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Abstract

Cancer immunotherapy has highlighted the clinical relevance of enhancing anti-tumor
response of CD8+ T cells in several cancer types. Little is known, however, about the
involvement of the immune system in extramammary Paget’s disease (EMPD). We exam-
ined the cytotoxicity and the effector functions of CD8+ T cells using paired samples of
peripheral blood and tumors by flow cytometry. Expression levels of perforin, granzyme B,
IFN-g, TNF-a, and IL-2 in CD8+ tumor-infiltrating lymphocytes (TILs) were significantly
lower than those in CD8+ T cells of peripheral blood. Significantly higher expression of PD-
1 was found in CD8+TILs than in CD8+ T cells of peripheral blood. A high number of CD8+
cells was significantly associated with poor overall survival (OS) adjusted with age, sex,
and clinical stage (hazard ratio [HR] = 5.03, P = 0.045, 95% confidence interval [CI] 1.03—
24.4). On the other hand, the number of PD-1+ cells was not associated with OS or dis-
ease-free survival (DFS). Moreover, we found that tumor cells produced immunosuppres-
sive molecule indoleamine 2,3-dyoxygenae (IDO). In conclusion, CD8+ TILs displayed an
exhausted phenotype in EMPD. IDO expression seemed more relevant in inducing CD8
exhaustion than PD-1 upregulation or PD-L1 expression by immune cells. Restoring the
effector functions of CD8+ TILs could be an effective treatment strategy for advanced
EMPD.
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Introduction

Extramammary Paget’s disease (EMPD) is a rare skin cancer that occurs predominantly in
areas with abundant apocrine sweat glands including the axillary, perianal and genital regions
[1]. EMPD usually presents as slow-growing carcinoma in situ with a favorable prognosis.
However, some EMPD tumors show invasive / metastatic progression and the prognosis is dis-
mal in such cases. Five-year survival rate is 84% in patients without metastasis, whereas only
7% in patients with distant metastasis [2]. Standard therapies for advanced EMPD are lacking,
and they are often refractory to systemic therapies [3].

Cancer immunotherapy has highlighted the importance of tumor immunity. The presence
of tumor-infiltrating lymphocytes (TILs) is essential for anti-tumor immune response. A high
number of CD8+ TILs is associated with favorable prognosis, and a high number of tumor-
infiltrating regulatory T cells (Tregs) is associated with poor prognosis in several cancer types
[4,5]. The capacity of TILs to act as effector cells is hindered by the tumor microenvironment.
For example, programmed death-1 (PD-1) is an immuno-inhibitory receptor expressed by
lymphocytes that inhibits their proliferation and effector functions after it binds with pro-
grammed death ligand-1 (PD-L1). PD-1 upregulation on CD8+ TILs is associated with
exhaustion in several cancer types [6-8]. Therefore, the expression of PD-1 or PD-L1 is associ-
ated with poor prognosis in various cancer types [9,10]. Therapeutic PD-1 blockade improved
overall survival (OS) by enhancing tumor immunity [11,12]. Indoleamine 2,3-dioxygenase
(IDO) is a tryptophan-metabolizing enzyme that is upregulated on tumor cells and contributes
to the suppression of T cell response in several cancer types [13-15]. Combination therapy
with an IDO-1 inhibitor plus checkpoint inhibitors in patients with several cancer types is
being tested in a clinical trial [16]. The mechanisms of immune evasion in the tumor microen-
vironment have been revealed in many cancer types. However, little is known about the
involvement of the immune system in EMPD.

In this study, we examined the cytotoxicity, the effector functions, and PD-1 expression of
CD8+ TILs in EMPD by flow cytometry. We also evaluated the association of CD8+ cells and
PD-1+ cells with prognosis. In addition, we investigated the tumor-derived immunosuppres-
sive molecule IDO by immunohistochemistry (IHC) and quantitative polymerase chain reac-
tion analysis (QPCR).

Materials and methods

Research ethics

This study protocol was approved by the ethics committee of the Kyoto University Graduate
School of Medicine and participating institutions. Human samples were collected according to
the procedure specified in the study protocol. Written informed consent forms were obtained
from all patients.

Samples for survival analysis

We used formalin-fixed, paraffin-embedded (FFPE) tumor specimens from 54 primary
EMPD patients (stage I-III) treated with curative surgery between 2003 and 2016 at six institu-
tions in Japan: Kyoto University Hospital, National Hospital Organization Kagoshima Medical
Center, Wakayama University Hospital, Keio University Hospital, Tsukuba University Hospi-
tal, and Tohoku University Hospital. Tumor staging was performed using a proposed tumor-
node-metastasis (TNM) staging system for EMPD [2].
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Immunohistochemistry and immunofluorescence

Immunohistochemical studies were performed on the FFPE tumor specimens using surgical
sections of EMPD which contain both tumor and adjacent normal tissue. FFPE sections were
deparaffinized and then dehydrated. After antigen retrieval, endogenous peroxidase activity
was blocked by incubation with 0.3% H,O, in methanol for 30 min. Non-specific binding of
IgG was blocked using normal goat serum (Vector Laboratories, Burlingame, CA). Sections
were incubated with the primary antibody overnight. IHC was performed with primary anti-
bodies against CD8 (Clone EP1150Y; Abcam, Cambridge, MA), PD-1 (Clone NAT105;
Abcam), PD-L1 (Clone SP142; Spring Bioscience, Fremont, CA), and IDO (ab55305; Abcam).
Next, they were incubated with biotinylated goat anti-rabbit or biotinylated goat anti-mouse
secondary antibodies, followed by incubation with streptavidin-peroxidase complex solution
for 30 min. Signals were generated by incubation with 3,3-diaminobenzidine. Lastly, the sec-
tions were counterstained with hematoxylin.

Quantification of IHC variables

The number of CD8+ cells and PD-1+ cells adjacent to the tumor was counted individually.
Five independent areas with the most abundant positive cells were selected with x40 objective
lens. The number of positive cells was automatically counted with a custom script written

in Fiji (National Institutes of Health, Bethesda, MD) [17]. The average count was used for sta-
tistical analysis. The median values of the number of CD8+ cells and PD-1+ cells were used as
cutoffs to define a high infiltration group and a low infiltration group. PD-L1 expression on
immune cells and tumor cells was analyzed separately following a previously described
approach [18]. PD-L1+ tumor cells were morphologically distinguished from PD-L1+ immune
cells. PD-L1 positivity was defined as PD-L1 expression in more than 5% of all immune cells
and more than 1% of all tumor cells.

Flow cytometric analysis

Paired fresh peripheral blood samples and tumor samples were obtained from 10 patients with
EMPD treated in 2017 at Kyoto University and Osaka Medical College. The median age was
72 years (range, 65 to 87). Seven patients were male, and 3 patients were female. Six cases were
in situ, 1 case in Stage I, 1 case in Stage II, and 2 cases in Stage IIIb. In addition, peripheral
blood samples from 7 healthy controls were analyzed as controls. Fresh peripheral blood was
collected in EDTA and peripheral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation using lymphocyte separation solution (Nacalai Tesque, Kyoto, Japan).
Fresh tumor samples were minced and digested overnight at 37°C with the buffer consisting of
collagenase Type 4 (Worthington Biochemical Corp., Freehold, NJ), 20% FBS, and 1% penicil-
lin-streptomycin in RPMI medium, and then passed through the sterile mesh to obtain a single
suspension. Fresh PBMCs were also incubated overnight with the buffer consisting of collage-
nase Type 4 in RPMI medium. The following fluorescent-labelled monoclonal antibodies were
used for surface and intracellular staining: TCRab-FITC (clone T10B9.1A-31; BD Biosciences,
San Jose, CA), TCRab-PE/Cy7 (clone IP26; eBioscience), CD45RA-APC/Cy7 (clone HI100;
BioLegend, San Diego, CA), CCR7-BUV395 (clone 150503; BD Biosciences), CD4-PerCP/
Cy5.5 (clone OKT4; BioLegend), CD8-PE (clone SK1; BioLegend), CD8-Pacific Blue

(clone SK1; BioLegend), PD-1-Brilliant Violet 785 (clone EH12.2H7; BioLegend), interferon
(IFN)-g-PE (clone 4S.B3; eBioscience), tumor necrosis factor (TNF)-a-APC (clone Mab11;
eBioscience), interleukin (IL)-2-PE/Cy7 (clone MQ1-17H12; BioLegend), granzyme B-FITC
(clone GB11; BD Biosciences), perforin-APC (clone dG9; BioLegend), mouse IgGl1 isotype-
FITC (clone MOPC-21; BioLegend), mouse IgG1 isotype-PE (clone MOPC-21; BioLegend),
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mouse IgG1 isotype-APC (clone P3.6.2.8.1; eBioscience), mouse IgG1 isotype-Brilliant Vio-
let 785 (clone MOPC-21; BioLegend), rat IgG2b isotype-PE/Cy7 (clone eB149/10H5;
eBioscience), and fixable Viability Dye-eFluor (FVD) 506 (eBioscience). FVD was used to
irreversibly label dead cells prior to fixation and permeabilization procedures and to exclude
dead cells. For the intracellular staining of IFN-g, TNF-a, and IL-2, PBMCs and tumor tissues
were stimulated for 3 hours with BD Leukocyte Activation Cocktail (phorbol myristate acetate
[PMA] and ionomycin along with the Golgi inhibitor, brefeldin A). To detect intracellular pro-
tein, cells were permeabilized, fixed, and stained according to the manufacturer’s instructions
using a Cytofix/Cytoperm kit (BD Biosciences). Samples were acquired using LSR Fortessa
(BD Biosciences) and analyzed with Flow Jo software (Tree Star, San Carlos, CA).

Quantitative polymerase chain reaction analysis

We collected total RNA extracted from the tumor samples of 28 patients with EMPD treated
in 2017 at seven institutions: Kyoto University Hospital, National Hospital Organization Kago-
shima Medical Center, Wakayama University Hospital, Keio University Hospital, Tsukuba
University Hospital, Tohoku University Hospital, and Hokkaido University. We collected
total RNA extracted from the normal skin samples of 18 healthy individuals from Kyoto Uni-
versity. To examine IDOI transcription. cDNA was synthesized from total RNA using a Pri-
meScript RT reagent kit (TaKaRa Bio, Otsu, Japan). A LightCycler 480 and a LightCycler
SYBR Green I Master (Roche Diagnostics Corp, Indianapolis, IN) were used according to the
manufacturer’s protocol. Following primers were used in the analysis: GAPDH primer 1, 5 -
CATGAGAAGTATGACAACAGCCT-3'; GAPDH primer 2, 5’ ~AGTCCTTCCACGATACCAA
AGT-37;IDOI primer 1, 5’ ~AGGCAACCCCCAGCTATCAGA-3";and IDOI primer 2, 57 -
GCATGTCCTCCACCAGCAGTC-3". The expression of IDO1 was normalized to that of the
control gene GAPDH.

Statistical analysis

Statistical comparisons were made using Wilcoxon signed-rank test, the Mann-Whitney U
test, and two-way analysis of variance (ANOVA). Survival curves were generated by the
Kaplan-Meier method. Overall survival (OS) was defined as the time from the initial diagnosis
until death from any cause. Patients were censored at the date of last follow-up if death had
not occurred. Disease-free survival (DFS) was measured from the date of the surgery to the
date of documented recurrence or death from any cause. Patients with no signs of recurrence
or death were censored at the time of the most recent follow-up. The log-rank test was used
for the univariate analysis. Cox-proportional hazard regression models were employed to
examine the relationships between the number of CD8+ cells and prognosis, with adjustment
for possible confounders (age, gender, and clinical stages). Clinical stages were divided into
early disease (Stage I and IT) and late disease (Stage III). P < 0.05 was considered statistically
significant. Statistical analysis was performed using R statistical software (R Foundation for
Statistical Computing, Vienna, Austria).

Results
CD8+ TILs display a functionally exhausted phenotype

The presence of CD8+ TILs is essential for anti-tumor immune response [4,5]. To evaluate the
effector functions of CD8+ TILs in EMPD patients, we analyzed the cytotoxicity and the effec-
tor functions of CD8+ T cells using paired samples of PBMCs and tumor tissues of 10 EMPD
patients, following the protocol described previously [6,7,15]. We analyzed central memory T

PLOS ONE | https://doi.org/10.1371/journal.pone.0211135 January 25, 2019 4/14


https://doi.org/10.1371/journal.pone.0211135

®PLOS | one

Exhausted CD8+ T cells in extramammary Paget’s disease

cells (CD45RA-CCR7+), effector memory T cells (CD45RA-CCR7-), and effector T cells
(CD45RA+CCR7-), excluding naive T cells (CD45RA+CCR7+) [19]. CD8+ TILs produced
significantly lower levels of perforin and granzyme B (cytolytic molecules produced by cyto-
toxic CD8+ T cells [20]) than CD8+ T cells in PBMCs (perforin, P < 0.01; granzyme B,

P < 0.05) (Fig 1A and 1B). These results demonstrated that CD8+ TILs had impaired cytotoxic
activity. Next, to evaluate the effector functions of CD8+ TILs, we analyzed the cytokine
expression in CD8+ T cells using paired samples of PBMCs and tumor tissues. It is well known
that a loss of effector functions occurs in a stepwise manner during T cell exhaustion [21]. IL-2
production is one of the first effector activities to be extinguished, followed by the loss of TNF-
a production and then IFN-g [21]. CD8+ TILs produced significantly lower levels of IFN-g,
TNF-a, and IL-2 than CD8+ T cells in PBMCs (IFN-g, P < 0.05; TNF-a, P < 0.01; IL-2,

P <0.01) (Fig 1C and 1D). Since PD-1 upregulation on CD8+ TILs contribute to the exhaus-
tion in several cancer types [6-8], we evaluated PD-1 expression on CD8+ T cells between 10
paired samples of PBMCs and tumor tissues by flow cytometry. The frequencies of PD-1+ T
cells among CD8+ T cells were significantly higher in tumor tissues than those in PBMCs

(P < 0.01) (Fig 1E and 1F). These results suggest that CD8+ TILs displayed a functionally
exhausted phenotype.

Next, the effector functions of CD8+ T cells in both PBMCs and tumors were compared
among the various T cell subsets. We found that there were differences in the effector func-
tions of CD8+ T cells by the various T cell subsets (S1 Fig). We also compared the expression
levels of perforin, granzyme B, IFN-g, TNF-a, and IL-2 of CD8+ T cells between PBMCs and
tumor in each T cell subset. Almost all TILs regardless of T cell subset reduced in their func-
tional ability, although the degree of exhaustion was variable (S1 Fig). Next, we asked if naive
CD8+ T cells in the circulation were activated in EMPD patients as compared to healthy
controls. The effector functions of naive CD8+ T cells in PBMCs were comparable between
them except for TNF-a expression (S2 Fig), which suggests that there was little potential
baseline activation of circulatory naive CD8+ T cells in EMPD patients. Additionally, we
compared the effector functions of CD8+ T cells in PBMCs from EMPD patients and those
from healthy controls, excluding naive T cells. All the effector functions in PBMCs were
comparable except IFN-g production between them. The expression level of IFN-g was more
pronouncedly downregulated in PBMCs from EMPD patients than healthy controls (S3 Fig),
which indicates that CD8+ TILs might have already lost effector functions when they entered
the tumor.

A high number of CD8+ cells was associated with poor prognosis

In EMPD, CD8+ TILs displayed an exhausted phenotype and PD-1 was upregulated on CD8+
TILs. Next, we examined the relationships between the number of CD8+ cells and PD-1+ cells
adjacent to the tumor cells, and prognosis of 54 EMPD patients by IHC analysis (S1 Table)
(Fig 2A and 2B). We found that a high number of CD8+ cells was significantly associated with
poor OS (P < 0.01, by log rank test) (Fig 2C). Multivariate Cox-proportional hazard regression
analysis revealed that a high number of CD8+ cells was significantly associated with poor OS
adjusted for age, sex, and clinical stage (hazard ratio [HR] = 5.03, P = 0.045, 95% confidence
interval [CI] 1.03-24.4) (S2 Table). On the other hand, the number of PD-1+ cells was not
associated with OS or DFS (P = 0.87, by log rank test) (P = 0.13, by log rank test) (Fig 2D). In
addition, the flow cytometric analysis showed that there was no correlation between the level
of PD-1 expression on the CD8+ T cells and their functional ability (Fig 3A and 3B). We con-
firmed that most of PD-1+ cells were T cells at the tumor site by flow cytometry (mean 83.5%,
range: 83.3-92.3%) (54 Fig).
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Fig 1. Flow cytometric analysis of perforin, granzyme B, IFN-g, TNF-a, IL-2, and PD-1 expression by CD8+ T
cells in PBMCs and tumor tissues. Freshly isolated PBMCs and digested tumor tissues from 10 paired patients were
stained by flow cytometry. Flow cytometric plots were pregated on TCRab+CD8+-cells, excluding dead cells and naive
T cells (CD45RA+CCR7+ T cells). (A) Flow cytometric plots of perforin and granzyme B intracellular staining among
CD8+ T cells are shown. (B) The frequencies of the expression levels of perforin and granzyme B in CD8+ T cells from
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paired PBMCs and tumor tissues are shown (n = 10). (C) Flow cytometric plots of IFN-g, TNF-a, and IL-2 intracellular
staining among CD8+ T cells are shown. (D) The frequencies of the expression levels of IFN-g, TNF-a, and IL-2 in
CD8+ T cells from paired PBMCs and tumor tissues are shown (n = 10). (E) Representative flow cytometric plots of
PD-1 expression among CD8+ T cells are shown. (F) The frequencies of the expression levels of PD-1 in CD8+ T cells
from paired PBMCs and tumor tissues are shown (n = 10). P-values were calculated by the Wilcoxon signed-rank test
between paired PBMCs and tumor tissues. A single asterisk indicates P < 0.05; double asterisks indicate P < 0.01.

https://doi.org/10.1371/journal.pone.0211135.g001

Next, we assessed PD-L1 expression on tumor cells and immune cells in 54 EMPD patients
by IHC (S1 Table). Immune cells and tumor cells were distinguishable on hematoxylin-eosin
(HE) slides. Tumor cells were large with clear cytoplasm while immune cells were small with
scant cytoplasm (S5 Fig). PD-L1+ tumor cells could be morphologically distinguished from
PD-L1+ immune cells. PD-L1 was moderately expressed by immune cells, although PD-L1
expression by tumor was low (Fig 4A and 4B). PD-L1 expression in more than 5% of all
immune cells was found in 19 cases (35.2%). PD-L1 expression in more than 5% of all tumor
cells was found in only 1 case (1.85%), and PD-L1 expression in 1-5% of all tumor cells was
found in 13 cases (24.1%). We examined the relationships between the PD-L1 expression on
immune cells or tumor cells and prognosis (S1 Table). PD-L1 expression on tumor cells or
immune cells was not associated with OS or DFS (Fig 4C and 4D). These results implicate that
PD-1 and PD-L1 expressions might be irrelevant to the exhaustion of CD8+ TILs in EMPD.

IDO was upregulated at the tumor site

PD-1/PD-L1 pathway is not the sole immunosuppressive pathway in cancer biology. There is
mounting evidence that tumor cells produce IDO, which leads to the anergy of the effector
CD8+ T cells [22]. We hypothesized that IDO expression contribute to T cell exhaustion in
EMPD. Therefore, we next assessed whether EMPD tumor cells produced IDO. We compared
the mRNA transcription level of IDOI in tumor samples from EMPD patients (53 Table) and
normal skin samples. Significantly higher mRNA expression of IDOI was observed in tumor
samples than in normal skin samples (P < 0.01) (Fig 5A). Higher expression of IDO by mor-
phologically atypical tumor cells and lower expression by keratinocytes from normal skin sam-
ples were observed by IHC (Fig 5B). These findings suggest that IDO expression by tumor
cells might contribute to the exhaustion of CD8+ T cells in the tumor microenvironment of
EMPD.

Discussion

In this study, we found a decrease in the production of IFN-g, TNF-a, IL-2, perforin, and gran-
zyme B in CD8+ TILs in EMPD, indicating that CD8+TILs in EMPD exhibited a functionally
exhausted phenotype. Although PD-1 was upregulated on CD8+ TILs, the flow cytometric
analysis showed that there was no correlation between the level of PD-1 expression on the
CD8+ T cells and their functional ability. A high number of CD8+ cells was significantly asso-
ciated with poor OS adjusted with age, sex, and clinical stage. On the other hand, the number
of PD-1+ cells was not associated with either OS or DFS. Moreover, we found that tumor cells
produced immunosuppressive molecule IDO.

In contrast to several previous reports [4,5], we found that a high number of CD8+ cells
was associated with poor prognosis in EMPD. The paradoxical association between a high
infiltration of CD8+ cells and poor prognosis was reported in renal cell carcinoma [23]. This
report showed that a high infiltration of CD8+ cells and tumor grade were associated with
poor prognosis and that there was a positive correlation between the number of CD8+ cells
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Fig 2. Immunohistochemical staining for CD8 and PD-1 in tumor specimens and Kaplan-Meier curves of DFS and OS stratified by the number CD8+ cells
and PD-1+ cells. (A) Representative IHC stainings of tumor specimens with a high number of CD8+ cells and a low number of CD8+ cells are shown. (B)
Representative IHC stainings of tumor specimens with a high number of PD-1+ cells and a low number of PD-1+ cells are shown. Scale bar, 100 um. (C) Kaplan-
Meier DFS and OS curves stratified by the number of CD8+ cells adjacent to the tumor (n = 54) are shown. (D) Kaplan-Meier DFS and OS curves stratified by the
number of PD-1+ cells adjacent to the tumor (n = 54) are shown. The log-rank test was performed for the univariate analysis.

https://doi.org/10.1371/journal.pone.0211135.9002
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Fig 3. Flow cytometric analysis of PD-1 expression and the production of perforin, granzyme B, IFN-g, TNF-a,
and IL-2 in CD8+ T cells in PBMCs and tumor tissues from EMPD patients. Freshly isolated PBMCs and digested
tumor tissues were analyzed by flow cytometry. Flow cytometric plots were pregated on TCRab+CD8+ cells, excluding
dead cells and naive T cells (CD45RA+CCR7+ T cells). (A) Representative flow cytometric plots of PD-1 expression
and perforin and granzyme B intracellular staining among CD8+ T cells are shown. (B) Representative flow cytometric

plots of PD-1 expression and IFN-g, TNF-a, and IL-2 intracellular staining among CD8+ T cells are shown.

https://doi.org/10.1371/journal.pone.0211135.9003
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Fig 4. Kaplan-Meier curves of DFS and OS stratified by PD-L1 expression on immune cells and tumor cells.
Representative THC stainings of tumor specimens with high expression of PD-L1 on immune cells (A) and low
expression of PD-L1 on immune cells (B) are shown. Scale bar, 100 pm. Kaplan-Meier DFS and OS curves stratified by
PD-L1 expression on immune cells (C) and PD-L1 expression on tumor cells (D) are shown (n = 54). The log-rank test
was performed for the univariate analysis.
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Fig 5. IDO expression at the tumor site. (A) mRNA expression of IDO1 in tumor samples (n = 28) and normal skin samples (n = 18) using violin
plots. (B) IHC of IDO in tumor samples and in normal skin samples. P-value was calculated by the Mann-Whitney U test between tumor samples and

normal skin samples. Double asterisks indicate P < 0.01, scale bar, 100 um.

https://doi.org/10.1371/journal.pone.0211135.9005

and tumor grade [23]. A high infiltration of CD8+ cells might predict the biological aggres-
siveness of EMPD, although there is no histologic grading system for EMPD to assess it.

It is commonly accepted that IDO suppresses the function of the effector CD8+T cells [22].
IDO contributes to the reduction of the level of cytotoxicity of CD8+ T cells [24]. On the other
hand, several reports demonstrated that immune cells such as myeloid-derived suppressor
cells (MDSCs) and Tregs contribute to CD8+ T cell dysfunction in the tumor microenviron-
ment [25,26]. Therefore, these immune cells might affect CD8+ T cell dysfunction in EMPD as
well. The interaction of these immune cells and CD8+ T cell dysfunction is of major interest in
EMPD but we focused on the relationship between PD-1, PD-L1 and IDO-1 expression and T
cell dysfunction in this study.

We consider that IDO expression at the tumor site is the primary mechanism by which T
cell exhaustion is induced in EMPD patients. On the other hand, we found that the expression
level of IFN-g in circulatory CD8+ T cells from EMPD patients was significantly lower than
healthy controls. The effector functions of systemic CD8+ T cells might have partially lost
effector functions in EMPD patients by the mechanisms we have not explored in this study. In
addition, a previous report demonstrated that IDO-expressing plasmacytoid dendritic cells in
tumor-draining lymph node induces the suppression of antigen-specific T cell response [27].
Therefore, in addition to IDO expression at the tumor site, there can be other immune-sup-
pressive signals that impair effector functions of CD8+ T cells before they enter the tumor site.

When analyzing the cytotoxicity and effector functions of CD8+ T cells, we used peripheral
blood and tumor tissue from the same patients in accordance with previous reports [6,7,15].
Our experimental design is limited in that we were unable to include uninvolved normal skin
samples from the same patients for ethical reasons.

In summary, our work demonstrated that CD8+ TILs displayed an exhausted phenotype in
EMPD. IDO expression seemed more relevant in inducing CD8 exhaustion than PD-1 upre-
gulation or PD-L1 expression by immune cells. Restoring the effector functions of CD8+ TILs
might be an effective treatment strategy for advanced EMPD.
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S4 Fig. Representative flow cytometric plots of PD-1 expression among TCRab+ cells at
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plots were pre-gated on TCRab+ cells, excluding dead cells. Representative flow cytometric
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S5 Fig. Representative hematoxylin-eosin (HE) staining. Representative HE staining of
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(PDF)

S1 Table. Patient characteristics for survival analysis.
(DOCX)

$2 Table. Multivariate Cox-regression analysis including CD8 expression for overall sur-
vival.
(DOCX)

S3 Table. Patient characteristics of samples prepared for qPCR analysis.
(DOCX)

S1 File. Available data of survival analysis, QPCR, and flow cytometry.
(XLSX)

Acknowledgments

We thank K. Yamamura in the department of Dermato-Oncology/Dermatology, National
Hospital Organization Kagoshima Medical Center; M. Hara in the department of Dermatol-
ogy, Wakayama Medical University; I. Hirai in the department of Dermatology, Keio Univer-
sity School of Medicine; R. Tanaka in the department of Dermatology, University of Tsukuba;

PLOS ONE | https://doi.org/10.1371/journal.pone.0211135 January 25, 2019 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211135.s009
https://doi.org/10.1371/journal.pone.0211135

®PLOS | one

Exhausted CD8+ T cells in extramammary Paget’s disease

K. Imafuku in the department of Dermatology, Hokkaido University Graduate School of Med-
icine; H. Fujimori at Fujimori’s Plastic Surgery Clinic; and Y. Endo and Y. Kaku in the depart-
ment of dermatology, Kyoto University for their assistance in collecting clinical samples.

Author Contributions
Conceptualization: Atsushi Otsuka, Kenji Kabashima.

Data curation: Natsuko Iga, Chisa Nakashima, Tetsuya Honda, Akihiko Kitoh, Saeko Naka-
jima, Gyohei Egawa, Teruki Dainichi, Shigeto Matsushita, Hideaki Tanizaki, Yuki Yama-
moto, Takeru Funakoshi, Yasuhiro Fujisawa, Taku Fujimura, Hiroo Hata, Yoshihiro
Ishida.

Formal analysis: Natsuko Iga, Yoshihiro Ishida.

Investigation: Natsuko Iga, Atsushi Otsuka, Yosuke Yamamoto, Chisa Nakashima, Tetsuya
Honda, Akihiko Kitoh, Saeko Nakajima, Gyohei Egawa, Takashi Nomura, Teruki Dainichi,
Yoshihiro Ishida, Kenji Kabashima.

Methodology: Natsuko Iga, Yoshihiro Ishida.
Project administration: Atsushi Otsuka.
Software: Yosuke Yamamoto.

Supervision: Atsushi Otsuka, Kenji Kabashima.
Visualization: Natsuko Iga.

Writing - original draft: Natsuko Iga.

Writing - review & editing: Atsushi Otsuka, Yosuke Yamamoto, Tetsuya Honda, Akihiko
Kitoh, Saeko Nakajima, Gyohei Egawa, Takashi Nomura, Teruki Dainichi, Yoshihiro
Ishida, Kenji Kabashima.

References

1. Herrel LA, Weiss AD, Goodman M, Johnson T V., Osunkoya AO, Delman KA, et al. Extramammary
Paget’s Disease in Males: Survival Outcomes in 495 Patients. Ann Surg Oncol. 2015; 22: 1625—1630.
https://doi.org/10.1245/s10434-014-4139-y

2. OharaK, Fujisawa Y, Yoshino K, Kiyohara Y, Kadono T, Murata Y, et al. A proposal for a TNM staging
system for extramammary Paget disease: Retrospective analysis of 301 patients with invasive primary
tumors. J Dermatol Sci. 2016; 83: 234-239. https://doi.org/10.1016/j.jdermsci.2016.06.004 PMID:
27329007

3. YoshinoK, Fujisawa Y, Kiyohara Y, Kadono T, Murata Y, Uhara H, et al. Usefulness of docetaxel as
first-line chemotherapy for metastatic extramammary Paget’s disease. J Dermatol. 2016; 43: 633-637.
https://doi.org/10.1111/1346-8138.13200 PMID: 26603144

4. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, et al. Intraepithelial CD8+ tumor-infiltrating
lymphocytes and a high CD8+/regulatory T cell ratio are associated with favorable prognosis in ovarian
cancer. Proc Natl Acad Sci. 2005; 102: 18538—-18543. https://doi.org/10.1073/pnas.0509182102 PMID:
16344461

5. GalonJ, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al. Type, density,
and location of immune cells within human colorectal tumors predict clinical outcome. Science (80-).
2006; 313: 1960-1964.

6. ZhangY, HuangS, Gong D, Qin Y, Shen Q. Programmed death-1 upregulation is correlated with dys-
function of tumor-infiltrating CD8+ T lymphocytes in human non-small cell lung cancer. Cell Mol Immu-
nol. 2010; 7: 389-395. https://doi.org/10.1038/cmi.2010.28 PMID: 20514052

7. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, White DE, et al. Tumor anti-
gen-specific CD8 T cells infiltrating the tumor express high levels of PD-1 and are functionally impaired.
Blood. 2009; 114: 1537—-1544. https://doi.org/10.1182/blood-2008-12-195792 PMID: 19423728

PLOS ONE | https://doi.org/10.1371/journal.pone.0211135 January 25, 2019 13/14


https://doi.org/10.1245/s10434-014-4139-y
https://doi.org/10.1016/j.jdermsci.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27329007
https://doi.org/10.1111/1346-8138.13200
http://www.ncbi.nlm.nih.gov/pubmed/26603144
https://doi.org/10.1073/pnas.0509182102
http://www.ncbi.nlm.nih.gov/pubmed/16344461
https://doi.org/10.1038/cmi.2010.28
http://www.ncbi.nlm.nih.gov/pubmed/20514052
https://doi.org/10.1182/blood-2008-12-195792
http://www.ncbi.nlm.nih.gov/pubmed/19423728
https://doi.org/10.1371/journal.pone.0211135

®PLOS | one

Exhausted CD8+ T cells in extramammary Paget’s disease

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

25.

26.

27.

Wu X, Zhang H, Xing Q, CuiJ, LiJ, Li Y, etal. PD-1+ CD8+ T cells are exhausted in tumours and func-
tional in draining lymph nodes of colorectal cancer patients. Br J Cancer. 2014; 111: 1391-1399. https://
doi.org/10.1038/bjc.2014.416 PMID: 25093496

Thompson RH, Dong H, Lohse CM, Leibovich BC, Blute ML, Cheville JC, et al. PD-1 is expressed by
tumor-infiltrating immune cells and is associated with poor outcome for patients with renal cell carci-
noma. Clin Cancer Res. 2007; 13: 1757—1761. https://doi.org/10.1158/1078-0432.CCR-06-2599 PMID:
17363529

Thompson RH, Kuntz SM, Leibovich BC, Dong H, Lohse CM, Webster WS, et al. Tumor B7-H1 is asso-
ciated with poor prognosis in renal cell carcinoma patients with long-term follow-up. Cancer Res. 2006;
66: 3381-3385. https://doi.org/10.1158/0008-5472.CAN-05-4303 PMID: 16585157

Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et al. Nivolumab versus Docetaxel in
Advanced Nonsquamous Non—Small-Cell Lung Cancer. N Engl J Med. 2015; 373: 1627—-1639. https://
doi.org/10.1056/NEJMoa1507643

Robert C, Long G V., Brady B, Dutriaux C, Maio M, Mortier L, et al. Nivolumab in Previously Untreated
Melanoma without BRAF Mutation. N Engl J Med. 2015; 372: 320-330. https://doi.org/10.1056/
NEJMoa1412082 PMID: 25399552

Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, et al. Up-Regulation of PD-L1, IDO, and
Tregs in the Melanoma Tumor Microenvironment Is Driven by CD8+ T Cells. Sci Transl Med. 2013; 5:
200ra116-200ra116. https://doi.org/10.1126/scitranslmed.3006504

Brandacher G, Perathoner A, Ladurner R, Schneeberger S, Obrist P, Winkler C, et al. Prognostic value
of indoleamine 2,3-dioxygenase expression in colorectal cancer: Effect on tumor-infiltrating T cells. Clin
Cancer Res. 2006; 12: 1144—1151. https://doi.org/10.1158/1078-0432.CCR-05-1966 PMID: 16489067

Godin-Ethier J, Pelletier S, Hanafi L-A, Gannon PO, Forget M-A, Routy J-P, et al. Human activated T
lymphocytes modulate IDO expression in tumors through Th1/Th2 balance. J Immunol. 2009; 183:
7752-60. https://doi.org/10.4049/jimmunol.0901004 PMID: 19933867

Moon YW, Hajjar J, Hwu P, Naing A. Targeting the indoleamine 2,3-dioxygenase pathway in cancer. J
Immunother cancer. 2015; 3: 51. https://doi.org/10.1186/s40425-015-0094-9 PMID: 26674411

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9: 676—682. https://doi.org/10.1038/nmeth.
2019 PMID: 22743772

Herbst RS, Soria J-C, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al. Predictive correlates of
response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014; 515: 563-567.
https://doi.org/10.1038/nature14011 PMID: 25428504

Sallusto F, Lenig D, Férster R, Lipp M, Lanzavecchia A. Two subsets of memory T lymphocytes with
distinct homing potentials and effector functions. Nature. 1999; 401: 708-712. https://doi.org/10.1038/
44385 PMID: 10537110

Voskoboinik |, Whisstock JC, Trapani JA. Perforin and granzymes: function, dysfunction and human
pathology. Nat Rev Immunol. 2015; 15: 388—400. https://doi.org/10.1038/nri3839 PMID: 25998963

Wherry EJ. T cell exhaustion. Nat Immunol. 2011; 131: 492—-499.

Munn DH, Mellor AL. Indoleamine 2,3-dioxygenase and tumor-induced tolerance. J Clin Invest. 2007;
117: 1147-54. https://doi.org/10.1172/JCI31178 PMID: 17476344

Nakano O, Naito Y, Nagura H, Ohtani H, Nakano O, Sato M, et al. Proliferative activity of intratumoral
CD8+ T-lymphocytes as a prognostic factor in human renal cell carcinoma: Clinicopathologic demon-
stration of antitumor immunity. Cancer Res. 2001; 61: 5132-5136.

LiuH, Liu L, Liu K, Bizargity P, Hancock WW, Visner GA. Reduced Cytotoxic Function of Effector CD8+
T Cells Is Responsible for Indoleamine 2,3-Dioxygenase-Dependent Immune Suppression. J Immunol.
2009; 183: 1022—1031. hittps://doi.org/10.4049/jimmunol.0900408 PMID: 19564344

Nagaraj S, Gabrilovich DI, Lee H. Tumor Escape Mechanism Governed by Myeloid-Derived Suppres-
sor Cells Myeloid-Derived Suppressor Cells and Tumor Escape. Cancer Res. 2008; 68: 2561-63.
https://doi.org/10.1158/0008-5472.CAN-07-6229

Takeuchi Y, Nishikawa H. Roles of regulatory T cells in cancer immunity. Int Immunol. 2016; 28: 401—
409. https://doi.org/10.1093/intimm/dxw025 PMID: 27160722

Munn DH, Sharma MD, Hou D, Baban B, Lee JR, Antonia SJ, et al. Expression of indoleamine 2,3-diox-
ygenase by plasmacytoid dendritic cells in tumor-draining lymph nodes. J Clin Invest. 2004; 114: 280—
290. https://doi.org/10.1172/JCI21583 PMID: 15254595

PLOS ONE | https://doi.org/10.1371/journal.pone.0211135 January 25, 2019 14/14


https://doi.org/10.1038/bjc.2014.416
https://doi.org/10.1038/bjc.2014.416
http://www.ncbi.nlm.nih.gov/pubmed/25093496
https://doi.org/10.1158/1078-0432.CCR-06-2599
http://www.ncbi.nlm.nih.gov/pubmed/17363529
https://doi.org/10.1158/0008-5472.CAN-05-4303
http://www.ncbi.nlm.nih.gov/pubmed/16585157
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1056/NEJMoa1412082
http://www.ncbi.nlm.nih.gov/pubmed/25399552
https://doi.org/10.1126/scitranslmed.3006504
https://doi.org/10.1158/1078-0432.CCR-05-1966
http://www.ncbi.nlm.nih.gov/pubmed/16489067
https://doi.org/10.4049/jimmunol.0901004
http://www.ncbi.nlm.nih.gov/pubmed/19933867
https://doi.org/10.1186/s40425-015-0094-9
http://www.ncbi.nlm.nih.gov/pubmed/26674411
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1038/nature14011
http://www.ncbi.nlm.nih.gov/pubmed/25428504
https://doi.org/10.1038/44385
https://doi.org/10.1038/44385
http://www.ncbi.nlm.nih.gov/pubmed/10537110
https://doi.org/10.1038/nri3839
http://www.ncbi.nlm.nih.gov/pubmed/25998963
https://doi.org/10.1172/JCI31178
http://www.ncbi.nlm.nih.gov/pubmed/17476344
https://doi.org/10.4049/jimmunol.0900408
http://www.ncbi.nlm.nih.gov/pubmed/19564344
https://doi.org/10.1158/0008-5472.CAN-07-6229
https://doi.org/10.1093/intimm/dxw025
http://www.ncbi.nlm.nih.gov/pubmed/27160722
https://doi.org/10.1172/JCI21583
http://www.ncbi.nlm.nih.gov/pubmed/15254595
https://doi.org/10.1371/journal.pone.0211135

