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Resveratrol induces immunogenic cell
death of human and murine ovarian
carcinoma cells
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Abstract

Purpose: This study aimed to clarify whether immunogenic cell death (ICD) contributed to the anti-tumor action of
resveratrol against ovarian carcinoma.

Methods: Resveratrol suppressed cell proliferation and induced apoptosis in ovarian carcinoma cells. In addition,
resveratrol treatment stimulated cell surface exposure of calreticulin, HMGB1 secretion and ATP release.

Results: Vaccination with resveratrol-pretreated ID8 cells significantly inhibited growth of subsequent inoculated
xenograft tumor. Direct administration with resveratrol suppressed tumor progression accompanied with
compromised cell proliferation and enhanced cell apoptosis. We further characterized increases of both mature
dendritic cells and cytotoxic T cells in xenograft tumor in response to resveratrol treatment, which also inhibited
TGF-β production and stimulated both IL12p7 and IFN-γ secretion. Most importantly, we demonstrated that
combination with PD-1 antibody greatly inhibited tumor growth, while depletion of CD8+ T cells by neutralizing
antibody restored xenograft progression.

Conclusion: Our data suggested resveratrol exerted anti-tumor action against ovarian cancer via both apoptosis
and ICD pathways.
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Introduction
Ovarian carcinoma is one of three most common gyneco-
logic malignancies with the highest mortality, and positions
5th with respect to cancer-related death among 10 major
human cancers in women worldwide [1]. Currently, the pri-
mary option with curative purpose against ovarian cancer is
surgical resection with adjuvant chemical drugs or radio-
therapy [2]. However, in view of the intrinsic evident side
effects, huge medical expenses and primary and acquired
drug resistance, the clinical outcomes are far from satisfac-
tory [3]. Therefore, exploitation of novel, low toxic, highly
efficient anti-tumor drugs or chemotherapy re-sensitizing
compounds is critical to the general improvement in terms
of prognosis in ovarian cancer patients.
Resveratrol (RES) is non-flavonoid polyphenol containing

stilbene structural elements, which has been widely

identified in multiple plants including grapes and lilies [4].
The medicinal effects of RES have been documented in
anti-inflammation, anti-microbial, anti-oxidant, antiviral,
anti-atherosclerosis, immunomodulatory and neuroprotec-
tion. Most notably, accumulative evidences support signifi-
cant anti-tumor properties of RES against diverse human
cancers, and a number of signaling pathways have been
unraveled mechanistically contributing to the anti-
proliferative and apoptosis-inducing effects elicited by RES.
The apparent therapeutic activities of RES have been dis-
played in hepatocellular carcinoma, ovarian carcinoma and
leukemia. RES was first described to suppress hepatoma cell
invasion independently of its anti-proliferative activities [5].
Opipari et al. reported RES induced autophagocytosis in
ovarian cancer cells [6]. Jang et al. for the first-time
uncovered cancer chemo-preventive properties of RES in
promyelocytic leukemia cells [7]. The subsequent investiga-
tions elucidate the potential of RES in inducing cell apop-
tosis in ovarian cancer cells [8]. However, the possibility of
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RES in immune activation and promotion of immunogenic
cell death (ICD) in this scenario is still to be defined.
Recently, emerging evidences disclosed that some

platinum-based chemical drugs, such as oxaliplatin, pro-
voked ICD in addition to cell apoptosis in cancer cells [9].
Generally, three major signal cues have been released
when host cells experience ICD, including cell surface ex-
posure of calreticulin (CRT) which stimulates phagocytosis
of dendritic cells (DCs), ATP release which recruits DC
cells, and secretion of High Mobility Group Box 1
(HMGB1) which promotes complexation of DC cells with
moribund tumor cells and induces T cells-based specific
tumor immunity [10]. ICD consequently elicits DC matur-
ation and infiltration of cytotoxic T cell into tumor mass,
which renders great opportunity for combinational therap-
ies with immune checkpoint inhibitor such as PD-L1 and
PD-1 antibodies [11].
In this study, we focused on the anti-tumor activities

of RES in ovarian carcinoma, and particular attentions
have been invested in the potential role of ICD both
in vivo and in vitro. Co-employment of PD-1 antibody
would provide experimental evidence in support of com-
bination of ICD cue with immune checkpoint inhibitor,
and pave the way for future clinical trials.

Materials and methods
Cell culture and treatment
Human ovarian carcinoma cell lines SKOV3 and A2780
and mouse ovarian carcinoma cell line ID8 were pur-
chased from the Cell Bank of Chinese Academy of Sci-
ences (Shanghai, China). Cell identities were authenticated
by STR method. All cells were maintained in RPMI-1640
culture medium containing 15% fetal bovine serum plus
1% penicillin/streptomycin and cultured in humidified
CO2 (5%) incubator. RES was purchased from Sigma-
Aldrich (MO, USA) and dissolved in phosphate buffered
saline (PBS) to prepare 100mM stock solution.

Proliferation assays
The cell proliferation was assessed by 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
viability assays and colony formation assays in both
SKOV3 and A2780 cells. For MTT assay, exponentially
growing cells were seeded into 96-well plates (8000 cells
/100 μl) and incubated at 37 °C in CO2 incubator for 24
h. The different concentrations of RES were then added
and cells were continuously cultured for another 48 h.
MTT stock solution was added to a final concentration
of 1 g/L and followed by 2 h of incubation. 125 μL ex-
traction buffer was added to each well and incubated
overnight at 37 °C. OD 570 nm was measured using a
microplate reader (Molecular Devices, CA, USA). For
colony formation, both SKOV3 and A2780 cells were
pre-treated with different doses of RES (25 and 50 μM)

for 48 h and 1000 cells were seeded into each well of 6-
well plate. Cells were maintained in CO2 incubator for 2
weeks. The formed colonies were fixed with ice-cold
methanol and stained with 0.5% crystal violet (Sangon
Biotech, Shanghai, China).

Cell apoptosis
Cell death was determined by PI/Annexin V staining
(BestBio, Shanghai, China). Both SKOV3 and A2780
cells were subjected to RES treatment as described previ-
ously and prepared into single-cell suspension in stain-
ing buffer containing PI and Annexin V. Staining was
performed for 15 min at room temperature in dark, and
apoptotic cells were then analyzed by flow cytometry
(CytoFLEX, Beckman Coulter, CA, USA).

Cell surface CRT analysis
SKOV3 and A2780 cells subjected to RES treatments
were collected and residual culture medium was com-
pletely removed by PBS wash. Fixation was performed in
0.25% paraformaldehyde in PBS for 15 min and followed
by primary antibody (FITC-CRT, Novusbio, CO, USA)
incubation for 2 h at 4 °C. Alexa Fluor 488-conjugated
secondary antibody (ThermoFisher, MA, USA) was sub-
sequently applied for another 30 min. Samples were then
analyzed with CytoFLEX flow cytometry (Beckman-
Coulter, CA, USA) to quantify cell surface CRT.

Detection of HMGB1 release
The culture medium was collected from RES-treated
SKOV3 and A2780 cells and cell debris were completely
discarded via centrifugation. Equal volume of super-
natant was boiled with sodium dodecyl sulfate polyacryl-
amide gel electrophoresis loading buffer for 5 min and
resolved by 12% gel. Protein samples were transferred
onto polyvinylidene difluoride membrane and immuno-
blotted with anti-HMGB1 antibody (CST#3935, 1:1000,
Cell Signaling Technology, MA, USA). Blots were visual-
ized with enhanced chemiluminescence kit (ECL, Milli-
pore, MA, USA) according to the manufacturer’s
instruction. BSA was used as the external control.

ATP release determination
105 cells were seeded into 6-well plate and treated with in-
dicated dosage of RES for 48 h and culture medium was
collected. Cell debris was completely removed by high-
speed centrifugation. ATP content was measured with the
chemiluminescence ATP Determination Kit (Life tech-
nologies, MA, USA) according to the manufacturer’s man-
ual. Briefly, each sample was added into reaction solution
containing D-luciferin and luciferase without ATP and re-
action was allowed for 30min. The luminescence intensity
was then recorded and ATP concentration was calculated
based on the pre-plotted standard curve.
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Anti-tumor vaccination
ID8 cells were pre-treated with RES (control, 25 and
50 μM) for 24 h and prepared into single-cell suspension
at concentration of 106 cells/100 μL. 100 μL of cell sus-
pension was then inoculated subcutaneously into the left
lower flank of 6-week-old female C57BL/C mice (Vital
River, Beijing, China), and 5 × 106 naïve ID8 cells were
inoculated into the contralateral flank 7 days later. All
animals were housed in SPF class environment, and all
experiments were performed strictly in accordance with
the NIH animal care and use guidelines. The animal re-
lated investigations were approved by the Institutional
Ethics Committee of The Affiliated Hospital of Medical
School of Ningbo University.

Xenograft tumor
The xenograft tumor model was established by subcuta-
neous inoculation of ID8 cell into C57BL/C mice. Differ-
ent doses of RES (vehicle, 50, 100 mg/kg body weight)
were administrated via intraperitoneal injection every
day after tumor volume reached 50mm3. The tumor
volumes were measured with digital caliper every 3 days
up to 3 weeks and calculated according to the formula
V = (1/2) × length × width2. Mice were sacrificed after
21 days and xenograft tumor was weighed.

Immune cells infiltration in xenograft tumor
Tumor tissues were digested with collagenase IV (1mg/
mL) and single-cell suspensions were prepared accordingly.
The mature DCs were stained with CD80/CD86 (gate in
CD45 +CD11b +CD11c + cell population) and analyzed by
CytoFLEX cytometry (Beckman-Coulter, CA, USA). The
cytotoxic T cells were stained by CD8 in CD45 population.

Enzyme-linked immunosorbent assay (ELISA)
Xenograft tumor tissues were digested with collagenase
IV first and supernatant was collected for TGF-β,
IL12p7 and IFN-γ measurement with ELISA kits (Ther-
moFisher, MA, USA) according to the manufacturer’s
instruction. Briefly, 100 μL of standard and samples were
added into each well and allowed for incubation at room
temperature for 2 h. Solution was completely aspirated
and diluted antibody was added and allowed for incuba-
tion for 1 h. After rigorous wash, 100 μL of horseradish
peroxidase conjugate was added and incubated at room
temperature for 30 min. Subsequently, 100 μL of
chromogenic substrate was replaced and incubated at
room temperature for 30 min, which was terminated by
addition of 100 μL stop solution. Absorption at 450 nm
was recorded for concentration determination and OD
550 nm as calibrating reference.

Immunohistochemistry analysis
In order to determine the relative proliferative index in
xenograft tumor in response to RES treatment, the
tumor tissues were fixed in 10% formalin followed with
paraffin embedding. 5 μm tissue sections were mounted
on glass slides and briefly deparaffinized and rehydrated.
Deparaffinized slides were boiled for 5 min in 0.01M so-
dium citrate buffer (pH 6.0) in a pressure cooker for
antigen retrieval. After wash with PBS containing 0.1%
Tween-20 buffer, the slides were incubated with PCNA
antibody at 4 °C overnight. The chromogenic reaction
was performed with the SPlink Detection Kit (ZSGB-Bio,
Beijing, China) following the manufacture’s recommen-
dation. The intensity was scored by researcher blind to
group assignment.

Statistical analysis
Data processing and analysis were performed with PRISM
6.0 software (GraphPad, CA, USA). Student’s t-test or
one-way ANOVA analysis was employed for comparison
purpose and p value was calculated. A p value < 0.05 was
considered significantly different.

Results
RES exhibits anti-proliferation activity and induces
apoptosis in human ovarian carcinoma cells
We first set out to evaluate the potential anti-tumor ac-
tivities of RES against ovarian carcinoma in vitro. The
molecular structure of RES is illustrated in Fig. 1a. Sig-
nificant dose-dependent cytotoxicity of RES was ob-
served in both SKOV3 and A2780 cells as indicated by
MTT cell viability assay (Fig. 1b). Similarly, colony for-
mation was greatly compromised by RES at either
25 μM or 50 μM in SKOV3 and A2780 cells, with the
representative images provided in Fig. 1c. Cell apoptotic
response to RES was further assessed, and the viable
cells were tremendously decreased, as indicated by the
green fluorescence accompanying with oppositely in-
crease of dead cells indicated by redness (Fig. 1d). PI/
Annexin staining results showed significant cell apop-
tosis in response to RES treatments in both SKOV3
and A2780 cell as well (Fig. 1e, f). Therefore, our data
demonstrated that RES significantly inhibited cell pro-
liferation and induced cell apoptosis in ovarian cancer
cells in vitro.

RES induces ICD in human ovarian carcinoma cells SKOV3
and A2780
Our preliminary data suggested the anti-tumor activities of
RES against ovarian cancer cells in vitro through inhibition
of cell proliferation and induction of cell apoptosis. Next,
we sought to further determine whether RES stimulated
ICD simultaneously in this scenario. The cell surface expos-
ure of CRT was analyzed by flow cytometry in the viable
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cell population which was defined as PI-negative. As shown
in Fig. 2a-d, RES treatment greatly increased cell surface
CRT in both SKOV3 and A2780 cells. HMGB1 was mark-
edly enriched in the supernatant from RES-treated SKOV3
and A2780 cells in comparison with control (Fig. 2e, f). We
further quantified the released ATP in culture medium
from either control or RES-treated cells by a chemilumines-
cent ATP determination kit. As shown in Fig. 2g and h,
RES administration dramatically stimulated release of ATP
in both cells as well. Taken together, our data uncovered
that RES treatment induced ICD in human ovarian carcin-
oma cells, which consequently contributed to its anti-
tumor properties.

RES induces ICD in murine ovarian carcinoma cell ID8
Next, we sought to consolidate ICD in response to RES
treatment in vivo via employment of murine ovarian car-
cinoma cell ID8. Pre-treatment with RES (50 μM) signifi-
cantly induced cell surface exposure of CRT in
comparison with vehicle control as indicated by our im-
munofluorescence assay (Fig. 3a). RES treatment also in-
duced increased release of HMGB1 (Fig. 3b) and ATP
(Fig. 3c). The RES-treated immunogenic ID8 cells (1 ×
106 cells/100 μL) were subsequently injected subcutane-
ously into female C57BL/6 for vaccination purpose, and
naïve ID8 cells (5 × 106 cells/100 μL) were contralaterally
inoculated 7 days post-vaccination, and growth was

Fig. 1 Resveratrol (RES) exhibits anti-proliferation activity and induces apoptosis in human ovarian carcinoma cells SKOV3 and A2780. a Chemical
structure of resveratrol. b Dose-dependent killing of SKOV3 and A2780 cells by RES was determined by MTT assay. The cell viability was examined
after 48 h incubation. c Colony formation ability of SKOV3 and A2780 cells after treated with RES (25 μM or 50 μM). Photographs of crystal violet-
stained colonies are shown. d Fluorescence images of live/dead SKOV3 and A2780 cells after treated with different doses of RES. Cell viability was
detected using LIVE/DEAD™ Viability/Cytotoxicity Kit. Live and dead cells were stained as green and red. Annexin V and PI staining by flow
cytometric to analyze the percentages of apoptosis cells in SKOV3 cells (e) and A2780 cells (f) after treatment with different doses of RES
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regularly monitored. The assay routine was illustrated in
Fig. 3d. As shown in Fig. 3e, the xenograft tumor growth
in RES-treated ID8 cell-pre-vaccinated group was signifi-
cantly compromised, especially in the 50 μM RES group,
in comparison with control. Our data unambiguously
uncovered the immunogenic death elicited by RES treat-
ment in animal model.

In vivo anti-tumor effect of RES in ID8 tumor model
The direct anti-tumor properties of RES against ovarian
carcinoma was further characterized in ID8 xenograft
mouse model, which was established by subcutaneous in-
jection of ID8 on the flank of C56BL/6 female mice. RES
(50 or 100mg/kg body weight) or PBS vehicle control was
intraperitoneally administrated when xenograft tumor be-
came palpable and volume approached 50mm3. As shown
in Fig. 4a, tumor progression was greatly repressed by RES
administration compared with PBS group. Consequently,

tumor weight from RES (100mg/kg) group was dramatic-
ally decreased as well (Fig. 4b). The immunohistochemical
results demonstrated evidently reduced cell proliferative
index as indicated by PCNA with concomitantly increased
cell apoptotic index as indicated by terminal deoxynucleoti-
dyl transferase dUTP nick end labeling intensity in the
RES-treated mice in comparison with control group (Fig.
4c). Our data provided evidence in support of the potential
therapeutic value of RES in ovarian carcinoma with
mechanistic inhibition of proliferation and promotion
of apoptosis.

RES treatment modulates the tumor immune
microenvironment in the ID8 tumor model
To elucidate the immunologic mechanisms underlying the
anti-tumor activities of RES, we further analyzed both ma-
ture DCs and cytotoxic T cells in the tumor tissues at the
end point of drug treatment. As shown in Fig. 5a, the DC

Fig. 2 RES induces ICD in human ovarian carcinoma cells SKOV3 and A2780. a The surface exposure of calreticulin (CRT) of SKOV3 cells was
determined by flow cytometry among viable (propidium iodine negative) cells after treated with RES (25 μM or 50 μM) for 24 h. Treated SKOV3
cells were stained with propidium iodine and FITC labeled anti-CRT antibodies according to the manufacturer’s instructions. b The percentage of
CRT positive cells in PI negative cells was quantified based on the results of flow cytometry detection. Surface exposure of CRT (c) and
percentage of CRT+ cells (d) in A2780 cells after RES treatment. Released HMGB1 in the medium supernatant of SKOV3 cells (e) and A2780 cells (f)
treated with RES (25 μM or 50 μM) was measured by western blot, and BSA was used as the loading control. Amount of released ATP in the
medium supernatant of SKOV3 cells (g) and A2780 cells (h) after RES treatment (25 μM or 50 μM) was determined by a chemiluminescent ATP
Determination Kit. Data represent means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 (versus Control group)
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Fig. 3 RES induces ICD in murine ovarian carcinoma cells ID8. a Fluorescent imaging of CRT exposed on surface of ID8 tumor cells after treated
with RES (25 μM or 50 μM) for 24 h, and then cells were incubated with FITC-conjugated anti-calreticulin (FITC-anti-CRT) antibody for 2 h at 4 °C.
After staining with DAPI, the cells were observed under confocal microscopy. b Released HMGB1 in the medium supernatant of ID8 cells treated
with RES (25 μM or 50 μM) was measured by western blot, and BSA was used as the loading control. c Amount of released ATP in the medium
supernatant of ID8 cells after RES treatment (25 μM or 50 μM) was determined by a chemiluminescent ATP Determination Kit. Data represent
means ± SD. *p < 0.05, ***p < 0.001 (versus Control group). d Animal vaccination, using 2 rounds of subcutaneous (s.c.) injection of PBS or RES-
treated 5*106 dying ID cells 7 days apart, followed by s.c. injection of 5*106 live cells on the contralateral side. Tumors growth were measured. e
Growth of second tumors in animals vaccinated by dying tumor cells treated with RES or PBS

Fig. 4 In vivo anti-tumor effect of RES in ID8 tumor model. a Growth curve of ID8 tumor volumes. Xenograft model of murine ovarian carcinoma
was established by subcutaneous injection of ID8 cells on the flank of C57BL/6 mice (n = 8). Female C57BL/6 mice bearing ID8 tumors of ~ 50
mm3 were intraperitoneally (i.p.) injected with PBS or RES (50 or 100 mg per mouse body weight). Data represent means ± SD. *p < 0.05, ***p <
0.001 (versus Control group). b Weight of tumor tissues at the end of therapy. Data represent means ± SD. n = 8, *p < 0.05, ***p < 0.001 (versus
Control group). c PCNA and TUNEL analysis of tumor tissues after treatment. The PCNA-positive proliferating cells and Ki67-positive apoptotic
cells are stained brown. Scale bar was 20 μm
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population as denoted as CD80 + CD86+ was significantly
induced by RES treatment (100mg/kg). Similarly, the
cytotoxic T cells as indicated by CD8 were tremendously
stimulated by RES administration in comparison with ve-
hicle treatment (Fig. 5b, 100mg/kg). Cytokines including
TGF-β, IL12p7 and IFN-γ in the xenograft tumor tissues
were determined by ELISA as well. Consistent with ob-
served anti-tumoral properties of RES, TGF-β (Fig. 5c, p <
0.001) content was greatly decreased while both IL12p7
(Fig. 5d, p < 0.001) and IFN-γ (Fig. 5e, p < 0.001) were
significantly induced by RES treatment compared with
vehicle control. The critical contribution of T cells in
elimination of tumor cells were further characterized by
employment of either anti-CD8 or PD-1 antibodies. CD8-
depletion greatly restored the tumor progression under
treatment with RES, while co-administration with check-
point inhibitor PD-1 antibody almost completely sup-
pressed xenograft tumor growth (Fig. 5f). Our results
suggested that RES treatment significantly modulated the
immune microenvironment via induction of both mature
DCs and cytotoxic T cells.

Discussion
The anti-tumor properties of RES have been well-
documented in a variety of human malignancies including
hepatocellular carcinoma, ovarian carcinoma and leukemia.
Liu et al. reported that RES inhibited cell proliferation and
stimulated cell apoptosis in ovarian cancer cell through
blockade of glycolysis and inhibition of AMPK/mTOR sig-
naling [12]. In view of the acknowledged roles of RES in
immunomodulation in multiple diseases, whether RES
stimulated immune activation to contribute tumor killing
actions was still be to defined. Here we first confirmed the
anti-proliferative and apoptosis-inducing effects of RES
against ovarian carcinoma cells in vitro, which was consist-
ent with previous report. Furthermore, we demonstrated
that RES treatment significantly provoked cell surface ex-
posure of CRT protein, secretion of HMGB1 and ATP re-
lease, which suggested potential ICD in this scenario which
was distinct to canonical apoptosis featured in clean, neat
and poor ICD processing. To experimentally test this hy-
pothesis in vivo, in this study we employed murine ovarian
carcinoma cell line ID8, which was pre-treated with RES
and cell surface exposure of CRT was characterized. Vac-
cination with RES-pretreated ID8 greatly suppressed the
growth of xenograft tumor subsequently inoculated, which
clearly indicated immune activation by RES treatment. The
anti-tumor activities of RES was further demonstrated with
naïve ID8 cell subcutaneous mouse model, wherein intra-
peritoneal administration with RES significantly inhibited
tumor progression, which was accompanied by decreased
cell proliferation and increased cell apoptosis. We further
characterized the immune microenvironment in tumor tis-
sues in response to RES treatment, and found evident

increases in terms of both mature DCs and cytotoxic T
cells. The secretion of TGF-β was remarkably decreased
and both of IL12p7 and IFN-γ were induced as well. Most
notably, combination with immune checkpoint inhibitor
PD-1 antibody with RES markedly suppressed xenograft
tumor growth, whereas depletion of CD8+ cell partially re-
stored the tumor progression which was compromised by
RES treatment alone. Taken together, our data suggested
that RES induced apoptotic and ICD in ovarian carcinoma
both in vitro and in vivo, which warranted further mechan-
istic investigations and clinical trials.
In contrast to conventional chemotherapy or immuno-

therapy alone, here we provided a novel paradigm to com-
bine immunotherapeutic antibody with chemical drug with
potential for immunogenicity for ovarian carcinoma man-
agement clinically. With prior RES treatment, the enhanced
mature DCs and cytotoxic T cells significantly facilitated
the anti-tumor actions of PD-1 antibody and potentiated
therapeutic outcomes. In agreement with our findings, mul-
tiple investigations have previously addressed ICD in other
tumor types. For example, Liu et al. reported the crizotinib-
provoked ICD in non-small cell lung cancer [13]. Deng
et al. suggested that combinational administration with
tumor and its microenvironment dual targeting chemother-
apy plus focal immune adjuvant therapy exerted effectively
antitumor immunity in breast cancer [14]. Wan et al. dem-
onstrated the improved cancer immunochemotherapy by
dual functional immunostimulatory polymeric prodrug car-
rier with pendent indoximod [15]. Yuan et al. proposed that
naphthyl quinoxaline thymidine conjugate as a potent anti-
tumor agent after UV activation and elicited remarkable
tumor suppressive effect through vaccination [16]. Yang
et al. further provided evidences that through improved an-
titumor potency of thymidine conjugate, cRGD targeting
liposome delivery system enhanced ICD under UV activa-
tion and functioned as a cancer vaccine [17]. In this regard,
our results uncovered the vaccination potential of RES-
pretreated cells and presented ICD response upon RES
challenge, which rendered great potentials of RES for adju-
vant administration with immunotherapies.
Noting worthily, our data highlighted the importance of

both mature DCs and cytotoxic T cells underlying ICD elic-
ited by RES, particularly underlined the consequent contri-
butions of CD8+ T cells in this scenario. Depletion of
CD8+ cells by neutralizing antibody led to greatly restor-
ation of xenograft tumor progression even under RES treat-
ment. The immunomodulatory actions of RES in tumor
microenvironment resembled several reports addressing an
array of chemical drugs in ovarian carcinoma. For instance,
Napoletano et al. showed that bevacizumab-based chemo-
therapy elicited immunological effects against responding
multi-treated recurrent ovarian tumor patients through
facilitating recruitment of effector T cell subpopulations
[18]. Mesnage et al. demonstrated that neoadjuvant
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Fig. 5 RES treatment modulates the tumor immune microenvironment in the ID8 tumor model. a Flow cytometry gating and histogram analysis
of matured dendritic cells (DCs) in the tumor tissues at the end of treatment. The matured DCs were denoted as CD80+CD86+ populations (gate
in CD45+CD11b+CD11c+ cell population). Data represent means ± SD, n = 8, **p < 0.01, ***p < 0.001, versus Control group; (b) Flow cytometry
gating and histogram analysis of cytotoxic T cells (CD8+ T cells) in the CD45+ tumor infiltrating immune cells. Data represent means ± SD., n = 8,
**p < 0.01, ***p < 0.001, versus Control group; ELISA results of TGF-β (c), IL12p70 (d) and IFN-γ (e) production in the tumors from mice receiving
PBS or RES treatments. Data represent means ± SD. n = 8, *p < 0.05, **p < 0.01 ***p < 0.001, versus Control group. f Antitumor effect of
combination of RES and aCD8 or aPD-1. To demonstrate the critical role of cytotoxic CD8+ T cells in antitumor immunity, anti-CD8 monoclonal
antibody was i.p. injected in treatment group 3 days prior to the first drug administration and repeated every 3 days until the termination of the
study, and anti-PD1 monoclonal antibody was i.p. injected in treatment group 7 days post first injection, and repeat 3 times. The injection
dosages of aCD8 and aPD-1 were 200 μg/mouse and 100 μg/mouse, respectively. Data represent means ± SD. n = 8, **p < 0.01
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chemotherapy promoted immune infiltration and PD-L1
expression in epithelial ovarian cancer [19]. Kodumudi
et al. reported a novel chemo-immuno-modulating prop-
erty of docetaxel by suppression of myeloid-derived sup-
pressor cells in xenograft tumor bearing mice [20]. Zhang
et al. proposed differential impairment of regulatory T cells
other than effector T cells by paclitaxel-based chemother-
apy [21]. These studies represented a promising direction
for exploitation of novel chemicals with potential to im-
prove the efficacy of immunotherapy clinically.

Conclusion
In summary, we have uncovered that RES exerts anti-tumor
activities in ovarian carcinoma via inducing ICD in addition
to cell apoptosis, which holds great promise for combin-
ational application with immunotherapy for clinical purpose.
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