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ABSTRACT
Although nivolumab is associated with a significant improvement in overall survival and progression-free
survival, only 20 to 40% of patients experience long-term benefit. It is therefore of great interest to identify a
predictive marker of clinical benefit for nivolumab. To address this issue, the frequencies of CD4C T cell
subsets (Treg, Th1, Th2, Th9, Th17 and Th22), CD8C T cells, and serum cytokine levels (IFNg , IL-4, IL-9, IL-10,
TGF-b) were assessed in 46 patients with melanoma. Eighteen patients responded to nivolumab, and the
other 28 patients did not. An early increase in Th9 cell counts during the treatment with nivolumab was
associated with an improved clinical response. Before the first nivolumab infusion, the responders displayed
elevated serum concentrations of TGF-b compared to non-responders. Th9 induction by IL-4 and TGF-b was
enhanced by PD-1/PD-L1 blockade in vitro. The role of IL-9 in disease progression was further assessed using
a murine melanoma model. In vivo IL-9 blockade promoted melanoma progression in mice using an
autochthonous mouse melanoma model, and the cytotoxic ability of murine melanoma-specific CD8C T cells
was enhanced in the presence of IL-9 in vitro. These findings suggest that Th9 cells, which produce IL-9, play
an important role in the successful treatment of melanoma patients with nivolumab. Th9 cells therefore
represent a valid biomarker to be further developed in the setting of anti-PD-1 therapy.
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Introduction

Effective immune checkpoint blockades have improved the
overall survival of patients with metastatic melanoma. The
monoclonal antibody nivolumab blocks programmed cell death
1 (PD-1), an inhibitory immune checkpoint receptor expressed
on activated T cells.1 Nivolumab is associated with a significant
improvement in overall survival and progression-free survival,
and 20 to 40% of patients experience long-term benefit.1-3

Although the expression of programmed cell death 1 ligand 1
(PD-L1) in tumor cells has been associated with responsiveness
to the blockade of this immune checkpoint, 4 the objective mea-
surement of PD-L1 protein levels reveals heterogeneity within
tumors and prominent interassay variability or discordance.5

The pharmacodynamic biomarkers of nivolumab, however,
remain unknown to date. It is therefore of great interest to find
a predictive marker of clinical benefit for nivolumab and a
parameter that can be validated as a surrogate marker of
response or survival benefit.

Recently, interleukin (IL)-9-producing CD4C T helper cells
(Th9) have been identified as a new subset of CD4C T helper

cells mediating both proinflammatory events and the induction
of tolerance.6,7 Although Th1 cells, which produce interferon
(IFN)-g, have a clear role in cancer immune surveillance and
in promoting antitumor responses, 8 reports on the role of Th9
cells in tumor development remain contradictory.9 For
instance, IL-9 is known to promote the proliferation, migration,
and adhesion of human lung cancer cells, 10 but IL-9 seems to
have the opposite effect on melanoma proliferation and migra-
tion in the B16 melanoma murine model.11

Herein, we analyzed the immunological profile of peripheral
blood in patients receiving nivolumab treatment in order to
identify clinically useful biomarkers. We discovered that Th9
cells but not Th1 cells are increased in melanoma patients who
were successfully treated with nivolumab. Using the autochtho-
nous mouse melanoma model, we found that IL-9 treatment
suppressed melanoma progression and increased granzyme B
and perforin in CD8C T cells. We therefore propose that ele-
vated levels of Th9 cells may represent a valid biomarker in the
setting of anti-PD-1 therapy. Our data support the idea that
boosting IL-9 in itself might be a therapeutic avenue.
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Results

Th9 cell frequency is increased in responders to nivolumab
treatment

Forty-six melanoma patients who received nivolumab were
prospectively included in this study (Table 1). The group
contained 18 males and 28 females. The median age of the
patients was 66 y (ranging from 34 to 89 y). Patients were
divided into two groups, responders (SD, PR, and CR) and
non-responders (PD) to nivolumab treatment. Eighteen
patients responded to the treatment, and the other 28
patients did not. We found no difference in the total num-
ber of whole blood cells and lymphocytes, and in serum lac-
tate dehydrogenase levels between responders and non-
responders (Table S1).

To investigate the candidates for biomarkers related to
treatment response, we first compared the frequencies of
CD8C T cells, CD4C T cells, and Tregs in the peripheral
blood between responders and non-responders. We found
no significant differences among these cell populations
before and after treatment (Fig. 1A). We further compared
CD4C T cell subsets in responders and non-responders. In
addition to Th1 and Th2 subsets, we investigated Th9,
Th17, and Th22 subsets since recent studies showed that
these Th subsets might also play some roles in tumor
immunity.12-14 Although there was no significant difference
in Th1, Th2, Th17, and Th22 cells, Th9 cells were signifi-
cantly increased in the responder group (Fig. 1B). IFNg-
producing CD8C T cell numbers before and after nivolumab
treatment were comparable between responders and non-
responders (Fig. 1B). These results suggest that Th9 cells
may play some role in nivolumab-induced antitumor
immunity.

Since Th9 cells can be generated in the presence of TGF-b
and IL-4, 15 we next evaluated serum profiles between respond-
ers and non-responders by ELISA. Indeed, serum TGF-b levels
were significantly higher in responders than in non-responders
before nivolumab treatment (Fig. 2A). Serum IL-4 levels were
below the detection limit of ELISA. However, more IL-4-pro-
ducing CD4C T cells were detected following nivolumab treat-
ment in responder and non-responder patients (Fig. 2B). We
found no difference in IFNg levels between responders and
non-responders before treatment (responders; 2.9 § 4.2 pg/
mL, non-responders; 5.8 § 16.7 pg/mL, mean § SD) or after
treatment (responders; 7.7 § 11.3 pg/mL, non-responders;

2.7 § 7.6 pg/mL, mean § SD). In addition, serum IL-9, IL-10,
and IL-17 levels were below the limit of detection of ELISA in
both groups (IL-4 < pg/mL, IL-9 <1 pg/mL, IL-10 <2 pg/mL,
IL-17 <15 pg/mL).

PD-1/PD-L1 blockade promotes Th9 differentiation

Our data showed that Th9 cells and serum TGF-b levels are
increased in responders to nivolumab treatment. We there-
fore hypothesized that nivolumab enhanced tumor immu-
nity by promoting Th9 differentiation. To this end, we
evaluated the effect of anti-PD-1 antibody on Th9 induction
in vitro. Human PBMCs were stimulated with recombinant
IL-4 and recombinant TGF-b in the presence or absence of
anti-PD-1 blocking antibody. After 48 h of stimulation, the
frequency of Th9 cells was evaluated by flow cytometry. IL-
4 and TGF-b-induced Th9 differentiation was enhanced by
anti-PD-1 antibody in a dose-dependent manner (Fig. 2C).
In addition, anti-PD-L1 antibody also enhanced Th9 differ-
entiation (Fig. 2C). These results suggest that PD-1 signal-
ing blockade by nivolumab may promote IL-4 and TGF-
b-dependent Th9 differentiation:

Anti-IL-9 neutralizing antibody downregulates granzyme B
and perforin expression in CD8C T cells in vitro

Since our data suggest that Th9 cells may promote antitu-
mor immunity, we next investigated the effects of IL-9 on
immune cells. A previous report demonstrated that Th9
cells promote the recruitment of dendritic cells (DCs) to
the tumor tissues.11 We hypothesized that Th9 cells also
promoted the recruitment of CD8C T cells to melanoma tis-
sues. We evaluated the effect of IL-9 on the expression lev-
els of chemokine receptors, which are responsible for CD8C

T cells. Because CXCR3 and CCR5 are reportedly important
chemokine receptors for the recruitment of T cells to mela-
noma,16,17 we investigated the expression levels of these
receptors on CD8C T cells cultured with or without anti IL-
9 neutralizing antibody. However, we found that CXCR3
and CCR5 expression on CD8C T cells was not affected by
anti-IL-9 neutralizing antibody (Fig. 2D).

Granzyme B and perforin are cytolytic molecules produced
by cytotoxic CD8C T cells, and they have activity against a vari-
ety of tumors.18 We therefore evaluated next the effect of IL-9
on granzyme B and perforin expression in CD8C T cells in
vitro. Human PBMCs were cultured with or without anti-IL-9
neutralizing antibody, and their expression levels were evalu-
ated analyzed via flow cytometry. The expression levels of gran-
zyme B and perforin in CD8C T cells were reduced in the
presence of anti-IL-9 neutralizing antibody (Fig. 2E). These
results suggest that IL-9 promotes the expression of granzyme
B and perforin in CD8C T cells.

In vivo IL-9 blockade augments tumor progression in
melanoma-bearing mice

To investigate the effect of IL-9 on anti-melanoma immunity in
vivo, we next evaluated melanoma progression through the
administration of anti-IL-9 neutralizing antibody to

Table 1. Characteristics of 46 melanoma patients.

All patients n D 46 CR n D 1 PR n D 3 SD n D 14 PD n D 28

Gender
Female 28 1 1 12 14
Male 18 0 2 2 14

Age 67 (34–89) 83 72 (68–79) 69 (57–78) 65 (34–89)
Stage

I 0 0 0 0 0
II 11 0 0 5 6
III 21 1 3 7 10
IV 14 0 0 2 12

Forty-six patients participated. The clinical response was defined as complete
response (CR), partial response (PR), stable disease (SD), or progressive disease
(PD), based on response evaluation criteria in solid tumors (RECIST, v1.1).
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melanoma-bearing mice. We found that anti-IL-9 neutralizing
antibody administration promoted tumor progression in a mel-
anoma cell line, the B16 melanoma cell line injection model
(Fig. 3A).

The subcutaneous inoculation of B16 cells mirrors human
disease development poorly because tumor cells are an

artificially inoculated and so it has low immunogenicity.19 We
next used the Baf/Pten autochthonous mouse melanoma
model, in which melanoma develops de novo within the murine
skin.20 Consistent with the B16 injection model, the adminis-
tration of anti-IL-9 neutralizing antibody also promoted tumor
progression in the Braf/Pten model (Fig. 3B, Table S2).

Figure 1. The Th9 frequency in the peripheral blood was increased in responders after nivolumab treatment. (A) Flow cytometry (top) of the PBMCs from patients before
(pre) and after (post) treatment with nivolumab. The frequency of CD4C T cells, CD8C T cells, and Tregs in the PBMCs of patients assessed by flow cytometry. (B) The fre-
quency of Th1, Th1, Th17, Th9, Th22, and cytotoxic T lymphocyte in the PBMCs of patients as in (A), assessed by flow cytometry. Small horizontal lines indicate the mean
(§ SD). �p < 0.05 (two-tailed Student’s t-test).
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To exclude the possibility that IL-9 directly inhibits mela-
noma progression but does not modulate tumor immunity, we
next performed a tumor proliferation assay. B16 melanoma
cells were cultured with or without recombinant murine IL-9.

We found that there was no significant difference in the prolif-
eration of B16 cells between the two groups (Fig. S1). These
results support the notion that IL-9 suppresses melanoma pro-
gression via immune modulation.

Figure 2. PD-1/PD-L1 blockade promotes Th9 differentiation by IL-4 and TGF-b: (A) Serum levels of TGF-b from melanoma patients (“Res” representing responders, “Non”
non-responders) before (pre) and after (post) treated with nivolumab evaluated by ELISA. (B) The frequency of IL-4-producing Th2 cells in the peripheral blood of healthy
controls (HC), melanoma patients before treatment (pre), and those after treatment (post). (C) Th9 differentiation assay by IL-4 and TGF-b. The frequency in CD4C T cells
was analyzed by flow cytometry. (D) The histogram shows the expression levels of CXCR3 and CCR5 on CD8C T cells in the presence or absence of anti-IL-9 neutralizing
antibody. The bar graph shows MFI levels of CXCR3 and CCR5 on CD8C T cells. (E) The histogram shows the expression levels of granzyme B and perforin in CD8CT cells
in the presence or absence of anti-IL-9 neutralizing antibody. The bar graph shows the frequency of granzyme B or perforin positive cells out of CD8C T cells.
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IL-9 blockade leads to the downregulation of granzyme B
and perforin in CD8C T cells but not in NK cells in mice

To further investigate the mechanism of IL-9, we used the
Braf/Pten melanoma model and analyzed the immune cells
infiltrating into the tumor in mice treated with or without
anti-IL-9 neutralizing antibody. First, the expression of gran-
zyme B and perforin in the whole melanoma tissues was
investigated by means of real-time polymerase chain reaction
(RT-PCR). We found that granzyme B and perforin expres-
sion were reduced in mice treated with anti-IL-9 neutralizing
antibody (Figs. 3C and D), suggesting that IL-9 promotes the
expression of granzyme B and perforin in the melanoma tis-
sues. Since both CD8C T cells and NK cells produce granzyme
B and perforin, we next analyzed the effect of IL-9 on gran-
zyme B and perforin expression in CD8C T cells and NK cells
by flow cytometry. We already demonstrated that the expres-
sion levels of chemokine receptor responsible for tissue infil-
tration were not changed by anti-IL-9 treatment with human
samples (Fig. 2D), suggesting that lymphocytes infiltration

into the skin is not regulated by IL-9. Consistent with the
above findings, there was no significant difference in the fre-
quency of CD8C T cells (Fig. 3E, left) or NK cells (Fig. 3F,
left) infiltrating into murine melanoma tissues treated with or
without anti-IL-9 antibody. Next, we evaluated the expression
levels of granzyme B and perforin in CD8C T cells and NK
cells in melanoma tissues. The mean fluorescence intensity
(MFI) levels of granzyme B and perforin in CD8C T cells were
significantly lower after IL-9 blockade (Fig. 3E, right), whereas
MFI levels of granzyme B and perforin in NK cells were unal-
tered (Fig. 3F, right). These results suggest that IL-9 causes an
increase in granzyme B and perforin in tumor-infiltrating
CD8C T cells.

IL-9 enhances cytotoxicity of tumor-specific mouse CD8C

T cells

We evaluated the effect of IL-9 on the cytotoxic ability of
tumor specific CD8C T cells in vitro. First, we co-cultured

Figure 3. In vivo IL-9 blockade promotes melanoma progression in mice. Tumor growth of the B16 melanoma injection model (A) and Braf/Pten mutation model (B).
(A) The tumor size of B16 melanoma injection model was evaluated by length and width (mm2). (B) The change (%) in tumor size of Braf/Pten mutation model based on
the size at day 0. (C, D) mRNA expression levels of granzyme B (C) and perforin (D) in the melanoma tissues of Braf/Pten mutation mice with or without injection of anti-
IL-9 neutralizing antibody were evaluated by RT-PCR. (E, F) The flow cytometric analysis of CD8CT cells (E) and NK cells (F) infiltrating into the melanoma lesion (Braf/Pten
mutation model). The histograms show the MFI levels of granzyme B and perforin in CD8C T cells (E) and NK cells (F). The bar graphs indicate the frequency in the total
cell number of CD8C T cells (E) and NK cells (F), and the MFI levels of granzyme B and perforin in CD8C T cells (E) and NK cells (F). The histograms show representative
data.
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B16 murine melanoma cells stably transduced with OVA
(termed MO4 cells) and whole lymph node cells from OT-I
mice (which have OVA-specific CD8C T cells), in the pres-
ence or absence of recombinant IL-9. The MFI levels of
granzyme B and perforin in CD8C T cells increased signifi-
cantly after recombinant IL-9 exposure (Fig. 4A). In addi-
tion, the cytotoxic assay showed that immune cells from
inguinal lymph nodes of MO4 tumor-bearing OT-I mice
killed melanoma cells more effectively when cultured with
recombinant IL-9 (Fig. 4B). Furthermore, we prepared puri-
fied CD8C T cells from inguinal lymph nodes of MO4
tumor-bearing OT-I mice, and confirmed that the tumor-
specific cytotoxic ability of CD8C T cells increased by
recombinant IL-9 (Fig. 4C), while IL-9 did not directly
affect the proliferation of B16 (Fig. S1). We next evaluated
that the effect of IL-9 on the ability of proliferation and
antigenicity of human melanoma cell lines using two
human melanoma cell lines, A375 and SK-MEL-28. We
found that IL-9 did not affect the proliferation of these cell
lines (Fig. S2). The expression levels of HLA-ABC and
HLA-DR were quantified by means of flow cytometry to
evaluate the antigenicity. The expression of PD-L1 and IL-9
receptor (IL-9R) was also assessed to evaluate the effect of
IL-9 on these cell lines. The results showed that IL-9 did
not affect these expression levels (Fig. S2).

IL-9 is highly expressed in human melanoma lesions

Finally, we assessed 10 melanoma samples by immunohis-
tochemistry to evaluate the localization of IL-9C cells and
CD8C T within the tumor before nivolumab treatment. We
analyzed sequential sections for these two stains using 10 sam-
ples selected from both responders and non-responders. All
samples showed that high IL-9 expression and CD8C T cell
infiltration were observed in the peritumoral lesion (Fig. 4D,
Fig. S3). These findings suggest that IL-9 may be related to
some extent to antitumor immunity by CD8C T cells in the
lesional area of human melanoma.

Discussion

In this study, we demonstrated that Th9 cells in peripheral
blood were significantly increased in the responders to nivolu-
mab treatment. In addition, the serum level of TGF-b, which
contributes to the development of Th9, was significantly higher
in responders compared to non-responders before nivolumab
treatment. Moreover, anti-PD-1 antibody enhanced Th9 differ-
entiation in vitro. Using melanoma-bearing mice, we showed
that anti-IL-9 antibody decreased granzyme B and perforin in
CD8C T cells. Furthermore, in vitro experiments revealed that
IL-9 enhanced the cytotoxic ability of tumor-specific CD8C

Figure 4. The tumor-specific cytotoxicity of CD8C T cells is enhanced in the presence of IL-9 in vitro. (A, B) The effect of IL-9 on tumor-specific cytotoxicity was evaluated
by means of cytotoxic assay in the presence or absence of rIL-9, using MO4 cells as target cells and lymph node cells from tumor-bearing OT-I mice or C57B6/N mice (WT)
as effector cells. (A) The MFI levels of granzyme B and peroforin in CD8C T cells after the assay analyzed by flow cytometry. (B) The bar graph shows the % of target cell
death. (C) The effect of IL-9 on the cytotoxic ability of tumor-specific CD8C T cells. (D) Immunohistochemistry analysis of IL-9 (left) and CD8C (right) in the human mela-
noma tissues. The figure shows the representative data (patient #8).
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T cells in mice. Finally, we demonstrated that IL-9-positive cells
existed near CD8C T cells in human melanoma tissues. These
results suggest that Th9 cells may play an essential role in anti-
melanoma immunity and that anti-PD-1 antibody may elicit
an antitumor effect through upregulating Th9 differentiation in
melanoma patients successfully treated with nivolumab.

This is the first report showing that Th9 cells in peripheral
blood can be a pharmacodynamic biomarker for nivolumab
efficacy in melanoma patients. The literature suggests the
diverse effects of anti-PD-1 antibody treatment on antitumor
immunity. Anti-PD-1 antibody caused an increase in the fre-
quency of CD8C T cells in the melanoma lesion of patients
who responded to the treatment.21,22 In addition, anti-PD-1
antibody mediates antitumor effects through augmented T cell
proliferation, increased IFNg, and IFNg inducible chemokine
production at the tumor site.23 We also demonstrated that
nivolumab increases Th9 cells both in vivo and in vitro. It has
been reported that the PD-1 blockade in itself enhanced T cell
migration into the tumor lesion,23 and our study proposes the
possibility that nivolumab may promote antitumor immunity
in the melanoma lesion via CD8C T cell activation by Th9 cells.
This is supported by our observation that IL-9C cells and
CD8C T cells co-localized in melanoma lesion. We are cur-
rently working to evaluate whether IL-9C cells are increased in
the melanoma lesion in responders using available samples,
such as in-transit metastases.

Recent studies have shown that genetic markers might be
useful as biomarkers for the effectiveness of immune check-
point blockades in the treatment of melanoma.24-26 However,
no serum cytokines have been reported as useful and effective
biomarkers. We demonstrated that serum TGF-b levels were
significantly higher in responders compared to non-responders
before nivolumab treatment. Our study therefore suggests that
TGF-b may also be a good biomarker for nivolumab treatment.
Several human cancer cells express high levels of TGF-b, which
influences the microenvironment and promotes tumor growth,
invasiveness, and metastases.27 Increased expression and secre-
tion of TGF-b in melanoma cell lines have been reported.28,29

Interestingly, the expression levels of TGF-b in melanoma are
different in among melanoma cell lines and patient disease
stages.29,30 Although the mechanisms that caused high serum
TGF-b levels in responders remain unclear in our study, one
hypothesis is that TGF-b expression may be related to muta-
tions in the melanoma cells. In human hepatocellular carci-
noma, Kras mutation deregulates the TGF-b signaling
pathway.31 Above all, the differences in TGF-b expression in
melanoma may have a genetic basis. Further studies are needed
to investigate the relationship between TGF-b expression and
mutation burden.

The role of Th9 cells has remained controversial in tumor
immunity. It has been reported that IL-9 acts directly to drive
tumor growth and contributes to the establishment of an immu-
nosuppressive environment.9 For example, IL-9 promotes the
proliferation of human lymphoid tumors, such as Hodgkin’s
lymphoma, diffuse large B-cell lymphoma, and NK T-cell lym-
phoma.32-34 Furthermore, IL-9 is known to inhibit adaptive
immunity and promote tumor progression using colon carci-
noma and breast cancer in mice.9 Other studies have suggested
the beneficial roles of IL-9 in preventing tumor progression

through a multivariate effector response.11,12 In this study, we
observed an antitumor effect of IL-9 against melanoma in two
different murine melanoma models, the B16 injection model and
the Braf/Pten model. This is the first report demonstrating the
beneficial roles of IL-9 for tumor immunity using the autochtho-
nous mouse melanoma Braf/Pten model. Consistent with our
study, some recent reports refer to the importance of IL-9 and
Th9 cells in suppressing melanoma progression. For example,
one report showed that exogenous rIL-9 inhibited melanoma
growth in Rag1¡/¡ mice but not in mast-cell-deficient mice, sug-
gesting that mast cells are essential for IL-9-mediated antitumor
immunity.12 Another report demonstrated that Th9 cells elicited
strong cytotoxic T cell responses by promoting the recruitment
of DCs to the tumor tissues.11 As for the origin of Th9 cells, one
study showed that IL-1b induced Th9 cells, which in turn
exerted potent anticancer functions in an interferon regulatory
factor 1 (IRF1)- and IL-21-dependent manner.35 Our study pro-
poses a new mechanism whereby IL-9 directly enhances tumor-
specific cytotoxic activity of CD8C T cells by increasing their lev-
els of granzyme B and perforin.

In addition, we observed that PD-1/PD-L1 blockade pro-
motes Th9 differentiation in the present study. Several studies
report that PD-1 modulates the metabolic program of T cells.36

For example, PD-1 ligation is known to prevent T cell develop-
ment by altering metabolic reprogramming of cells.37 Since gly-
colytic activation is required for the differentiation of Th9
cells,38 the PD-1/PD-L1 blockade might promote Th9 differen-
tiation by modulating the cell metabolism. Further investiga-
tion is required on this subject.

In conclusion, we present data to show that the frequency of
Th9 cells can serve as a pharmacodynamic biomarker for anti-
PD-1 therapy. Of note, we found an increase in Th9 cells after
the third infusion of nivolumab and provided evidence that
Th9 cells promote anti-melanoma immunity. Therefore, we
propose that Th9 cells may represent a biomarker to be further
developed in the setting of anti-PD-1 therapy.

Materials and methods

Patients, treatment, and clinical evaluation

This observational immunomonitoring study included 46 meta-
static melanoma patients receiving nivolumab (Ono Pharmaceuti-
cal) at Kyoto University Hospital and other collaborating hospitals
in Japan. This study was approved by the ethic committee of the
Kyoto University Graduate School of Medicine (R0251). Patients
were included if they (i) had a confirmed diagnosis of stage IVmel-
anoma according to the 2009 American Joint Committee on Can-
cer (AJCC) melanoma staging and classification, (ii) were alive 12
weeks after the first nivolumab perfusion, and (iii) were receiving
at least four courses of nivolumab over 90 min at a dose of 2 mg/kg
of body weight every 3 weeks.39 Other inclusion criteria were: at
least 20 y of age and no specific melanoma therapy during the pre-
vious 28 d. All histological types of melanoma, including mucosal
and uveal melanoma, were eligible for inclusion. Exclusion criteria
were the presence of an autoimmune disease, HIV, hepatitis B or
C, pregnancy, or concomitant systemic therapy or any history of
prior immunotherapy for melanoma. Treatment efficacy was
assessed using contrast-enhanced computed tomography (CT),
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magnetic resonance imaging (MRI), or positron emission tomogra-
phy-CT (PET-CT) after the third nivolumab infusion and clinical
response was defined based on response evaluation criteria in solid
tumors (Response Evaluation Criteria in Solid Tumors, Version
1.1 (RECIST, v1.1)). A clinical response was defined as complete
response (CR), partial response (PR), or stable disease (SD).

Collection of human samples and analysis of serum

Peripheral blood was taken one to 7 d before the first nivolumab
infusion (pre) and within one to 3 weeks after the third infusion
(post). In most cases, nivolumab was administered every 3 weeks
in Japan in conformity to the national health insurance and thus
the PBMCs after treatment were obtained from 10 to 12 weeks after
the first infusion. Peripheral blood mononuclear cells (PBMCs)
were obtained from venous blood anticoagulated with EDTA by
density gradient centrifugation using lymphocyte separation solu-
tion (Nacalai Tesque). Isolated cells were cryopreserved in Bam-
banker (Nippon Genetics) at ¡80�C or washed with FACS buffer
(PBS containing BSA and sodium azide) for flow cytometry as pre-
viously described.40,41 Serum levels of IFNg, IL-4, IL-9, IL-10, IL-
17, and transforming growth factor (TGF)-b were measured by
enzyme-linked immunosorbent assay (ELISA) kits for quantitative
detection of each cytokine (eBioscience, San Diego). All measure-
ments weremade in duplicate andmean values were obtained.

Analysis of peripheral blood samples

The following fluorescent-labeled monoclonal antibodies were
used for surface or intracellular staining: TCRab-PerCP/Cy5.5,
CD8C-Pacific Blue, CD45RO-PE, CD193 (CCR3)-APC/Cy7,
IFNg-FITC, IL-17A-Brilliant-Violet421, perforin-APC (from Bio
Legend), TCRab-PE/Cy7, CD4C-eFluor450, CD184 (CXCR4)-
APC, IL-4-PE, IL-9-PerCP, IL-22-APC, Foxp3-FITC (from eBio-
science), and granzyme B-FITC (from BD Biosciences). For intra-
cellular staining of cytokines, PBMCs were stimulated for 3 h with
BD Leukocyte Activation Cocktail (Ionomycin, Brefeldin A, and
phorbol myristic acetate (PMA)) in the presence of BD GolgiStop.
To detect intracellular protein, cells were permeabilized, fixed, and
stained according to the manufacturer’s instructions using the
Cytofix/Cytoperm kit (BD Biosciences) for cytoplasmic targets or
the Foxp3 Staining Buffer Set (eBioscience, San Diego, CA) for the
nuclear target FoxP3. Tregs were defined as FOXP3CCD45ROCC
D4CTCRabC T cells.

Acquisition was performed by eight-color flow cytometry
using FACS Fortessa with FACS Diva software (both from BD
Biosciences). The compensation control was performed with
BD CompBeads (BD Biosciences). FlowJo software (Tree Star)
was used for analysis. Data were expressed as dot plots.

Mouse melanoma model

C57B6/N mice (8 weeks old) were obtained from Shimizu Labora-
tory Supplies, Kyoto, Japan. B6.Cg-Braftm1Mmcm Ptentm1Hwu Tg
(Tyr-cre/ERT2) 13Bos/BosJ (Braf/Pten) mice 20 (8–12 weeks old)
were obtained from Jackson Laboratories, Bar Harbor, Maine.
B16F10 (B16) murine melanoma cell lines 42 were commercially
purchased from ATCC. The B16 murine melanoma cell line stably
transduced with OVA (termed MO4 43) was obtained from the

Dana Farber Cancer Institute (Boston, MA). The cell lines were
maintained in complete DMEM supplemented with 10% FCS/
10 mM Hepes/100 units/mL penicillin/100 mg/mL streptomycin/
2mML-glutamine (Invitrogen) at 5% CO2.

B16 melanoma cells were injected into C57/B6N mice sub-
cutaneously at each lateral region by 10 £ 5 cells in 100 mL of
PBS per place. The tumor volume was measured every 3 d.
Braf/Pten mice were treated topically with 10 mL of 1.9 mg/mL
(5 mM) 4-Hydroxytamoxifen (4-HT, 70% Z-isomer, Sigma) in
acetone at 6 to 8 weeks of age on both ears, the abdomen, and
back. The tumor size (length £ width, in mm2) was first mea-
sured at week 2 of tamoxifen treatment and every subsequent
5 d. Change in tumor size was expressed as percentage change
compared to the first measurement. Anti-IL-9 neutralizing
antibody (9C1, Bio X Cell, NH, USA) administration was
started one day before the application of tamoxifen. It was
injected intraperitoneally at 200 mg per mouse every 3 d for
2 weeks. Braf/Pten mice receiving control IgG or a-IL-9 every 2
d were analyzed on day 15 followed by a previous study using
IL-9-neutralized melanoma mice.11

Th9 differentiation assay

PBMCs obtained as mentioned above from 10 healthy donors
were cultured in round-bottom 96-well plates and stimulated
with anti-CD3 antibody (0.5 mg/mL, BioLegend) or anti-CD3/
CD28 beads (4 mL/well, Thermo Fisher Scientific). Th9 cell
induction with or without anti-PD-1 antibody (2 mg/mL,
10 mg/mL, or 50 mg/mL, J105, eBioscience) or anti-PD-L1 anti-
body (10 mg/mL, B7H1, BioLegend) was assessed by flow
cytometry after 72 h of culture with recombinant IL-4 (10 ng/
mL, BioLegend), recombinant TGF-b (10 ng/mL, BioLegend),
both, or neither as control.

Human IL-9 blocking assay and mouse cytotoxicity assays
with recombinant IL-9

PBMCs from healthy donors were cultured with anti-CD3 anti-
body (0.5 mg/mL, BioLegend) for 48 h with or without anti-IL-
9 neutralizing antibody (10 ng/mL, MH9D1, BioLegend). The
expression levels of CXCR3, CCR5, Granzyme B, and Perforin
of CD8C T cells were evaluated by flow cytometry. Mouse T
cell cytotoxicity with or without recombinant IL-9 was assayed
using a Cytotox 96 nonradioactive kit (Promega) following the
instructions provided.

OT-I mice, MHC class I-restricted TCR transgenic line spe-
cific for ovalbumin (OVA),44 were inoculated with 1 £ 106

MO4 tumor cells into the skin of both lateral regions. On day
10 after tumor inoculation, draining lymph nodes (inguinal)
were excised, mashed, and washed with RPMI in order to
obtain single-cell suspensions. Purified CD8C T cells were
obtained from the lymph node cells using CD8aC T cell isola-
tion kit (Miltenyi Biotec KK, Tokyo, Japan). Whole lymph
node cells or purified CD8C T cells were plated as the effector
cells in 96-well plates at the effector/target ratio of 10/1 using
5 £ 103 MO4 target cells per well in RPMI lacking phenol red
for 4 h at 37�C. Lactate dehydrogenase release was subse-
quently assessed by incubation of the supernatants with the
provided substrate for 30 min and the absorbance was read at
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490 nm using a Thermomax plate reader (Molecular Devices).
Percentage cytotoxicity was calculated as follows: (experimental
effectorspontaneous ¡ target spontaneous/targetmaximum ¡ target
spontaneous) £ 100. All cytotoxicity assays were reproducible
in at least three separate assays.

Immunohistochemistry

Ten paraffinized human primary melanoma samples from 10 mel-
anoma patients were cut into 5-mm-thick sections. Their clinical
information is shown in Table S3. Antigens were retrieved by boil-
ing in citrate buffer, pH 6.0, using a microwave. Non-specific bind-
ing of immunoglobulin G was blocked by normal goat serum
(Vector Laboratories, Burlingame, CA). The sections were incu-
bated with rabbit anti-IL-9 antibody (polyclonal, Abcam, Tokyo,
Japan) overnight at 4�C. Then, they were incubated with biotiny-
lated goat-anti-rabbit secondary antibody (Vector Laboratories,
Burlingame, CA). Secondary antibodies were visualized using the
Vectastain ABC-AP kit (Vector Laboratories, Burlingame, CA).

Statistical analysis

Unless otherwise indicated, data are presented as the means §
standard deviation (SD) and are a representative of three inde-
pendent experiments. p-values were calculated with the two-
tailed Student’s t-test or one-way analysis of variance
(ANOVA) followed by the Dunnett multiple comparison test.
p-values less than 0.05 were considered to be statistically signifi-
cant and are denoted by asterisks (�) in the figures.
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