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1  | INTRODUC TION

Clinical approaches that utilize the immune system against cancers 
have been studied extensively, and various immunotherapies have 

been developed. In particular, immune checkpoint inhibitors target-
ing PD-1/PD-L1 and CTLA-4 are promising therapeutic approaches 
to achieve long-lasting responses in some patients with various ad-
vanced cancers. However, only a subset of patients responds to this 
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Abstract
PD-1/PD-L1 immune checkpoint inhibitors are promising cancer immunotherapies 
however responses are still limited and the development of more effective combina-
tion immunotherapy is needed. We previously reported that STAT3 activation in cancer 
cells and immune cells was involved in immune-resistant mechanisms. In this study, we 
evaluated the effect of highly absorptive forms of curcumin extracts and synthetic cur-
cumin on anti-tumor T cell responses. The curcumin po administration resulted in the 
significant augmentation of in vivo induction of tumor antigen-specific T cells through 
restoration of dendritic cells (DCs) by inhibiting directly STAT3 in DCs and indirectly 
via reduced IL-6 production from STAT3 activated cancer cells in 2 syngeneic MC38 
and CT26 murine tumor models. Curcumin also showed direct DC enhancing activity 
and enhanced T cell induction for the immunized antigens in non-tumor-bearing mice 
and human hosts. Curcumin restored DC functions in xenogeneic nude mouse model 
implanted with high IL-6-producing human clear cell ovarian cancer cells. The combina-
tion of curcumin and PD-1/PD-L1 Abs demonstrated a synergistic anti-tumor activity 
in MC38 murine tumor models. These results indicated that curcumin augments the 
induction of tumor antigen-specific T cells by restoring the T cell stimulatory activity 
of DCs targeting activated STAT3 in both cancer cells and immune cells. Combination 
immunotherapy with curcumin and PD-1/PD-L1 Ab is an attractive strategy in the de-
velopment of effective immunotherapy against various cancers.
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treatment. Unresponsiveness to these immune checkpoint inhibitors 
may be mediated by multiple primary and adaptive immune-resis-
tant mechanisms that inhibit anti-tumor T cell responses.1 Thus, 
 combined therapies that can reverse such immuno-resistance in 
non-responders are urgently needed.

STAT3, which is activated in various immunosuppressive im-
mune cells and cancer cells, contributes to immunosuppression 
in the tumor microenvironment.2 We have previously reported 
that the depletion of STAT3 in dendritic cells (DCs) resulted in the 
enhancement of their function and subsequent T cell induction,3 
suggesting that STAT3 in immune cells might be a promising thera-
peutic target.4 STAT3 in cancer cells is also involved in the produc-
tion of immunosuppressive cytokines such as IL-6, IL-8, and VEGF.2 
A high percentage of p-STAT3-positive tumor cells was a significant 
independent prognostic indicator for poor clinical outcome in can-
cer patients.5 Thus, targeting STAT3 in both immune cells and can-
cer cells may restore the immunocompetence of cancer patients.

Curcumin (Curcuma longa), a major active component of turmeric, 
has been reported to have anti-tumor effects by targeting various 
oncogenes including STAT3 in various cancers.6 Its absorption and 
bioavailability by oral administration are limited in humans, how-
ever,7 resulting in insufficient in vivo efficacy. To overcome this lim-
itation, various highly absorptive forms of curcumin with improved 
bioavailability have been developed. Per oral (po) administration 
of a submicron crystal solid dispersion form of curcumin extracted 
from turmeric root (THC) resulted in high plasma concentration8 
and improved QOL scores in cancer patients9,10 and those with in-
flammatory diseases such as osteoarthritis,11 muscle damage,12 and 
atherosclerotic hyperlipidemia13 without severe adverse effect. 
Another form of curcumin for increasing absorptivity is amorphiza-
tion.14 We generated an amorphous formulation with high bioavail-
ability; a mixture of synthetic curcumin and hydroxypropyl methyl 
cellulose (HPMC) (Syn-CUR).

In this study, we demonstrated that highly absorptive curcumin 
extract (THC) and synthetic pure curcumin (Syn-CUR) reversed can-
cer-induced immunosuppression by inhibiting STAT3 in both cancer 
cells and DCs, and significantly enhanced the anti-tumor effects of 
immune checkpoint inhibitors targeting PD-1 and PD-L1.

2  | MATERIAL S AND METHODS

2.1 | Cells, culture supernatants, and reagents

Human epithelial ovarian cancer cell line JHOC-5 was kindly pro-
vided by Dr. Juri Sugiyama and Dr. Hiroshi Nishio (Department of 
Obstetrics and Gynecology, Keio University, Tokyo, Japan).15 Murine 
colon cancer cell line MC38 was kindly provided by the Surgery 
Branch, National Cancer Institute, National Institutes of Health (MD, 
USA). CT26 was purchased from ATCC. See Appendix S1 for more 
information on the cell lines. Highly absorptive forms of curcumin are 
a submicron crystal solid dispersion of curcumin (THC: Theracurmin) 
and amorphized synthetic curcumin (Syn-CUR). Syn-CUR is prepared 

by mixing and milling with HPMC for an amorphous formulation in 
which the ratio of HPMC to curcumin (Tokyo Chemical Industry) is 
2:1. Both were dissolved in DMSO for in vitro study and diluted in 
water for in vivo study at various concentrations.

2.2 | In vivo mice models

Mice were bred at the animal facilities of Keio University in ac-
cordance with guidelines for animal experimentation. JHOC-5 
cells (5 × 106/mouse), MC38 cells (5 × 105/mouse) and CT26 cells 
(5 × 105/mouse) were injected subcutaneously into the right flank 
of 6- to 8-wk-old female BALB/c-nu/nu, C57BL/6J and BALB/c 
mice (CLEA). See Appendix S1 for more information of “Induction of 
tumor antigen-specific T cells,” “T cell stimulatory activities of DCs,” 
“T cell suppression assay,” “Flow cytometric analysis” and “Real-time 
RT-PCR.” Tumor volume measurements were performed using cali-
pers by measuring the largest diameter and perpendicular length 
and calculated in accordance with the following formula: ½ × (largest 
 diameter) × (perpendicular diameter)2.

2.3 | In vivo mice ovalbumin models

Purified chicken ovalbumin (OVA; albumin from chicken egg white) 
was purchased from Sigma, and CFA was purchased from Difco. Native 
OVA (25 µg/location) in PBS (25 µL/location) mixed with CFA (25 µL/
location) was injected into the hind footpads (fp) and both flanks (total 
of 4 injection sites/mouse) of 6-wk-old female C57BL/6J mice.

2.4 | Preparation of nuclear extracts and STAT3 and 
NFκB transcription activation assay

Nuclear extracts of MC38 and JHOC-5 treated with curcumin for 
6 h in vitro and tumor-infiltrating CD11c+ and CD11b+ cells puri-
fied from MC38-implanted C57BL/6 mice using CD11c and CD11b 
MACS beads (Miltenyi Biotec) were prepared by NE-PER Nuclear 
and Cytoplasmic Extraction Reagents (Signosis). STAT3 and NFκB 
transcription activities in nuclear extracts were measured using a 
STAT3 and NFκB Filter Plate Assay (Thermo Scientific) in accordance 
with the manufacturer's instructions.

2.5 | CMV-specific T cell responses by IFN-γ release

Human PBMCs were from HLA-A*0201+ or HLA-A*2402+ healthy 
volunteers with approval of Keio University School of Medicine Ethic 
Committee (Approval number 20130112) and acquisition of donors’ 
informed consents. The PBMCs (2 × 106 cells in AIM-V including 10% 
AB serum) were pulsed with 2.5 µg/mL CMV pp65-A2 (NLVPMVATV) 
or pp65-A-24 (QYDPVAALF) peptides in 24-well plates (2 mL/well) and 
then IL-2 at a concentration of 20 IU/mL and IL-7 of 10 ng/mg was added 
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for 6 d of culture at 37°C with or without THC or Syn-CUR. After the 
stimulation, the responder T cells were collected and incubated with 
T2 (HLA-A2.1+: from ATCC, HLA-A24+: overexpression of A24 in T2) 
as stimulators at a responder-to-stimulator ratio of 1:1 (1-2 × 105 cells) 
in 96-well plates (100 µL/well), and triplicate wells were prepared. At  
20 h after T cell stimulation with CMV or HIV (irrelevant peptide, 1 µg/
mL), the quantity of IFN-γ released into the culture supernatant was 
measured by ELISA.

2.6 | Combination therapy with curcumin and 
immune checkpoint blockade

For combination with PD-1/PD-L1 blockade, mice received po 
administration with 5 mg/kg of curcumin diluted in water every 
day starting on day 3 after implantation with MC38 until killed 
(day 20-25). Control mice received water. Anti-PD-1 Ab (BioXcell, 
clone: RMP1-14) and anti-PD-L1 Ab (BioXcell, clone: 10F.9G2) 
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were given ip on days 7, 10, and 13 at a dose of 200 µg/100 µL/
mouse. Rat IgG2a (BioXcell, clone: 2A3) and rat IgG2b (BioXcell, 
clone: LTF-2) were injected ip in the control group and the cur-
cumin single treatment group on days 7, 10, and 13 at a dose of 
200 µg/100 µL/mouse.

3  | RESULTS

3.1 | A highly absorptive form of extracted 
curcumin (THC) augments tumor antigen-specific T 
cell induction through the restoration of DC function 
in tumor-bearing mice

To evaluate the anti-tumor immune responses of curcumin 
having STAT3 inhibiting activity, we first tested the effect of 
a highly absorptive form submicron crystal solid dispersion 
of the extracted curcumin from turmeric root (Theracurmin: 
THC) on the induction of gp70 tumor antigen-specific T cells 
using syngeneic murine MC38 colon cancer cell line in C57BL/6 
mouse models. Although no anti-tumor effect by THC alone was 
observed (Figure 1A), THC augmented the induction of gp70-
specific T cells in tumor tissues (Figure 1B: left), draining lymph 
nodes (dLNs) (Figure 1B: middle), and spleens (Figure 1B: right). 
To elucidate the mechanism for the enhanced T cell induction 
by THC, we examined the phenotypes of DCs, MDSCs, TAMs 
and regulatory T cells in tumors by flow cytometric analysis 
(Figure S1A-C). CD83 on CD11c+ I-Ab+ DCs in dLNs was signifi-
cantly increased (Figure S1A) and PD-L1 expression on CD11c+ 
I-Ab+ DCs in dLNs was decreased (Figure S1B) by THC treat-
ment. Numbers of CD11b+F4/80+ TAMs and MDSCs including 
CD11b+F4/80-Ly6G+ granulocytic-MDSCs and CD11b+F4/80-

Ly6C+ monocytic-MDSCs in tumors, were not altered by THC 
(Figure S1C).

We have previously reported that immunosuppressive cyto-
kines produced by cancer cells caused impairment of DC func-
tions through STAT3 activation in DCs.2-4 Thus, we evaluated the 

effect of THC on DC function for stimulation of IFN-γ production 
by T cells, and found that the T cell stimulatory activity of DCs 
in the MC38 tumors was restored in vivo by THC administration 
(Figure 1C). The gene expression and transcription activity of 
STAT3 in CD11c+ DCs in MC38 tumors was inhibited by THC as 
shown in Figures 1D and S2A, whereas both of them in CD11b+ 
cells were not changed (Figure S2A,B). Next, we evaluated the T 
cell suppressive activity of tumor-infiltrating CD11b+ cells includ-
ing TAMs and MDSCs in mice treated with THC, and no significant 
change was observed (Figure S2C), suggesting that immunosup-
pressive activity of tumor-infiltrating TAMs and MDSCs were not 
altered by THC.

THC activities to enhance T cells were similarly observed in 
another murine colon cancer cell CT26/ BALB/c mouse model 
(Figure 1E,F) in which 15 mg/kg of THC was administered to 
obtain similar plasma curcumin concentrations to the 5 mg/kg 
administration in C57BL/6 mice (Figure 1G). The plasma concen-
tration of curcumin was equivalent to that of pancreatic or biliary 
cancer patients whose QOL scores were improved during gemcit-
abine-based chemotherapy by combined administration of THC.9

As IL-6 is one of the important factors involved in the sup-
pression of DC function through activation of STAT3,4,15,16 we 
evaluated IL-6 production by tumor cells, and found that MC38, 
but not CT26, produced IL-6. The production of IL-6 from MC38 
was inhibited by in vitro treatment with curcumin accompanied 
by reduced STAT3 activity (Figure 1H: left and middle) without 
affecting the cell proliferation (Figure 1H: right). We tested 
whether THC inhibits STAT3 in DCs treated with exogenous 
IL-6 in vitro, and found that THC inhibited STAT3 expression 
induced by exogenous IL-6 (Figure S3A). These results sug-
gested that curcumin could restore DC function through not 
only directly inhibiting STAT3 in DCs induced by IL-6 or other 
cytokines from non-cancer cells, but also indirectly inhibiting 
production of IL-6 in cancer cells. These results indicated that 
THC could augment the induction of tumor antigen-specific T 
cells by inhibiting STAT3 in both cancer cells and DCs in tumor 
microenvironments.

F I G U R E  1   THC augments tumor antigen-specific T cell induction possibly thorough the restoration of DC function to activate T cells in 
tumor-bearing mice. MC38-bearing C57/B6 mice (A-D) or CT26-bearing BALB/c mice (F, G) received po administration of THC every day 
starting on day 3 after tumor implantation. Control mice received water. Mean tumor size ± standard deviation (SD) (n = 5). Tumor growth of 
MC38 was not changed by THC (A). On day 15, CD8+ cells from tumor tissues or whole cells from dLNs and spleens were stimulated in vitro 
with gp70 peptides for 2 or 5 d. Lymphocytes isolated from the cultures were incubated with irradiated splenocytes from healthy C57BL/6 
in the presence of gp70 or β-gal peptides (irrelevant peptide, 1 µg/mL) for 24 h. The induction of gp70-specific T cells was evaluated by 
IFN-γ production from T cells (B). CD11c+ DC cells purified from tumor tissues were co-cultured for 3 d with splenic T cells from syngeneic 
C57BL/6 mice in the presence of anti-CD3 Ab. The T cell stimulatory activity of DCs was evaluated by IFN-γ production from T cells (C). 
STAT3 transcription activities were evaluated using nuclear extracts of tumor-infiltrating CD11c+ cells by a Filter Plate Assay (D). Plasma 
curcumin levels 2 h after THC administration were measured in C57BL/6 mice (5 mg/kg THC), BALB/c mice (15 mg/kg THC), and nude mice 
(30 mg/kg THC) by HPLC-MS/MS (E). Tumor growth of CT26 was not changed by THC (F). The gp70-specific T cell induction in the tumor 
tissues (G: left) and spleen (G: right) of CT26-bearing BALB/c was evaluated by the same experiment as in (B). After treating MC38 with 
THC for 6 h, IL-6 in the culture supernatants was measured by ELISA (H: left) and STAT3 transcriptional activity was evaluated using nuclear 
extracts of MC38 by a Filter Plate Assay (H: middle). Cell proliferation was measured after 72 h THC treatment by WST1 assay (H: right). 
Data in (A-E) and (F-H) in this figure are from 3 and 2 independent experiments, respectively. Error bars indicate SD. *P < .05, **P < .01 using 
a t test
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3.2 | THC augments induction of antigen-specific T 
cells for immunized antigens through stimulating DCs 
in a non-tumor-bearing host

To evaluate the direct effect of THC on immune cells, C57BL/6 mice 
without tumors were immunized with OVA with or without daily po 
THC administration. At 10 d after immunization with the OVA pro-
tein, induction of OVA-specific T cells was evaluated by in vitro stim-
ulation with OVA-peptides of lymphocytes from dLNs and spleens, 
and THC was found to augment OVA-specific T cells in vivo in dLNs 
(Figure 2A). The T cell stimulatory activity of CD11c+ DCs in dLNs 
and spleens was also evaluated, and the T cell stimulatory activity 
of DCs in the dLNs (Figure 2B: left) and spleens (Figure 2B: right) 
was also enhanced by THC, indicating that THC augmented T cell 
induction partly by stimulating DCs even in non-tumor-bearing mice.

We then evaluated the effect of curcumin on in vitro induction 
of antigen-specific T cells in human. PBMCs from HLA-A2 positive 
healthy donors were stimulated in vitro with CMV HLA-A2 binding 
epitope peptides for 6 d with or without curcumin (THC or synthetic 
curcumin, Syn-CUR). Curcumin significantly enhanced the in vitro in-
duction of CMV-specific T cells (Figures 2C and S4A). These results in-
dicated that curcumin could augment the induction of antigen-specific 
T cells in non-tumor-bearing hosts partly by stimulating DC function.

3.3 | Combined therapies of curcumin and anti-
PD-1/PD-L1 Abs synergistically augment tumor 
antigen-specific T cell induction and the anti-
tumor effect

Although THC significantly augmented tumor antigen-specific T cell 
induction, inhibition of tumor growth was not observed in the mouse 
models (Figure 1A, F). To clarify the reasons for this difference, we 
analyzed PD-L1 expression in the tumor cells of THC-treated mice, 
and a substantial amount of PD-L1 expression on MC38 tumor 
cells and PD-1 expression on tumor-infiltrating CD8+ T cells was 
detected (Figure 3A), suggesting that PD-L1 on cancer cells inhib-
ited tumor-specific T cells activated by THC. Thus, we performed 
a combination of PD-1/PD-L1 blockade with THC administration, 
and found that the combination of THC and anti-PD-1 Ab showed a 
significant synergistic anti-tumor activity compared with treatment 
with THC or anti-PD-1 Ab alone (Figure 3B). The combined therapy 
also augmented gp70 tumor antigen-specific T cells in tumors and 
dLNs (Figure 3C). Similar results were obtained in the combination 
treatment of anti-PD-L1 Ab and THC (Figure 3D). These results in-
dicated that the combined therapies of THC and PD-1/PD-L1 block-
ade are attractive strategies for development of effective cancer 
immunotherapy.

F I G U R E  2   THC augments antigen-specific T cell induction in healthy mice and human individuals. A, B, C57BL/6 mice were vaccinated 
with ovalbumin (OVA) in CFA on day 1 and received po administration of THC every day. On 10 d, OVA-specific T cell induction in dLNs 
(A) and the T cell stimulatory activity of CD11c+ cells purified from dLNs and spleen (B) were evaluated by the same experiment as in 
Figure 1B,C. Five mice were included in each group. Human PBMCs from the peripheral blood of HLA*A02-positive individuals (n = 2, or 
HLA*A24: n = 1 in Figure S4A) were stimulated in the presence of CMV-A2 peptides for 6 d with or without THC or Syn-CUR. After mixing 
with T2 cells pulsed with CMV or HIV (irrelevant peptide, 1 µg/mL) for 20 h, CMV-specific T cell responses were measured by IFN-γ ELISA 
(C). All data in this figure are from 2 independent experiments. Error bars indicate SD. *P < .05, **P < .01 using a t test
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3.4 | Amorphized synthetic curcumin (Syn-CUR) 
showed enhanced anti-tumor T cell induction and 
anti-tumor effects similar to THC

Because THC contains curcumin from turmeric root extracts, we 
also evaluated the effects of the synthetic pure curcumin on anti-
tumor immune responses. We utilized highly absorptive amorphized 
synthetic curcumin (Syn-CUR). Plasma curcumin concentrations in 
C57BL/6 mice after Syn-CUR administration (5 mg/kg) were simi-
lar to those after administration of THC (5 mg/kg) (Figure 4A). The 
combination of Syn-CUR and anti-PD-1 Ab showed synergistic anti-
tumor activity on day 20, accompanied by enhanced tumor-specific 
T cells compared with treatment of Syn-CUR or anti-PD-1 Ab alone 
(Figure 4B, C). The T cell stimulatory activity of DCs in the MC38 
tumors was also restored by Syn-CUR (Figure 4D) with STAT3 in-
hibition (Figure 4E). These results indicated that pure synthetic 

curcumin had enhancing activities of anti-tumor T cells by acting on 
both cancer cells and DCs, and that the major active compound in 
THC appeared to be curcumin. Therefore, synthetic curcumin may 
also be an attractive candidate for combination immunotherapy with 
PD-1/PD-L1 Abs.

3.5 | THC may augment immune response to human 
ovarian cancer though acting on STAT3

We then evaluated the augmenting activities of curcumin on immune 
responses to human cancer. We utilized human ovarian clear cell car-
cinoma JHOC-5, which produces high amounts of IL-6 and IL-8. IL-8 
has an activity to promote nuclear translocation of STAT3.17 THC 
significantly reduced the production of IL-6 and IL-8 by JHOC-5 in 
vitro without affecting cell proliferation (Figure 5A) accompanied by 

F I G U R E  3   Combined therapies of THC 
and anti-PD-1/PD-L1 Ab synergistically 
augment the gp70-specific T cell induction 
and the anti-tumor effect. The combined 
therapy of THC and anti-PD-1 Ab (A-C) or 
anti-PD-L1 Ab (D) given ip on days 7, 10, 
and 13, was performed. On day 16 after 
implantation of DsRed-labeled MC38 to 
C57BL/6 mice, tumor was collected from 
the mice. The expression of PD-L1 on 
MC38 cells and the expression of PD-1 
on tumor-infiltrating CD8+ T cells were 
evaluated by flow cytometry (A). On day 
22, the combined therapy of THC and 
anti-PD-1 Ab synergistically inhibited 
tumor growth compared with each single 
treatment (B) and the combined therapy 
augmented the induction of gp70-specific 
T cells in tumor tissues (C: left) and 
dLNs (C: right) by the same experiment 
as Figure 1B. The combined therapy of 
THC and anti-PD-L1 Ab synergistically 
inhibited tumor growth compared with 
each single treatment (D). Mean tumor 
size ± SD. Five mice were included in each 
group (4 mice were included in the control 
group). All results in this figure are from 
2 independent experiments. Error bars 
indicate SD. *P < .05, **P < .01 using a 
t test
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inhibition of STAT3 transcription activities in the nucleus (Figure 5B). 
Next, we investigated the in vivo effects of THC using a xenoge-
neic nude mouse model implanted with human JHOC-5 cancer cells. 
Systemic daily po administration of THC decreased human IL-6 pro-
duced by JHOC-5 in mouse serum (Figure 5D), although there was 
no significant change in tumor size (Figure 5C). The plasma curcumin 
concentrations 2 h after THC administration (30 mg/kg) were ob-
served in the nude mouse model to be similar to those in the C57BL/6 
and BALB/c mouse models (Figure 1G). At 25 d after tumor implan-
tation, CD11c+ cells obtained from the spleens and tumors of nude 
mice were co-cultured with splenic T cells from syngeneic BALB/c 
mice in the presence of anti-CD3 Ab for 3 d to evaluate DC activity 
for T cell stimulation. THC administration was found to restore the T 
cell stimulatory activity of the murine DCs in JHOC-5-bearing mice, 

in which DC function was suppressed compared with that of non-
tumor-bearing mice (Figure 5E). In this xenogeneic tumor model, 
human IL-6 capable of binding to murine IL-6R appears to suppress 
murine DCs.18 These results indicated that THC may be useful for 
combination immunotherapy in patients with cancers that produce 
IL-6, including clear cell ovarian cancer as described in the syngeneic 
mouse models in this study.

Altogether, our study demonstrated that curcumin augmented 
the induction of tumor antigen-specific T cells by inhibiting STAT3 
signaling in both DCs and cancer cells, and that the combination 
of curcumin and PD-1/PD-L1Abs had a significant synergistic an-
ti-tumor activity and is an attractive strategy for effective combi-
nation immunotherapy, particularly for patients with IL-6 producing 
cancers.

F I G U R E  4   Amorphized synthetic 
curcumin (Syn-CUR) showed the 
same anti-tumor effect as THC. 
Plasma curcumin levels after Syn-CUR 
administration were observed in MC38-
bearing C57BL/6 mice (A). Syn-CUR 
treatment combined with anti-PD-1 
Ab given ip on days 7, 10, and 13 was 
performed. On day 20, the combined 
therapy of Syn-CUR and anti-PD-1 Ab 
synergistically inhibited tumor growth 
compared with each single treatment 
(B). Combined therapy augmented the 
induction of gp70-specific T cells in 
the spleen by the same experiment as 
Figure 1B (C). Five mice were included 
in each group. The T cell stimulatory 
activity of DCs (CD11c+ cells) purified 
from tumor tissues was evaluated by the 
same experiment as Figure 1C (D). STAT3 
transcription activities were evaluated 
using nuclear extracts of tumor-infiltrating 
CD11c+ cells by a Filter Plate Assay 
(E). All results in this figure are from 2 
independent experiments. Error bars 
indicate SD. *P < .05, **P < .01 using a 
t test



     |  4633HAYAKAWA et Al.

4  | DISCUSSION

Constitutively activated STAT3 has been reported in various can-
cers, where it contributes to malignant phenotypes of cancer cells, 
including not only increased cell proliferation, apoptotic resistance, 
and enhanced invasive and metastatic abilities, but also the produc-
tion of immune-suppressive molecules. STAT3 is also activated in 
various immune cells including DCs, MDSCs/TAMs, and regulatory T 
cells in cancer microenvironments and is involved in the suppression 
of anti-tumor immune responses. The present study demonstrated 
that curcumin could augment anti-tumor T cell responses by inhibit-
ing STAT3 activated in both cancer cells and dendritic cells and had 
a synergistic anti-tumor effect with PD-1/PD-L1 Abs, although cur-
cumin might target multiple molecules. As THC has been reported 
in previous clinical trials to produce no severe adverse effects,9 
curcumin is an attractive reagent for development of more effec-
tive combination cancer immunotherapy with immune checkpoint 
inhibitors.

In this study, we showed that curcumin enhanced anti-tumor 
T cell responses through restoration of DC function via STAT3 

inhibition. The effective dose (5 mg/kg) of THC for T cell re-
sponses (Figures 1B, F and 4C) only effected on DCs, but not on 
CD11b+ TAMs and MDSCs (Figure S2). This dose resulted in STAT3 
inhibition, but not constant NFκB inhibition of DCs (Figure S5A). 
However, a higher dose (30 mg/kg) of THC suppressed both the 
induction of tumor-specific T cells (Figure S5B: left) and DC func-
tion (Figure S5B: right). Plasma curcumin levels 2 h after intake of 
30 mg/kg THC were increased than 6 times, compared with 5 mg/
kg THC (Figure S5C). Therefore, the in vivo effect of THC on DCs 
and macrophages, as well as NFκB, appeared to be dose depen-
dent. In fact, relatively high doses of curcumin such as 50 mg/kg 
have been shown previously to inhibit macrophage-related inflam-
mation, such as in atherosclerosis models,19 and to induce apop-
tosis of MDSCs in a tumor model.20 Curcumin is currently used as 
an anti-inflammatory drug in ongoing clinical trials for various dis-
eases including arthritis, diabetes, cardiovascular disease, Crohn's 
disease, and other inflammatory conditions, in which the curcumin 
dose ranges from 0.18 to 8 g/d. These observations indicated that 
the optimum dose of curcumin needs to be applied for augmenta-
tion of anti-tumor T cell responses.

F I G U R E  5   THC reduces IL-6 and IL-8 
production from human ovarian cancers 
by inhibiting STAT3, leading to the 
restoration of suppressed DCs function to 
activate T cells in human ovarian cancer-
bearing nude mice. A, B, A human ovarian 
cancer cell line, JHOC-5, was treated with 
THC for 6 h. IL-6 and IL-8 production in 
the culture supernatants were measured 
by ELISA (A: left and middle). The cell 
proliferation was measured after 72 h 
THC treatment by WST1 assay (A: 
right). STAT3 transcriptional activity 
was measured using nuclear extracts 
in the cultured JHOC-5 with THC for 
6 h by a Filter Plate Assay (B). C-E, 
JHOC-5-bearing nude mice received po 
administration of THC every day from day 
6 until killed. Four mice were included in 
each group. Tumor size was not changed 
by THC administration (C). Human IL-6 
detected in mice serum was decreased by 
THC administration (D). T cell stimulatory 
activity of DCs purified from the spleen 
(E: left panel) and tumor tissues (E: right 
panel) of JHOC-5-bearing nude mice 
was evaluated by IFN-γ production from 
T cells. Data in (A, B) and (C-E) of this 
figure are from 3 and 2 independent 
experiments, respectively. Error bars 
indicate SD. *P < .05, **P < .01 using a 
t test
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We showed that one of the mechanisms for restoration of DCs 
by curcumin was due to reduced IL-6 production by murine and 
human cancer cells via their STAT3 inhibition. Various human cancer 
cells continuously produce various immunosuppressive cytokines in-
cluding IL-6,21 and is related to poor prognosis of patients with some 
cancers. IL-6 and IL-8 play various immune-suppressive roles in an-
ti-tumor immune responses, such as the inhibition of DCs, generation 
of MDSCs and TAMs, and recruitment of regulatory T cells. IL-6 and 
IL-8 are produced in large amounts by clear cell renal cell carcinoma 
and ovarian clear cell carcinoma. We previously reported that IL-6 
and IL-8 produced by ovarian clear cell carcinoma induced immune 
suppression, such as the inhibition of DC function.15 A meta-analysis 
of randomized controlled trials suggested that curcumin significantly 
reduced circulating IL-6 levels in various human diseases.22 In this 
study, we showed in a xenogeneic tumor model that curcumin inhib-
ited the production of IL-6 and IL-8 by ovarian clear cell carcinoma by 
inhibiting STAT3 activity, leading to the restoration of DC function. 
This mechanism may apply to a variety of human cancers.

Curcumin has been reported to reduce PD-L1 expression in 
cancer cells.23,24 Lim et al reported that curcumin reduced PD-L1 
expression by inhibiting CSN5, which is involved in the deubiquiti-
nation of PD-L1.23 Liao et al reported that curcumin reduced PD-L1 
expression through STAT3 inhibition.24 However, in this study, a 
significant reduction of PD-L1 expression on cancer cells was not 
observed. This difference may be due to the different tumor mod-
els used, and doses of curcumin, and needs further investigation in 
clinical trials.

Curcumin has been shown to have direct anti-tumor effects on 
several types of cancers by inducing apoptosis through blocking var-
ious signaling molecules and pathways such as cyclin D1, c-myc, JNK, 
and AMPK.25 However, in our tumor models, curcumin had no effect 
on the cell proliferation of cancer cells in vitro and in vivo, possibly 
due to the difference in tumors and administered curcumin doses. 
For cancer cell types for which curcumin has a direct ant-tumor ef-
fects, curcumin may have additional anti-tumor effects via direct 
cytotoxicity and immunogenic cell death that lead to anti-tumor T 
cell induction.

Altogether, the use of optimum doses of curcumin may be im-
portant for the development of more effective combination im-
munotherapies with PD-1/PD-L1 blockade, by acting on activated 
STAT3 in both cancer cells and immune cells. Further investigations 
in clinical trials for patients with various cancers will be warranted, 
particularly for IL-6-producing cancers with constitutive STAT3 
activation.
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