocare Medical,
Pacheco, Calif, USA). Images were captured usimgjkan Al confocal microscope
(Nikon, Tokyo, Japan) equipped with a 20x/0.75 oftoye lens. Stained cells were
shown in pseudo colors processed with Imaris soé&wBitplane, Zurich, Switzerland)

and quantified by manual counts per power field.

In vivo DC migration assay

Mice were painted on the ear with @Dof 2% (w/v) FITC (Sigma-Aldrich) dissolved
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in acetone/dibutyl phthalate (1:1). Samples of icalvLNs were taken for flow

cytometric analysis 24 hours after FITC application

Assessment of T-cell priming activities of DCs

CD11¢ cells isolated from dLNs of WT dfoxp3°'" mice 24 hours after sensitization
with FITC and CD8 T cells from dLNs and spleens of naive OT-lI micrevenriched
using MHC class II- and CD8a-specific MACS beadslt@yi Biotec), respectively,
according to the manufacturer’s protocols. CD4cells from dLNs and spleens of
naive OT-II mice were enriched using CD4 T cellason Kit (Miltenyi Biotec). MHC
class It cells were further sorted into CDTIWHC class I'FITC* migratory DCs
with BD FACS Aria Il (BD Biosciences). FITCzells (5x16 cells/well) and each listed
ratio of CD8 T cells was cocultured with or without M OVA 2s7.264 (H-2K? OVA
peptide; MBL, Nagoya, Japan). FIT@ells (3x18 cells/well) and each listed ratio of
CD4" T cells was cocultured with or without gM OVAsz3.330 (IFAY OVA peptide;
AnaSpec, Fremont, Calif, USA). For the measurenoémytokine production, culture

supernatants were collected 72 hours after incoibati

Per cutaneous sensitization
For DNFB sensitization, mice were treated with [#0of 0.5%(v/v) DNFB (Nacalai
Tesque) in acetone/olive oil (4:1) on the DT-ingetear skin 24 hours after injection.

For OVA immunization, mice were intradermally imnized with the antigen NP-OVA
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(Biosearch Technologies) in alum adjuvant (Cosmwo, Bokyo, Japan) 24 hours after
DT-injection. The antigens were brought to a cotregion of 5 mg/ml in PBS and then
mixed with an equal volume of 20 mg/ml alum adjuvdn the experiments, 10 per
site were injected into the ventral side of the ganerating immune responses in the

draining cervical LNs.

Contact hyper sensitivity

Five days after DNFB sensitization, the DT-nonitgelccontralateral ears of sensitized
mice were challenged with 2@ of 0.3% (v/v) DNFB or vehicle alone. Ear swelling
was measured daily after challenge, and data wgnegsed as the ear thickness at each

time point minus the baseline thickness beforelehge.

I'n vitro DNBS stimulation

CDS8' T cells from dLNs of mice 5 days after sensitiazatwith DNFB and CD1Ic
splenic cells from naive mice were enriched by GD&ad CD1l11c-specific MACS
beads (Miltenyi Biotec), respectively, accordingtihe manufacturer’s protocols. CD8
T cells (5x18cells/well) and CD11ccells (1x16 cells/well) were cocultured with or
without 100pug/ml DNBS (Alfa Aesar, Haverhill, MA, USA). For thmeasurement of

cytokine production, culture supernatants wereectdld 72 hours after incubation.

Cytokine measurement
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The amount of IFNt and IL-13 present in cultured supernatants wassored by
ELISA (BD) and Cytokine Beads Array (BD) according the manufacturer’s

instructions, respectively.

Histology

For histological examination, ear skin samples wiexd with 10% formalin overnight

and then embedded in paraffin. Sections along tkdian plane of the ear with a
thickness of 5um were prepared and subjected to staining with b@xghn and eosin

(H&E). H&E-stained sections were imaged using aitdigmicroscope (BIOREVO

BZ-9000) with a 40x magnification lens.

Organ culture of human skin

Human skin from the upper eyelid, cheek, forearnmguinal region was collected with
a 6 mm biopsy punch (Kai medical), and subcutandatussue was removed with a
number 20 scalpel (Kai medical). Skin biopsy wamtéd, with the dermal side in
contact with complete RPMI 1640 medium supplementgth 10% FCS, 1%
Penicillin-Streptomycin, 1% Sodium pyruvate and MEM NEAA (GIBCO) for 3
days. For suppression, the indicated concentratmn$iuman recombinant IL-10

(Peprotech) were added.

Parabiosis
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Pairs of parabiotic mice consisting of CD45.1 and46.2 mice were generated as
described previously.The CD45.1/CD45.2 parabiotic pairs were analyzednd 8
weeks after the establishment of parabiosis. Tdfitonefficient blood mixing in
parabiotic mice, the percentages of CD3A%mfd CD45.2 cells among the blood

leukocytes were analyzed in each mouse.

Statistical analysis

Unless otherwise indicated, the results are predess the means + standard deviation
value and are representative of at least threepermtent experiments. Statistical
differences between two groups were evaluated ugiveg Mann-Whitney U test.
Comparisons among groups were performed using tbhkeyFKramer multiple
comparisons tesP values < .05 were considered significantly differéAll statistical

tests were performed using GraphPad Prism 7.0vaidt
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SUPPLEMENTAL FIGURE LEGENDS

FIG E1. Cutaneous DCswerenot directly affected by intradermal injection of DT

The number of CD4£D64CD11¢MHC class If DCs in the treated ear 24 hours after
DT-injection. Data are represented as each vadyabfls) and their means = SDs

(bars). ns, Not significant.

FIG E2. Selectivereduction of skin Treg cellsaugmented the CHS response
A, Quantification by flow cytometry of IFN-CD8b" T cells in the skin of mice 12
hours after challengeB, The number of Foxpg3 Treg cells in contralateral

non-sensitized ear from WT arfebxp3°'™"

mice 5 days after sensitization with DT
injection.*** P < .001. Data are represented as each valmb¢ls) and their means =

SDs pars). ns, Not significant.

FIG ES. Identification of T and B cell subsets

Representative flow cytometric plots of TBRED4" Tey cells @) and B cell subsets
gated on live CD8 cells B) in dLNs 6 days after intradermal administratioh o
NP-OVA/alum. Cells are subdivided into PCs (BZ2D138CD38IgD) and GC B
cells (B220lgD’CD38GL7"). C, Representative flow cytometric plots of

NP-lgG1/IgE-expressing GC B cells or PCs in dLN&a§s after immunization.

FI G E4. | dentification of DCsin cultured human skin

11
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Identification of human DCs in skin biopsy sampld3Cs were defined as

CD45'CD11¢HLA-DR*CD14CD16 cells.

FIG E5. IL-10 expression levels of cutaneous Treg cells were not changed by
topical DNFB application
Representative flow cytometric plots of TBRD4" cells, and the frequency of Verlus

cells among Treg (CO#ACDZ) cells isolated from sensitized skin ¢F10%"S

3hCD2

x Foxp: mice 24 hours after vehicle or DNFB applicatiorat®are represented as

each valuegymbols) and their means + SDbe[s).

FIG E6. 11107/Ccr4”™ mixed BM chimeras did not develop spontaneous
inflammation

A, Phenotypic appearances 116 days after BM tramigpian. B, Ear thicknesse<C,
Phenotypic appearances of LNs and spleens at time siate of A). Data are

represented as each valggntbols) and their means + SDbgfrs). ns, Not significant.
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