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Abstract
Regulatory T cells (Tregs) in the tumor microenvironment regulate tumor immunity. 
Programmed cell death protein 1 (PD-1) is known to be expressed on Tregs and plays 
crucial roles in suppressing tumor immunity. However, the immune checkpoint in-
hibitor, anti-PD-1 antibody, is known to promote the proliferation of the Treg popu-
lation in tumor-infiltrating lymphocytes, thereby restricting the efficacy of cancer 
immunotherapy. In this study, we focused on the curcumin analog GO-Y030, an an-
titumor chemical. GO-Y030 inhibited the immune-suppressive ability of Tregs via 
metabolic changes in vitro, even in the presence of immune checkpoint inhibitors. 
Mechanistically, GO-Y030 inhibited the mTOR-S6 axis in Tregs, which plays a pivotal 
role in their immune-suppressive ability. GO-Y030 also controlled the metabolism 
in cultured CD4+ T cells in the presence of TGF-β +  IL-6; however, it did not pre-
vent Th17 differentiation. Notably, GO-Y030 significantly inhibited IL-10 production 
from Th17 cells. In the tumor microenvironment, L-lactate produced by tumors is 
known to support the suppressive ability of Tregs, and GO-Y030 treatment inhibited 
L-lactate production via metabolic changes. In addition, experiments in the B16-F10 
melanoma mouse model revealed that GO-Y030 helped inhibit the anti-PD-1 immune 
checkpoint and reduce the Treg population in tumor-infiltrating lymphocytes. Thus, 
GO-Y030 controls the metabolism of both Tregs and tumors and could serve as a 
booster for anti-immune checkpoint inhibitors.
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1  | INTRODUC TION

Anti-PD-1 antibody is known to augment antitumor immunity and 
is therefore called an immune checkpoint inhibitor.1 However, anti-
PD-1 treatment induces the proliferation of Tregs in the tumor mi-
croenvironment,2 leading to the restriction of the antitumor effects. 
As Treg tumor infiltration and tumor prognosis are negatively cor-
related,3 combination therapy with anti-PD-1 to overcome this prob-
lem is urgently needed.

Foxp3+ Tregs proliferate and are enriched in the tumor micro-
environment, thereby repressing tumor immunity. In the tumor 
microenvironment, Glut1 expression is higher in Tregs than in 
effector T cells.4 TLR8-stimulated inhibition of glycolysis in Tregs 
significantly reduces their immune-suppressive ability. Moreover, 
L-lactate promotes the immune-suppressive ability of Tregs in 
the tumor microenvironment.5 In anti-PD-1–treated tumor mod-
els, glucose concentration in the extracellular milieu of tumors 
is significantly elevated.6 Therefore, the control of metabolism 
in the tumor microenvironment plays a crucial role in cancer 
immunotherapy.

GO-Y030, a curcumin analog, has been reported to suppress 
cancer cell growth, and its cancer-suppressive ability is greater 
than that of curcumin alone in both in vitro and in vivo stud-
ies.7,8 We have previously reported that GO-Y030 represses 
the immune-suppressive ability of Tregs via blockade of IL-2 
signaling.9 As cellular stress, generated using 2-deoxy glucose, 
inhibited TGF-β–induced Treg,10 it can be said that the metabo-
lism of Tregs controls tumor immunity. Here, we found that GO-
Y030 induced cellular stress and prevented glycolysis in Tregs. 
GO-Y030–treated Tregs showed reduced mTOR-S6 axis, which 
plays a pivotal role in the immune-suppressive ability of Tregs. 
We also found that GO-Y030 prevented IL-10 production from 
Th17 cells, which also contributed to repressing tumor immu-
nity.11 In addition, GO-Y030 treatment significantly inhibited 
L-lactate production in B16-F10 melanoma cells. In vivo tumor 
models demonstrated that GO-Y030 treatment reduced the Treg 
population in the tumor microenvironment and augmented the 
efficacy of anti-PD-1 cancer immunotherapy. Collectively, our 
findings suggest that GO-Y030 boosts the efficacy of cancer 
immunotherapy.

2  | MATERIAL S AND METHODS

2.1 | Experimental models

All experiments in this study were performed in accordance with 
the guidelines approved by the Institutional Animal Care and Use 
Committee of Akita University, Akita, Japan; the Tohoku University, 
Japan; and the National Institute of Dental and Craniofacial Research 
(NIDCR), Bethesda, MD, USA. All methods were performed in ac-
cordance with the relevant guidelines and regulations of Akita 
University, Tohoku University, and NIDCR.

2.2 | Mice

C57BL/6 (CD45.2) mice were purchased from CLEA Japan, Inc 
and from the Jackson Laboratory. Mice aged 7-12 weeks used in 
this study were maintained in specific pathogen-free conditions 
at the animal facilities at Akita University, Tohoku University, and 
NIDCR.

2.3 | Enzyme-linked immunosorbent assay (ELISA)

ELISA kits for L-lactate assay kit (Cayman Chemicals) were used to 
quantify the respective cytokines in the culture supernatants ac-
cording to the manufacturer's protocols. Fluorescence was read in 
a plate using an excitation wavelength of 530 nm and an emission 
wavelength of 590 nm by Gen5 (Bio Tek).

2.4 | Flow cytometry

Cells were fixed and permeabilized using the FOXP3 Staining 
Buffer Kit (eBioscience) and subjected to intranuclear FOXP3 
staining according to the manufacturer's instructions. Dead 
cells were stained with the Zombie Yellow™ Fixable Viability Kit 
(BioLegend) according to the manufacturer's instructions. The 
cells were analyzed by flow cytometry using BD LSRFortessa™ 
(BD Bioscience), BD FACSymphony™ (BD Bioscience), or Canto II 
(BD Bioscience). Data were analyzed using FlowJo software, Tree-
Star version.

2.5 | Antibodies

Pacific Blue–conjugated anti-human CD4 (RPA-T4) and FITC- and 
Pacific Blue–conjugated anti-mouse CD4 (GK1.5) were purchased 
from BioLegend. PE-conjugated, APC-conjugated, or Pacific Blue–
conjugated anti-mouse Foxp3 antibody (FJK-16S), FITC-conjugated 
anti-human TCR (IP26), PE-conjugated anti-human CD25 (BC96), 
PerCP-Cyanine5.5–conjugated anti-human CD4 (OKT4), eFluoro 
660–conjugated anti-human Foxp3 (PCH101), PE-conjugated 
anti-mouse PD-1 (J43), and anti-IFN-γ (R4-6A2) were purchased 
from eBioscience. APC-conjugated anti-human CD8a (RPA-T8) 
and PE-conjugated anti-mouse RORγt (B2D) were purchased from 
Invitrogen. p-S6 (S235/236), ribosomal protein (D57.2.2E), S6 ribo-
somal protein (54D2), and GAPDH (D16H11) were obtained from 
Cell Signaling Technology. Anti-mouse PD-1 (29F.1A12) and rat 
IgG2a isotype control (2A3) were purchased from Bio X cell.

2.6 | T cell cultures

Naïve CD4+ T cells were isolated from mouse spleens using a mouse 
CD4+CD62Lhi T Cell Isolation Kit according to the manufacturer's 
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instructions (Miltenyi Biotec). Splenic CD4+CD25+ Tregs were iso-
lated using a mouse CD4+CD25+ T cell isolation kit according to the 
manufacturer's instructions (Miltenyi Biotec). Purified cells (approxi-
mately 0.5 × 106 cells/mL) were cultured at 37°C in RPMI 1640 con-
taining 10% fetal calf serum, penicillin/streptomycin, and 50 μmol/L 
2-mercaptoethanol with 1  μg/mL plate-bound anti-CD3 (eBiosci-
ence) and 1  μg/mL soluble anti-CD28 (eBioscience) for 3  days, as 
indicated in each experiment. For Th17 differentiation, 2  ng/mL 
TGF-β1 and 50 ng/mL IL-6 were added.

2.7 | Real-time PCR

Total RNA was extracted using the RNeasy Mini Kit (Qiagen), fol-
lowed by cDNA synthesis using the PrimeScript II 1st Strand cDNA 
Synthesis Kit (Takara Bio). The resulting cDNA was evaluated by 
qPCR using an Applied Biosystems 7500 real-time PCR system 
(Thermo Fisher Scientific) or QuantStudio3 (Thermo Fisher Scientific) 
instrument and SYBR Premix EX Taq (Takara Bio) or TaqMan Gene 
Expression Master Mix (Thermo Fisher Scientific). The primer pairs 
used for qPCR are listed in Table S1.

2.8 | Treg suppression assay

CD4+CD25− and CD4+CD25+ T cells were isolated using the mouse 
CD4+CD25+ T Cell Isolation Kit according to the manufacturer's 
instructions (Miltenyi Biotec). CD8+ T cells were isolated using the 
mouse CD8+ T Cell Isolation Kit according to the manufacturer's 
instructions (Miltenyi Biotec). For CD4+CD25+Treg suppression 
assay, CD4+CD25+ T cells were expanded in the presence of 10 ng/
mL hIL-2 and 10  μg/mL anti-IFN-γ with 0.25  μmol/L GO-Y030 or 
4 mmol/L L-lactate (Cayman Chemical) for 3 days. CellTrace™ Violet 
Dye (Thermo Fisher Scientific)-labeled naïve CD8+ T cells (0.8 × 105 
cells) isolated from CD45.1 mice were cultured in a 96-well plate 
with Dynabeads™ T-activator CD3/CD28 (Veritask) in the presence 
or absence of CD4+CD25+ T cells.

2.9 | Extracellular flux assay

The oxygen consumption rate (OCR) and extracellular acidifica-
tion rate (ECAR) of B16-F10 melanoma cells were measured using 
a Seahorse Bioscience XF®96 Extracellular Flux Analyzer (Agilent 
Technologies). B16-F10 melanoma cells were plated at approximately 
25  000  cells/well in Seahorse 96-well plates 24  hours before the 
assay. B16-F10 melanoma cells were treated with DMSO, curcumin, 
or GO-Y030 for 2 hours. Then, OCR was measured using the XF Cell 
Mito Stress Test Kit under basal conditions in response to 1 μmol/L 
oligomycin and 1  μmol/L of carbonylcyanide p-(trifluoromethoxy) 
phenylhydrazone (FCCP). Oligomycin injection allowed the calcula-
tion of the OCR for ATP production, and FCCP treatment yielded two 
indices: the maximal OCR capacity and spare respiratory capacity. 

Finally, OCR was stopped by adding the electron transport chain in-
hibitors rotenone and antimycin A (0.5 μmol/L each). The Seahorse 
XF Mito Fuel Flex Test was used to determine the rate of oxidation of 
each fuel by measuring the OCR. The levels of OCR were normalized 
to cell number. For Tregs, purified CD4+CD25+Tregs were isolated 
from mouse splenocytes using a mouse CD4+CD25+ T Cell Isolation 
Kit according to the manufacturer's instructions (Miltenyi Biotec). 
Then, purified CD4+CD25+ T cells were expanded in the presence 
of 10 ng/mL hIL-2 and 10 μg/mL anti-IFN-γ with or without 1 μmol/L 
curcumin, 0.25  μmol/L GO-Y030, or DMSO for 3  days. Cultured 
Treg and Th17 cells were plated at approximately 10 000 cells/well 
and 80  000 cells/well, respectively, onto Seahorse 96-well plates 
24 hours before the assay. OCR was measured using the XF Cell Mito 
Stress Test Kit under basal conditions in response to 1 μmol/L oligo-
mycin and 1 μmol/L FCCP in cultured Tregs or Th17 cells.

2.10 | Tumor model

B16-F10 melanoma cells (approximately 2.5 × 105 cells/100 μL PBS) 
were subcutaneously injected into the flank of C57/BL6 mice (day 
0). Seven days after tumor cell injection, we measured the size of 
the tumors (length and width), intraperitoneally injected DMSO-
PBS, curcumin-PBS (5 mg/kg), or GO-Y030-PBS (5 mg/kg) each day 
and 200 μg anti-PD-1 (29F.1A12, BioXcell) or control antibody (2A3, 
BioXcell) every 3  days. Tumor volume (mm3) was calculated using 
the following formula: 0.5 × length (mm) × width (mm) × width (mm). 
Thirteen to sixteen days after tumor cell injection, the tumor speci-
mens were harvested, fixed with ALTFIX, and embedded in OCT 
compound. Sections (10  μm) were stained using an avidin-biotin 
complex (Vectastain kit; Vector Laboratories). Nuclei were stained 
with hematoxylin and eosin.

2.11 | Cell proliferation assay

Naive CD4+ T cells were cultured for 72 hours with 2 ng/mL TGF-β 
and 50 ng/mL IL-6 (Th17 condition) in the presence or absence of dif-
ferent concentrations of curcumin or GO-Y030. Purified CD4+CD25+ 
Tregs from human PBMCs were cultured using FACS sorting Aria 
II (BD Bioscience) with 10 µg/mL human IL-2 with Dynabeads™ T-
activator CD3/CD28 (Veritask) in the presence or absence of GO-
Y030 for 72  hours. One tenth volume of the Cell Counting Kit 8 
reagent (Apexbio Technology LLC) was added to assess the lactate 
dehydrogenase activity in live cells. After 4 hours of incubation at 
37°C and 5% CO2, the absorbance was measured at 460 nm using a 
Spectramax Plus 384 plate reader (Molecular Devices).

2.12 | Statistical analysis

All statistical analyses were performed using GraphPad Prism 5 soft-
ware (GraphPad Software). Unpaired Student's t-test was applied to 
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two groups. For multiple groups, one-way ANOVA with post hoc 
Tukey's multiple comparison test was used. Statistical significance 
was set at P < .05. *P < .05, **P < .01, and ***P < .001.

3  | RESULTS

3.1 | Metabolic changes in Tregs by curcumin analog 
GO-Y030

A previous report demonstrated that limited glucose metabolism in-
duced Th17 cell proliferation and prevented the generation of Tregs.10 
The limitation of glucose metabolism can induce reactive oxygen species 
(ROS) generation12 and play crucial roles in Treg/Th17 imbalance. We re-
ported that GO-Y030–treated Tregs showed a low immune-suppressive 
ability and produced more IL-17A than DMSO-treated Tregs.9 We also 
reported that low doses of GO-Y030 (0.25 μmol/L)-treated Tregs did 
not promote cell death, but reduced the proliferation upon coculture 
with CD8+ T cells in vitro.9 To address the mechanisms involved, we ex-
amined ROS expression in Tregs and found that ROS expression in GO-
Y030–treated Tregs was significantly higher than in curcumin-treated 
and DMSO-treated Tregs (Figure 1A,B). In addition, OCR under basal 

conditions of GO-Y030–treated Tregs was significantly lower than that 
of DMSO- and curcumin-treated Tregs (Figure 1C,D). When we added 
oligomycin, OCR was significantly reduced in DMSO- and curcumin-
treated Tregs, but not in GO-Y030–treated Tregs (Figure 1D,E). We then 
added a potent mitochondrial oxidative phosphorylation uncoupler 
FCCP, which revealed that GO-Y030 treatment significantly reduced 
maximal respiration (Figure 1C,F). We also found that proton leakage 
was lower in GO-Y030–treated Tregs (Figure 1C,G). mTOR, a member 
of the PI3-related kinase, is known to control glucose metabolism.13 
Interestingly, in GO-Y030–treated Tregs, the mTOR-ribosomal S6 ki-
nase pathway was not highly active (Figure 1H,I). Thus, GO-Y030 po-
tentially provides antitumor immunity via metabolic changes in Tregs.

3.2 | GO-Y030 controls metabolism processes of 
human Tregs

GO-Y030 is known to reduce the stability of mouse CD4+CD25+Tregs.9 
Using the fraction of human CD4+CD25+Tregs from peripheral blood 
mononuclear cells (Figure S1A), we found that human CD4+CD25+Tregs 
were more resistant to the inhibition of cell proliferation by GO-Y030 
compared with mouse CD4+CD25+Tregs (Figure  S1B). We also found 

F I G U R E  1   GO-Y030 controls metabolism of Tregs. A and B, Reactive oxygen species (ROS) expression in CD4+CD25+Tregs cultured 
with 1 μmol/L curcumin, 0.25 μmol/L GO-Y030, or DMSO for 72 h. Data were pooled from four independent experiments. C, Oxygen 
consumption rate (OCR) was measured under basal conditions or following the addition of oligomycin, carbonylcyanide p-(trifluoromethoxy) 
phenylhydrazone (FCCP), or rotenone and antimycin A. D-G, Quantification of basal respiration (D), ATP production (E), maximal respiration 
(F), and proton leak (G) using the rate of OCR. Data were pooled for three independent experiments. One-way ANOVA with post hoc Tukey's 
multiple comparison test was applied. Data shown are representative of three independent experiments. H and I, Western blotting of cultured 
Tregs with or without 0.25 µM GO-Y030 for 72 h. Representative pictures at three independent experiments (H). Data were pooled at three 
independent experiments (n = 4, mean +standard deviation) (I). The relative expression of p-S6 or S6 (/GAPDH) in DMSO Tregs was set as “1”
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that GO-Y030 treatment reduced Foxp3 expression in cultured human 
CD4+CD25+Tregs in a dose-dependent manner (Figure S1C). Next, we 
found that GO-Y030 treatment significantly reduced Glut1 (Slc2a1) and 
hexokinase 1 expression (Figure S1D), which play important roles in Treg 
glycolysis and suppression ability.14 Thus, GO-Y030 controls the me-
tabolism of human Tregs and impairs the stability of Foxp3 expression.

3.3 | Metabolic changes due to GO-Y030 inhibit IL-
10 production from Th17

GO-Y030–treated Tregs showed a Th17 phenotype and reduced 
the suppression ability without cell death and inhibitory prolif-
eration.9 We found that 0.25  μmol/L GO-Y030 treatment did 
not significantly prevent T cell proliferation in the presence of 

TGF-β+IL-6 compared with DMSO treatment (Figure  2A). In this 
setting, expression of RORγt, a master regulator of Th17, tended to 
be highly expressed in GO-Y030 treatment, but there was no sig-
nificant difference compared with DMSO and curcumin treatment 
(Figure  2B,C). We also found that Il17a expression tended to be 
highly expressed in GO-Y030 treatment, but there was no differ-
ence compared with curcumin and DMSO treatment (Figure 2D). 
On the other hand, Il17f expression was not different between 
DMSO and GO-Y030 treatment (Figure  2D). Of note, GO-Y030 
treatment markedly reduced the expression of Il10 (Figure  2D), 
which plays a pivotal role in cancer immunity.11 We found that 
GO-Y030 treatment showed significantly lower Glut1 (Slc2a1) and 
hexokinase gene expression than the DMSO control (Figure  2D). 
In addition, the maximal respiration of GO-Y030 treated Th17 
cells was significantly lower than that of DMSO treated Th17 cells 

F I G U R E  2   GO-Y030 does not prevent Th17 differentiation. A, Relative live cell counts. Naive splenic CD4+ T cells were cultured under 
Th17 condition (2 ng/mL TGFβ + 50 ng/mL IL-6) and each concentration of curcumin or GO-Y030 as indicated for 72 h, followed by the 
addition of the cell counting reagent. The circles stand for independent experiments. The horizontal bars represent the mean. B and C, 
Mean fluorescence intensity (MFI) of RORγt expression in cultured splenic CD4+ T cells under Th17 condition with 1 μmol/L curcumin, 
0.25 μmol/L GO-Y030, or DMSO for 72 h. The data show the gated CD4+Zombie- population. Red: isotype control, white: DMSO-treatment, 
gray: curcumin-treatment, black: GO-Y030 treatment. The circles stand for independent experiments. The horizontal bars represent the 
mean. One-way ANOVA with post hoc Tukey's multiple comparison test was used. D, The real-time quantitative RT-PCR analysis results of 
DMSO-, 1 μmol/L curcumin-, or 0.25 μmol/L GO-Y030–treated CD4+ T cells for 3 d under Th17 condition. The circles stand for independent 
experiments. The horizontal bars represent the mean. One-way ANOVA with post hoc Tukey's multiple comparisons test (A, B, C, and D) was 
used. E, Quantification of maximal respiration using the rate of oxygen consumption rate (OCR). Data were pooled for three independent 
experiments. Unpaired Student’s t-test was applied
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(Figure 2E). Therefore, GO-Y030 controls metabolism in cultured 
CD4+ T cells and prevents IL-10 production by Th17 cells.

3.4 | GO-Y030 prevents L-lactate production in 
melanoma cells via metabolic changes

Next, we focused on the metabolism of the GO-Y030–treated 
melanoma cells. We found that the OCR in the basal condition of 
GO-Y030–treated B16-F10 melanoma cells was significantly lower 

than that of DMSO- and curcumin-treated cells (Figure  3A,B). 
When we added oligomycin, an inhibitor of ATP synthase, the OCR 
in DMSO- and curcumin-treated B16-F10 melanoma cells was sig-
nificantly reduced, but not in GO-Y030–treated B16-F10 melanoma 
cells (Figure 3A). This indicated that GO-Y030 treatment inhibited 
ATP production (Figure  3C). We then added a potent mitochon-
drial oxidative phosphorylation uncoupler FCCP, which revealed 
that GO-Y030 treatment significantly reduced maximal respiration 
(Figure 3A,D). We also found that proton leakage was low in GO-
Y030–treated B16-F10 melanoma cells, indicating a reduced ability 
to convert NADH/FADH to ATP in mitochondria (Figure 3A,E).

Glut1(Slc2a1), a membrane protein that facilitates the basal uptake 
of glucose in the cell, plays an important role in cancer cell prolifer-
ation and metastasis.15 We found that GO-Y030–treated B16-F10 
melanoma cells showed significantly lower Glut1 expression than 
DMSO- or curcumin-treated B16-F10 melanoma cells (Figure 3F). GO-
Y030–treated B16-F10 melanoma cells also showed the expression of 
fewer hexokinase genes (Hk1 and Hk2), which play crucial roles in gly-
colysis at the initial stage and contribute to ATP synthesis (Figure 3F).

L-lactate from tumor cells is known to maintain the immuno-
suppressive ability of Tregs in the tumor microenvironment.5 Our 
experiments indicated that L-lactate–treated cultured Tregs showed 
greater suppressive ability than control Tregs (Figure  S2A,B). We 
found that GO-Y030 treatment significantly decreased L-lactate 
production in B16-F10 melanoma cells compared with DMSO or cur-
cumin treatment (Figure 3G). In the tumor microenvironment, PD-L1 
expression in B16-DF10 melanoma cells plays an important role in 
inhibiting tumor immunity.16 However, we observed that GO-Y030 
had no impact on the expression of PD-L1 in B16-F10 melanoma 
cells (Figure S3A,B). Thus, GO-Y030 inhibited L-lactate production in 
B16-F10 melanoma cells via metabolic changes, which repressed the 
immunosuppressive ability of Tregs in the tumor microenvironment.

3.5 | Curcumin analog boosts the activity of 
immune checkpoint inhibitor

The expression of the PD-L1 receptor PD-1 on Tregs plays a cru-
cial role in maintaining the immunosuppressive ability of Tregs and 

F I G U R E  3   GO-Y030 controls the metabolism in B16-F10 
melanoma cells. A, Oxygen consumption rate (OCR) was measured 
under basal conditions or following the addition of oligomycin, 
carbonylcyanide p-(trifluoromethoxy) phenylhydrazone (FCCP), or 
rotenone and antimycin A. B-E, Quantification of basal respiration 
(B), ATP production (C), maximal respiration (D), and proton leak (E) 
were calculated using the rate of OCR. F, Relative gene expression 
of DMSO-, 3.125 μmol/L curcumin-, or 3.125 μmol/L GO-Y030–
treated B16-F10 melanoma cells for 24 h. G, The level of L-lactate 
in supernatant from cultured DMSO-, 3.125 μmol/L-curcumin-, or 
3.125 μmol/L GO-Y030–treated B16-F10 melanoma cells (16 h). 
Data were pooled from three independent experiments. One-
way ANOVA with post hoc Tukey's multiple comparison test was 
applied. Data shown are representative of three independent 
experiments
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F I G U R E  4   GO-Y030 boosts levels of immune checkpoint inhibitors. A and B, Mean fluorescence intensity of PD-1 in cultured Tregs 
(gated CD4+Foxp3+Zombie) in the presence of 10 ng/mL IL-2 with or without 1.0 µmol/L curcumin or 0.25 μmol/L GO-Y030 for 72 h. Data 
are representative of at least three independent experiments. C, Proliferation ratio of CFSE-labeled CD8+ T cells isolated from CD45.1 mice 
and cultured with or without CD4+CD25+ Tregs for 48 h (CD8+ T cells : CD4+CD25+ Tregs = 1:0.5). Tregs were treated with 0.25 µmol/L 
GO-Y030 or DMSO control for 3 d prior to the coculturing. The CD8+CD45.1+ gated cell population is as shown. D, Relative suppressive 
ability of anti-PD-1 antibody. The percentage of suppression ability with control antibody in DMSO or GO-Y030 was set as “1.” White: 
control antibody (10 μg/mL), black: anti-PD-1 (10 μg/mL). The horizontal bars represent the mean. Data were pooled from three independent 
experiments (n = 3, mean + standard deviation). E, Calculation of tumor volume (mm3) in each day after 7 d of tumor injection (n = 7-10, 
mean + standard deviation). Data were pooled from three independent experiments. F, Representative tumors in each group harvested at 
the end of experiments, as in (E). G, Immunohistochemistry of Foxp3 levels in tumor sites. Representative pictures from three independent 
experiments (n = 6). Scale bar, 50 µm. The original magnification is 40×. H, Absolute number of Foxp3+Tregs in tumor-infiltrating 
lymphocytes. One-way ANOVA with post hoc Turkey's multiple comparison test was used (E, G, H). The graph shows mean and standard 
deviation
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tumor progression.17 We found that GO-Y030 treatment resulted in 
a higher expression of PD-1 in Tregs than curcumin or DMSO treat-
ment in vitro (Figure 4A,B). Blockade of the PD-1/PD-L1 axis induces 
the suppressive function of Tregs,2,18 thereby restricting tumor im-
munotherapy. We confirmed that blockade of the PD-1/PD-L1 axis in 
DMSO-treated Tregs tended to increase their immunosuppressive abil-
ity (Figure 4C,D). Although GO-Y030–treated Tregs showed reduced 
immune-suppressive ability,9 the blockade of the PD-1/PD-L1 axis in 
GO-Y030–treated Tregs did not show any effects on the immunosup-
pressive ability of these cells (Figure 4C,D). Thus, GO-Y030 repressed 
Treg suppression even when the PD-1/PD-L1 axis was blocked in vitro.

Next, we addressed the effect of blocking the PD-1/PD-L1 axis 
by GO-Y030 treatment on the tumor microenvironment. We found 
that anti-PD-1 strongly inhibited tumor progression at early time 
points and cooperated with the GO-Y030 treatment (Figure 4E,F). In 
the tumor microenvironment, the absolute number of Foxp3+Tregs 
in the anti-PD-1 antibody plus GO-Y030–treated group was signifi-
cantly lower than that in the anti-PD-1 antibody with DMSO or anti-
PD-1 antibody in the curcumin-treated group (Figure 4G,H). Thus, 
GO-Y030 has potential as a therapeutic booster against immune 
checkpoint inhibitory effects in tumors.

4  | DISCUSSION

We have previously reported that GO-Y030–treated CD4+CD25+ Tregs 
showed low expression of glucose transporter 1 (Glut1) and hexoki-
nase (Hk1 and Hk2) genes, which play crucial roles in glycolysis at the 
initial stage and contribute to ATP synthesis.19 IL-2 stimulation helps 
in expanding and stabilizing CD4+CD25+Tregs.20 mTOR, a member of 
the PI3-related kinase, can be activated by TCR and IL-2 signaling21 and 
plays crucial roles in glucose metabolism.13 Treg-specific mTOR-deficient 
mice showed massive inflammation and reduced immune suppression 
by Tregs.21 In patients with tumors, FOXP3highCD45RA−CD25high cells 
can be generated from FOXP3lowCD45RA−CD25low cells (called nTregs) 
in response to antigen stimulation and IL-2, thus contributing to a poor 
prognosis.22 Therefore, the metabolism of Tregs in the tumor microenvi-
ronment is a good target for regulating tumor immunity.

In this study, we focused on the effects of GO-Y030 on 
CD4+CD25+Tregs (nTregs) and found that GO-Y030 inhibited glycol-
ysis in vitro, contributing to reduced IL-10 and TGF-β expression and 
reduced immune suppression by Tregs.9 We also found that GO-Y030 
induced ROS production in Tregs. Because limited glucose metabolism 
also induces ROS generation12 and reduces Treg population,10 ROS in-
duction by limited glycolysis in Tregs using GO-Y030 would reduce the 
stability and function of Tregs. CD4+CD25+Tregs treated with rapa-
mycin, an mTOR inhibitor, showed low expression of Foxp3 and phos-
phorylation of Stat523; therefore, mTOR activity in CD4+CD25+Tregs 
plays a crucial role in their immune-suppressive ability. GO-Y030–
treated CD4+CD25+Tregs showed reduced Foxp3 expression in vitro,9 
even in the presence of IL-2 stimulation (data not shown). In this study, 
GO-Y030 suppressed the mTOR-S6 axis in CD4+CD25+Tregs, thereby 
reducing their immunosuppressive ability.

A previous report showed that blockade of the PD-1/PD-L1 
axis induces the proliferation of PD-1+Tregs in the tumor micro-
environment in irradiated mice.24 Because radiation induces Treg 
proliferation in the tumor microenvironment,25 anti-PD-1 treat-
ment may not show sufficient antitumor effects in patients with 
cancer who received radiation therapy. Our experiments showed 
that anti-PD-1 treatment did not induce Treg proliferation in the 
tumor microenvironment of mice (Figure 4H) that did not receive 
irradiation. Under steady-state conditions, GO-Y030 helped in 
anti-PD-1–induced tumor immune therapy (Figure  4H). Of note, 
GO-Y030 does not affect PD-L1 expression in B16-F10 melanoma 
but prevents L-lactate production, thus potentially preventing Treg 
proliferation in the tumor microenvironment.5 Therefore, meta-
bolic changes in Tregs and B16-F10 melanoma cells induced by GO-
Y030 treatment can boost immune checkpoint inhibitory effects 
via multiple steps.

Both TGF-β and IL-6 can be produced by tumors,26 which contrib-
utes to Th17 differentiation. This study demonstrated that GO-Y030 
did not prevent Th17 differentiation, but significantly repressed IL-
10 production from Th17 cells. We also found that low doses of cur-
cumin (0.25 μmol/L) enhanced the proliferation of cultured CD4+ T 
cells under Th17 conditions (Figure 2A). However, 0.25 μmol/L cur-
cumin treatment of cultured CD4+ T cells with TGF-β did not show 
any effect on the proliferation.9 Low doses of curcumin have been 
reported to enhance antigen-specific T cells27 and augment antitu-
mor immunity without inhibiting the suppressive ability of Tregs. 
Overall, GO-Y030 boosts the immune checkpoint inhibitory effect.
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