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PD-L1 on mast cells negatively suppresses CD8+ T-cell activation in the skin
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Abstract

Background: The programmed cell death-1 (PD-1)/PD-ligand D-(H) pathway is
known to inhibit the activation of effector CDg cells. However, it remains unclear
how this regulatory pathway is involved in the mathysiology of CD8 T
cell-mediated inflammatory skin diseases.

Objective: To elucidate the mechanisms by which the PD-1{R[pathway exerts its
regulatory roles in CD8T cell-mediated cutaneous immune responses.

Methods: PD-L1 deficient Pdi1”) mice were used for the murine contact
hypersensitivity (CHS) model. Inflammatory respanseich as interferon-(IFN-y)
production from CD8T cells in the skin was evaluated by flow cytorgetr

Results; Pdl1” mice exhibited exacerbated ear swelling and irséanumber of
IFN-y* CD8" T cells in the skin compared to wild-type (WT) micAdoptive T cell
transfer experiments revealed the involvement & BD-1/PD-L1 pathway in the
elicitation phase of CHS. Bone marrow chimera expents showed that PD-L1 on
radio-resistant cells was responsible for this k&guy pathway. Flow cytometric
analysis revealed that among the radio-resistalfé oe the skin, PD-L1 was most
highly expressed on mast cells (MCs) before aner alicitation. Administration of
anti-PD-L1 blocking antibody during the elicitatigghase significantly enhanced ear
swelling responses and increased the number ofyfRBBS" T cells in the skin of WT
mice, while no significant effects were observed M C-deficient mice
(WBB6F1/JKitV/Kit"V/J and C57BL/&KitWS/W™). High expression level of PD-L1

on human skin MCs was confirmed by database amabsil immunohistochemical
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Conclusion: PD-L1 on MCs negatively regulates CDBcell activation in the skin.

Key messages: The PD-1/PD-L1 pathway exerts its regulatory raleshe elicitation
phase in CHS. PD-L1 on MCs is important for theutation of effector CD8 T cell

activation in the skin.

Capsule summary
MCs regulate excess CDS8T-cell activation in the skin through the PD-1/RD-
pathway in contact hypersensitivity. PD-L1 on MCsynplay regulatory roles for

cutaneous allergic inflammation.

Keywords: PD-1, PD-L1 mast cell, contact hypersensitivity

Abbreviations

APC, Antigen presenting cell; BM, Bone marrow; BMMBone marrow-derived mast
cell; CHS, Contact hypersensitivity; CTLA-4, Cytgio T-lymphocyte protein 4; DC,
Dendritic cell; dLN, Draining lymph node; DNBS, Dirobenzene sulfonic acid; DNFB,
2,4-Dinitrofluorobenzene; ELISA, Enzyme-linked Imnasorbent assay; GZMB,
Granzyme B; IFNy, interferon-gamma; KC, Keratinocyte; LC, Langerhasll; LN,

Lymph node; MART-1, Melanoma antigen recognized loells-1; MC, Mast cell;



96 PBMC, Peripheral blood mononuclear cell; PD-1, Paogmed cell death 1; PD-L1, PD
97  ligand 1; PMA, Phorbol12-myristate13-acetate; S&8¥BL/6KitWS/W*"; SD,
98 standard deviation; Treg, regulatory T cell; WT]dAtype; W/W ,
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INTRODUCTION

The programmed cell death-1 (PD-1, CD279)/PD-ligdn(PD-L1, B7-H1, CD274)
pathway is a negative regulator that coordinatesbiddance between T cell activation
and tolerancé? PD-1 expressed on T cells binds PD-L1 that carexgressed on
various tissue-resident cells as well as on antjgesenting cells (APCSF Upon
ligation with PD-L1, PD-1 transduces signals thmdibit the proliferation of T cells and
their effector functions such as interferpndFN-y) production and cytotoxity®
Because PD-1 is expressed on effector T cells bunaive T cells, it is thought that
PD-1 regulates late-phase immune responses subk affector phase in the peripheral
tissues, rather than the early induction phaskenymphoid organs?

Recent studies have highlighted the importancéisfregulatory pathway in various
pathological conditions, particularly in tumor immty, where PD-L1 expressed on
tumor cells can inhibit the effector functions dd& T cells, leading to the progression
of tumors™® Based on this understanding, the blockade of D PD-L1 pathway is
now widely utilized in cancer therapy for enhancihg anti-tumor activity of cytotoxic
CD8" T cells!® Recent studies show that PD-L1 on host cells siscdendritic cells
(DCs) are also important for this regulatfSnHowever, it remains unclear how this
regulatory pathway is involved in the pathophysjyioof CD8 T cell-mediated
inflammatory skin diseases, such as contact detimati

Murine contact hypersensitivity (CHS) is a haptedtced type IV hypersensitivity
reaction in the skin mainly mediated by CDB cells, and one of the most frequently

used mouse models for the analysis of adaptive inentesponses in the skihit is
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also used as a mouse model of contact dermatittS Consists of two phases; the
sensitization and elicitation phases. In the seagibn phase, naive T cells are
presented with antigens in the skin draining lynmades (dLNs) by APCs migrated
from the skin, and differentiate into antigen-sfiecéffector T cells. In the elicitation
phase, skin-infiltrating effector T cells are pnetsal with antigens by APCis situ,
leading to their activatiof:** The activated effector T cells then produce infiaemory
cytokines including IFNr and granzyme B (GZMB). Various skin-resident ¢edisch
as mast cells (MCs¥;*° keratinocytes (KC$§*®and macrophagé$,are also involved
in the development of CHS.Using this model, several studies have investijéte
involvement of the PD-1/PD-L1 pathway in murinelarman contact dermatitte®®
For instance, exacerbation of CHS responses inHBfitient mice or WT mice treated
with an anti-PD-1 blocking antibody has been regriby several groupgé?®
suggesting that the PD-1/PD-L1 pathway plays regofaroles in the context of CHS.
However, the phase of CHS (sensitization or elicitg in which the PD-1/PD-L1
pathway primarily affects COST cells is inconsistent in these previous studiéste
importantly, the primary supplier of PD-L1 at thellalar level has not been clarified in
these studies. KCs and DCs were proposed as thpogrllations that express PD-L1
and play roles in the regulation of CDB cell activation in CHS>?° However, because
those conclusions were based on analysis of traisg@ce overexpressing PD-L1 in
KCs or DCs, it is still unclear whether KCs or D@y such regulatory roles in
physiological condition. Thus, the underlying meukens of how the PD-1/PD-L1

pathway regulates immune responses in CHS remaieam
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Here, we investigated the mechanisms by which DelfPD-L1 pathway regulates
CD8' T cells in CHS. We found that MCs play a primaggulatory role in the CO8
T-cell activation in the skin during the elicitatigphase of CHS. Our results suggest a

novel regulatory function of MCs via PD-L1 in cuemus immunity.
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METHODS

Mice

All experiments were conducted on 6- to 12-wk-oiméle mice unless otherwise
described. C57BL/6 (B6) N mice, B6RaYBrdCrCrl (B6 Albino) mice and
WBB6F1/JKit"V/Kit"/J (W/W') and their littermate mice were purchased fromadap
SLC (Kyoto, Japan) or OBS (Kyoto, Japan). PD-L1-(BD)-deficient Pdi1”) mice on
B6 background were originally generated and kimgttyvided by Dr. Lieping Cheff:*°
C57BL/6KitWS/W™ (Sash) mice were provided by RIKEN BioResourceeezh
Center (Ibaraki, Japan). B6.@H{ROSA)26Sor™M4(CAGtdTomatoHzey e (007908;
Jackson Laboratory, Bar Harbor, Maine, USA) weressbred with Ella-cre mice
(Jackson Laboratory, Bar Harbor, Maine, USA) to egate mice systemically
expressing fluorescent proteins (tdTomato mice). édperimental protocols were
approved by the Animal Experimentation Committee Kgfoto University and all
animal experimental procedures were performed daugprto the Animal Protection

Guidelines of Kyoto University.

CHS

1-Fluoro-2,4-dinitrobenzene (DNFB) (Nacalai Tesqigjoto, Japan) was used as
hapten. Mice were sensitized with 25 pl of 0.5%/\al) DNFB in 4:1 acetone/olive oil
(vol/vol) on their shaved abdomens, and then elicitvith 20 pul of 0.3% (wt/vol)
DNFB on both sides of each ear 5 days after seasiin. Ear thickness was measured

for each mouse before and after elicitation atilkécated time points using a thickness

10
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gauge.

Preparation of single-cell suspensions

The dorsal halves of mouse ears were digestedOad® mg/ml of Liberase TL (Roche,
Basel, Switzerland) dissolved in RPMI 1640 mediumntaining 10% fetal calf serum
(FCS) and 0.05% DNase | (Sigma-Aldrich, St. Lolk), USA) for 70 min at 37 °C.
To obtain a single-cell suspension from the epidgrthe dorsal halves were floated on
0.25% trypsin-EDTA for 30 minutes at 37 °C, andnttiee epidermis was manually
collected from the dermis in advance. For intragatl staining of cytokines, ear pinnae
were incubated in digestion solution with 10 pgohBrefeldin A (Sigma-Aldrich, St.
Louis, MO, USA). After that incubation, the cellspension was filtered through a

40-pum cell strainer.

Flow cytometric analysis

Non-specific antibody binding was blocked with ambuse CD16/CD32 (2.4G2)

antibodies (BD Biosciences) for mouse cells or FBRcking Reagent, human

(Miltenyi Biotec, Bergisch Gladbach, Germany) fanian cells before surface staining.
After surface staining with antibodies (listed mst article’s Online Repository), cells

were fixed with Cytofix/Cytoperm solution (BD Biasaces, San Jose, CA, USA) and
stained intracellularly. Samples were assessed aviBD LSR Fortessa cell analyzer
(BD Biosciences, San Jose, CA, USA) and data weatyaed with FlowJo software

(BD Biosciences, San Jose, CA, USA). Numbers oheasdl subset were evaluated

11
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using Flow-Count Fluorophores (Beckman CoulteraBf@A, USA).

In vitro stimulation of hapten-specific T-cellsin mouse

CDS8' T cells from dLNs of mice 5 d after sensitizatioith\DNFB were enriched by
magnetic cell sorting (Pan T Cell Isolation Kit Mpouse and then CD8a (Ly-2)
MicroBeads, mouse; Miltenyi Biotec, Bergisch GladibaGermany). These cells were
cocultured with bone marrow-derived mast cells (BE)J at the indicated ratio with or
without 100 pg/ml of dinitrobenzene sulfonic ad@NBS; Alfa Aesar, Ward Hill, MA,
USA) for 72 h, and the supernatants were colleétedthe measurement of IFj-

production by enzyme-linked immunosorbent assay$B).

In vitro stimulation of antigen-specific T-cellsin human

Human mast cells (LUVA cell§) were pulsed for 20 minutes with 106 /mL of either
HLA-A*0201-binding peptide, melanoma antigen recagd by T cells-1 peptides
(MART-1, MART-1,7-35 ELAGIGILTV) or control peptides (HIV gagss
SLYNTVATL). Next, 2 x 10 of MART-1-specific T cells (MART-Ts), which were
generated by transducing the HLA*0201-restricted RTAL-speific TCR gene into
activated PBMC-derived T cells were cocultured with 1G of the peptide-pulsed
LUVA cells in AIM-V medium (ThermoFisher ScientificValtham, MA) with 10%
human-AB serum (Gemini Bio, West Sacramento, CAAUSvith 10 pg/mL of
anti-human PD-L1 blocking antibody or isotype cohtantibody. The supernatants

were collected after a 24-h culture period for theasurement of IFN-production by

12
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ELISA.

Resear ch ethics

This study protocol was approved by the ethics cadteen of the Kyoto University

Graduate School of Medicine and participating tngtbns. Human samples were
collected according to the procedure specifiechan study protocol. Written informed

consent forms were obtained from all patients.

Statistical analysis.

Unless otherwise described, results are presestatkans standard deviations (SDs).
For a comparison between 2 groups, the two-tailadmMAWhitney U test was

performed. For 2 x 2 comparison (FIG 4A), two-way®@VA was performed in order

to assess the possible interactive effect of twitofa - mouse strain and antibody
treatment. For these data, the results of Bonfésranultiple comparison test within a
strain was also shown in order to evaluate theeeffeantibody treatment on each strain.
A value of P<0.05 was considered to indicate statistical sigaifce. NS indicates not
significant. All statistical tests were performedwGraphPad Prism 8 software

(GraphPad Software, La Jolla, CA).

Further information on the methods used in thiglgtare provided in the Methods
section in this article’s Online Repository.

« Antibodies

13
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Gating strategies of ear skin cells by Flow Cytamet
Histologic examination of murine ear skin

Adoptive transfer experiments

Generation of BM chimeric mice

Generation of BMMCs

ELISA

Two-photon microscopic analysis

Culture of human cells

Immunohistochemistry for human skin

Database analysis
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RESULTS

L oss of PD-L 1 exacerbates CHS responses

To examine the involvement of the PD-1/PD-L1 pathwathe development of CHS
induced by DNFB, we first evaluated the CHS respsris Pdi1”" mice. Compared
with wild-type (WT) mice,Pdi1” mice exhibited significantly increased and proletig
inflammation after elicitation (FIG 1A). Histologit analysis revealed more severe
swelling in the ear skin d?di1” mice than WT mice 24 h after elicitation (FIG 1B).
addition, flow cytometric analysis showed an ineexh percentage and number of
IFN-y-producing and GZMB-producing CDE cells in the skin oPdl1” mice when
compared to WT mice (FIG 1C). On the other handsigmificant differences were
observed in the ear swelling between WT a&uil” mice in antigen-independent
irritant reactions induced by DNFB or phorbol 12+istate 13-acetate (PMA) (see FIG
E1l in this article’s Online Repository). Togethéhese results indicate that the

PD-1/PD-L1 pathway negatively regulates antigercgigemmune responses in CHS.

PD-1/PD-L 1 pathway exertsregulatory functions during the éicitation phase of
CHS

Next, we examined the phase of CHS in which thelFEDB-L1 pathway is primarily
involved. First, we checked the number and comjwsiif CD8S T cells in the dLNs of
WT andPdl1”" mice by flow cytometry five days after sensitipatiwith DNFB. There
were no significant differences in the number oftatoCD8 T cells and

CD8'CD44'CD62L" memory T cells between WT ardi1” mice (FIG 2A). In

15
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addition, the amount of IFN-production by LN cells re-stimulated with DNBS, a
water-soluble analog of DNFB, was similar betweeft Whd Pdi1” mice (FIG 2B),
suggesting that the absence of PD-L1 did not initee the establishment of
sensitization. Next, to examine the involvementtlté PD-1/PD-L1 pathway in the
elicitation phase, we performed an adoptive transtperiment (see METHODS in this
article’s Online Repository). We collected cellsrir the dLNs of DNFB-sensitized WT
or Pdi1” mice 5 days after sensitization, and adoptiveipsferred the cells to WT or
Pdi1”" mice. Then, the recipient mice were elicited WitNFB, and the ear swelling
responses were measured. The extent of the edimguasponse was similar between
recipient WT mice which were transferred cells fréai1” mice, and recipient WT
mice transferred cells from WT mice. On the othandy the recipienPdi1” mice
transferred cells from WT mice exhibited signifidgnncreased ear swelling responses
compared to recipient WT mice transferred cellsnfT mice (FIG 2C), suggesting a
regulatory role of the PD-1/PD-L1 pathway in thieigdtion phase. Consistently, PD-L1
blockade during the elicitation phase increased é¢he swelling response and the
number of IFNy" CD8' T cells in the skin of WT mice (FIG 2D). The exgs®n level
of PD-1 on CD8 T cells in the skin was significantly upregulateithin 24 h after
elicitation (FIG 2E). These results indicate thet PD-1/PD-L1 pathway regulates the
activation of CD8 T cells in the skin during the elicitation pha$e&CéiS.

We also examined whether PD-L1 blockade during e¢heitation phase
affects the number and the expression of co-stitmylanhibitory molecules (Cytotoxic

T-lymphocyte protein 4 (CTLA-4), Inducible T-celbstimulator (ICOS) and PD-1) of

16
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314

regulatory T cells (Tregs), because Tregs exertiaffammatory roles in the elicitation
phase of CH8. We treated mice with either anti-PD-L1 antibodycontrol isotype
antibody 6 h before elicitation, and then analyZegys in the skin by flow cytometry
24 h after elicitation. No significant differenceasvobserved in the number of Tregs and
their expression of co-stimulatory/inhibitory malées (see FIG E2 in this article’s
Online Repository). These results suggest thatPiDel/PD-L1 pathway regulates the

CHS responses during the elicitation phase indegreraf Tregs.

PD-L 1 on radio-resistant cellsisresponsiblefor the regulation of CHS responses

We then examined the cell population that expreBse&1 and regulates the activation
of CD8' T cells in the skin. To investigate this, we cegiblbone marrow chimeras using
WT andPdl1” mice, and examined the CHS responses of the citimméce. The ear
swelling responses of the chimera in whigi1” mice were used as recipient were
significantly increased and prolonged compared whibse of chimera in which WT
mice were used as the recipient, irrespective efgénotype of the donor (FIG 3A).
These results indicate that PD-L1 on radioresistaiis in the skin, such as KCs and
MCs, is essential for PD-L1-dependent regulatiol©€BB" T cell activation in the skin
in CHS.

We next compared the expression level of PD-LXamtio-resistant cell populations
in the skin andperformed time course analysis of its upregulation during the

elicitation phase in CHS. As the major radio-resistcell populations in the skin, we

17
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336

analyzed KCs, LCs, MC, dendritic epidermal T cdiod/lymphoid endothelial cells
and fibroblasts. The expression of PD-L1 was olesim all the radio-resistant cells to
various extents in the steady state without angtitment. Among them, MCs had the
highest expression of PD-L1 at steady state, aace¥pression further increased after
elicitation (FIG 3B). Two-photon microscopic anasysuggested the colocalization of
MCs and CD8T cells in the skin during the elicitation phaseC#1S (FIG 3C). Based
on these findings, we next investigated the rol®DEL1 for the regulation of CD8T

cell function in the skin, focusing on MCs.

Lack of PD-1/PD-L1 signaling does not affect the number of skin MCs or their
expression of activation markersduring theelicitation phase of CHS

Before going into the detailed analysis of PD-L1M@s, we checked whether lack of
PD-1/PD-L1 signaling affect the number or functiaafsMCs in the skin. First, we
examined the number of skin MCs in WT adl1” mice in the steady state and 24 h
after the elicitation, and found no obvious diffezte between the groups (see FIG E3A
in this article’s Online Repository). We next exaed degranulation of MCs by
histology and the expression of MC-activation masK€D63 and FaRI), MHC-class |,
and co-stimulatory molecules (ICAM1, CD80 and CDBg)flow cytometry 24 h after
the elicitation. No apparent differences were oles@iin the extent of degranulation as
well as the expression levels of these markers dmtvwhe groups (see FIG E3B and
E3C in this article’s Online Repository). We funthevaluated the extent of MC

degranulation and their expression of activatiorrkex@d 1 hour after the elicitation,

18
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358

when the degranulation of MCs is reported to beided in CH®, following treatment
with anti-PD-L1 antibody or isotype control antiyodegranulation was detected in
some MCs in both groups, but again, no appareferdrices were observed in the
extent of degranulation, their expression of atidramarkers, or ear swelling response
between the groups (see FIG E3D-F in this artidrdine Repository). These results
suggest that lack of PD-1/PD-L1 signaling does aift¢ct the activation of MCs in

CHS.

Lack of MCs diminishes the effects of PD-L 1 blockade on CD8" T cell activation
during the dlicitation phase of CHS

To investigate the importance of PD-L1 on MC in CDB cell activation in the
elicitation phase of CHS, we examined the effed®DfL1 blockade on CHS responses
without MCs in the skin, using two different mousgrains that lack MCs
(WBB6F1/JKitV/Kit"v/J (W/W) mice and C57BL/GitW /W (Sash) mice). These
mice lack MCs due to a mutation of th&t gene. Administration of anti-PD-L1
blocking antibody in the elicitation phase causetamced ear swelling responses and
increased production of IFMby CD8 T cells in control littermate WT mice, whereas
no significant effects of PD-L1 blockade were oledron the CHS responses in W/W
mice and Sash mice (FIG 4A and 4B in this articleidline Repository, respectively).
These results indicate that the effects of PD-ldckédde on the CHS response during

the elicitation phase are dependent on MCs.
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PD-L1 on MCsregulatesCD8" T cell activation in vitro

We next performed ann vitro coculture experiment using BMMCs for further
confirmation of the role of PD-L1 on MCs in the uéation of CDS T cell activation.
Purified CD8 T cells from DNFB-sensitized WT mice were cocuiwith BMMCs
generated either from WT &1’ mice, and the amount of IF{in the supernatant
was measured by ELISA. IFNproduction was significantly higher for CD§ cells
cocultured withPdl1” BMMCs, relative to coculture with WT BMMCs (FIG 3C
These results suggest that MCs exert dual rolethéocontrol of CD8 cell activation.

On the one hand, MCs induce CDB cell activation, possibly with cross-presentatio
via MHC class | as previously reporféd®. On the other hand, as we found in this study,

MCs play regulatory roles in CDJ cell activation via their PD-L1.

Skin M Csexpress PD-L 1 in human.

Finally, we investigated the possible human releeaof our findings. We first checked
the expression oPD-L1 (CD274) in MCs in human skin, using a public database
provided by the Functional Annotation of the MamiaalGenome (FANTOMS} 33
project, in which the sets of transcripts of vasdwman cells mapped by Cap Analysis
of Gene Expression (CAGE) are available. After edtig stimulated or treated cells,
based on their sample names (see METHODS in thidegs Online Repository), 847
samples remained, including four MC samples thaeveoellected from the skin (see
Table E1 in this article’s Online Repository). WiscacomparedPD-L1 expressions

among various cell populations commonly detectedhm skin (FIG 5A. Note that
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samples other than mast cells were not necessaltlcted from the skin). The highest,
lowest, mean and medi&bD-L1 expression levels of each cell populations weoavsh
in Table 1. We also surveyed another set of dassighed by a previous publicatith
which revealed a unique transcriptional landscapeM&s by comparison with
basophils. Among all the evaluated genes, PeL1 expression level in MC was
significantly high (log(fold change) > 4 and -lag(p-value) > 10) than in basophils
(FIG 5B and see METHODS in this article’s Online pBsitory). In addition,
immunohistochemical analysis of human skin sampies patients with contact
dermatitis revealed the expression of PD-L1 on iavibsitive MCs and the
co-localization of CD8T cells and MCs (FIG 5C), supporting a role of PDen MCs

for the regulation of CDST cell activation in the skin.

PD-L 1 on human MCsregulates CD8" T cell activation in vitro

Lastly, we investigated the role of PD-L1 on hunmaast cells in vitro, using two
human MC cell lines (LAD? and LUVA®). Constitutive expression of PD-L1 was
observed on both LAD2 and LUVA cells by flow cytotme(see FIG E4 in this article’s
Online Repository). MART-1- or control antigen-peds LUVA cells were cocultured
with human MART-1-specific T cells (MART-Ts), whickere generated by transducing
the HLA*0201-restricted MART-1-speific TCR gene anactivated PBMC-derived T
cells in the presence of anti-PD-L1 antibody otype control antibody, and 24 h later,
IFN-y levels in the supernatant were measured by ELIEA-y production was

induced only by treatment with the MART-1 antigéiG 5D). Furthermore, the IFN-
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403 levels were marginally but significantly increaseg treatment with anti-PD-L1
404  antibody (FIG 5D). These results suggest that huM@s can present antigens to T
405 cells, and that PD-L1 on MCs play regulatory rdi@sT cell activation, as observed in

406  mouse studies.

407
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DISCUSSION
In this study, we demonstrated the involvement@fIPPD-L1 signaling in the negative
regulation of CD8 T-cell activation in the skin, using CHS as a mofihis regulatory
pathway was primarily mediated by PD-L1 on radisistant cells. Among
radio-resistant cells in the skin, MCs showed tigladst expression level of PD-L1, and
a lack of MCs abolished the effect of PD-L1 blookash CD8 T-cell activation in the
elicitation phase of CHS. These results suggesttbal.1 on MCs play important roles
in the regulation of CD8T cell-mediated skin inflammation.

The importance of PD-1/PD-L1 signaling in the regioin of CD8 T cell activation
in inflammatory skin diseases has been suggestséddban the observation that
PD-1/PD-L1 inhibitors prescribed for cancer patsefiequently cause various types of
skin eruptior®, including vitiligo, alopecia, lichenoid dermasiti and rarely,
Stevens-Johnson syndrome/toxic epidermal necrolysisch are considered CD8
T-cell mediated skin diseas&s’ In addition, the patients under treatment with
PD-1/PD-L1 inhibitors occasionally exhibit exacadzhdrug eruption caused by other

medications’

suggesting that the PD-1/PD-L1 pathway is an irgmbr negative
regulator for CD8 T cell activation in inflammatory skin diseaseawéver, when and
where this regulatory pathway controls CDBcell activation have remained unclear.
Our results demonstrate that the negative regulaifoPD-1/PD-L1 signaling plays a
role in the skin during the effector phase of Ci8her than in the dLNs during the

priming phase.

In contrast to our results, one study reported tngaegulation by PD-1/PD-L1
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447

448

449

450

451

signaling in the sensitization phase of CHShe study reported that mice treated with
anti-PD-1 or anti-PD-L1 blocking antibody duringetkensitization phase exhibited an
increased ear swelling response compared with adognistered with isotype antibody.
It remains unclear what caused such discrepanttsefiowever, differences in mouse
strains (BALB/c background in the previous studyl &57BL/6 background in our
study) might be a possible reason, because mouwam significantly impact the
phenotype of CH$!In addition, the different extent of skin inflamrizet might be
another possible reason. In the previous stilyjncrease in ear thickness induced by
DNFB was quite small (less than 2@n), whereas it was around 100-200 in our
study. Thus, differences in several experimentalddmns might be reasons for the
discrepancy. Another recent study also reportediritielvement of the PD-1/PD-L1
pathway in the sensitization phase in CHS, in whilb-1-deficient Pd1”) mice
exhibited enhanced CHS respon$tdowever, the numbers of CDand CD8 T cells
in the dLNs inPd1” mice were significantly increased even the atdstestate. These
data suggest that the baseline immune statuddf mice was activatef,*® which
might have affected the phenotype of CHS in themse.m

The expression of PD-L1 on skin MCs have previousden reported in both
mice"*® and human$’ In a human study, the low expression of PD-L1 o@sMin
patients with alopecia areata was observed by inofmistochemistry analysis
suggesting a suppressive potential of MCs on pathiogCD8 T cells; however, its
physiological significance has remained uncleareiHe/e showed that PD-L1 on MCs

is involved in the regulation of CD& cell activation in the skin, at least in the i
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452  of CHS. In addition to the pro-inflammatory rolesthe elicitation phase of CH&%
453 MCs may exert anti-inflammatory functions throughe tPD-1/PD-L1 pathway to
454  finetune the extent of CDS8T cell activation. In support of our results, aest study
455  has shown a possible immunosuppressive role of PBFALMCs in tumor immunity, in
456  which high expression of PD-L1 was observed on MCgastric cancer. Consistently,
457  increased number of MCs significantly correlatethwioor prognosi&® Thus, PD-L1
458  on MCs may play important roles for the regulaidr€D8" T cell activation in various
459  organs, including the skin.

460 Another study reported a possible regulatory rél®D-L1 on keratinocytes (KCs)
461 during the effector phase of CHS, using transgenice overexpressing PD-L1 on
462  KCs? In our study as well, PD-L1 was expressed on K@ind the effector phase in
463 CHS, suggesting a possible contribution of KCs B»1PPD-L1-mediated regulation.
464 However, anti-PD-L1 antibody had no significanteeff in the absence of MCs,
465 suggesting MCs, not KCs, are the primary populatioontributing to the
466  PD-L1-mediated suppression of CDB cells in CHS. In CHS, because effector T cells
467 infiltrate in the skin through post-capillary veesland are activated in the derthrs,
468  where MCs but not KCs exist; therefore, the aciivastatus of effector T cells may be
469  finetuned by PD-L1 on MCs first. The regulatory étions of PD-L1 on KCs may be
470  important in the late stage of CHS or in conditiovisere T cells are activated in the
471  epidermis, such as graft-versus host diseasegaopsly reportett.

472 Although we showed the importance of PD-L1 on Mi@ere are several unresolved

473  issues and limitations in our study. For example cannot completely exclude the
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485

possibility of the involvement of other PD-L1 exgséng cells in the skin for the
regulation of CD8T cell activation in the skin. Establishment of M@ecific PD-L1
depletion systenm vivo will be required to clarify this point. The relati of this
MC-PD-L1-dependent regulatory system to other raiguy systems in CHS, such as
the Treg-mediated regulatory system, is anotheomtapt issue that needs further
investigation, because Tregs also exert regulatweg in the elicitation phase of
CHSM Investigation of the effects of anti-PD-L1 antilydd the absence of Tregs may
provide an answer to this issue.

In summarywe revealed a novel regulatory mechanism whictepseddent on
PD-L1 on MCs in cutaneous immunity. Our results rhagg new insights to our

understanding of complex pathophysiology of inflaatony skin diseases.
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648  Table 1. Comparison of the mRNA expression levels of PD-L 1 in various human

649  cell populationsfrom a public data base (FANTOM 5).

pl@CD274 (TSS) Top Bottom Mean Median
Mast cells 129.56 10.83 64.33 58.46
Basophils 8.26 1.70 4.86 4.61
Melanocytes 1.43 0.00 0.59 0.76
Keratinocyte 21.31 6.74 15.89 17.76
Dendritic cells 143.59 0.37 68.90 66.42
Al 197.42 0.00 9.29 2.89 [TPM]

650  TSS: transcriptional start sites
651  TPM: tags per million

652
653
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654  FigureLegends

655

656  FIG 1. Programmed cell death ligand 1 (PD-L 1)-deficient (Pdl1”") mice exhibit

657  exacerbated contact hypersensitivity (CHS) responses

658 (A) Changes in ear thickness after the elicitatito@€HS. Wild-type (WT) C57BL/6N
659  mice andPdil” mice (n = 5) were sensitized with 0.5% (w/v)

660  1-Fluoro-2,4-dinitrobenzene (DNFB), and the eackhéess was measured at each time
661  point after the elicitation with 0.3% (w/v) DNFBBY Hematoxylin and eosin staining
662  of the ear skin of WT anBdl1”" mice at steady state and 24 h after the elicitatiith
663  DNFB. Bar = 10Qum. (C) Representative flow cytometric plots of CDZER3" CD8'
664 cells in the ear skin (left). The proportion ofarferony (IFN-y) or granzyme B

665 (GZMB) positive cells out of total CD&ells and the number of IFNer GZMB

666  positive CDS§ cells/ear are shown (middle and right, respectjvé&ell suspensions
667  were prepared from the dorsal side of the ears dffeh elicited and subjected to flow
668  cytometric analysis. Each dot represents an indalidhouse except line graphs. Results
669 are expressed as the mean + or + standard dev{&idn Data are representative of at
670 least three independent experiments. *, p < 0.85 ¥ 0.01 and ***, p < 0.001.

671

672  FIG 2. PD-1/PD-L 1 signaling negatively regulates CHS responses during the

673  dlicitation phase

674  (A) The total lymphoid cell numbers (left) and f@portions of CD8T cells (right) in

675  the draining lymph nodes (dLNs) 5 days after thesgization. (B) IFNy levels in the
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695

696

culture supernatants. Cell suspensions from thesddfNDNFB-sensitized mice were
stimulated with DNBS for 72 h. (C) CHS responseasraddoptive transfer. T cells from
DNFB-sensitized mice were adoptively transferrecetmpient mice (n = 3 or 4). (D)
Kinetics of ear swelling after the elicitation lefind IFN«+ production from CD8T

cells in the skin 18 h after the elicitation (righ&nti-PD-L1 mAb (200ug/body) were
administered 6 h before and every 24 h after tiogagion (n = 4 or 5). (E)
Representative histogram (left) and mean fluoreseantensity (MFI) of PD-1
expression on COST cells at the indicated time point after theigition (n = 5). Each
dot represents an individual mouse ((A), (B), (Qht). Results are expressed as the
mean + or * standard deviation (SD). Data are sgmtative of two (A, B) or more than

three (C-E) independent experiments. *, p < 0.Gb*inp < 0.01. NS, not significant.

FIG 3. PD-L1 on radio-resistant cells negatively regulates CHS responses
(A) Kinetics of ear swelling after the elicitatiombone marrow (BM) chimeric mice.

BM cells from WT orPdl1”" mice were transferred to lethally irradiated WPdF1™"
mice (n = 2 to 4). Statistical differences betw®ehl” — WT and WT — PdI1” are

shown. (B) Histogram of flow cytometric analysig D-L1 expression on
radio-resistant cells at the steady state andatelictime point after the elicitation (n =
5). The gating strategy for each cell populatiom@cated in the Method. (C)
Two-photon microscopic analysis of the ear skia dbnor mouse adoptively

transferred with isolated CDE cells from DNFB-sensitized-TdTomato-mice. Image
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was taken 24 h after the elicitation. Red = TdTa(@D8' T cells), Green =
FITC-avidin (MCs), Blue = second harmonic generaticollagen fibers). The right
figure indicates the zoomed area in the white sgjoéthe left figure.

Results are expressed as the mean + SD. Datapaeseatative of two (B, C) or more

than three (A) independent experiments. **, p <lGa@d ***, p < 0.001.

FIG 4. Lack of MCsabolishesthe effects of anti-PD-L 1 ab during the elicitation
phasein CHS

(A) Ear swelling (left) and the percentage of IFNED8' T cells (middle) of W/W
mice 24 h after the elicitation. Anti-PD-L1 mAb (BQg/body) or its isotype matched
control Ab were administered 6 h before the elimta (B) Ear swelling of
C57BL/6-KitW-sh/W-sh (Sash) mice 24 h after theigition. Anti-PD-L1 mAb (300
ug/body) or its isotype matched control Ab were atstered 6 h before the elicitation.
(C) The concentrations of IFiin the culture supernatants. CDBcells from the
dLNs of DNFB-sensitized WT mice and bone marrowhat MCs from WT oPdi1”
mice were cocultured at 1:1 for 3 d with or with@00 pg/ml DNBS (quintuplicate).
Results are expressed as the mean + SD. Datapeseatative of three (A and C) or
two (B) independent experiments. *, p< 0.05, **, @01, *** p < 0.001 and **** p <
0.0001. NS, not significant. In A, two-way ANOVA waerformed for analysis of

interaction effect between mouse strain and antilicehtment.

FIG 5. PD-L 1 isexpressed on human MCs
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(A) PD-L1 expressions of 847 various human celkilable in a public data base,
FANTOMS. Four skin MC samples and other interestelts are labeled with different
colors. (B) Comparison of the mRNA expression Is\ymtween MCs and basophils
from a published data (Supplemental Table 8 in Metat.al*%). X axis indicates -log
(fold change), and Y axis indicates §H p-value). Fold changes and BH p-values
were already calculated and provided in the putdinaA red circle and black circles
represent CD274 (PD-L1) and well-known mast celtkaes, respectively. (C) A
representative immunostaining of MCs (FITC-avidiP-L1 (PE), CD8 (APC) and
DAPI in the skin of patients with contact dermatibn the face. White squares in the
left bottom in each panel indicate the areas dfi mggnification pictures at the white
squares in the center in each panel. (D) {HBvels in the culture supernatants.
Melanoma antigen recognized by T cells-1 (MART-fig¢afic T cells (MART-Ts) were
cocultured with HLA-A*0201-binding MART-1 peptider HIV (control) peptide-
pulsed human mast cells (LUVA cells) for 24 h ie firesence of anti-PD-L1 antibody
or isotype control antibody. Data are represergativthree (D) independent

experiments. *, p< 0.05.
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Online Repository - Table

Table E1. The PD-L1 expression in human skin mast cell samples from a public

database, FANTOMS.

pl@CD274 (TSS)
Sample ID Rank out of 847
[TPM]

Mast cell, donor3.CNhs12593.11566-120D9 129.56 8

Mast cell, donor2.CNhs12594.11565-120D8 89.15 16

Mast cell, donor4.CNhs12592.11567-120E1 27.77 66

Mast cell, donor1.CNhs12566.11563-120D6 10.83 179
Average 64.33 67.75

TSS: transcriptional start sites

TPM: tags per million
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METHODS

Antibodies

For flow cytometric analysi$;ITC-conjugated anti-Granzyme B (GB11), anti-MHC
class Il (M5/114.15.2), anti-CD49f (eBioGoH3), apifCR (GL3), anti-TCR,
anti-CD279 (RMP1-30), anti- FR1a. (MAR-1) and avidin; PE-conjugated anti-CD11c
(N418), anti-CD200R3 (Bal3), anti-gp38 (8.1.1),-%€R1 (ZET) anti-CD152
(UC10-4B9) and anti-ICOS (7E.17G9); PE/Dazzle-cgajed anti-CD8b
(YTS156.7.7); PerCP-Cy5.5-conjugated anti-Ter11BRT119) and anti-CD3
(145-2C11), PerCP-eFluor710-conjugated anti-CD8Rb(HI7.2); PE/Cy7-conjugated
anti-TCR3 (H57-597), anti-CD31 (390), anti-ER1o (MAR-1), anti-CD11c (N418),
anti-CD8b (eBioH35-17.2) and anti-CD11b (M1/70); @&fonjugated anti-IFN-
(XMG1.2), anti-CD117 (2B8), anti-E-cadherin (DECMHJ; anti-EpCAM (G8.8),
anti-CD279 (RMP1-30), anti-CD63 (NVG-2), anti-CDE{LD4B), anti-Foxp3
(FIK-16s) and anti-human CD274 (29E.2A3); PacifieeBconjugated anti-CD8b
(H35-17.2), anti-FER 1o (MAR-1) and anti-TCR/6 (GL3); Brilliant Violet
421-conjugated anti-CD274 (MIH1) and anti-CD117 §2B/450-conjugated anti-CD4
(RM4-5); Brilliant Violet 605-conjugated anti-CD&M4-5) and anti-CD11b (M1/70);
BUV395-conjugated anti-CD45 (30-F11) antibodies Bngble Viability Dye eFluor
780 were purchased from abcam (Cambridge, UK), Bi3d&ence (San Jose, CA,
USA), Biolegend (San Diego, CA, USA), eBioscien8arf{ Diego, CA, USA) or

Invitrogen (Carlsbad, CA, USA).
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For neutralization, anti-mouse PD-L1 blocking mABIE.9G2) and rat IgG2b isotype
control mAb (LTF-2) were purchased from Bio X Cglebanon, NH, USA).
Anti-human PD-L1 blocking mAb (29E.2A3) and moug&R2b (MPC-11) isotype
control mAb were purchased from Biolegend (San Di€tA, USA).

For immunohistochemistry, anti-CD8 (144B, abcang anti-PD-L1 (SP142) were

purchased from abcam (Cambridge, UK) and Springd@emce (Pleasanton, CA, USA),

respectively.

Gating strategies of ear skin cells by flow cytometry

Before the gating, dead cells were excluded byihiaility dye. KCs were gated as
CD45CDA49f epidermal cells, Langerhans cells as CII511¢MHC class
II"EpCAM" epidermal cellsydTCR" T cells as CD4XCD3'ydTCR' epidermal cells,
MCs as CD45CD11¢)(CD1165)CD200R3c-kit"(FceR1Y) cells, blood endothelial
cells as CD4%D31'gp38 dermal cells, lymph endothelial cells as CORIB31'gp38
dermal cells, fibroblasts as CD€®D31Terl19 dermal cells and Tregs as

CD45TCRB'CD4 Foxp3 cells.

Histologic examination of murine ear skin

Skin tissues were fixed with 10% formalin and endsetlin paraffin. Sections with a
thickness of ;um were prepared, stained with hematoxylin and eastoluidine blue,
and examined by using a light microscopy or a sicknner (NanoZoomer S60,

Hamamatsu Photonics, Hamamatsu, Japan).
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Adoptivetransfer experiments

For adoptive transfer, axillary and inguinal dLN'seach donor mouse were collected 5
days after the sensitization with 0.5% DNFB, amijis cell suspensions were prepared
by mincing with a 4Qtm cell strainer. Cells were injected intravenousiio each
recipient mouse (2 x Iells per body, diluted in phosphate-bufferedngaliPBS)).
After 6 h, the recipient mice were elicited with g0of 0.5% DNFB on both sides of

each ear.

Generation of BM chimeric mice

Recipient mice were lethally irradiated with 9.5 By a gamma irradiation device and
received 5 x 1Dbone marrow (BM) cells from donor mice intraverlgusirough the
tail vein. The chimeric mice were subjected toitidicated experiments over 2 months

after the reconstitution.

Generation of BMMCs

For the generation of bone marrow-derived masso@MMCs), 1 x 16 BM cells
from WT andPdl1” mice were cultured in 20 ml of complete RPMI (RPMI 1640;
Gibco®; Thermo Fisher Scientific, Waltham, MA, USA), caiming 10%
heat-inactivated fetal calf serum (Invitrogen, Gbad, CA, USA), 50 uM
2-mercaptoethanol, 1 mM nonessential amino acidsML sodium pyruvate and 100

U/ml penicillin/streptomycin supplemented with 1@/ml of recombinant murine stem
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cell factor and Interleukin 3 (PeproTech, Londoi)Wsing 10-cm non-coated culture
dishes or flasks for floating cells (Nunc Non-tezhtEasYFlasks; Thermo Fisher
Scientific, Waltham, MA, USA). The culture mediumasv basically changed every
week based on the cell growth. After 3 weeks oftural cells were utilized for

experiments (>95% of living cells were c-kind CD200R3.

ELISA

The murine IFNy concentration of culture supernatants was measyédouse IFNy
ELISA Set (RUO) (555138, BD Biosciences, CA, USA)e human IFN¢
concentration of culture supernatants was measwyreding anti-human IFN-
Antibody (M700A, Invitrogen, Carlsbad, CA, USA) aadti-human IFNy biotinylated

antibody (M701B, Invitrogen, Carlsbad, CA, USA).

Two-photon microscopic analysis

CDS8' T cells were sorted by magnetic cell sorting (CI8a2) MicroBeads, mouse;
Miltenyi Biotec, Bergisch Gladbach, Germany) frame dLNs of

DNFB-sensitized tdTomato mice, according to the uf@cturer’s protocols.
Twenty-millions of these cells were intravenousijected to a B6 Albino mouse,
which was elicited with 0.5% DNFB 24 h before timalgsis. To visualize cutaneous
MCs, 20uL of avidin-FITC (1:200 in PBS) was intradermalhjacted to the ear right
before the analysis. Two-photon microscopic analyss performed as previously

described with some modifications. In brief, mice were ahesized with isoflurane
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and were positioned on the heating plate on thgestda two-photon microscope
(IX-81; Olympus), with their earlobes fixed beneatverslips with a single drop of
immersion oil. Images were further processed bggiBnaris software (Bitplane,

Zurich, Switzerland).

Culture of human cells

Laboratory of Allergic Diseases 2 (LAD?) which derives from a human mast cell
sarcoma/leukemia was kindly provided by Dr. ArnSlcKirshenbaum. Cells were
cultured in StemPro-34 serum-free medium (Invitrggearisbad, CA, USA)
supplemented with 100 U/mL penicillin/streptomycli®0 U/mL glutamine and 100
ng/mL recombinant human stem cell factor (PeproTeohdon, UK), which was half
replaced every week or two weeks based on theaeilith.

Another human mast cell line, LUVA was commercially purchased (Kerafast, Boston,
MA, USA). Cells were cultured in StemPro-34 serugefmedium (Invitrogen,

Carlsbad, CA, USA) supplemented with 100 U/mL p#liméstreptomycin and 100

U/mL glutamine and 100 ng/mL with or without recamdnt human stem cell factor
(PeproTech, London, UK), which was changed evemydays based on the cell

growth.

MART-specific T cells (MART-Ts) were generated asyiously describef? =2

Briefly, the plasmid encoding the HLA-A*0201-rested MART-1-specific TCR was a

gift from Dr. Ken-ichi Hanada (Surgery Branch, Naial Cancer Institute, National

Institutes of Health, USA). PBMCs from healthy domhwere stimulated with soluble
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OKT-3 (50 ng/ml) and recombinant human IL-2 (50@nil Novartis, East Hanover,
NJ, USA) for 2 d before transduction. The stimudatells were then transfected with a
retrovirus expressing the MART-1-specific TCR geReese cells were expanded in
AIM-V medium (ThermoFisher Scientific, Waltham, MAjith 10% human-AB serum
(Gemini Bio, West Sacramento, CA, USA) and recorabirhuman IL-2 (500 1U/ml;
Novartis, East Hanover, NJ, USA), and used for erpents after more than 7 days of

expansion.

Immunohistochemistry for human skin

Biopsied skin samples from patients clinically adiaged with allergic contact
dermatitis (n=540s-70s, 2 males and 3 females) were used. Paeaffredded tissue
samples were deparaffinized and were incubated Wik-conjugated avidin over
night at 4 °C. Then, samples were antigen retriexsiag antigen retrieval buffer pH
9.0 in a microwave at 95 °C for 15 minutes. Tisaas incubated with anti-CD8
primary antibody (1:500) for 30 minutes, with HR&lypner conjugated anti-mouse
antibody for 10 minutes, and then with Opal 57&QD) for 10 minutes. After washed,
samples were retrieved using antigen retrievaldsydH 6.0 in a decloaking chamber
for 20 min. Tissue was incubated with anti-PD-Liary antibody (1:300) for 30 min,
with HRP polymer conjugated anti-rabbit antibody 10 minutes, and then with Opal
690 (1:500) for 10 minutes. Stained samples weremntaal with Prolong Gold Antifade
Mountant with DAPI (ThermoFisher Scientific, WalthaMA). Fluorescence images

were obtained using a Nikon Al confocal microsc@yi&on, Tokyo, Japan).
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Database analysis

A list of PD-L1 mRNA expression levels of variousrhan cell samples was obtained
from a database service, the Functional Annotasidlammalian Genome 5
(FANTOMD) project, Semantic catalog of Samplesn$iption initiation And
Regulators (SSTARJ>? The data set of mapping transcription start@igS)
expressions of human CD274 (EntrezGene:29126, p1&¥€Dwere exported. Among
889 entries (available registered samples), 84ifesntemained by excluding samples
whose name includes the word “stimulated” or “teglafbut except untreated)”. Each
cell population was extracted based on the sangieenFor the comparison between
MCs and basophils, the data were obtained froneaiquis report (Supplemental Table
8 in Motakis et.af?). In the data, log fold changes and BH p-valuethefl6,533 genes
were provided. Graphs were drawn with publishecaBkpges including

EnhancedVolcaridand ggplot2.

E1l. Sawada Y, Honda T, Hanakawa S, Nakamizo S, tsldra
Ueharaguchi-Tanada Y, et al. Resolvin E1 inhibé@sdtitic cell migration in
the skin and attenuates contact hypersensitivégarses. J Exp Med.
2015;212:1921-30.

E2. Johnson LA, Morgan RA, Dudley ME, et al. Gelmerapy with human and

mouse T-cell receptors mediates cancer regresamtaagets normal tissues
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Figure Legends

FIG E1. Programmed cell death ligand 1 (PD-L 1)-deficient (Pdl1”") mice exhibit
equivalent ear swelling responsesin irritant der matitis.

Ear thickness changes 24 h after the applicatidh3% DNFB (left) and 6 h after the
application of 0.1% phorbol 12-myristate 13-ace{®@&lA) (right) in WT andPdi1”

mice. Data are representative of two independemerxents. Results are expressed as

the mean + SD. NS, not significant.

FIG E2. No significant difference was observed in the number and surface markers
of Tregin the skin under the blockade of PD-1/PD-L 1 signaling.

(A) The number and (B) surface markers of Treghénear skin analyzed by flow
cytometry 24 h after the elicitation in mice trehteith anti-PD-L1 mAb (30@g/body)
or its isotype matched control Ab. Results are esped as the mean + SD. Data are

representative of two independent experiments.ngssignificant.

FIG ES3. Lack of PD-1/PD-L 1 signaling does not affect the number and the

expression of activation markersin skin MCsduring the elicitation phase of CHS

(A) The number of MCs in the ear skin analyzedlbwfcytometry 24 h after the
elicitation of CHS in WT ané®dl1” mice. (B) Representative toluidine blue stainifig o
the ear skin 24 h after elicitation. Right paneélggh magnification of degranulated
MCs. (C) Activation markers of MCs in WT afidl 1"~ mice 24 h after elicitation

analyzed by flow cytometry. (D-F) Ear swelling (xtivation markers of MCs (E) and
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representative toluidine blue staining of the &am ¢) 1 h after the elicitation of CHS.
Mice were treated with anti-PD-L1 mAb (3Q@/body) or its isotype matched control

Ab 6 h before the elicitation. The horizontal sectand vertical section are shown for
each sample in (F). Results are expressed as the m8D. Data are representative of

three (A) or two (C-E) independent experiments. h&,significant.

FIG E4. Human MC lines constitutively expresses PD-L 1

Flow cytometric analysis of PD-L1 expression on LAEells and LUVA cells. Gray

peak represents a control stained with isotype IgG.
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