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Abstract

Ovarian cancer is the leading cause of gynecologic cancer-
related deaths and novel therapeutic strategies are required.
Programmed cell death 1 and programmed cell death ligand
1 (PD-L1), which are key mediators of host immune toler-
ance, are associated with ovarian cancer progression. Recent
evidence indicates the importance of IFNg-induced PD-L1
for immune tolerance in ovarian cancer. This study aimed
to reveal the therapeutic potential of suppressor of cyto-
kine signaling 1 (SOCS-1), an endogenous inhibitor of
the Janus kinase (JAK)–STAT signaling pathway, for the
treatment of ovarian cancer. IHC assessment revealed that
patients with ovarian cancer with high intratumoral STAT1
activation exhibited poor prognosis compared with patients
with low STAT1 activation (P < 0.05). Stimulation of OVISE,
OVTOKO, OV2944-HM-1 (HM-1), and CT26 cell lines with
IFNg induced STAT1 phosphorylation and PD-L1 expression.

Adenovirus-mediated SOCS-1 gene delivery (AdSOCS-1) in
HM-1 and CT26 cells in vitro potently inhibited IFNg-
induced STAT1 phosphorylation and PD-L1 upregulation,
similar to the addition of JAK inhibitor I, but failed to inhi-
bit their proliferation. Notably, intratumoral injection of
AdSOCS-1, but not AdLacZ, significantly inhibited the tumor
growth of HM-1 and CT26 cells subcutaneously transplanted
in immunocompetent syngeneic mice. AdSOCS-1 reduced
PD-L1 expression on tumors and restored the activation
of tumor-infiltrating CD8þ T cells. Moreover, the antitumor
effect of AdSOCS-1 was significantly attenuated by PD-L1 Fc-
fusion protein administration in vivo, suggesting that the
effect of AdSOCS-1 is mainly attributable to enhancement
of tumor immunity. This study highlights the potential
clinical utility of SOCS-1 as an immune checkpoint inhib-
itor. Mol Cancer Ther; 17(9); 1941–50. �2018 AACR.

Introduction
Ovarian cancer is the leading cause of death from gynecologic

malignancies and its incidence is increasing worldwide (1).
Because of the absence of specific symptoms and the lack of an
effective screening strategy, more than half of the patients with
ovarian cancer are diagnosed at an advanced stage, which con-
tributes to poor overall survival. The standard treatment for

advanced ovarian cancer is cytoreductive surgery and adjuvant
chemotherapy, typically utilizing platinum-based drugs and tax-
ane. These therapies are not durable, as >70% of advanced-stage
patients relapse within 5 years and acquire chemoresistance (2).
The lack of reliable effective treatments underscores the need for
the development of novel therapeutics for advanced ovarian
cancer (3).

Several lines of evidence suggest that escape fromhost immune
surveillance is essential for the development and progression of
cancer (4, 5). Programmed cell death 1 (PD-1) and its ligand
programmed cell death 1 ligand 1 (PD-L1) are representative
immune checkpoint molecules. PD-L1 is typically expressed on
cancer cells, whereas PD-1 is expressed on activated T cells (6, 7).
PD-L1 binding to PD-1 on CD4þ and CD8þ tumor-infiltrating T
cells downregulates inflammatory cytokine production and inhi-
bits their activation (8). Indeed, patients with ovarian cancer that
exhibited high PD-L1 expression had a significantly poorer prog-
nosis than those with lower expression (9, 10). A phase II clinical
trial of 20 patients with platinum-resistant ovarian cancer who
were treatedwith nivolumab (anti-PD-1) evidenced a 45% (9pts)
disease control rate, with 2 patients having a durable complete
response (11).These findings indicate that the PD-1/PD-L1 path-
way is associated with the progression of ovarian cancer, and
targeting these immune checkpoints offers an alternative thera-
peutic approach to treating advanced ovarian cancer.
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Elevated expression of PD-L1 in cancer cells is maintained
either by activated oncogenic signaling, such as the PI3K/Akt
pathway (innate resistance) or in response to IFNg secreted from
tumor-infiltrating T cells (adaptive resistance; refs. 6, 7, 12, 13).
Indeed, in one study of ovarian cancer, PD-L1 expression was
predominantly induced by IFNg that was secreted from CD8þ T
cells (13). In accordance with this finding, whereas IFNg , via
activating the Janus kinase (JAK)/STAT1 signaling pathway, is
known to confer various antitumor effects (14), phase III clinical
trial of IFNg therapy in ovarian cancer demonstrated that IFNg
promotes tumor progression when combined with standard
chemotherapy (15). These results suggest that IFNg unexpectedly
enhances tumor growth inovarian cancer possibly bypotentiating
the escape of tumors from host immune system. Thus, targeting
IFNg /JAK/STAT signaling in ovarian cancer might be a promising
new approach for the treatment of ovarian cancer.

The suppressor of cytokine signaling (SOCS) family is a group
of endogenous negative feedback regulators of JAK/STAT signal-
ing. The SOCS family is composed of eight structurally related
proteins characterized by a central Src-homology 2 domain and a
conserved C-terminal SOCS box (16). Within the family, SOCS-1
is themost potent negative regulator of proinflammatory cytokine
signaling (17). In addition, SOCS-1 may function as a tumor
suppressor, as inactivation of the SOCS-1 gene due to LOH or
hypermethylation has been observed in many malignancies
including ovarian cancer (18). Indeed, overexpression of
SOCS-1 with the adenoviral vector, AdSOCS-1 has been shown
to directly inhibit the proliferation of and induces apoptosis in
various cancers, such as melanoma (19), lung cancer (20), gastric
cancer (21, 22), andmesothelioma (23). The antitumor activity of
AdSOCS-1 is mediated through the modulation of numerous
signaling molecules including JAK/STAT, FAK, ERK, p38 MAPK,
EGFR, and p53. This study aimed to determine the potential
therapeutic efficacy of AdSOCS-1 on ovarian cancer both in vitro
and in vivo with an emphasis on its role in IFNg signaling and
PD-L1 expression.

Materials and Methods
Cell lines

The human ovarian clear cell carcinoma cell lines, OVTOKO
and OVISE, were obtained from the Japanese Collection of
Research Bioresources, the murine colon carcinoma line, CT26,
was purchased from the ATCC, and themurine ovarian cancer cell
line, OV2944-HM-1 (HM-1), was obtained from the RIKEN
BioResource Center. HM-1 cells were maintained in a-minimum
essential medium (Nacalai Tesque) medium and the OVTOKO,
OVISE, and CT26 cells were maintained in RPMI1640 (Wako)
medium.Mediawere supplementedwith 10%FBS (SerumSource
International), 100 IU/mL penicillin, and 100 mg/mL streptomy-
cin (Nacalai Tesque). Cells were grown at 37�C in a humidified
incubator with 5% CO2. All the cell lines were obtained between
2012 and 2015. The identity of human cancer cell lines was
confirmed by DNA fingerprinting via short tandem repeat pro-
filing. All cells were tested negative forMycoplasmawith the use of
a MycoAlert Mycoplasma Detection Kit (Lonza) and used less
than 3 months after resuscitation.

Reagents
JAK inhibitor I (24) was purchased from Calbiochem. Recom-

binant human IFNg was purchased from R&D Systems and
murine IFNg was purchased from PeproTech. Recombinant

mouse B7-H1/PD-L1 Fc chimeric protein was purchased from
R&D Systems.

Flow cytometry
Cultured human cells were incubated with phycoerythrin (PE)-

conjugated anti-humanCD274 (PD-L1) antibody (BioLegend) or
isotype control IgG2bmouse antibody (BioLegend,) at 4�C for 30
minutes, and washed three times in FACS staining buffer (PBS
supplemented with 1% FBS and 0.1% sodium azide). Cultured
murine cells were incubated with PE-conjugated anti-mouse
CD274 antibody (BioLegend) or an isotype control IgG 2b rat
antibody (BioLegend) at 4�C for 30 minutes and washed three
times. The cells were subsequently analyzed by flow cytometry
using a FACSCanto II system (BD Biosciences), and data were
analyzed using FlowJo software (FlowJo).

Preparation of adenoviral vectors
The replication-defective recombinant adenoviral vectors con-

taining the mouse SOCS-1 gene (AdSOCS-1) or LacZ gene
(AdLacZ) expression cassettes were prepared as described previ-
ously (25, 26).

Analysis of PD-L1 expression in cultured cells
Cells were seeded into 6-well plates at a density of 1� 105 cells

perwell (Corning Inc.) for 24hours, and then treatedwithAdLacZ
(40MOI), AdSOCS-1 (40MOI), or JAK inhibitor I (5 nmol/L) for
48 hours at which time the cells were harvested and PD-L1
expression was evaluated by flow cytometry.

Cell growth assay
Cells were cultured in 96-well plates (Corning Inc.) at 1,000

cells (HM-1) or 2,000 cells (CT-26) per well for 24 hours
and then incubated with AdLacZ or AdSOCS-1 (160 MOI)
for 24, 48, and 72 hours. Cell growth was evaluated by the
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4- nitrophenyl)-5-
(2,4-disulfophenyl)-2H-tetrazolium monosodium salt] assay
(Cell Counting Kit-SF, Nacalai Tesque) at the indicated times
using a Model 680 Microplate reader (Bio-Rad Laboratories).
Absorbance was measured at 450 nm (absorption of WST-8)
and at 630 nm (reference), and proliferation rate was calculat-
ed as the percentage of absorbance in treated compared with
untreated cells. The experiments were performed in triplicate, as
described previously (27).

SDS-PAGE and Western blot analysis
Cells were lysed and proteins were extracted as described

previously (27). Extracted proteins were separated by SDS-
PAGE and transferred to an Immobilon-P Transfer membrane
(Millipore), as described previously. The following primary
antibodies were used: anti-phosoho-STAT1 (Y701, 58D6, Cell
Signaling Technology), anti-STAT1, anti-GAPDH (Santa
Cruz Biotechnology), and anti-SOCS-1 antibody (1:500; IBL).
Horseradish peroxidase–conjugated donkey anti-rabbit anti-
bodies (GE Healthcare Bio-Science) were used as secondary
antibodies for subsequent visualization. Blots were incubated,
washed, and imaged, as described previously.

IHC analysis of STAT1
Written informed consent was obtained from all patients and

the experimental protocol was approved by the Ethics Commit-
tees of the Osaka University (Osaka, Japan) and the National
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Institutes of Biomedical Innovation, Health and Nutrition (Osaka,
Japan). All the patient studies were conducted in accordance
with Declaration of Helsinki. Patient characteristics are shown
in Table 1. Board-certified pathologists confirmed the diagnoses of
all tumors as ovarian cancer by histologic review. Formalin-fixed,
paraffin-embedded tissues of ovarian cancer were sectioned and
deparaffinized as described previously (28). IHC staining was
performed with the anti-STAT1a p91 antibody (sc-345, Santa
Cruz Biotechnology). STAT1 activation was determined by the
percentage of cells with specific staining of the nucleus, as
described previously (29). Three individual pathologists, blinded
to the histologic data, analyzed the stained sections under a light
microscope. The percentages of immunoreactive tumor cell with
nuclear staining were ranged from 0% to 98.3%. The mean value
(20%) was determined as an optimal cut-off value to separate high
and low STAT1 activation groups. Tumors with STAT1 staining in
greater than 20% of the nuclei were considered to exhibit high
STAT1 activation, whereas those with 20% and less were scored as
tumors with low STAT1 activation. Kaplan–Meier analysis com-
paring overall survival with STAT1 expression levels was per-
formed as indicated in "Statistical analysis."

Mouse syngeneic subcutaneous tumor models
All animal experiments were conducted according to the

National Institutes of Biomedical Innovation, Health, and
Nutrition (Osaka, Japan) institutional ethical guidelines for
animal experimentation and were approved by institutional
animal care and use committee. Female B6C3F1 mice and
female Balb/c mice, 6–7 weeks of age, were obtained from
Charles River Japan. Balb/c mice were inoculated subcutane-
ously in the flank with 5 � 105 syngeneic CT26 cells while
B6C3F1 mice were similarly inoculated with syngeneic HM-1
cells. Injected cells were resuspended in a total volume of
100 mL of 1/1 (v/v) PBS/Matrigel (BD Biosciences). Four days
after injection, when the tumors reached approximately
100 mm3 in volume, 1 � 108 plaque-forming units (pfu) of
either AdSOCS-1 or AdLacZ were injected intratumorally every
other day. Tumor size was measured every other day, and
volume was calculated using the following formula: tumor
volume (mm3) ¼ length � width � width/2.

Tumor cell and infiltrating T-cell analysis
A second set of tumors that were established and treated as

above were resected after 4 treatments of AdSOCS-1 or AdLacZ.
The tumors were washed in PBS and then cut into small pieces
using scissors. Tumor pieces were placed in RPMI1640 medium
containing 10% FBS, 400 U/mL collagenase D, and 100 mg/mL
DNase I and incubated for 30 minutes at 37�C and single-cell
suspensions were prepared as described previously (30). Cells
were then surface-stained with Alexa Fluor 488–conjugated
Ep-CAM (BioLegend), PE-conjugated anti-mouse CD3e antibody

(BioLegend), PerCP-Cy5.5–conjugated anti-mouse CD8a anti-
body (BD Biosciences), and APC/Cy7–conjugated anti-mouse
CD45 (BioLegend). To investigate T-cell activation, intracellu-
lar Granzyme B staining and surface CD107a staining were
performed using Pacific Blue–conjugated anti-human/mouse
Granzyme B antibody or Alexa Fluor 488–conjugated anti-
mouse CD107a antibody (BioLegend). Cells were analyzed by
the FACSCanto II flow cytometer, and the data were analyzed
by using FlowJo software.

Statistical analysis
Statistical analyses were performed using Ekuseru-Toukei 2012

(Social Survey Research Information Co., Ltd). Overall survival
(OS) was evaluated by Kaplan–Meier analysis, and statistical
significance was assessed by the log-rank test. All data are
expressed as the mean � SD. To test for statistically significant
differences between two groups, unpaired Student t test was used.
For comparisons among 4 groups, the values were analyzed via
one-way ANOVA followed by Scheffe comparisons. Differences
were considered significant at P < 0.05.

Additional information can be found in the Supplementary
Methods.

Results
Activated STAT1 is associated with poor prognosis in ovarian
cancer

Evidence indicates that IFNg has an important role in the
progression of ovarian cancer, and although STAT1 is a key
molecule involved in IFNg signaling, it remains unknown
whether activation of STAT1 is observed in ovarian cancer. To
investigate this question, the activation status of STAT1 was
assessed by IHC in 83 patients with ovarian cancer. Among 83
patients, 44 patients' tumors were classified as having low levels
of active STAT1 (low-active, <20% of cells staining positive)
and 39 patients' tumors as having high levels of active STAT1
(high-active, >20% of cells staining positive), as shown in
representative IHC images (Fig. 1A). Immunostaining distri-
bution of STAT1 in patients with ovarian cancer are shown
in Table 2. Importantly, Kaplan–Meier analysis demonstrated
that individuals with high-active STAT1 tumors had significant-
ly worse OS than those with low-active STAT1 tumors (P < 0.05,
log-rank test; Fig. 1B). This result suggests that high-active
STAT1 in the tumor cells is a poor prognostic marker for of
ovarian cancer.

Expression of PD-L1 on cancer cell lines is induced by IFNg
Flow cytometry was performed to assess expression of PD-L1 in

the human ovarian cancer cell lines, OVISE and OVTOKO, the
murine ovarian cancer cell line, HM-1, and the murine colon
cancer cell line CT26 for comparison. OVISE and OVTOKO

Table 1. Patients' characteristics

Serous Clear cell Endometrioid Mucinous

Number of cases 28 38 11 6
Age, median (range) 53.0 (26–69) 53.3 (36–72) 51.2 (28–71) 43.8 (28–61)
FIGO stage
I 8 31 4 5
II 4 3 4 0
III 14 4 3 1
IV 2 0 0 0

Abbreviation: FIGO, International Federation of Gynaecology and Obstetrics.

SOCS-1 Inhibits Tumor Growth by Suppressing PD-L1
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exhibited minimal PD-L1 staining while HM-1 and CT26 also
expressed relatively low levels of PD-L1 (Fig. 2A).When cells were
stimulated with human or murine recombinant IFNg for 48
hours, all of the examined cell lines evidenced strongupregulation
of PD-L1 (Fig. 2B).

AdSOCS-1 inhibited PD-L1 expression induced by IFNg
To assess whether expression of SOCS-1 suppressed PD-L1

induction by IFNg , all four cell lines were treated with
AdSOCS-1, AdLacZ, and JAK inhibitor I prior to stimulation
with IFNg . Upon flow cytometric analysis, both AdSOCS-1 and
JAK inhibitor I strongly suppressed the expression levels of
PD-L1 induced by IFNg compared with controls (Fig. 2C and
D). Furthermore, phospho-STAT1 (Y701) in the four cell lines
was similarly enhanced by IFNg stimulation and suppressed
by SOCS-1 and JAK inhibitor I as determined by Western blot
analysis (Fig. 2E). These results strongly indicate that IFNg
induction of PD-L1 expression occurs via the JAK/STAT1 sig-
naling pathway and that SOCS-1 overexpression by AdSOCS-1
transduction can block PD-L1 upregulation through inactiva-
tion of JAK/STAT signaling.

AdSOCS-1 inhibits tumor growth in mice
In a first series of experiments, we investigated whether

AdSOCS-1 transduction induced any direct tumor cell death
in vitro. By time course analysis of cell growth, both the HM-1

and CT26 cell lines did not exhibit any tumor growth inhibi-
tion by AdSOCS-1 compared with AdLacZ or no treatment
group (Fig. 3A). In a second series of experiments designed to
evaluate the potential antitumor effects of AdSOCS-1 in vivo,
HM-1 and CT26 syngeneic subcutaneous tumors were estab-
lished followed by intratumoral injection (every other day)
with AdSOCS-1 (1 � 108 pfu) or AdLacZ (1 � 108 pfu) as
control. CT26 colon carcinoma tumors were generated as a
second syngeneic immunocompetent mouse model for com-
parison with HM-1 ovarian cancer.

In HM-1 tumors treated with AdSOCS-1, the average tumor
volume on day 16 was 349.0 � 70.1 mm3 while that of the
AdLacZ-treated group was 1,211.7 � 91.5 mm3 representing a
71.1 � 5.8% smaller final tumor volume (P < 0.01, Fig. 3B).
Similarly, the average tumormass on day 16was 363.2� 86.9mg
in the AdSOCS-1–treated group and 1,010.8 � 117.6 mg in the
AdLacZ-treated group (P < 0.01; Fig. 3B).

In AdSOCS-1–treated CT26 tumors, the average tumor vol-
ume was 514.6� 94.8 mm3 by day 10, while the in the AdLacZ-
treated group was 1,130.6 � 156.2 mm3 representing a signif-
icant inhibition of tumor growth (P < 0.01, Fig. 3B; 61.3% �
7.1%). The average tumor mass on day 10 was 621.4 � 221.7
mg in the AdSOCS-1–treated group and 1,134.7 � 169.2 mg in
the AdLacZ-treated group (Fig. 3B; P < 0.05). These results
suggest that SOCS-1 overexpression induces a potent antitumor
effect in vivo.

To further confirm that SOCS-1 overexpression in tumor cells is
sufficient to inhibit tumor growth in vivo, we generatedHM-1 cells
stably expressing SOCS-1 and evaluated tumor growth inhibitory
effect of stable SOCS-1 expression in vivo (Supplementary Fig. S1).
At first, we established SOCS-1 stably expressing HM-1 cells (HM-
1-S29) and control vector–transfected cells (HM-1-C1; Supple-
mentary Fig. S1A). SOCS-1 overexpression in HM-1 cells potently
inhibited IFNg-induced STAT1 activation but showed no effect on
cell growth in vitro (Supplementary Fig. S1A, S1B). In addition,
IFNg-induced PD-L1 expression was abrogated in HM-1-S29 cells

Figure 1.

High-activated STAT1 staining is associated with poor prognosis in ovarian cancer. A, Representative images of STAT1 activation status in serous carcinoma
and clear cell carcinoma. Scale bars, 50 mm. B, Kaplan–Meier analysis of disease-specific survival for 83 patients with ovarian cancer with respect to STAT1
activation. Low-active STAT1 is defined as tumors with less than 20% of nuclear STAT-1–positive cells; high-active STAT1 is defined as tumors with >20%
of nuclear STAT-1–positive cells. Patients with ovarian cancer with high STAT1 had significantly more disease-specific mortality (P < 0.05).

Table 2. Distribution of STAT1 activation status in the FIGO stage

Low-active STAT1 High-active STAT1

Number of cases 44 39
Age, median (range) 49.3 (26–71) 55.5 (42–72)
FIGO stage
I 29 19
II 4 7
III 10 12
IV 1 1

Abbreviation: FIGO, International Federation of Gynaecology and Obstetrics.
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Figure 2.

IFNg-induced expression of PD-L1 is downregulated by SOCS-1. A, Endogenous PD-L1 expressions in human ovarian cancer cell lines (OVISE, OVTOKO) and murine
cancer cell lines (HM-1, CT26) were analyzed by flow cytometry. B, Induced expression of PD-L1 by stimulationwith IFNg . PD-L1 expression in OVISE, OVTOKO, HM-1,
and CT26 cells was strongly enhanced by stimulation with IFNg . C, Cells were infected with AdSOCS-1 (40 MOI) or AdLacZ (40 MOI) and stimulated with
human or mouse IFNg (20 ng/mL) for 24 hours. Induced expression of PD-L1 was downregulated by AdSOCS-1 (red) but not by AdLacZ (blue).D, Cells were treated
with JAK inhibitor I (5 nmol/L) or control (5 nmol/L DMSO) and stimulated with human or mouse IFNg (20 ng/mL). IFNg-induced expression of PD-L1 was
downregulated by JAK inhibitor I (red) but not byDMSO (blue).E,Cellswere cultured inmediumcontaining JAK inhibitor I (5 nmol/L), AdSOCS-1 (40MOI) or AdLacZ
(40 MOI) followed by stimulation with IFNg (20 ng/mL) for 15 minutes. Protein was extracted and analyzed by Western blot analysis. Expression of pSTAT-1
was induced by IFNg and suppressed by both AdSOCS-1and JAK inhibitor I.

SOCS-1 Inhibits Tumor Growth by Suppressing PD-L1
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but not in HM-1-C1 cells in vitro (Supplementary Fig. S1C).
When these established cell lines were subcutaneously trans-
planted in immunocompetent syngeneic mice, the growth of
HM-1-S29 tumors was significantly decreased compared with
that of HM-1-C1 tumors (Supplementary Fig. S1D). Thus, these
data indicate that stable SOCS-1 expression in HM-1 cells could
recapitulate the effect of injecting AdSOCS1 within the tumor
and suggest that antitumor effect of AdSOCS1 in vivo is primarily
attributed to SOCS-1 gene delivery into tumor cells.

AdSOCS-1 treatment inhibitedPD-L1expressionon tumor cells
and activated tumor-infiltrating T cells

To determine the involvement of SOCS-1 in antitumor
immunity, PD-L1 expression within the tumor and activation
of tumor-infiltrating T cells were evaluated. Subcutaneously
implanted HM-1 cells or CT26 cells were established as
described above. Four days after implantation, AdSOCS-1 or
AdLacZ (1 � 108 pfu) were intratumorally injected every other
day. After four injections, the mice were sacrificed and single-

Figure 3.

AdSOCS-1 inhibits tumor growth in syngeneic mouse
models. A, HM-1 and CT26 were cultured in medium
containing 10% FBS and were treated with AdSOCS-1 or
AdLacZ at 160 MOI. After 24, 48, and 72 hours of
infection, viable cell ratios were calculated by WST-8
assay. Each value represents the average � SD.
B, Female B6C3F1 mice were subcutaneously injected
with 5 � 105 HM-1 cells and Balb/c mice were
subcutaneously injected with 5 � 105 CT26 cells. When
the calculated tumor volumes reached approximately
70 mm3, mice were divided into two groups (6 mice/
group for HM-1 and 9 mice/group for CT26) and 1 � 108

pfu of AdSOCS-1 or AdLacZ were intratumorally
injected every other day. Tumor volumesweremeasured
before injection every other day. The mean volume
(�SD) and tumor mass (�SD) of each group are
shown, respectively. The differences were analyzed by
Student t test (� and �� indicate P < 0.05 and < 0.01,
respectively). C, HM-1 cells and CT26 cells were
intratumorally injected with 1 � 108 pfu of AdSOCS-1 or
AdLacZ every other day (3 mice/group). After four
injections, the tumors were resected, digested to
single cells. PD-L1 expression on tumor cells as well as
CD107a and Granzyme B expression of tumor-infiltrating
T cells were investigated by flow cytometry.
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cell suspensions were prepared from the subcutaneous tumor
tissues and analyzed by flow cytometry (Fig. 3C). The mean
fluorescence intensities (MFI) of PD-L1 from the HM-1 tumors
were 3,531.0 � 93.9 in the AdSOCS-1–treated group and
5,488.3 � 281.1 in AdLacZ-treated group (P < 0.05). The
MFIs of PD-L1 from the CT26 tumors were 1,098.8 � 56.1
in AdSOCS-1 group and 1,565.3 � 64.6 in AdLacZ group (P <
0.05). To assess their activation status, tumor-infiltrating CD8þ

T cells were stained with antibodies against CD107a, a surface
marker of degranulation in activated T cells, and Granzyme B
(intracellularly stained), which lyses tumor cells upon degran-
ulation, and then measured by flow cytometric analysis. In
both HM-1 and CT26 tumors, surface expression of CD107a
and the intracellular expression of Granzyme B were both
significantly higher in tumor-infiltrating CD8þ T cells treated
with AdSOCS-1 than in those treated with AdLacZ (P < 0.05; Fig.
3C). These results indicate that the overexpression of SOCS-1
by AdSOCS-1 downregulated PD-L1 expression and induced
activation of T-cell–mediated antitumor immunity in vivo.

Antitumor efficacy of AdSOCS-1 is due to reduced
expression of PD-L1

To demonstrate that AdSOCS-1 regulate antitumor immunity
via downregulating PD-L1 expression on tumor cells, recombi-
nant murine PD-L1 Fc fusion protein were used. HM-1 and CT26
were again subcutaneously injected into their respective syn-
geneic recipient mice and were divided into 4 treatment groups:
Group 1, AdLacZþ PBS; Group 2, AdLacZþ recombinantmurine
PD-L1 Fc fusion protein, group 3; AdSOCS-1þ PBS and group 4;
AdSOCS-1þ recombinant murine PD-L1 Fc fusion protein. After
the tumors became established and when AdSOCS-1 or AdLacZ
treatment initiated (once every other day), recombinant murine
PD-L1 Fc fusion protein (30 mg) or PBS were intraperitoneally
administrated once a week. In HM-1 tumors, AdSOCS-1 þ PBS
and AdLacZ þ PBS treatment produced similar results with the
previous tumor growth experimentwith AdSOCS-1þPBS tumors
exhibiting significantly less tumor growth (462.1 � 42.5 mm3)
than their control counterparts (1,406.1� 176.6mm3) by day 14.
Aspredicted, the additionof recombinantmurinePD-L1Fc fusion
protein increased the amount of tumor growth in AdSOCS-1–
treated tumors (1,135.8 � 165.0 mm3) while those treated with
AdLacZ also increasedmoderately (1,630.8� 137.9mm3; Fig. 4A;
P < 0.05). The average tumor masses on day 14 reflected the
tumor volumes accordingly. In HM-1–treated tumors, recombi-
nant murine PD-L1 Fc fusion protein significantly attenuated
the antitumor effect of AdSOCS-1 (Fig. 4A; P < 0.01).

CT26 tumor volumes at day 10 of AdSOCS-1 þ PBS-treated
(820.0� 252.5mm3)mice were 56% smaller than of those of the
control AdLacZ þ PBS-treated (1,866.5 � 185.2 mm3) mice,
whereas the AdSOCS-1 þ recombinant murine PD-L1 Fc fusion
protein (1,686.6 � 330.1 mm3) nearly fully recapitulated tumor
growth seen in the control. Treatment with AdLacZ þ recombi-
nant murine PD-L1 Fc fusion protein (2,354.9 � 267.5 mm3)
exacerbated CT26 tumor growth compared with AdSOCS-1 þ
PBS-treated mice (Fig. 4B; P < 0.05). Similarly, the average tumor
mass on day 10 was 683.0 � 205.6 mg in the AdSOCS-1 þ PBS-
treated group and 1,104.1 � 104.0 mg in the AdLacZ þ PBS-
treated group. The addition of recombinant murine PD-L1 Fc
fusion protein in the AdSOCS-1þ recombinant murine PD-L1 Fc
fusion protein-treated (1,208.6 � 200.9 mg) group blocked
the tumor-inhibitory effect of AdSOCS-1 and the AdLacZ þ

recombinant murine PD-L1 Fc fusion protein-treated group
(1,558.4 � 54.0 mg) had a slightly higher average mass than
those treated with AdLacZ þ PBS. Similar to HM-1 tumors,
recombinant murine PD-L1 Fc fusion protein also significantly
attenuated the antitumor effect of SOCS-1 in CT26 tumors treated
with (Fig. 4B; P < 0.01). Taken as a whole, the data indicate that
AdSOCS-1 treatment inhibits tumor growth by reducing the
expression of PD-L1 and inducing antitumor immunity via
blockade of the IFNg/JAK/STAT axis.

Discussion
Numerous lines of evidence indicate that targeting immune

checkpoints can provide durable outcomes for patients with a
growing variety of tumors including ovarian cancer (12). Selective
targeting of PD-1 or PD-L1 by therapeutic mAbs blocks a major
mechanism by which activated T cells become progressively
dysfunctional or "exhausted" thereby enhancing antitumor
immunity. Indeed, a recent phase II trial of patients with plati-
num-resistant ovarian cancer treated with nivolumab (anti-PD-1)
has demonstrated its safety and efficacy against this challenging
disease (11).

In ovarian cancer, elevated expression of PD-L1 is associated
with poor prognosis (9). Activated tumor-infiltrating T cells
secrete IFNg that induces PD-L1 expression in ovarian cancer
through the JAK/STAT1 axis (13). It is likely through this mech-
anism that IFNg actually accelerates tumor progression in ovarian
cancer (15), whereas an IFN response would normally be thought
to mediate the induction of an antitumoral immune response. In
this study, we found that increased activation of STAT1 was also
associated with poor prognosis in ovarian cancer (Fig. 1). These
initial findings indicated that the IFNg/JAK/STAT1 pathway may
be a promising therapeutic target in ovarian cancer.

Whereas STAT3 and STAT5 are known to promote tumor
growth by enhancing cell survival and proliferation, STAT1 has
been generally considered as a tumor suppressor (31). However,
recent evidence indicates that STAT1may have a dual role and can
function to promote tumor growth (32). Thus, JAK/STAT1 acti-
vation in some tumors can switch a potentially proinflammatory
(i.e., IFNg) microenvironment to a more immunosuppressive
one, conducive to tumor progression.

Many small-molecule JAK inhibitors have been developed and
several have been approved for treatment for hematologic malig-
nancies or rheumatoid arthritis (33–35).Our study demonstrated
that JAK inhibitor I suppressed IFNg-induced PD-L1 expression
in vitro (Fig. 2). Because JAKs regulate multiple cytokine path-
ways, blocking JAK/STAT signal pathway can cause profound
depression of antitumor immunity (36–39). Indeed, JAK inhibi-
tor (ruxolitinib) induced impairedNK-cell maturation in patients
with myelofibrosis (40). Thus, it is highly desirable to use inhi-
bitors that selectively target the JAK/STAT pathway specifically in
tumor cells.

SOCS-1 is essential for inhibiting the IFNg/JAK/STAT1 path-
way, as evidenced by the perinatal death of SOCS-1–deficient
mice due to IFNg-dependent immune disease. As such, SOCS-1
activation may be critical to inhibit generation of immuno-
suppressive tumor environment. Of note, the CpG islands
within the SOCS-1 gene were found to be hypermethylated in
23% of ovarian cancer patients and this correlated with reduced
expression of SOCS-1 in these patients (18). This silencing of
SOCS-1 within ovarian cancer cells may lead to high STAT1
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activation, increased PD-L1 expression, immune evasion, and
poor prognosis.

In this study, intratumoral adenoviral delivery of SOCS-1
inhibited tumor growth in subcutaneous syngeneic ovarian
cancer (HM-1) and colon carcinoma (CT26) tumor models
(Fig. 3). We have previously shown that AdSOCS-1 induces an
antitumor effect in various cancers by restraining STAT3 acti-
vation and also by regulating other pathways such as FAK, ERK,
p38, EGFR, and p53 (19–23). AdSOCS-1 inhibited the growth
of several human ovarian cancer cell lines (Supplementary Fig.
S2), likely through modulation of the pathways identified
previously that are beyond the focus of this study. However,
AdSOCS-1 did not directly inhibit the growth of the murine cell
lines, HM-1 and CT26 in vitro (Fig. 3). As such the potent tumor
growth–inhibitory effect by AdSOCS-1 in vivowas hypothesized
to be through modulation of the tumor–immune microenviro-
ment. Indeed, administration of recombinant murine PD-L1 Fc

fusion protein effectively blocked the antitumor effect of
AdSOCS-1 in vivo. We also showed that AdSOCS-1 inhibited
IFNg-mediated induction of PD-L1 via the JAK/STAT axis that
AdSOCS-1–treated tumors exhibited lower PD-L1 expression
and concomitant enhanced CD8þ T-cell activation. Taken as a
whole, our results strongly indicate that AdSOCS-1 inhibits
tumor growth through its interference of the IFNg/JAK/STAT1
pathway thereby reducing PD-L1 and inducing antitumoral
immunity (Fig. 4). However, we cannot rule out the possible
involvement of other confounding molecular interactions
downstream of JAK/STAT1 that overexpression of SOCS-1 may
cause. Indeed, indoleamine 2,3-dioxygenase (IDO) can also
contribute significantly to tumor-induced immune tolerance
(41, 42). Accordingly, AG490, a JAK2 inhibitor significantly
inhibited HM-1 tumor growth through suppression of intra-
tumoral IDO expression (43). On the other hand, it has been
reported that expression of PD-L1 on tumor cells is induced not

Figure 4.

SOCS-1 inhibits tumor growth via downregulation of PD-L1 expression. Female B6C3F1 mice were subcutaneously injected with 5 � 105 HM-1 cells (A) and Balb/c
mice were subcutaneously injected with 5 � 105 CT26 cells (B). When the calculated tumor volumes reached to approximately 100 mm3, mice were divided
into four groups (6 mice/group for HM-1 and 5 mice/group for CT26), 1 � 108 pfu AdSOCS-1 or AdLacZ adenoviral vectors were intratumorally injected
every other day. PD-L1 Fc fusion protein or PBS were administered once a week in combination with AdSOCS-1 or AdLacZ generating 4 distinct treatment
groups. Tumor volumes were measured every other day. The mean volume � SD and tumor mass � SD are shown respectively. The differences were analyzed
by one-way ANOVA followed by Scheffe comparisons (� and �� indicate P < 0.05 and < 0.01, respectively).
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only by IFNg but also by other pathway such as HIF-1a in the
tumor microenvironment (44). Therefore, SOCS-1–mediated
downregulation of PD-L1 may include regulation of IFNg/JAK/
STAT1–independent pathway, which should be revealed in the
future study. Thus, it is highly probable that AdSOCS-1 may
inhibit tumor growth by enhancing tumor immunity via mul-
tiple mechanisms.

AdSOCS-1 gene therapy against solid tumors, (i.e., adenoviral-
mediated delivery of SOCS-1 gene into tumor cells) possesses
several advantages over systemic treatment with small-
molecule JAK inhibitors. First, AdSOCS-1 is the adenovirus
type-5–based vector and enters cells through the coxsackie and
adenovirus receptor (CAR), but the expression is very low in
immune cells (45). Therefore, adenovirus vectors do not infect
immune cells efficiently, resulting in the minimal suppressive
effect on immune cells. Second, overexpression of SOCS-1 in
tumor cells might induce additional JAK/STAT–independent
antitumor effects through its inhibitory activities against ERK,
p38, FAK and by increasing the activity of p53 (19–23).
Importantly, when AdSOCS-1 is injected intratumorally, as in
this study, these additional activities of SOCS-1 would also be
limited to tumor cells themselves due to absence of CAR on the
surface of immune cells.

In summary, this study demonstrated that adenoviral delivery
of SOCS-1 inhibited tumor growth through downregulation of
PD-L1 expression resulting in the activation of tumor-infiltrating
T cells. The data further indicate that SOCS-1 is an important
therapeutic target in modulating antitumor immunity, and that
SOCS-1 gene therapy may be an effective alternative strategy for
the treatment of ovarian cancer.
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