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Abstract  51 

Background: The programmed cell death-1 (PD-1)/PD-ligand 1 (PD-L1) pathway is 52 

known to inhibit the activation of effector CD8+ T cells. However, it remains unclear 53 

how this regulatory pathway is involved in the pathophysiology of CD8+ T 54 

cell-mediated inflammatory skin diseases.  55 

Objective: To elucidate the mechanisms by which the PD-1/PD-L1 pathway exerts its 56 

regulatory roles in CD8+ T cell-mediated cutaneous immune responses.  57 

Methods: PD-L1 deficient (Pdl1-/-) mice were used for the murine contact 58 

hypersensitivity (CHS) model. Inflammatory responses such as interferon-γ (IFN-γ) 59 

production from CD8+ T cells in the skin was evaluated by flow cytometry. 60 

Results: Pdl1-/- mice exhibited exacerbated ear swelling and increased number of 61 

IFN-γ+ CD8+ T cells in the skin compared to wild-type (WT) mice. Adoptive T cell 62 

transfer experiments revealed the involvement of the PD-1/PD-L1 pathway in the 63 

elicitation phase of CHS. Bone marrow chimera experiments showed that PD-L1 on 64 

radio-resistant cells was responsible for this regulatory pathway. Flow cytometric 65 

analysis revealed that among the radio-resistant cells in the skin, PD-L1 was most 66 

highly expressed on mast cells (MCs) before and after elicitation. Administration of 67 

anti-PD-L1 blocking antibody during the elicitation phase significantly enhanced ear 68 

swelling responses and increased the number of IFN-γ+ CD8+ T cells in the skin of WT 69 

mice, while no significant effects were observed in MC-deficient mice 70 

(WBB6F1/J-KitW/KitW-v/J and C57BL/6-KitW-sh/W-sh). High expression level of PD-L1 71 

on human skin MCs was confirmed by database analysis and immunohistochemical 72 

Jo
urn

al 
Pre-

pro
of



 5 

analysis. 73 

Conclusion: PD-L1 on MCs negatively regulates CD8+ T-cell activation in the skin.  74 

 75 

Key messages: The PD-1/PD-L1 pathway exerts its regulatory roles in the elicitation 76 

phase in CHS. PD-L1 on MCs is important for the regulation of effector CD8+ T cell 77 

activation in the skin. 78 

 79 

Capsule summary 80 

MCs regulate excess CD8+ T-cell activation in the skin through the PD-1/PD-L1 81 

pathway in contact hypersensitivity. PD-L1 on MCs may play regulatory roles for 82 

cutaneous allergic inflammation. 83 

 84 
 85 

Keywords: PD-1, PD-L1, mast cell, contact hypersensitivity 86 

 87 
 88 

Abbreviations 89 

APC, Antigen presenting cell; BM, Bone marrow; BMMC, Bone marrow-derived mast 90 

cell; CHS, Contact hypersensitivity; CTLA-4, Cytotoxic T-lymphocyte protein 4; DC, 91 

Dendritic cell; dLN, Draining lymph node; DNBS, Dinitrobenzene sulfonic acid; DNFB, 92 

2,4-Dinitrofluorobenzene; ELISA, Enzyme-linked Immunosorbent assay; GZMB, 93 

Granzyme B; IFN-γ, interferon-gamma; KC, Keratinocyte; LC, Langerhans cell; LN, 94 

Lymph node; MART-1, Melanoma antigen recognized by T cells-1; MC, Mast cell; 95 
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PBMC, Peripheral blood mononuclear cell; PD-1, Programmed cell death 1; PD-L1, PD 96 

ligand 1; PMA, Phorbol12-myristate13-acetate; Sash, C57BL/6-KitW-sh/W-sh; SD, 97 

standard deviation; Treg, regulatory T cell; WT, Wild-type; W/Wv , 98 

WBB6F1/J-KitW/KitW-v/J. 99 
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INTRODUCTION 101 

The programmed cell death-1 (PD-1, CD279)/PD-ligand 1 (PD-L1, B7-H1, CD274) 102 

pathway is a negative regulator that coordinates the balance between T cell activation 103 

and tolerance.1,2 PD-1 expressed on T cells binds PD-L1 that can be expressed on 104 

various tissue-resident cells as well as on antigen-presenting cells (APCs).1,2 Upon 105 

ligation with PD-L1, PD-1 transduces signals that inhibit the proliferation of T cells and 106 

their effector functions such as interferon-γ (IFN-γ) production and cytotoxity.1-3 107 

Because PD-1 is expressed on effector T cells but not naïve T cells, it is thought that 108 

PD-1 regulates late-phase immune responses such as the effector phase in the peripheral 109 

tissues, rather than the early induction phase in the lymphoid organs.3,4 110 

Recent studies have highlighted the importance of this regulatory pathway in various 111 

pathological conditions, particularly in tumor immunity, where PD-L1 expressed on 112 

tumor cells can inhibit the effector functions of CD8+ T cells, leading to the progression 113 

of tumors.5,6 Based on this understanding, the blockade of the PD-1/PD-L1 pathway is 114 

now widely utilized in cancer therapy for enhancing the anti-tumor activity of cytotoxic 115 

CD8+ T cells.7-9 Recent studies show that PD-L1 on host cells such as dendritic cells 116 

(DCs) are also important for this regulation.10 However, it remains unclear how this 117 

regulatory pathway is involved in the pathophysiology of CD8+ T cell-mediated 118 

inflammatory skin diseases, such as contact dermatitis.  119 

Murine contact hypersensitivity (CHS) is a hapten-induced type IV hypersensitivity 120 

reaction in the skin mainly mediated by CD8+ T cells, and one of the most frequently 121 

used mouse models for the analysis of adaptive immune responses in the skin.11 It is 122 
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also used as a mouse model of contact dermatitis. CHS consists of two phases; the 123 

sensitization and elicitation phases. In the sensitization phase, naïve T cells are 124 

presented with antigens in the skin draining lymph nodes (dLNs) by APCs migrated 125 

from the skin, and differentiate into antigen-specific effector T cells. In the elicitation 126 

phase, skin-infiltrating effector T cells are presented with antigens by APCs in situ, 127 

leading to their activation.12,13 The activated effector T cells then produce inflammatory 128 

cytokines including IFN-γ and granzyme B (GZMB). Various skin-resident cells, such 129 

as mast cells (MCs),14-16 keratinocytes (KCs)17,18 and macrophages,12 are also involved 130 

in the development of CHS.11 Using this model, several studies have investigated the 131 

involvement of the PD-1/PD-L1 pathway in murine or human contact dermatitis.19-23 132 

For instance, exacerbation of CHS responses in PD-1-deficient mice or WT mice treated 133 

with an anti-PD-1 blocking antibody has been reported by several groups,22,23 134 

suggesting that the PD-1/PD-L1 pathway plays regulatory roles in the context of CHS. 135 

However, the phase of CHS (sensitization or elicitation) in which the PD-1/PD-L1 136 

pathway primarily affects CD8+ T cells is inconsistent in these previous studies. More 137 

importantly, the primary supplier of PD-L1 at the cellular level has not been clarified in 138 

these studies. KCs and DCs were proposed as the cell populations that express PD-L1 139 

and play roles in the regulation of CD8+ T cell activation in CHS.19,20 However, because 140 

those conclusions were based on analysis of transgenic mice overexpressing PD-L1 in 141 

KCs or DCs, it is still unclear whether KCs or DCs play such regulatory roles in 142 

physiological condition. Thus, the underlying mechanisms of how the PD-1/PD-L1 143 

pathway regulates immune responses in CHS remain unclear.  144 
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Here, we investigated the mechanisms by which the PD-1/PD-L1 pathway regulates 145 

CD8+ T cells in CHS. We found that MCs play a primary regulatory role in the CD8+ 146 

T-cell activation in the skin during the elicitation phase of CHS. Our results suggest a 147 

novel regulatory function of MCs via PD-L1 in cutaneous immunity. 148 

  149 
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METHODS  150 

Mice 151 

All experiments were conducted on 6- to 12-wk-old female mice unless otherwise 152 

described. C57BL/6 (B6) N mice, B6N-Tyrc-Brd/BrdCrCrl (B6 Albino) mice and 153 

WBB6F1/J-KitW/KitW-v/J (W/Wv) and their littermate mice were purchased from Japan 154 

SLC (Kyoto, Japan) or OBS (Kyoto, Japan). PD-L1 (B7-H1)-deficient (Pdl1-/-) mice on 155 

B6 background were originally generated and kindly provided by Dr. Lieping Chen.24,25 156 

C57BL/6-KitW-sh/W-sh (Sash) mice were provided by RIKEN BioResource Research 157 

Center (Ibaraki, Japan). B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice (007908; 158 

Jackson Laboratory, Bar Harbor, Maine, USA) were crossbred with EIIa-cre mice 159 

(Jackson Laboratory, Bar Harbor, Maine, USA) to generate mice systemically 160 

expressing fluorescent proteins (tdTomato mice). All experimental protocols were 161 

approved by the Animal Experimentation Committee of Kyoto University and all 162 

animal experimental procedures were performed according to the Animal Protection 163 

Guidelines of Kyoto University. 164 

 165 

CHS 166 

1-Fluoro-2,4-dinitrobenzene (DNFB) (Nacalai Tesque, Kyoto, Japan) was used as 167 

hapten. Mice were sensitized with 25 µl of 0.5% (wt/vol) DNFB in 4:1 acetone/olive oil 168 

(vol/vol) on their shaved abdomens, and then elicited with 20 µl of 0.3% (wt/vol) 169 

DNFB on both sides of each ear 5 days after sensitization. Ear thickness was measured 170 

for each mouse before and after elicitation at the indicated time points using a thickness 171 
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gauge.  172 

 173 

Preparation of single-cell suspensions  174 

The dorsal halves of mouse ears were digested with 0.33 mg/ml of Liberase TL (Roche, 175 

Basel, Switzerland) dissolved in RPMI 1640 medium containing 10% fetal calf serum 176 

(FCS) and 0.05% DNase I (Sigma-Aldrich, St. Louis, MO, USA) for 70 min at 37 °C. 177 

To obtain a single-cell suspension from the epidermis, the dorsal halves were floated on 178 

0.25% trypsin-EDTA for 30 minutes at 37 °C, and then the epidermis was manually 179 

collected from the dermis in advance. For intracellular staining of cytokines, ear pinnae 180 

were incubated in digestion solution with 10 µg/ml of Brefeldin A (Sigma-Aldrich, St. 181 

Louis, MO, USA). After that incubation, the cell suspension was filtered through a 182 

40-µm cell strainer.  183 

 184 

Flow cytometric analysis 185 

Non-specific antibody binding was blocked with anti-mouse CD16/CD32 (2.4G2) 186 

antibodies (BD Biosciences) for mouse cells or FcR Blocking Reagent, human 187 

(Miltenyi Biotec, Bergisch Gladbach, Germany) for human cells before surface staining. 188 

After surface staining with antibodies (listed in this article’s Online Repository), cells 189 

were fixed with Cytofix/Cytoperm solution (BD Biosciences, San Jose, CA, USA) and 190 

stained intracellularly. Samples were assessed with a BD LSR Fortessa cell analyzer 191 

(BD Biosciences, San Jose, CA, USA) and data were analyzed with FlowJo software 192 

(BD Biosciences, San Jose, CA, USA). Numbers of each cell subset were evaluated 193 
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using Flow-Count Fluorophores (Beckman Coulter, Brea, CA, USA). 194 

 195 

In vitro stimulation of hapten-specific T-cells in mouse 196 

CD8+ T cells from dLNs of mice 5 d after sensitization with DNFB were enriched by 197 

magnetic cell sorting (Pan T Cell Isolation Kit II, mouse and then CD8a (Ly-2) 198 

MicroBeads, mouse; Miltenyi Biotec, Bergisch Gladbach, Germany). These cells were 199 

cocultured with bone marrow-derived mast cells (BMMCs) at the indicated ratio with or 200 

without 100 µg/ml of dinitrobenzene sulfonic acid (DNBS; Alfa Aesar, Ward Hill, MA, 201 

USA) for 72 h, and the supernatants were collected for the measurement of IFN-γ 202 

production by enzyme-linked immunosorbent assay (ELISA).  203 

 204 

In vitro stimulation of antigen-specific T-cells in human 205 

Human mast cells (LUVA cells)26 were pulsed for 20 minutes with 100 μg /mL of either 206 

HLA-A*0201-binding peptide, melanoma antigen recognized by T cells-1 peptides 207 

(MART-1, MART-127–35: ELAGIGILTV) or control peptides (HIV gag77-85; 208 

SLYNTVATL). Next, 2 × 104 of MART-1-specific T cells (MART-Ts), which were 209 

generated by transducing the HLA*0201-restricted MART-1-speific TCR gene into 210 

activated PBMC-derived T cells were cocultured with 1 × 105 of the peptide-pulsed 211 

LUVA cells in AIM-V medium (ThermoFisher Scientific, Waltham, MA) with 10% 212 

human-AB serum (Gemini Bio, West Sacramento, CA, USA) with 10 μg/mL of 213 

anti-human PD-L1 blocking antibody or isotype control antibody. The supernatants 214 

were collected after a 24-h culture period for the measurement of IFN-γ production by 215 
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ELISA. 216 

 217 

Research ethics 218 

This study protocol was approved by the ethics committee of the Kyoto University 219 

Graduate School of Medicine and participating institutions. Human samples were 220 

collected according to the procedure specified in the study protocol. Written informed 221 

consent forms were obtained from all patients. 222 

 223 

Statistical analysis. 224 

Unless otherwise described, results are presented as means ± standard deviations (SDs). 225 

For a comparison between 2 groups, the two-tailed Mann-Whitney U test was 226 

performed. For 2 × 2 comparison (FIG 4A), two-way ANOVA was performed in order 227 

to assess the possible interactive effect of two factors - mouse strain and antibody 228 

treatment. For these data, the results of Bonferroni's multiple comparison test within a 229 

strain was also shown in order to evaluate the effect of antibody treatment on each strain. 230 

A value of P < 0.05 was considered to indicate statistical significance. NS indicates not 231 

significant. All statistical tests were performed with GraphPad Prism 8 software 232 

(GraphPad Software, La Jolla, CA). 233 

 234 

Further information on the methods used in this study are provided in the Methods 235 

section in this article’s Online Repository. 236 

• Antibodies 237 
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• Gating strategies of ear skin cells by Flow Cytometry 238 

• Histologic examination of murine ear skin 239 

• Adoptive transfer experiments 240 

• Generation of BM chimeric mice 241 

• Generation of BMMCs 242 

• ELISA 243 

• Two-photon microscopic analysis 244 

• Culture of human cells 245 

• Immunohistochemistry for human skin 246 

• Database analysis 247 

 248 

  249 
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RESULTS 250 

Loss of PD-L1 exacerbates CHS responses 251 

To examine the involvement of the PD-1/PD-L1 pathway in the development of CHS 252 

induced by DNFB, we first evaluated the CHS responses in Pdl1-/- mice. Compared 253 

with wild-type (WT) mice, Pdl1-/- mice exhibited significantly increased and prolonged 254 

inflammation after elicitation (FIG 1A). Histological analysis revealed more severe 255 

swelling in the ear skin of Pdl1-/- mice than WT mice 24 h after elicitation (FIG 1B). In 256 

addition, flow cytometric analysis showed an increased percentage and number of 257 

IFN-γ-producing and GZMB-producing CD8+ T cells in the skin of Pdl1-/- mice when 258 

compared to WT mice (FIG 1C). On the other hand, no significant differences were 259 

observed in the ear swelling between WT and Pdl1-/- mice in antigen-independent 260 

irritant reactions induced by DNFB or phorbol 12-myristate 13-acetate (PMA) (see FIG 261 

E1 in this article’s Online Repository). Together, these results indicate that the 262 

PD-1/PD-L1 pathway negatively regulates antigen-specific immune responses in CHS.  263 

 264 

PD-1/PD-L1 pathway exerts regulatory functions during the elicitation phase of 265 

CHS 266 

Next, we examined the phase of CHS in which the PD-1/PD-L1 pathway is primarily 267 

involved. First, we checked the number and composition of CD8+ T cells in the dLNs of 268 

WT and Pdl1-/- mice by flow cytometry five days after sensitization with DNFB. There 269 

were no significant differences in the number of total CD8+ T cells and 270 

CD8+CD44+CD62L+ memory T cells between WT and Pdl1-/- mice (FIG 2A). In 271 
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addition, the amount of IFN-γ production by LN cells re-stimulated with DNBS, a 272 

water-soluble analog of DNFB, was similar between WT and Pdl1-/- mice (FIG 2B), 273 

suggesting that the absence of PD-L1 did not influence the establishment of 274 

sensitization. Next, to examine the involvement of the PD-1/PD-L1 pathway in the 275 

elicitation phase, we performed an adoptive transfer experiment (see METHODS in this 276 

article’s Online Repository). We collected cells from the dLNs of DNFB-sensitized WT 277 

or Pdl1-/- mice 5 days after sensitization, and adoptively transferred the cells to WT or 278 

Pdl1-/- mice. Then, the recipient mice were elicited with DNFB, and the ear swelling 279 

responses were measured. The extent of the ear swelling response was similar between 280 

recipient WT mice which were transferred cells from Pdl1-/- mice, and recipient WT 281 

mice transferred cells from WT mice. On the other hand, the recipient Pdl1-/- mice 282 

transferred cells from WT mice exhibited significantly increased ear swelling responses 283 

compared to recipient WT mice transferred cells from WT mice (FIG 2C), suggesting a 284 

regulatory role of the PD-1/PD-L1 pathway in the elicitation phase. Consistently, PD-L1 285 

blockade during the elicitation phase increased the ear swelling response and the 286 

number of IFN-γ+ CD8+ T cells in the skin of WT mice (FIG 2D). The expression level 287 

of PD-1 on CD8+ T cells in the skin was significantly upregulated within 24 h after 288 

elicitation (FIG 2E). These results indicate that the PD-1/PD-L1 pathway regulates the 289 

activation of CD8+ T cells in the skin during the elicitation phase of CHS. 290 

We also examined whether PD-L1 blockade during the elicitation phase 291 

affects the number and the expression of co-stimulatory/inhibitory molecules (Cytotoxic 292 

T-lymphocyte protein 4 (CTLA-4), Inducible T-cell costimulator (ICOS) and PD-1) of 293 
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regulatory T cells (Tregs), because Tregs exert anti-inflammatory roles in the elicitation 294 

phase of CHS11. We treated mice with either anti-PD-L1 antibody or control isotype 295 

antibody 6 h before elicitation, and then analyzed Tregs in the skin by flow cytometry 296 

24 h after elicitation. No significant difference was observed in the number of Tregs and 297 

their expression of co-stimulatory/inhibitory molecules (see FIG E2 in this article’s 298 

Online Repository). These results suggest that the PD-1/PD-L1 pathway regulates the 299 

CHS responses during the elicitation phase independent of Tregs.  300 

 301 

PD-L1 on radio-resistant cells is responsible for the regulation of CHS responses 302 

We then examined the cell population that expresses PD-L1 and regulates the activation 303 

of CD8+ T cells in the skin. To investigate this, we created bone marrow chimeras using 304 

WT and Pdl1-/- mice, and examined the CHS responses of the chimeric mice. The ear 305 

swelling responses of the chimera in which Pdl1-/- mice were used as recipient were 306 

significantly increased and prolonged compared with those of chimera in which WT 307 

mice were used as the recipient, irrespective of the genotype of the donor (FIG 3A). 308 

These results indicate that PD-L1 on radioresistant cells in the skin, such as KCs and 309 

MCs, is essential for PD-L1-dependent regulation of CD8+ T cell activation in the skin 310 

in CHS.  311 

  We next compared the expression level of PD-L1 on radio-resistant cell populations 312 

in the skin and performed time course analysis of its upregulation during the 313 

elicitation phase in CHS. As the major radio-resistant cell populations in the skin, we 314 
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analyzed KCs, LCs, MC, dendritic epidermal T cells, blood/lymphoid endothelial cells 315 

and fibroblasts. The expression of PD-L1 was observed in all the radio-resistant cells to 316 

various extents in the steady state without any treatment. Among them, MCs had the 317 

highest expression of PD-L1 at steady state, and the expression further increased after 318 

elicitation (FIG 3B). Two-photon microscopic analysis suggested the colocalization of 319 

MCs and CD8+ T cells in the skin during the elicitation phase of CHS (FIG 3C). Based 320 

on these findings, we next investigated the role of PD-L1 for the regulation of CD8+ T 321 

cell function in the skin, focusing on MCs. 322 

 323 

Lack of PD-1/PD-L1 signaling does not affect the number of skin MCs or their 324 

expression of activation markers during the elicitation phase of CHS 325 

Before going into the detailed analysis of PD-L1 on MCs, we checked whether lack of 326 

PD-1/PD-L1 signaling affect the number or functions of MCs in the skin. First, we 327 

examined the number of skin MCs in WT and Pdl1-/- mice in the steady state and 24 h 328 

after the elicitation, and found no obvious difference between the groups (see FIG E3A 329 

in this article’s Online Repository). We next examined degranulation of MCs by 330 

histology and the expression of MC-activation markers (CD63 and FcεRI), MHC-class I, 331 

and co-stimulatory molecules (ICAM1, CD80 and CD86) by flow cytometry 24 h after 332 

the elicitation. No apparent differences were observed in the extent of degranulation as 333 

well as the expression levels of these markers between the groups (see FIG E3B and 334 

E3C in this article’s Online Repository). We further evaluated the extent of MC 335 

degranulation and their expression of activation markers 1 hour after the elicitation, 336 
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when the degranulation of MCs is reported to be induced in CHS15, following treatment 337 

with anti-PD-L1 antibody or isotype control antibody. Degranulation was detected in 338 

some MCs in both groups, but again, no apparent differences were observed in the 339 

extent of degranulation, their expression of activation markers, or ear swelling response 340 

between the groups (see FIG E3D-F in this article’s Online Repository). These results 341 

suggest that lack of PD-1/PD-L1 signaling does not affect the activation of MCs in 342 

CHS. 343 

 344 

Lack of MCs diminishes the effects of PD-L1 blockade on CD8+ T cell activation 345 

during the elicitation phase of CHS 346 

To investigate the importance of PD-L1 on MC in CD8+ T cell activation in the 347 

elicitation phase of CHS, we examined the effect of PD-L1 blockade on CHS responses 348 

without MCs in the skin, using two different mouse strains that lack MCs 349 

(WBB6F1/J-KitW/KitW-v/J (W/Wv) mice and C57BL/6-KitW-sh/W-sh (Sash) mice). These 350 

mice lack MCs due to a mutation of the Kit gene. Administration of anti-PD-L1 351 

blocking antibody in the elicitation phase caused enhanced ear swelling responses and 352 

increased production of IFN-γ by CD8+ T cells in control littermate WT mice, whereas 353 

no significant effects of PD-L1 blockade were observed on the CHS responses in W/Wv 354 

mice and Sash mice (FIG 4A and 4B in this article’s Online Repository, respectively). 355 

These results indicate that the effects of PD-L1 blockade on the CHS response during 356 

the elicitation phase are dependent on MCs. 357 

 358 
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PD-L1 on MCs regulates CD8+ T cell activation in vitro  359 

We next performed an in vitro coculture experiment using BMMCs for further 360 

confirmation of the role of PD-L1 on MCs in the regulation of CD8+ T cell activation. 361 

Purified CD8+ T cells from DNFB-sensitized WT mice were cocultured with BMMCs 362 

generated either from WT or Pdl1-/- mice, and the amount of IFN-γ in the supernatant 363 

was measured by ELISA. IFN-γ production was significantly higher for CD8+ T cells 364 

cocultured with Pdl1-/- BMMCs, relative to coculture with WT BMMCs (FIG 4C). 365 

These results suggest that MCs exert dual roles for the control of CD8+ cell activation. 366 

On the one hand, MCs induce CD8+ T cell activation, possibly with cross-presentation 367 

via MHC class I as previously reported27-30. On the other hand, as we found in this study, 368 

MCs play regulatory roles in CD8+ T cell activation via their PD-L1. 369 

 370 

Skin MCs express PD-L1 in human. 371 

Finally, we investigated the possible human relevance of our findings. We first checked 372 

the expression of PD-L1 (CD274) in MCs in human skin, using a public database 373 

provided by the Functional Annotation of the Mammalian Genome (FANTOM5)31-33 374 

project, in which the sets of transcripts of various human cells mapped by Cap Analysis 375 

of Gene Expression (CAGE) are available. After excluding stimulated or treated cells, 376 

based on their sample names (see METHODS in this article’s Online Repository), 847 377 

samples remained, including four MC samples that were collected from the skin (see 378 

Table E1 in this article’s Online Repository). We also compared PD-L1 expressions 379 

among various cell populations commonly detected in the skin (FIG 5A. Note that 380 
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samples other than mast cells were not necessarily collected from the skin). The highest, 381 

lowest, mean and median PD-L1 expression levels of each cell populations were shown 382 

in Table 1. We also surveyed another set of data provided by a previous publication34, 383 

which revealed a unique transcriptional landscape of MCs by comparison with 384 

basophils. Among all the evaluated genes, the PD-L1 expression level in MC was 385 

significantly high (log2(fold change) > 4 and -log10(p-value) > 10) than in basophils 386 

(FIG 5B and see METHODS in this article’s Online Repository). In addition, 387 

immunohistochemical analysis of human skin samples from patients with contact 388 

dermatitis revealed the expression of PD-L1 on avidin-positive MCs and the 389 

co-localization of CD8+ T cells and MCs (FIG 5C), supporting a role of PD-L1 on MCs 390 

for the regulation of CD8+ T cell activation in the skin. 391 

  392 
PD-L1 on human MCs regulates CD8+ T cell activation in vitro 393 

Lastly, we investigated the role of PD-L1 on human mast cells in vitro, using two 394 

human MC cell lines (LAD235 and LUVA26). Constitutive expression of PD-L1 was 395 

observed on both LAD2 and LUVA cells by flow cytometry (see FIG E4 in this article’s 396 

Online Repository). MART-1- or control antigen-pulsed LUVA cells were cocultured 397 

with human MART-1-specific T cells (MART-Ts), which were generated by transducing 398 

the HLA*0201-restricted MART-1-speific TCR gene into activated PBMC-derived T 399 

cells in the presence of anti-PD-L1 antibody or isotype control antibody, and 24 h later, 400 

IFN-γ levels in the supernatant were measured by ELISA. IFN-γ production was 401 

induced only by treatment with the MART-1 antigen (FIG 5D). Furthermore, the IFN-γ 402 
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levels were marginally but significantly increased by treatment with anti-PD-L1 403 

antibody (FIG 5D). These results suggest that human MCs can present antigens to T 404 

cells, and that PD-L1 on MCs play regulatory roles for T cell activation, as observed in 405 

mouse studies. 406 

  407 

Jo
urn

al 
Pre-

pro
of



 23 

DISCUSSION 408 

In this study, we demonstrated the involvement of PD-1/PD-L1 signaling in the negative 409 

regulation of CD8+ T-cell activation in the skin, using CHS as a model. This regulatory 410 

pathway was primarily mediated by PD-L1 on radio-resistant cells. Among 411 

radio-resistant cells in the skin, MCs showed the highest expression level of PD-L1, and 412 

a lack of MCs abolished the effect of PD-L1 blockade on CD8+ T-cell activation in the 413 

elicitation phase of CHS. These results suggest that PD-L1 on MCs play important roles 414 

in the regulation of CD8+ T cell-mediated skin inflammation.  415 

The importance of PD-1/PD-L1 signaling in the regulation of CD8+ T cell activation 416 

in inflammatory skin diseases has been suggested based on the observation that 417 

PD-1/PD-L1 inhibitors prescribed for cancer patients frequently cause various types of 418 

skin eruption36, including vitiligo, alopecia, lichenoid dermatitis, and rarely, 419 

Stevens-Johnson syndrome/toxic epidermal necrolysis, which are considered CD8+ 420 

T-cell mediated skin diseases.36-42 In addition, the patients under treatment with 421 

PD-1/PD-L1 inhibitors occasionally exhibit exacerbated drug eruption caused by other 422 

medications,43 suggesting that the PD-1/PD-L1 pathway is an important negative 423 

regulator for CD8+ T cell activation in inflammatory skin diseases. However, when and 424 

where this regulatory pathway controls CD8+ T cell activation have remained unclear. 425 

Our results demonstrate that the negative regulation of PD-1/PD-L1 signaling plays a 426 

role in the skin during the effector phase of CHS, rather than in the dLNs during the 427 

priming phase.  428 

In contrast to our results, one study reported negative regulation by PD-1/PD-L1 429 

Jo
urn

al 
Pre-

pro
of



 24 

signaling in the sensitization phase of CHS.22 The study reported that mice treated with 430 

anti-PD-1 or anti-PD-L1 blocking antibody during the sensitization phase exhibited an 431 

increased ear swelling response compared with mice administered with isotype antibody. 432 

It remains unclear what caused such discrepant results, however, differences in mouse 433 

strains (BALB/c background in the previous study and C57BL/6 background in our 434 

study) might be a possible reason, because mouse strain significantly impact the 435 

phenotype of CHS.11 In addition, the different extent of skin inflammation might be 436 

another possible reason. In the previous study, the increase in ear thickness induced by 437 

DNFB was quite small (less than 20 μm), whereas it was around 100-200 μm in our 438 

study. Thus, differences in several experimental conditions might be reasons for the 439 

discrepancy. Another recent study also reported the involvement of the PD-1/PD-L1 440 

pathway in the sensitization phase in CHS, in which PD-1-deficient (Pd1-/-) mice 441 

exhibited enhanced CHS responses.23 However, the numbers of CD4+ and CD8+ T cells 442 

in the dLNs in Pd1-/- mice were significantly increased even the at steady state. These 443 

data suggest that the baseline immune status of Pd1-/- mice was activated,44,45 which 444 

might have affected the phenotype of CHS in these mice.  445 

The expression of PD-L1 on skin MCs have previously been reported in both 446 

mice1,46 and humans.47 In a human study, the low expression of PD-L1 on MCs in 447 

patients with alopecia areata was observed by immunohistochemistry analysis47, 448 

suggesting a suppressive potential of MCs on pathogenic CD8+ T cells; however, its 449 

physiological significance has remained unclear. Here, we showed that PD-L1 on MCs 450 

is involved in the regulation of CD8+ T cell activation in the skin, at least in the context 451 
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of CHS. In addition to the pro-inflammatory roles in the elicitation phase of CHS,15,29 452 

MCs may exert anti-inflammatory functions through the PD-1/PD-L1 pathway to 453 

finetune the extent of CD8+ T cell activation. In support of our results, a recent study 454 

has shown a possible immunosuppressive role of PD-L1 on MCs in tumor immunity, in 455 

which high expression of PD-L1 was observed on MCs in gastric cancer. Consistently, 456 

increased number of MCs significantly correlated with poor prognosis.48 Thus, PD-L1 457 

on MCs may play important roles for the regulation of CD8+ T cell activation in various 458 

organs, including the skin.   459 

Another study reported a possible regulatory role of PD-L1 on keratinocytes (KCs) 460 

during the effector phase of CHS, using transgenic mice overexpressing PD-L1 on 461 

KCs.20 In our study as well, PD-L1 was expressed on KCs during the effector phase in 462 

CHS, suggesting a possible contribution of KCs to PD-1/PD-L1-mediated regulation. 463 

However, anti-PD-L1 antibody had no significant effect in the absence of MCs, 464 

suggesting MCs, not KCs, are the primary population contributing to the 465 

PD-L1-mediated suppression of CD8+ T cells in CHS. In CHS, because effector T cells 466 

infiltrate in the skin through post-capillary venules and are activated in the dermis49,50 , 467 

where MCs but not KCs exist; therefore, the activation status of effector T cells may be 468 

finetuned by PD-L1 on MCs first. The regulatory functions of PD-L1 on KCs may be 469 

important in the late stage of CHS or in conditions where T cells are activated in the 470 

epidermis, such as graft-versus host disease, as previously reported51.   471 

Although we showed the importance of PD-L1 on MCs, there are several unresolved 472 

issues and limitations in our study. For example, we cannot completely exclude the 473 
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possibility of the involvement of other PD-L1 expressing cells in the skin for the 474 

regulation of CD8+ T cell activation in the skin. Establishment of MC-specific PD-L1 475 

depletion system in vivo will be required to clarify this point. The relation of this 476 

MC-PD-L1-dependent regulatory system to other regulatory systems in CHS, such as 477 

the Treg-mediated regulatory system, is another important issue that needs further 478 

investigation, because Tregs also exert regulatory roles in the elicitation phase of 479 

CHS.11 Investigation of the effects of anti-PD-L1 antibody in the absence of Tregs may 480 

provide an answer to this issue. 481 

   In summary, we revealed a novel regulatory mechanism which is dependent on 482 

PD-L1 on MCs in cutaneous immunity. Our results may bring new insights to our 483 

understanding of complex pathophysiology of inflammatory skin diseases. 484 
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Table 1. Comparison of the mRNA expression levels of PD-L1 in various human 648 

cell populations from a public data base (FANTOM 5). 649 

p1@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  

All 197.42 0.00 9.29 2.89 [TPM] 

TSS: transcriptional start sites 650 

TPM: tags per million 651 
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Figure Legends 654 

 655 

FIG 1. Programmed cell death ligand 1 (PD-L1)-deficient (Pdl1-/-) mice exhibit 656 

exacerbated contact hypersensitivity (CHS) responses  657 

(A) Changes in ear thickness after the elicitation in CHS. Wild-type (WT) C57BL/6N 658 

mice and Pdl1-/- mice (n = 5) were sensitized with 0.5% (w/v) 659 

1-Fluoro-2,4-dinitrobenzene (DNFB), and the ear thickness was measured at each time 660 

point after the elicitation with 0.3% (w/v) DNFB. (B) Hematoxylin and eosin staining 661 

of the ear skin of WT and Pdl1-/- mice at steady state and 24 h after the elicitation with 662 

DNFB. Bar = 100 µm. (C) Representative flow cytometric plots of CD45+ TCRβ+ CD8+ 663 

cells in the ear skin (left). The proportion of interferon-γ (IFN-γ) or granzyme B 664 

(GZMB) positive cells out of total CD8+ cells and the number of IFN-γ or GZMB 665 

positive CD8+ cells/ear are shown (middle and right, respectively). Cell suspensions 666 

were prepared from the dorsal side of the ears 18 h after elicited and subjected to flow 667 

cytometric analysis. Each dot represents an individual mouse except line graphs. Results 668 

are expressed as the mean + or ± standard deviation (SD). Data are representative of at 669 

least three independent experiments. *, p < 0.05, **, p < 0.01 and ***, p < 0.001. 670 

 671 

FIG 2. PD-1/PD-L1 signaling negatively regulates CHS responses during the 672 

elicitation phase  673 

(A) The total lymphoid cell numbers (left) and the proportions of CD8+ T cells (right) in 674 

the draining lymph nodes (dLNs) 5 days after the sensitization. (B) IFN-γ levels in the 675 
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culture supernatants. Cell suspensions from the dLNs of DNFB-sensitized mice were 676 

stimulated with DNBS for 72 h. (C) CHS responses after adoptive transfer. T cells from 677 

DNFB-sensitized mice were adoptively transferred to recipient mice (n = 3 or 4). (D) 678 

Kinetics of ear swelling after the elicitation (left) and IFN-γ production from CD8+ T 679 

cells in the skin 18 h after the elicitation (right). Anti-PD-L1 mAb (200 μg/body) were 680 

administered 6 h before and every 24 h after the elicitation (n = 4 or 5). (E) 681 

Representative histogram (left) and mean fluorescence intensity (MFI) of PD-1 682 

expression on CD8+ T cells at the indicated time point after the elicitation (n = 5). Each 683 

dot represents an individual mouse ((A), (B), (D) right). Results are expressed as the 684 

mean + or ± standard deviation (SD). Data are representative of two (A, B) or more than 685 

three (C-E) independent experiments. *, p < 0.05 and **, p < 0.01. NS, not significant. 686 

 687 

FIG 3. PD-L1 on radio-resistant cells negatively regulates CHS responses  688 

(A) Kinetics of ear swelling after the elicitation in bone marrow (BM) chimeric mice. 689 

BM cells from WT or Pdl1-/- mice were transferred to lethally irradiated WT or Pdl1-/- 690 

mice (n = 2 to 4). Statistical differences between Pdl1-/- → WT and WT → Pdl1-/- are 691 

shown. (B) Histogram of flow cytometric analysis for PD-L1 expression on 692 

radio-resistant cells at the steady state and indicated time point after the elicitation (n = 693 

5). The gating strategy for each cell population is indicated in the Method. (C) 694 

Two-photon microscopic analysis of the ear skin of a donor mouse adoptively 695 

transferred with isolated CD8+ T cells from DNFB-sensitized-TdTomato-mice. Image 696 
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was taken 24 h after the elicitation. Red = TdTomato (CD8+ T cells), Green = 697 

FITC-avidin (MCs), Blue = second harmonic generation (collagen fibers). The right 698 

figure indicates the zoomed area in the white square of the left figure.  699 

Results are expressed as the mean + SD. Data are representative of two (B, C) or more 700 

than three (A) independent experiments. **, p < 0.01 and ***, p < 0.001. 701 

 702 

FIG 4. Lack of MCs abolishes the effects of anti-PD-L1 ab during the elicitation 703 

phase in CHS  704 

(A) Ear swelling (left) and the percentage of IFN-γ
+ CD8+ T cells (middle) of W/Wv 705 

mice 24 h after the elicitation. Anti-PD-L1 mAb (300 μg/body) or its isotype matched 706 

control Ab were administered 6 h before the elicitation. (B) Ear swelling of 707 

C57BL/6-KitW-sh/W-sh (Sash) mice 24 h after the elicitation. Anti-PD-L1 mAb (300 708 

μg/body) or its isotype matched control Ab were administered 6 h before the elicitation. 709 

(C) The concentrations of IFN-γ in the culture supernatants. CD8+ T cells from the 710 

dLNs of DNFB-sensitized WT mice and bone marrow derived MCs from WT or Pdl1-/- 711 

mice were cocultured at 1:1 for 3 d with or without 100 µg/ml DNBS (quintuplicate). 712 

Results are expressed as the mean ± SD. Data are representative of three (A and C) or 713 

two (B) independent experiments. *, p< 0.05, **, p< 0.01, ***, p < 0.001 and ****, p < 714 

0.0001. NS, not significant. In A, two-way ANOVA was performed for analysis of 715 

interaction effect between mouse strain and antibody treatment. 716 

 717 

FIG 5. PD-L1 is expressed on human MCs 718 
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(A) PD-L1 expressions of 847 various human cells available in a public data base, 719 

FANTOM5. Four skin MC samples and other interested cells are labeled with different 720 

colors. (B) Comparison of the mRNA expression levels between MCs and basophils 721 

from a published data (Supplemental Table 8 in Motakis et.al.34). X axis indicates -log10 722 

(fold change), and Y axis indicates log2(BH p-value). Fold changes and BH p-values 723 

were already calculated and provided in the publication. A red circle and black circles 724 

represent CD274 (PD-L1) and well-known mast cell markers, respectively. (C) A 725 

representative immunostaining of MCs (FITC-avidin), PD-L1 (PE), CD8 (APC) and 726 

DAPI in the skin of patients with contact dermatitis on the face. White squares in the 727 

left bottom in each panel indicate the areas of high magnification pictures at the white 728 

squares in the center in each panel. (D) IFN-γ levels in the culture supernatants. 729 

Melanoma antigen recognized by T cells-1 (MART-1)-specific T cells (MART-Ts) were 730 

cocultured with HLA-A*0201-binding MART-1 peptide- or HIV (control) peptide- 731 

pulsed human mast cells (LUVA cells) for 24 h in the presence of anti-PD-L1 antibody 732 

or isotype control antibody. Data are representative of three (D) independent 733 

experiments. *, p< 0.05.  734 

 735 
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 1 

Online Repository - Table 1 

Table E1. The PD-L1 expression in human skin mast cell samples from a public 2 

database, FANTOM5. 3 

Sample ID 
p1@CD274 (TSS) 

[TPM] 
Rank out of 847 

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 
  

 4 
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 3 

METHODS 37 

Antibodies 38 

For flow cytometric analysis, FITC-conjugated anti-Granzyme B (GB11), anti-MHC 39 

class II (M5/114.15.2), anti-CD49f (eBioGoH3), anti-γδTCR (GL3), anti-TCRβ, 40 

anti-CD279 (RMP1-30), anti- FCεR1α (MAR-1) and avidin; PE-conjugated anti-CD11c 41 

(N418), anti-CD200R3 (Ba13), anti-gp38 (8.1.1), anti-XCR1 (ZET) anti-CD152 42 

(UC10-4B9) and anti-ICOS (7E.17G9); PE/Dazzle-conjugated anti-CD8b 43 

(YTS156.7.7); PerCP-Cy5.5-conjugated anti-Ter119 (TER-119) and anti-CD3 44 

(145-2C11), PerCP-eFluor710-conjugated anti-CD8b (H35-17.2); PE/Cy7-conjugated 45 

anti-TCRβ (H57-597), anti-CD31 (390), anti-FCεR1α (MAR-1), anti-CD11c (N418), 46 

anti-CD8b (eBioH35-17.2) and anti-CD11b (M1/70); APC-conjugated anti-IFN-γ 47 

(XMG1.2), anti-CD117 (2B8), anti-E-cadherin (DECMA-1), anti-EpCAM (G8.8), 48 

anti-CD279 (RMP1-30), anti-CD63 (NVG-2), anti-CD107a (1D4B), anti-Foxp3 49 

(FJK-16s) and anti-human CD274 (29E.2A3); Pacific Blue-conjugated anti-CD8b 50 

(H35-17.2), anti-FCεR1α (MAR-1) and anti-TCRγ/δ (GL3); Brilliant Violet 51 

421-conjugated anti-CD274 (MIH1) and anti-CD117 (2B8); V450-conjugated anti-CD4 52 

(RM4-5); Brilliant Violet 605-conjugated anti-CD4 (RM4-5) and anti-CD11b (M1/70); 53 

BUV395-conjugated anti-CD45 (30-F11) antibodies and Fixable Viability Dye eFluor 54 

780 were purchased from abcam (Cambridge, UK), BD Bioscience (San Jose, CA, 55 

USA), Biolegend (San Diego, CA, USA), eBioscience (San Diego, CA, USA) or 56 

Invitrogen (Carlsbad, CA, USA).  57 
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 4 

For neutralization, anti-mouse PD-L1 blocking mAb (10F.9G2) and rat IgG2b isotype 58 

control mAb (LTF-2) were purchased from Bio X Cell (Lebanon, NH, USA). 59 

Anti-human PD-L1 blocking mAb (29E.2A3) and mouse IgG2b (MPC-11) isotype 60 

control mAb were purchased from Biolegend (San Diego, CA, USA). 61 

For immunohistochemistry, anti-CD8 (144B, abcam) and anti-PD-L1 (SP142) were 62 

purchased from abcam (Cambridge, UK) and Spring Bioscience (Pleasanton, CA, USA), 63 

respectively. 64 

 65 

Gating strategies of ear skin cells by flow cytometry 66 

Before the gating, dead cells were excluded by the viability dye. KCs were gated as 67 

CD45-CD49f+ epidermal cells, Langerhans cells as CD45+CD11c+MHC class 68 

II+EpCAM+ epidermal cells, γδTCR+ T cells as CD45+CD3+
γδTCR+ epidermal cells, 69 

MCs as CD45+(CD11c-)(CD11b-)CD200R3+c-kit+(FcεR1+) cells, blood endothelial 70 

cells as CD45-CD31+gp38- dermal cells, lymph endothelial cells as CD45-CD31+gp38+ 71 

dermal cells, fibroblasts as CD45-CD31-Ter119- dermal cells and Tregs as 72 

CD45+TCRβ
+CD4+Foxp3+ cells. 73 

 74 

Histologic examination of murine ear skin 75 

Skin tissues were fixed with 10% formalin and embedded in paraffin. Sections with a 76 

thickness of 5 μm were prepared, stained with hematoxylin and eosin or toluidine blue, 77 

and examined by using a light microscopy or a slide scanner (NanoZoomer S60, 78 

Hamamatsu Photonics, Hamamatsu, Japan). 79 
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 5 

 80 

Adoptive transfer experiments 81 

For adoptive transfer, axillary and inguinal dLNs of each donor mouse were collected 5 82 

days after the sensitization with 0.5% DNFB, and single cell suspensions were prepared 83 

by mincing with a 40-μm cell strainer. Cells were injected intravenously into each 84 

recipient mouse (2 × 107 cells per body, diluted in phosphate-buffered saline (PBS)). 85 

After 6 h, the recipient mice were elicited with 20 µl of 0.5% DNFB on both sides of 86 

each ear.  87 

 88 

Generation of BM chimeric mice 89 

Recipient mice were lethally irradiated with 9.5 Gy by a gamma irradiation device and 90 

received 5 × 106 bone marrow (BM) cells from donor mice intravenously through the 91 

tail vein. The chimeric mice were subjected to the indicated experiments over 2 months 92 

after the reconstitution. 93 

 94 

Generation of BMMCs 95 

For the generation of bone marrow-derived mast cells (BMMCs), 1 × 106 BM cells 96 

from WT and Pdl1-/- mice were cultured in 20 ml of complete RPMI (RPMI 1640; 97 

Gibco®!; Thermo Fisher Scientific, Waltham, MA, USA), containing 10% 98 

heat-inactivated fetal calf serum (Invitrogen, Carlsbad, CA, USA), 50 µM 99 

2-mercaptoethanol, 1 mM nonessential amino acids, 1 mM sodium pyruvate and 100 100 

U/ml penicillin/streptomycin supplemented with 10 ng/ml of recombinant murine stem 101 
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 6 

cell factor and Interleukin 3 (PeproTech, London, UK) using 10-cm non-coated culture 102 

dishes or flasks for floating cells (Nunc Non-treated EasYFlasks; Thermo Fisher 103 

Scientific, Waltham, MA, USA). The culture medium was basically changed every 104 

week based on the cell growth. After 3 weeks of culture, cells were utilized for 105 

experiments (>95% of living cells were c-kit+ and CD200R3+). 106 

 107 

ELISA 108 

The murine IFN-γ concentration of culture supernatants was measured by Mouse IFN-γ 109 

ELISA Set (RUO) (555138, BD Biosciences, CA, USA). The human IFN-γ 110 

concentration of culture supernatants was measured by using anti-human IFN-γ 111 

Antibody (M700A, Invitrogen, Carlsbad, CA, USA) and anti-human IFN-γ biotinylated 112 

antibody (M701B, Invitrogen, Carlsbad, CA, USA). 113 

 114 

Two-photon microscopic analysis 115 

CD8+ T cells were sorted by magnetic cell sorting (CD8a (Ly-2) MicroBeads, mouse; 116 

Miltenyi Biotec, Bergisch Gladbach, Germany) from the dLNs of 117 

DNFB-sensitized tdTomato mice, according to the manufacturer’s protocols. 118 

Twenty-millions of these cells were intravenously injected to a B6 Albino mouse, 119 

which was elicited with 0.5% DNFB 24 h before the analysis. To visualize cutaneous 120 

MCs, 20 μL of avidin-FITC (1:200 in PBS) was intradermally injected to the ear right 121 

before the analysis. Two-photon microscopic analysis was performed as previously 122 

described,E1 with some modifications. In brief, mice were anesthetized with isoflurane 123 
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 7 

and were positioned on the heating plate on the stage of a two-photon microscope 124 

(IX-81; Olympus), with their earlobes fixed beneath coverslips with a single drop of 125 

immersion oil. Images were further processed by using Imaris software (Bitplane, 126 

Zurich, Switzerland). 127 

 128 

Culture of human cells 129 

Laboratory of Allergic Diseases 2 (LAD2)35, which derives from a human mast cell 130 

sarcoma/leukemia was kindly provided by Dr. Arnold S. Kirshenbaum. Cells were 131 

cultured in StemPro-34 serum-free medium (Invitrogen, Carlsbad, CA, USA) 132 

supplemented with 100 U/mL penicillin/streptomycin, 100 U/mL glutamine and 100 133 

ng/mL recombinant human stem cell factor (PeproTech, London, UK), which was half 134 

replaced every week or two weeks based on the cell growth. 135 

Another human mast cell line, LUVA26, was commercially purchased (Kerafast, Boston, 136 

MA, USA). Cells were cultured in StemPro-34 serum-free medium (Invitrogen, 137 

Carlsbad, CA, USA) supplemented with 100 U/mL penicillin/streptomycin and 100 138 

U/mL glutamine and 100 ng/mL with or without recombinant human stem cell factor 139 

(PeproTech, London, UK), which was changed every few days based on the cell 140 

growth. 141 

MART-specific T cells (MART-Ts) were generated as previously described.E2, E3 142 

Briefly, the plasmid encoding the HLA-A*0201-restricted MART-1-specific TCR was a 143 

gift from Dr. Ken-ichi Hanada (Surgery Branch, National Cancer Institute, National 144 

Institutes of Health, USA). PBMCs from healthy donors were stimulated with soluble 145 
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OKT-3 (50 ng/ml) and recombinant human IL-2 (500 IU/ml; Novartis, East Hanover, 146 

NJ, USA) for 2 d before transduction. The stimulated cells were then transfected with a 147 

retrovirus expressing the MART-1-specific TCR gene. These cells were expanded in 148 

AIM-V medium (ThermoFisher Scientific, Waltham, MA) with 10% human-AB serum 149 

(Gemini Bio, West Sacramento, CA, USA) and recombinant human IL-2 (500 IU/ml; 150 

Novartis, East Hanover, NJ, USA), and used for experiments after more than 7 days of 151 

expansion. 152 

 153 

Immunohistochemistry for human skin 154 

Biopsied skin samples from patients clinically diagnosed with allergic contact 155 

dermatitis (n=5, 40s-70s, 2 males and 3 females) were used. Paraffin-embedded tissue 156 

samples were deparaffinized and were incubated with FITC-conjugated avidin over 157 

night at 4 °C. Then, samples were antigen retrieved using antigen retrieval buffer pH 158 

9.0 in a microwave at 95 °C for 15 minutes. Tissue was incubated with anti-CD8 159 

primary antibody (1:500) for 30 minutes, with HRP polymer conjugated anti-mouse 160 

antibody for 10 minutes, and then with Opal 570 (1:500) for 10 minutes. After washed, 161 

samples were retrieved using antigen retrieval buffer pH 6.0 in a decloaking chamber 162 

for 20 min. Tissue was incubated with anti-PD-L1 primary antibody (1:300) for 30 min, 163 

with HRP polymer conjugated anti-rabbit antibody for 10 minutes, and then with Opal 164 

690 (1:500) for 10 minutes. Stained samples were mounted with Prolong Gold Antifade 165 

Mountant with DAPI (ThermoFisher Scientific, Waltham, MA). Fluorescence images 166 

were obtained using a Nikon A1 confocal microscope (Nikon, Tokyo, Japan). 167 
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 168 

Database analysis 169 

A list of PD-L1 mRNA expression levels of various human cell samples was obtained 170 

from a database service, the Functional Annotation of Mammalian Genome 5 171 

(FANTOM5) project, Semantic catalog of Samples, Transcription initiation And 172 

Regulators (SSTAR)31-33. The data set of mapping transcription start site (TSS) 173 

expressions of human CD274 (EntrezGene:29126, p1@CD274) were exported. Among 174 

889 entries (available registered samples), 847 entries remained by excluding samples 175 

whose name includes the word “stimulated” or “treated (but except untreated)”. Each 176 

cell population was extracted based on the sample name. For the comparison between 177 

MCs and basophils, the data were obtained from a previous report (Supplemental Table 178 

8 in Motakis et.al.34). In the data, log fold changes and BH p-values of the 16,533 genes 179 

were provided. Graphs were drawn with published R packages including 180 

EnhancedVolcanoE4 and ggplot2. 181 
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Figure Legends 200 

FIG E1. Programmed cell death ligand 1 (PD-L1)-deficient (Pdl1-/-) mice exhibit 201 

equivalent ear swelling responses in irritant dermatitis. 202 

Ear thickness changes 24 h after the application of 0.3% DNFB (left) and 6 h after the 203 

application of 0.1% phorbol 12-myristate 13-acetate (PMA) (right) in WT and Pdl1-/- 204 

mice. Data are representative of two independent experiments. Results are expressed as 205 

the mean ± SD. NS, not significant. 206 

 207 

FIG E2. No significant difference was observed in the number and surface markers 208 

of Treg in the skin under the blockade of PD-1/PD-L1 signaling.  209 

(A) The number and (B) surface markers of Tregs in the ear skin analyzed by flow 210 

cytometry 24 h after the elicitation in mice treated with anti-PD-L1 mAb (300 μg/body) 211 

or its isotype matched control Ab. Results are expressed as the mean ± SD. Data are 212 

representative of two independent experiments. NS, not significant.  213 

 214 

FIG E3. Lack of PD-1/PD-L1 signaling does not affect the number and the 215 

expression of activation markers in skin MCs during the elicitation phase of CHS 216 

(A) The number of MCs in the ear skin analyzed by flow cytometry 24 h after the 217 

elicitation of CHS in WT and Pdl1-/- mice. (B) Representative toluidine blue staining of 218 

the ear skin 24 h after elicitation. Right panels: High magnification of degranulated 219 

MCs. (C) Activation markers of MCs in WT and Pdl1-/- mice 24 h after elicitation 220 

analyzed by flow cytometry. (D-F) Ear swelling (D), activation markers of MCs (E) and 221 
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representative toluidine blue staining of the ear skin (F) 1 h after the elicitation of CHS. 222 

Mice were treated with anti-PD-L1 mAb (300 μg/body) or its isotype matched control 223 

Ab 6 h before the elicitation. The horizontal section and vertical section are shown for 224 

each sample in (F). Results are expressed as the mean ± SD. Data are representative of 225 

three (A) or two (C-E) independent experiments. NS, not significant. 226 

 227 

FIG E4. Human MC lines constitutively expresses PD-L1 228 

Flow cytometric analysis of PD-L1 expression on LAD2 cells and LUVA cells. Gray 229 

peak represents a control stained with isotype IgG. 230 
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