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Resveratrol exerts antitumor effects by downregulating CD8+CD122+ Tregs in murine 
hepatocellular carcinoma
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ABSTRACT
CD4+Foxp3+ regulatory T cells (Tregs) in the tumor microenvironment restrain antitumor immunity, 
resulting in tumor aggression and poor survival in hepatocellular carcinoma (HCC). CD8+CD122+ Tregs 
have been previously shown to be more potent in immunosuppression than are CD4+Foxp3+ Tregs. 
Previous studies have demonstrated that resveratrol exerts its anti-cancer effects by downregulating 
CD4+Foxp3+ and M2-like macrophages, two key immunoregulatory cells that maintain the immunosup-
pressive tumor microenvironment. In this study, we found that resveratrol inhibited the tumor growth in 
a subcutaneous Hepa1-6 HCC model and decreased the frequency of CD8+CD122+ Tregs in the tumor as 
well as lymph nodes and spleen of the tumor-bearing mice. It also increased the percentage of IFN-γ- 
expressing CD8+ T cells in the tumor and peripheral lymphoid organs. The antitumor effects of resveratrol 
were partially reversed by the adoptive transfer of exogenous CD8+CD122+ Tregs into the tumor-bearing 
mice. Meanwhile, resveratrol treatment downregulated immunosuppressive cytokines, including TGF-β1 
and interleukin-10, in the tumor while elevating antitumor cytokines, TNF-α and IFN-γ. It also inhibited the 
activation of STAT3 signaling in the tumor. As expected, resveratrol reduced the percentage of M2-like 
macrophages in the mice. Importantly, resveratrol suppressed orthotopic H22 tumor growth and 
decreased the frequency of CD8+CD122+ Tregs and M2-like macrophages in the tumor-bearing mice. 
Furthermore, our studies showed that resveratrol, at non-cytotoxic concentrations, inhibited CD8+CD122+ 

Treg differentiation from CD8+CD122− T cells in vitro. Thus, our studies unveiled a new immune mechan-
ism underlying the immunosuppressive tumor microenvironment and demonstrated that resveratrol 
could help reverse it by diminishing CD8+CD122+ Tregs.
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Introduction

The importance of the tumor immune microenvironment in 
solid tumors has been well recognized in recent years. The 
major types of non-tumoral cells that establish the tumor 
microenvironment are cancer-associated fibroblasts, endothe-
lial cells and immune cells, including macrophages and T cells.1 

Macrophages can polarize into two functional phenotypes, 
classically activated M1 and alternatively activated M2.2 

Tumor-associated macrophages (TAMs) are abundant in the 
neoplastic microenvironment, and are mostly of M2 pheno-
type, thus supporting tumor progression.3 On the other hand, 
CD4+CD25+Foxp3+ Tregs also contribute to the immunosup-
pressive tumor microenvironment4 while CD8+ Tregs are 
emerging as an important subset of Tregs recently.5 Since the 
pioneering work by Suzuki’s group provided the first evidence 
that CD8+CD122+ T cells maintain T-cell homeostasis,6 

mounting evidence has shown that CD8+CD122+ T cells are 
also Tregs that suppress conventional T cell responses5,7–10 and 
antitumor immunity.11–13 Although the exact mechanisms 
underlying the immunosuppression by CD8+CD122+ Tregs 
are still largely unknown, IL-10 and Fas/FasL death pathway 

have been demonstrated to be involved.5,8,9,14 In the context of 
tumor, CD4+CD25+Foxp3+ Tregs have been extensively stu-
died, whereas there are only few studies on CD8+CD122+ 

Tregs, although it has been demonstrated that elimination of 
CD8+CD122+ Tregs can enhance antitumor immunity.11–13

Hepatocellular carcinoma (HCC) is one of the most com-
mon cancers that is ranked the fifth in prevalence and third in 
mortality.15 It has been demonstrated that tumor-infiltrating 
M2 macrophages are enriched16 in HCC. Establishment of M2 
macrophage population is also associated with poor prognosis 
in HCC.17 On the other hand, CD4+Foxp3+ Tregs in tumors 
are significantly increased in HCC patients, and upregulation 
of Tregs is associated with a reduction in effector CD8+ T cells 
in tumors and a worse prognosis for the patients.18 Given that 
CD8+CD122+ Tregs are more potent in the suppression of 
T cell proliferation than CD4+CD25+ Tregs,9 we propose that 
diminishing CD8+CD122+ Tregs may be a strategy for HCC 
immunotherapy.

Resveratrol (trans-3,4ʹ,5-trihydroxystilbene), originally iso-
lated from the roots of white hellebore, is also found in several 
dietary sources, such as grapes, berries, and peanuts.19 

Resveratrol exerts a variety of biological effects, including 
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antioxidant and anti-inflammatory properties.19 Resveratrol also 
exhibits multiple antitumor activities, including suppression of 
tumor cell proliferation, induction of tumor cell apoptosis, 
increases in chemosensitization of tumor cells, and anticancer 
activity as a caloric restriction mimetic.20,21 It has recently 
become evident that resveratrol can regulate the tumor micro-
environment. Resveratrol has been reported to inhibit 
CD4+Foxp3+ Tregs in different tumor models,22–25 while its 
role in TAMs/M2 polarization has been preliminarily 
explored.26,27 Although researchers have explored the effects of 
resveratrol on HCC,28–31 it remains unclear how resveratrol 
impacts the tumor microenvironment. Here, we found that 
resveratrol suppressed HCC progression in a subcutaneous 
tumor mouse model, reduced CD8+CD122+ Tregs and TAMs 
(M2 macrophages), elevated IFN-γ-expressing CD8+ T cells in 
the tumor, and downregulated inhibitory cytokines while 
increasing effector cytokines in the tumor. Its effects on tumor 
growth, reduction in CD8+CD122+ Tregs and TAMs, and the 
reversal of immunosuppressive tumor microenvironment at the 
cytokine level were also confirmed in an orthotopic HCC mouse 
model.

Materials and methods

Animals

C57BL/6 and BALB/c mice (6–8 weeks old, body weight 
20 ± 2 g) were purchased from Experimental Animal Center 
of Guangdong Province (Guangzhou, China). All mice were 
housed in a specific pathogen-free animal facility with 
a controlled condition. All animal experiments were approved 
by the Institutional Animal Care and Use Committee of 
Guangdong Provincial Academy of Chinese Medical Sciences.

Chemical and cell lines

Resveratrol was purchased from Med Chem Express (MCE, 
USA). Mouse HCC cell lines Hepa1-6 and H22 were provided 
by China Infrastructure of Cell Lines and Resources (Beijing, 
China).

HCC tumor models and treatments

To establish subcutaneous HCC tumor models, each C57BL/6 
mouse was injected with 5 × 106 Hepa1-6 cells in 100 μl PBS on 
the right flank. Seven days after tumor cell inoculation, mice 
were randomly grouped and treated with resveratrol (50 mg/kg 
body weight) in 0.5% of carboxymethylcellulose-sodium salt 
(CMC-Na, also used as vehicle) through oral gavage daily. Mice 
were weighed, while tumor volume was monitored every three 
days by caliper measurement and calculated by length× width2/ 
2. Mice were sacrificed for various experiments 3 weeks after 
differential treatment because the tumors in some mice 
reached 1.5 cm in diameter 4 weeks after the treatment, 
which is against our animal ethics.

To establish an orthotopic HCC tumor model, 5 × 106 H22 
cells in 100 μl PBS was subcutaneously injected to the right flank 
of BALB/c mouse. The tumor was peeled and cut into around 
1 mm3 pieces when its diameter reached about 1 cm, and then 

one piece of tumor was implanted into the left lobe of the liver in 
recipient BALB/c mice under anesthesia. Five days after tumor 
implantation, mice were grouped, weighed and treated with 
resveratrol as described above. Three weeks after tumor implan-
tation, mice were sacrificed for various experiments.

Isolation of immune cells from blood, spleen, draining 
lymph nodes (LNs), or abdominal cavity

At the end of treatment, blood from tumor-bearing mice was 
collected and lysed with ammonium chloride–potassium 
(ACK) lysing buffer (Boster, China) for 5 minutes to generate 
cell suspensions. Spleens and LNs were mechanically homo-
genized in Dulbecco’s phosphate-buffered saline (DPBS), lysed 
with ACK and then passed through 70 μm cell strainer (BD 
Falcon). Peritoneal cavity washes (PCW) were extracted from 
mice that were intraperitoneally injected with 5 ml DPBS and 
gently kneaded for several times.

Preparation of tumor single-cell suspension and isolation 
of tumor-infiltrating lymphocytes (TILs)

Tumors were finely chopped and digested with 1 mg/mL 
collagenase type V (Sigma) for 1 h at 37°C. After incubation, 
digested tissues were filtered using a 70 μm cell strainer. The 
harvested single-cell suspension was incubated with relevant 
antibody cocktails for flow cytometric assays or utilized to 
isolate TILs using Mouse Tumor-Infiltrating Lymphocyte 
Isolation Kit (Solarbio).

Flow cytometric assays
Single-cell suspensions derived from the tumor, LN, spleen, blood 
or abdominal cavity were harvested and stained with fluoro-
chrome-conjugated antibodies. However, the tumor single-cell 
suspensions were stained with Fixable Viability Stain 510 
(Thermo Fisher Scientific) prior to antibody staining to distin-
guish between living and dead cells. To analyze M2 macrophages, 
cells were stained with anti-CD45 PerCP/Cy5.5 (BioLegend), F4/ 
80 APC (BioLegend), CD11b PE (BioLegend) and CD206 PE/CY7 
(eBioscience) antibodies. To detect CD8+CD122+ Tregs, cells were 
stained with anti-CD45 PerCP/Cy5.5, CD8 APC/eFluor780 
(eBioscience) and CD122 PE or isotypes (BioLegend) antibodies. 
To measure IFN-γ+ T cells, 1 × 106 cells were incubated in 96-well 
plates in the presence of PMA (50 ng/ml, MultiSciences) and 
Ionomycin (1 μg/ml, MultiSciences) for 6 h at 37°C. Monensin 
(5 μg/ml, MultiSciences) was added 2 h after the addition of PMA/ 
Ionomycin. Cells were first stained with anti-CD45 PerCP/Cy5.5 
and CD8 APC/eFluor780, fixed in 1% paraformaldehyde, permea-
bilized and then stained with anti-IFN-γ APC (eBioscience). Cells 
finally were analyzed through FACSCalibur (BD Biosciences).

ELISA
For blood cytokine assays, murine blood was centrifuged at 
2000 rpm for 20 min at room temperature, and then serum 
was harvested and analyzed using ELISA kits for TNF-α, IFN-γ, 
TGF-β1 and IL-10 (MultiSciences). For tumor cytokine assays, 
tumors were weighed, finely chopped, mixed with DPBS with 
PMSF protease inhibitor (90 μl per 10 mg of tumor tissue), and 
homogenized mechanically. The supernatant was harvested after 
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centrifugation at 5000 g for 10 min at 4°C, and the concentra-
tion of the protein was measured using a BCA protein assay kit 
(Thermo Fisher Scientific). Finally, the absorbance was read at 
450 nm via a spectrophotometer (Thermo Fisher Scientific).

Immunohistochemistry and immunofluorescence

Formalin-fixed and paraffin-embedded tumor samples were 
cut into 3.5-µm sections, deparaffinized, and antigen- 
retrieved using sodium citrate solution (0.01 M, PH: 6.0). 
Then, the sections were processed for antibody staining for 
immunohistochemistry (IHC) or immunofluorescence (IF). 
For IHC, slides were incubated with primary anti-PCNA 
(1:250, sc-56, Santa Cruz), anti-Foxp3 (1:100, 12,653, Cell 
Signaling Technology) or anti-CD8 Ab (1:200, ab203035, 
Abcam), and then secondary antibody HPR anti-mouse or 
rabbit IgG (Maxim). The slides were colored with 3, 3ʹ- 
Diaminobenzidine (DAB, Sigma-Aldrich) and counterstained 
by hematoxylin. For IF, anti-CD31 (1:250, sc-376,764, Santa 
Cruz), anti-CD206 (1:1000, ab64693, Abcam) and anti-F4/80 
(1:250, sc-377,009, Santa Cruz) were used as primary Abs while 
anti-mouse IgG (H + L) (1:1000, 4408, Cell Signaling 
Technology) and anti-rabbit IgG (H + L) (1:1000, 4413, Cell 
Signaling Technology) were used as secondary Abs. The sec-
tions finally were mounted using DAPI-Fluoromount-G clear 
mounting agents (Southern Biotech, Birmingham, UK) and 
images were taken using fluorescence microscopy (Nikon, 
Japan). Positive cells were quantified using Image J software 
and expressed as the mean of the percentage of positive cells ± 
SD with 10 randomly selected fields per sample.

TUNEL assays
TUNEL assays were performed using a TUNEL Apoptosis 
Detection Kit (Keygentech, China) for the detection of apop-
totic tumor cells in the paraffin-embedded tumor tissue. 
Briefly, upon permeabilized with proteinase K, the slides were 
treated sequentially with biotin-11-dUTP, terminal deoxynu-
cleotidyl transferase and streptavidin-fluorescein, and finally 
stained with DAPI-fluoromount-G clear mounting agents. The 
slides were monitored using fluorescence microscopy. The 
fluorescence signal was quantified using Image J software, 
with 10 randomly selected microscopic fields per sample.

Adoptive transfer of CD8+ CD122+ Tregs

Cells were isolated from the spleen of naïve C57BL/6 mice, stained 
with fluorochrome-conjugated anti-CD8-APC/eFluor780 and 
anti-CD122-PE antibodies, and then sorted for CD8+CD122+ 

Tregs via FACSAria III (BD Biosciences). The establishment of 
tumor models and treatment with resveratrol were described 
above. Three days after the start of resveratrol therapy, 1 × 106 

CD8+CD122+ Tregs per mouse were injected intravenously 
through the tail vein.

Cytotoxicity assays
Cytotoxicity was detected using Cell Counting Kit-8 (CCK-8) 
assays (MedChemExpress). Briefly, 20 µL of CCK-8 was added 
to each well and incubated at 37°C for 2 h. The absorbance was 
measured by a microplate spectrophotometer (Thermo Fisher 

Scientific, USA) at the wavelength of 450 nm. Viability of 
control sample without resveratrol was set as 100%.

Induction and inhibition of CD8+CD122+ Tregs in vitro

CD8+ CD122-T cells were FACS-sorted from C57BL/6 mice, 
cultured in 96-well plates (5 × 105 cells/well) in complete 
RPMI-1640 medium containing 10% FBS, 100 U/ml penicillin 
and 100 µg/ml streptomycin, and stimulated with anti-CD3 
/anti-CD28 mAbs (2.5 µg/ml) plus IL-2 (10 ng/ml, Peprotech) 
in the presence or absence of IL-15 (50 ng/ml, Peprotech) and 
different concentrations (0, 10, 20 and 40 µM, respectively) of 
resveratrol for 4 days. The frequency of CD8+ CD122+ Tregs 
was determined via FACS analysis.

Western blot analysis
Cells or tumor tissues were lysed in RIPA lyzing buffer 
(Beyotime, China), followed by centrifugation at 12,000 rpm 
and 4◦C for 10 min. The supernatant was harvested and the 
concentration of protein was measured using a BCA protein 
assay kit (Thermo Fisher Scientific). The protein samples were 
electrophoresed in 10% SDS-PAGE gel and electro-transferred 
to a PVDF membrane. After blocking in TBST containing 5% 
(w/v) BSA, the membrane was incubated with rabbit anti- 
STAT3, anti-p-STAT3, or anti-GADPH (1:1000, all from Cell 
Signaling Technology) antibody at 4°C overnight. The mem-
brane was then incubated with HPR-conjugated goat anti- 
rabbit IgG (1:2000, Cell Signaling Technology) for 1 h at 
room temperature. Finally, blots were detected by a Bio-Rad 
Gel imaging system and analyzed using Image J software.

Statistical analysis

Data were presented as the mean ± SD and analyzed using 
GraphPad Prism 6 (GraphPad Software, USA). Statistical com-
parisons between two groups were performed using a two- 
tailed Student’s t-test. Statistically significant difference was 
defined as P < .05.

Results

Resveratrol inhibits the growth of hepatocellular 
carcinoma in a subcutaneous Hepa1-6 tumor model of 
mice

To evaluate the antitumor efficacy of resveratrol on HCC, we 
established a subcutaneous Hepa1-6 HCC model of mice and 
monitored the tumor growth and body weight during the 
intervention in immune-competent C57BL/6 mice. The treat-
ment was terminated after 3 weeks of oral gavage with resver-
atrol daily. Based on TumGrowth,32 a web tool to analyze 
tumor growth curves, we found that there were no obvious 
differences in murine body weight gain between vehicle and 
resveratrol-treated groups (Figure 1a), but the tumor growth 
was significantly inhibited (Figure 1b and 1c) by resveratrol. 
Immunohistochemical analysis revealed that resveratrol signif-
icantly inhibited the tumor cell proliferation, as judged by 
a decrease in expression of the proliferating cell nuclear antigen 
(PCNA) (Figure 1d). The TUNEL assays showed that apoptotic 
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cells were significantly increased in the tumor of mice treated 
with resveratrol compared to that of control vehicle mice 
(Figure 1e). Moreover, immunofluorescence was used to 

quantify CD31 expression, a well-established marker for 
endothelial cells.33 We found that resveratrol reduced the per-
centage of CD31+ cells and microvessel density (Figure 1f). 

Figure 1. Resveratrol inhibits the growth of subcutaneous Hepa1-6 tumors in C57BL/6 mice. Individual C57BL/6 mice were injected subcutaneously with 5 × 106 Hepa1-6 
cells. One week after implantation, mice were treated with vehicle or resveratrol for 21 days. Body weight gains (a) and tumor volumes (b) were measured every three days during 
the treatment. The solid line represents the value of a single mouse, the long dotted line and the short dotted line represent the mean and SD, respectively, pooled from 4 mice. 
Images of tumors at the end of the treatment are also shown (c). Paraffin sections were prepared for immunohistochemical staining using anti-PCNA antibody (d), TUNEL staining 
(e) or immunofluorescence staining using anti-CD31 antibody (f), and images were taken using microscopy (200×) (n = 4 mice/group). Phosphorylated-STAT3 (p-STAT3) and total 
STAT3 expression levels in the tumor tissue derived from resveratrol- or vehicle-treated mice (n = 3 mice/group) were measured via Western blotting (g). Representative images 
from each experiment are shown. Data are expressed as mean ± SD from a representative of three independent experiments (M, mice; Res, resveratrol; ns, nonsignificant; two- 
tailed t-test: *p < 0.05, **p < 0.01 vs. Vehicle).
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These findings indicate that antitumor activity of resveratrol 
may result from inhibiting cell proliferation/vascularization or 
inducing apoptosis in the syngeneic Hepa1-6 tumor models.

Resveratrol treatment suppresses the activation of STAT3

Activation of STAT3 signaling in tumors plays a pivotal role in 
tumor growth and it counteracts antitumor immune responses in 
cancer immunotherapy.34 Given that resveratrol suppressed 
STAT3 activation in myeloma cells,35 and that the progression of 
HCC was inhibited by resveratrol treatment in our studies (Figure 
1b and 1c), we examined the p-STAT3/STAT3 expression in 
Hepa1-6 tumors through western blotting. Our results demon-
strated that p-STAT3 level was obviously downregulated by resver-
atrol while it also reduced the ratio of p-STAT3 vs. total STAT3 
(Figure 1g).

Resveratrol decreases Tregs in Hepa1-6 tumor-bearing mice

It has been reported that resveratrol can treat breast cancer,23 

lymphoma24 and melanoma25 through inhibition of CD4+Foxp3+ 

Tregs. In our HCC models, we also found that resveratrol 
decreased the frequency of CD4+Foxp3+ Tregs in tumor tissue 
and peripheral lymphoid organs (Fig. S1). Given the negative 
impacts of CD8+CD122+ Tregs on tumor immunity has been 
recognized recently, we determined the effects of resveratrol on 
CD8+CD122+ Tregs via FACS analysis. The gating strategy is 
shown in the supplementary figure (Fig. S2-S3). Twenty- 
one days after resveratrol treatment, we found an increase in 
CD8+ T cells within CD45+ leukocytes in the tumors in resvera-
trol-treated group compared with vehicle group, while the 

proportion of CD122+ T cells within CD8+ T cell population 
was significantly decreased by resveratrol (Figure 2a). The per-
centages of CD8+CD122+ Tregs in spleens and draining lymph 
nodes were also determined. As shown in Figure 2b, resveratrol 
treatment lowered the percentages of CD8+CD122+ Tregs in both 
spleen and lymph nodes compared to vehicle group.

Resveratrol also reduces the M2-like macrophages in 
Hepa1-6 tumor-bearing hosts
We then determined the effects of resveratrol on TAMs. As 
shown in Figure 3a, the percentage of TAMs (CD11b+F4/ 
80+CD206+ M2 macrophages) in the tumor, as analyzed by 
FACS, was obviously decreased in resveratrol-treated group 
compared with the vehicle control. Meanwhile, similar results 
were also observed by immunofluorescence analysis of F4/ 
80+CD206+ M2 macrophages in the tumor tissue (Figure 3b). 
Furthermore, cells from spleen and peritoneal cavity washes 
(PCW) in resveratrol- and vehicle-treated mice were also 
analyzed by FACS. The results showed that M2 macrophages 
from both spleen and PCW were reduced in resveratrol- 
treated group (Figure 3c). The gating strategy is shown in 
the supplementary figure (Fig. S4). Taken together, these 
findings suggest that resveratrol can reduce protumoral popu-
lations of CD8+CD122+ Tregs and M2-type TAMs.

Resveratrol augments IFN-γ-positive CD8+ T cells in 
Hepa1-6 tumor-bearing mice

IFN-γ is an important effector cytokine secreted by CTLs to 
eliminate tumors.36 37 To further examine that resveratrol 
would enhance antitumor immunity, the expression of IFN-γ 

Figure 2. Resveratrol treatment reduces the frequency of CD8+ CD122+ Tregs in Hepa1-6 tumor-bearing mice. (a) Single-cell suspensions isolated from tumor 
tissue 21 days after the treatment with resveratrol were prepared, stained with anti-CD45, CD8, and CD122 antibodies and analyzed via FACS. (b) Spleen and draining 
lymph node (LN) cells were isolated from the tumor-bearing mice. The frequencies of CD8+CD122+ Tregs were also analyzed through FACS. Data are presented as mean 
± SD (Res, resveratrol; n = 9 mice/group pooled from three separate experiments; two-tailed t-test: *p < 0.05 and **p < 0.01 compared to Vehicle). One representative of 
three separate experiments is shown.
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by CD8+ T cells was analyzed by FACS. Tumor-infiltrating 
lymphocytes (TILs) were isolated from tumors on day 21, 
incubated with PMA/Ionomycin and monensin, and stained 
with anti-CD8 and anti-IFN-γ antibodies. The gating strategy 
is shown in the supplementary figure (Fig. S5). Results showed 
that the percentage of IFN-γ-expressing CD8+ T cells in 
tumors was significantly increased by resveratrol treatment 
(Figure 4). Similarly, the percentage of CD8+IFN-γ+ T cells 

from both spleen and lymph nodes was elevated in resveratrol- 
treated group compared to vehicle group (Figure 4).

Adoptive transfer of CD8+CD122+ Tregs promotes tumor 
growth in C57BL/6 mice

As our results showed that resveratrol reduced CD8+CD122+ 

Tregs in the tumors (Figure 2) and increased IFN-γ expression 

Figure 3. Resveratrol treatment decreases the percentages of M2-type macrophages in Hepa1-6 tumor-bearing mice. (a) Single-cell suspensions isolated from tumor 
tissue of mice 21 days after treatment with resveratrol were prepared, stained with anti-CD45, F4/80, CD11b and CD206 antibodies and analyzed via FACS. (b) 
Immunofluorescence analysis (400×) of M2-type macrophages stained with anti-F4/80 and CD206 antibodies in the tumor tissue. (c) Peritoneal cavity washes (PCW) and spleen 
cells were isolated from the tumor-bearing mice and the frequencies of F4/80+ CD11b+ CD206+ M2-type macrophages were enumerated by FACS analysis. Data of column graphs 
are presented as mean ± SD (n = 4 mice/group; two-tailed t-test: *p < 0.05 and **p < 0.01 compared to Vehicle). One representative of three separate experiments is shown.
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in CD8+ T cells (Figure 4), we speculated that resveratrol- 
induced antitumor immunity is associated with the reduction 
of CD8+CD122+ Tregs in tumor-bearing mice. To confirm this 
finding, external CD8+CD122+ Tregs were adoptively trans-
ferred to Hepa1-6 tumor-bearing mice that were treated with 
resveratrol (Figure 5a). Compared to the group treated with 
resveratrol alone (Res), the adoptive transfer of CD8+CD122+ 

Tregs plus resveratrol (Res+Treg) promoted the tumor growth 
(Figure 5b-5c). Then, we detected CD8+CD122+ Tregs in tumor- 
bearing mice following their adoptive transfer. Results showed 
that in tumors, the percentage of CD8+CD122+ Tregs in Res 
+Treg group was significantly increased compared to Res alone 
group, albeit still lower than that in Vehicle group (Figure 5d). 
Similarly, the frequencies of CD8+CD122+ Tregs from blood and 
draining LNs, but not spleen, in Res+Treg group were also 
elevated when compared with Res group (Figure 5e), indicating 
that the transferred Tregs have likely remained in the tumor, 
blood and LNs. Immunohistochemical analysis of tumor tissue 
with anti-PCNA antibody and TUNEL assays confirmed that the 
transfer of CD8+CD122+ Tregs promoted the tumor cell prolif-
eration but reduced apoptosis (Figure 5f). Results suggest that 
the antitumor activity of resveratrol is, at least in part, due to 
a reduction in CD8+CD122+ Tregs.

Resveratrol alters cytokine expression in the Hepa1-6 
tumor-bearing mice

To further analyze the effects of resveratrol on the immunosup-
pressive tumor microenvironment, we then monitored cytokine 
levels using ELISA. As shown in Figure 6, resveratrol signifi-
cantly increased the level of cytokines TNF-α and IFN-γ in both 
the tumor and blood while reducing and IL-10 level in the 
tumor. In the blood, IL-10 was not detectable. Resveratrol also 
lowered TGF-β1 level in both the tumor and blood. 
Importantly, the adoptive transfer of CD8+CD122+ Tregs 
decreased IFN-γ, but not TNF-α, level compared to Res alone 
while increasing both TGF-β1 and IL-10 levels in the tumor. In 
the blood, Treg transfer reduced IFN-γ but increased TGF-β1 
level compared to Res alone. These results indicate that treat-
ment with resveratrol leads to a reversal of the immunosuppres-
sive tumor microenvironment at the level of cytokines in HCC.

Resveratrol inhibits tumor growth and downregulates 
CD8+CD122+ Tregs and M2-like macrophages in an 
orthotopic HCC mouse model

To further validate our findings, we established an orthoto-
pic tumor model with another mouse HCC cell line H22 in 

Figure 4. Resveratrol treatment increases IFN-γ-expressing CD8+ T cells in the Hepa1-6 tumor-bearing mice. Tumor-infiltrating lymphocytes, spleen and 
draining lymph node (LN) cells were isolated from tumor-bearing mice of resveratrol- or vehicle-treated group on day 21. Then 1 × 106 cells were incubated in the 
presence of PMA/Ionomycin and monensin as described in the methods. The percentages of CD8+IFN-γ+ T cells from tumors, spleens or lymph nodes were enumerated 
by FACS analysis after intracellular staining of IFN-γ. Gating strategy for dot plots was indicated in supplemental materials. Data are shown as mean ± SD from 
a representative of three independent experiments (Res, resveratrol; n = 4–5 mice/group; two-tailed t-test: **p < 0.01 compared to Vehicle).
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Figure 5. Adoptive transfer of CD8+CD122+ Tregs partially diminishes the effects of resveratrol on Hepa1-6 tumor growth. The tumor models and resveratrol 
treatment were described in the methods, while 1 × 106 CD8+CD122+ Tregs were injected intravenously 3 days after the start of resveratrol therapy. (a) Treatment 
schedule for Hepa1-6 tumor model. (b) Tumor growth curves over time. Significant difference is indicated as “*” between Vehicle and Res group, “+” between Res and 
Res+Treg group, and “#” between Vehicle and Res+Treg group (*p < 0.05, **p < 0.01; +p < 0.05, ++p < 0.01; #p < 0.05, ##p < 0.01). (c) Representative images of the 
tumors at the end of treatment. (d) Single-cell suspensions isolated from tumor tissue at the end of treatment were prepared, stained with anti-CD45, CD8, and CD122 
antibodies and analyzed via FACS. (e) Blood, spleen and draining lymph node (LN) cells were isolated from the tumor-bearing mice. The frequencies of CD8+CD122+ 

Tregs (d and e) were analyzed via FACS. (f) Paraffin sections were prepared for immunohistochemical staining using anti-PCNA antibody or fluorescence staining for 
TUNEL. Data are shown as mean ± SD (n = 4–6 mice/group; two-tailed t-test: *p < 0.05 and **p < 0.01). One of three separate experiments is shown.
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BALB/c mice, which were treated with resveratrol. As shown 
in Figure 7a-7c, the orthotopic tumor growth was also inhib-
ited by resveratrol therapy in this model. Then, we checked 
the changes of the corresponding immunoregulatory cells 
and cytokines. FACS analysis of tumor-infiltrating cells 
revealed a decrease of CD8+CD122+ Tregs within CD8+ 

T cells, but an increase in CD8+ T cells within CD45+ 

leukocyte population in Res group compared with Vehicle 
group (Figure 7d). Resveratrol treatment also reduced the 
percentage of CD8+CD122+ Tregs in the blood, spleen and 
LNs (Figure 7e). Furthermore, the frequency of CD206+ 
M2-like macrophages in the tumor, spleen and peritoneal 
cavity washes (PCW) was also decreased by resveratrol 
(Figure 7f). Finally, the levels of cytokines TNF-α, IFN-γ, 
TGF-β1 and IL-10 in the tumors and blood were detected via 
ELISA. We found that the level of TNF-α or IFN-γ in blood 
was increased while that of TGF-β1 was decreased by resver-
atrol treatment. Resveratrol also increased IFN-γ but 
reduced TGF-β1 and IL-10 levels in the tumor (Figure 7g). 
Taken together, our results in the orthotopic HCC mouse 
models strengthened our findings that resveratrol exerts 
antitumor effects through reducing CD8+CD122+ Tregs 
and M2-like macrophages.

Resveratrol inhibits CD8+CD122+ Treg generation 
in vitro

Since we found that resveratrol reduced CD8+CD122+ Tregs 
in vivo, we further determined whether it would do so in vitro. 
CD8+CD122− T cells were purified from C57BL/6 mice and then 
co-stimulated with anti-CD3/CD28 mAbs in the presence of IL-2 
and/or IL-15 for 4 days to induce CD8+CD122+ Tregs. Two 
concentrations of resveratrol, 10 and 20 μM, respectively, were 
tested to generate no cytotoxicity (Figure 8a) and thus were used 
for Treg induction. The results showed that compared to groups 
without resveratrol, 10 μM resveratrol partially reduced the fre-
quency of CD8+CD122+ Tregs, while resveratrol, at 20 μM, further 
decreased their percentage (Figure 8b and 8c). These results 

indicate that non-cytotoxic concentrations of resveratrol can inhi-
bit the generation of CD8+CD122+ Tregs from CD8+CD122− 

T cells in vitro.

Discussion

Immunoregulatory cells, such as TAMs and Tregs in the tumor 
microenvironment, impair the antitumor activity of CTLs by 
secreting immunosuppressive cytokines TGF-β1 and IL-10.37 

Therefore, in order to achieve sufficient efficacy of antitumor 
immunotherapy, it is necessary to reduce the impacts of these 
immunosuppressive cells on the tumor microenvironment. 
Although the capacity of resveratrol to prevent cancer devel-
opment has been known for many years, its underlying 
mechanisms remain to be fully elucidated. The antitumor 
effects of resveratrol on HCC have been reported by some 
researchers, with a focus on inhibition of tumor cell prolifera-
tion, induction of cell apoptosis, an increase in chemosensiti-
zation of tumor cells as a caloric restriction mimetic, and 
chemopreventive effects.21,28–31 In this study, we emphasized 
the effects of resveratrol on the tumor microenvironment in 
HCC, especially tumor-promoting regulatory immune cells.

First, we confirmed that resveratrol, at moderate doses 
(50 mg/kg), effectively inhibited the progression of HCC in 
a mouse model, which was reflected by the inhibition of cell 
proliferation (PCNA) and tumor angiogenesis (CD31) as well 
as induction of cell apoptosis (TUNEL). To further explore the 
effects of resveratrol on tumor microenvironment, we exam-
ined immune cells in the tumor tissue. We found that two 
subsets of immunosuppressive cells, CD8+CD122+ Tregs and 
TAMs (M2 macrophages), were reduced, while IFN-γ- 
expressing cytotoxic effector CD8+ T cells were increased by 
resveratrol treatment. Next, we verified that the similar changes 
occurred at the level of effector or immunosuppressive cyto-
kines. The level of TGF-β1 and IL-10 was reduced, while that of 
TNF-α and IFN-γ was increased in the tumor microenviron-
ment by resveratrol treatment. These results indicated that the 
antitumor effects of resveratrol on HCC were caused not only 

Figure 6. Resveratrol treatment alters the level of cytokines in the tumor-bearing mice. Cytokine levels of TNF-α, IFN-γ, TGF-β1 and IL-10 in blood (a) or tumors (b) 
of tumor-bearing mice at the end of treatment (day 21) were measured by ELISA. Some mice received 1 × 106 CD8+CD122+ Tregs on day 3. Data are shown as mean ± 
SD (ns, nonsignificant; ND, not detectable; n = 4 mice/group; two-tailed t-test: *p < 0.05 and **p < 0.01). One of three separate experiments is shown.
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Figure 7. Resveratrol inhibits the growth of orthotopic H22 tumors in BALB/c mice and decreases the percentage of CD8+CD122+ Tregs and M2 
macrophages in the tumor-bearing mice. 21 days after orthotopic implantation of H22 tumors in the liver, images of the tumors are shown (a). Then tumors 
were peeled from liver while their volumes (b) and weights (c) were measured. (d) Single-cell suspensions isolated from tumor tissue at the end of treatment with or 
without resveratrol were prepared, stained with anti-CD45, CD8, and CD122 antibodies and analyzed via FACS. (e) Blood, spleen and draining lymph node (LN) cells were 
isolated from tumor-bearing mice and the frequencies of CD8+CD122+ Tregs were analyzed through FACS. (f) Single-cell suspensions of tumors, peritoneal cavity 
washes (PCW) and spleen from tumor-bearing mice at the end of treatment were prepared, stained with anti-CD45, F4/80, CD11b and CD206 antibodies and analyzed 
by FACS for F4/80+ CD11b+ CD206+ M2-type macrophages. (g) Cytokine levels of TNF-α, IFN-γ, TGF-β1 and IL-10 in blood or tumors of tumor-bearing mice treated with 
resveratrol were measured via ELISA. Data are shown as mean ± SD from one representative of three independent experiments (ns, nonsignificant; ND, not detectable; 
n = 4–6 mice/group; two-tailed t-test: *p < 0.05 and **p < 0.01 vs. Vehicle).
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by inhibiting cell proliferation and inducing apoptosis of 
tumor cells but also in part by reversing the immunosuppres-
sive tumor microenvironment. Tumor cells have been shown 
to produce TGF-β, which in turn facilitates the M2 polarization 
of macrophages in the tumor microenvironment.34,38 It has 
been reported that resveratrol inhibits the production of 
TGF-β and thus alters downstream cell functions mediated 
by TGF-β.39–42 Thus, we propose that the effects of resveratrol 
on the polarization of macrophages are probably related to 
TGF-β signaling pathway.

A main finding in this study is that the frequency of IFN-γ- 
expressing CD8+ T cells was increased while that of 
CD8+CD122+ Tregs was decreased in the tumors by resveratrol. 
CD8+CD122+ Tregs were reported to be more potent in suppres-
sing allograft rejection and regulating vaccine-induced expan-
sion and survival of tumor-specific T cells than CD4+Foxp3+ 

Tregs.9,11 In this study, the antitumor effects of resveratrol were 
partially offset when we reintroduced the exogenous 
CD8+CD122+ Tregs into the tumor-bearing mice treated with 
resveratrol, confirming that one of the mechanisms by which 
resveratrol exerts antitumor effects is a reduction in 
CD8+CD122+ Tregs. The decrease in CD8+CD122+ Tregs in 
tumors caused by resveratrol treatment likely promoted the 
expansion of cytotoxic CD8+IFNγ+ T cells. Our results were 
consistent with a recent study showing that anti-CD122 mAb 
treatment resulted in a increase in cytolytic intratumoral CD8+ 

T cells and a decrease in granulocytic myeloid-derived suppres-
sor cells (G-MDSCs) in the tumor microenvironment of colon 
cancer.13 In addition, we found that CD8+CD122+ Tregs in the 
blood and second lymphoid organs of the tumor-bearing mice 
were also reduced by resveratrol, suggesting that resveratrol has 
a systemic impact on CD8+CD122+ Treg generation. Previous 
studies demonstrated that IL-10 was a key cytokine produced by 
CD8+CD122+ Tregs to sustain their suppressive function, and 
that CD8+CD122+ Tregs produced more IL-10 than did 
CD4+Foxp3+ Tregs.5,9,43 In present study, resveratrol decreased 
IL-10 level in the tumor while this effect was reversed by the 
adoptive transfer of CD8+CD122+ Tregs, indicating that the 
decrease in IL-10 expression may be attributed to a reduction 
in CD8+CD122+ Tregs. Thus, we have provided the first evidence 
that resveratrol downregulates CD8+CD122+ Tregs. These find-
ings suggest that resveratrol can be used not only as an antitumor 
monotherapy, but also as an immunotherapeutic combination 

regimen, such as its combination with a chemotherapy, thereby 
exerting better therapeutic effects.21

We found that resveratrol reduced both CD8+CD122+ 

Tregs and M2 macrophages in the tumor-bearing mice, likely 
due to its cytotoxicity or immunoregulatory activities. Some 
researchers have reported that resveratrol, at low doses, plays 
an immunomodulatory role.23,24 In this study, doses of 50 mg/ 
kg, which was commonly used by others, had no obvious 
effects on mouse general health. One may argue that 
a reduction in CD8+CD122+ Tregs by resveratrol could be 
due to its cytotoxicity. In order to rule out this possibility, 
inhibition assays in vitro at a cellular level were conducted. 
The concentrations of 10 μM and 20 μM, which were non- 
cytotoxic to CD8+CD122− T cells, still reduced CD8+CD122+ 

Tregs, confirming that non-cytotoxic doses of resveratrol can 
inhibit CD8+CD122+ Treg generation. Another mechanism 
underlying the antitumor effects of resveratrol could be its 
regulation of PD-L1 expression in the tumor since previous 
studies have demonstrated that it reduces PDL1 expression in 
cancer cells and interferes with PDL1 dimerization and 
glycosylation.44,45 Thus, resveratrol has a broad impact on 
antitumor immunity.

High STAT3 expression has been detected in HCC samples 
and associated with tumor invasiveness and poor prognosis.46 

Resveratrol was reported to be a potent inhibitor of STAT3 
phosphorylation,35 which specifically induced apoptosis of malig-
nant cells expressing activated STAT3.47 Inhibition of STAT3 
signaling in tumor cells reversed the immunosuppressive tumor 
microenvironment48,49 and resulted in enhanced antitumor 
effects. This information drove us to detect the expression of 
STAT3/p-STAT3 in HCC. As expected, STAT3 phosphorylation 
was indeed decreased by resveratrol. The constitutive activation 
of STAT3 has been observed not only in tumor cells but also in 
tumor-infiltrating inflammatory cells, such as TAMs,50 so we 
speculate that the decreased activation of STAT3 may be partially 
due to the reduction in TAMs by resveratrol.

In conclusion, using both subcutaneous and orthotopic 
HCC mouse models, we revealed that resveratrol effectively 
suppressed HCC progression by inhibiting CD8+CD122+ Treg 
generation, TAMs/M2 macrophage polarization and activation 
of STAT3 pathway while increasing IFN-γ-expressing effector 
CD8+ T cells in the tumor-bearing mice. Further, resveratrol 
also suppressed CD8+CD122+ Treg induction in vitro. Thus, 

Figure 8. Resveratrol inhibits the generation of CD8+CD122+ Tregs in vitro. (A) CD8+CD122− T cells were FACS-sorted from the spleen of naïve mice and then 
cultured in the presence of anti-CD3/CD28 mAbs, IL-2 and different concentrations of resveratrol for 4 days. Cytotoxicity was performed using CCK-8 assays. (B and C) 
CD8+CD122− T cells were cultured in the presence or absence of anti-CD3/CD28 mAbs, IL-2, IL-15 and/or resveratrol as indicated for 4 days. The frequencies of 
CD8+CD122+ Tregs were detected via FACS analysis. Representative dot plots (B) or quantification data (C) are also shown. Data are presented as mean ± SD (Two-tailed 
t-test: **p < .01). One representative of three separate experiments is shown.
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resveratrol improved the immunosuppressive tumor microen-
vironment by down-regulating CD8+CD122+ Tregs and M2- 
like macrophages. Based on our results, the antitumor effects of 
resveratrol result from not only its cytotoxicity to cancer cells 
but also its immunomodulatory activity, which favors CTLs in 
the tumor microenvironment, suggesting that resveratrol may 
be more effective in the treatment of solid tumors when used in 
combination with other immunotherapeutic drugs.

Abbreviation

HCC hepatocellular carcinoma
LN lymph nodes
STAT3 activation of signal transducers and activators of 

transcription 3
p-STAT3 phosphorylated STAT3
TAM tumor-associated macrophage
TIL tumor-infiltrating lymphocyte
Treg regulatory T cell
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