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Regulatory T cells (Tregs) play a crucial role in preventing antitumor immune responses in cancer tissues. Cancer tissues produce large amounts of transforming growth factor beta (TGF-β), which promotes the generation of Foxp3+ Tregs from naïve CD4+ T cells in the local tumor microenvironment. TGF-β activates nuclear factor kappa B (NF-κB)/p300 and SMAD signaling, which increases the number of acetylated histones at the Foxp3 locus and induces Foxp3 gene expression. TGF-β also helps stabilize Foxp3 expression. The curcumin analog and antitumor agent, GO-Y030, prevented the TGF-β-induced generation of Tregs by preventing p300 from accelerating NF-κB-induced Foxp3 expression. Moreover, the addition of GO-Y030 resulted in a significant reduction in the number of acetylated histones at the Foxp3 promoter and at the conserved noncoding sequence 1 regions that are generated in response to TGF-β. In vivo tumor models demonstrated that GO-Y030-treatment prevented tumor growth and reduced the Foxp3+ Tregs population in tumor-infiltrating lymphocytes. Therefore, GO-Y030 exerts a potent anticancer effect by controlling Treg generation and stability.
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Introduction

Transforming growth factor beta (TGF-β) is a cytokine with multiple functions related to cancer, including its potential to promote metastasis, angiogenesis, and fibroblast activation (1). TGF-β is secreted by several types of cancer cells (2–4); moreover, the autocrine TGF-β pathway mediates cancer initiation and progression. TGF-β also plays a crucial role in maintaining immune homeostasis via regulating the generation and function of regulatory T cells (Tregs) (5, 6). TGF-β can induce the generation of peripheral Tregs, primarily in the intestine (7). Mechanistically, the TGF-β-induced activation of SMAD2/3 enriches the conserved noncoding sequence 1 (CNS1) of Foxp3 and promotes Foxp3 gene expression in cooperation with numerous additional transcription factors, including AP-1, a nuclear factor of activated T cells, and nuclear factor kappa B (NF-κB) (8, 9). Tregs also produce TGF-β and thereby limit the differentiation of CD8+ and CD4+ into cytolytic and Th1 cells, respectively (10). In the tumor microenvironment, Tregs suppress the cytotoxic responses of tumor-specific CD8+ T cells (11). Similarly, Chen et al. (12) reported that the TGF-β receptor on CD8+ T cells plays a crucial role in modulating Treg-dependent antitumor immunity (12). Consequently, the therapeutic potential of TGF-β blockers for cancer immunotherapy has been evaluated (13, 14).

Curcumin is a major component of turmeric (Curcuma longa) that can induce apoptosis in many types of cancer cells (15–17). Clinical trials have revealed that the oral administration of curcumin (3.6 g/kg, daily) had positive therapeutic effects in a variety of cancer patients (18–20). Curcumin also inhibits the generation and stability of Tregs in the tumor microenvironment (21, 22) and enhances the antitumor impact of immune checkpoint inhibitors (23). However, high doses of curcumin are necessary to achieve measurable anticancer effects, and the molecular mechanisms by which curcumin controls the generation and stability of Tregs remain unclear.

To address these concerns, we synthesized the curcumin analog, GO-Y030 (24). We reported that GO-Y030 administration suppressed cancer cell growth to a greater extent than that observed in response to curcumin alone in both in vitro and in vivo studies (24, 25). The 50% growth inhibitory concentration for GO-Y030 targeting the human gastric tumor cell line was shown to be 20-fold lower than that determined for underivatized curcumin (26). Here we found that GO-Y030 inhibited the generation, stability, and suppressive function of Tregs more efficiently than did curcumin. Mechanistically, GO-Y030 inhibited p300-enhanced NF-κB-induced Foxp3 expression. As such, our findings suggest that GO-Y030 has dual antitumor activity.



Materials and Methods


Experimental Models

All experiments in this study were performed according to the guidelines approved by the Institutional Animal Care and Use Committee of Akita University, Akita, Japan, Keio University, Tokyo, Japan and the National Institute of Dental and Craniofacial Research (NIDCR), Bethesda, MD, USA. All methodologies were performed in accordance with the relevant guidelines and regulations of Akita University and the NIDCR.



Mice

C57BL/6 (CD45.2) mice were purchased from CLEA Japan, Inc. (Tokyo, Japan) and from Jackson Laboratory (Bar Harbor, ME, USA). C57BL/6 congenic CD45.1 mice and Foxp3-GFP mice were purchased from Jackson Laboratory. Mice aged 7–12 weeks old were used in this study and were maintained in specific pathogen-free conditions at the animal facilities in the Akita University and the NIDCR.



Enzyme-Linked Immunosorbent Assay (ELISA)

SMAD3 (pSer423/S425) was quantitatively evaluated in T cell extracts using the SMAD3 (pSer423/S425) ELISA kit (Abcam, Cambridge, UK) according to the manufacturer’s instructions. HAT activity in cultured naïve CD4+ T cells was measured using the EpiQuick™ HAT activity/inhibition assay kit (EpiGentek, Farmingdale, NY) according to the manufacturer’s instruction. The absorbance was read at 450 nm in a Multiskan Fc Type 357 plate reader (Thermo Fisher Scientific, Waltham, MA, USA). ELISA kits for TGF-β1 (DuoSet®, R&D systems, Inc., Minneapolis, MN) and IL-10 (eBioscience, San Diego, CA) were used to quantify respective cytokines in the culture supernatants according to the manufacturers’ protocols.



Flow Cytometry

Intranuclear FOXP3 staining was performed on cells that were fixed and permeabilized using the FOXP3 Staining Buffer Kit (eBioscience, San Diego, CA, USA) according to the manufacturer’s instructions. These cells were stained for 30 min at 4°C in the dark with anti-Foxp3 (FJK16s). Zombie Yellow™ Fixable Viability Kit (BioLegend, San Diego, CA, USA) staining was used to identify dead cells, according to the manufacturer’s instructions. Dead cells were also identified with DAPI (Thermo Fisher Scientific, Waltham, MA, USA) or FITC-conjugated Annexin V (eBioscience) and propidium iodide (eBioscience) according to the manufacturer’s instructions. The cells were analyzed by flow cytometry using a BD FACS Aria™ III (BD Bioscience, San Jose, CA), BD FACSymphony™ (BD Bioscience), Canto II (BD Bioscience), or Cytomics FC500 (Beckman Coulter, Brea, CA, USA). The data were analyzed using FlowJo software, Tree-star version (Ashland, OR, USA).



Antibodies

FITC- or Pacific Blue-conjugated anti-mouse CD4 (GK1.5), Brilliant Violet 510™-conjugated anti-mouse CD4 (MR4-5), APC-conjugated anti-mouse CD45.1 (A20), FITC-conjugated anti-mouse TNF-α (MP6-XT22), APC-conjugated anti-mouse CTLA4 (UC10-4B9), and APC-conjugated anti-mouse GITR (DTA-1) antibodies were purchased from Biolegend. PE-conjugated, APC-conjugated, or Pacific Blue-conjugated anti-mouse Foxp3 antibodies (FJK-16S); PerCP-Cy5.5-conjugated anti-mouse CD45.1 (A20), PE-conjugated anti-mouse PD-1(J43), FITC-conjugated anti-mouse Ki67 (SolA15), APC-conjugated anti-mouse IFN-γ (XMG1.2), anti-IFN-γ (R4-6A2), and anti-IL-4 (11B11) antibodies were purchased from eBioscience. Alexa Fluor 647 Mouse anti-STAT5 (pY694) and PE-conjugated anti-STAT3 (pY705) antibodies were purchased from BD bioscience. Anti-Phospho SMAD3 (phosphor S423+425′ EP823Y) and anti-SMAD3 (AF9F7) antibodies were purchased from Abcam. Anti-GAPDH (14C10) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA).



T Cell Cultures

The mouse CD4+CD62Lhi T Cell Isolation Kit was used to isolate naïve CD4+ T cells from mouse spleens according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Splenic CD4+CD25+ Tregs were isolated using the mouse CD4+CD25+ T Cell Isolation Kit according to the manufacturer’s instructions (Miltenyi Biotec). Purified cells (0.5 × 106 cells/ml) were cultured at 37°C in RPMI-1640 containing 10% fetal calf serum, penicillin/streptomycin, and 50 μM 2-mercaptoethanol with 1 μg/ml plate-bound anti-CD3 (eBioscience) and 1 μg/ml soluble anti-CD28 (eBioscience) for 18 h to 3 days, as indicated in each experiment. For Treg differentiation, 2 ng/ml recombinant human TGF-β1 (Peprotech, Rocky Hill, NJ) was added to the cultures. Purified human naïve CD4+ T cells (0.4 × 106 cells/ml) were cultured at 37°C in X-VIVO 15 using Dynabeads™ Human T-activator CD3/CD28 (Thermo Fisher Scientific) for 3 days. For human Treg differentiation, 2 ng/ml recombinant human TGF-β1 (Peprotech) was added to the cultures.



Chromatin Immunoprecipitation (ChIP) Assay

Naïve CD4+ T cells were activated in culture with plate-bound anti-CD3 (1 μg/ml) and soluble anti-CD28 (1 μg/ml) for 3 days together with human TGF-β1 (2 ng/ml) in the presence or absence of curcumin (1 μM) or GO-Y030 (0.1 μM). ChIP was performed with anti-acetyl histone H3 (clone K27) (Cell Signaling), anti-p300/CREB binding protein (CBP; Cell Signaling), and normal rabbit IgG (Cell Signaling) as previously described (27, 28). Input and immunoprecipitated DNAs were analyzed with SYBR Premix EX Taq (Takara Bio, Shiga, Japan) by quantitative polymerase chain reaction (qPCR) using a LightCycler II (Roche, Basel, Switzerland). The following primer pairs were used for the qPCR experiments: for the Foxp3 promoter, 5′-TTCCTCCCGCTCTCTGACTCT-3′ and 5′-AAGCGCCAGTTGTGTACAAATATC-3′; and for the Foxp3 CNS1, 5′-GTTTTGTGTTTTAAGTCTTTTGCACTTG-3′ and 5′-CAGTAAATGGAAAAAATGAAGCCATA-3′.



Reporter Assay

HEK293 cells were transfected with the pGL4-mouse Foxp3 promoter [−1702 to +174; (29)], pcDNA3, pcDNA3-FLAG-tagged mouse NF-kB subunit p65 (30), and pcDNA3-HA-tagged human p300 (31) using the calcium phosphate–DNA coprecipitation method (30). Luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega) or the Duo-Luciferase Assay Kit (Genecopoeia, Rockville, MD, USA) according to the manufacturers’ instructions.



Real-Time PCR

Total RNA was collected using the RNeasy Mini Kit (Qiagen, Venlo, the Netherlands), followed by cDNA synthesis with the PrimeScript II 1st Strand cDNA Synthesis Kit (Takara Bio, Shiga, Japan). 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 the qPCR experiments are shown in Table S1.



Bisulfate Sequencing

Genomic DNA was isolated from cultured CD4+CD25+ Tregs and evaluated by modified bisulfite sequencing with the MethylEasy Xceed DNA Modification Kit (Human Genetic Signatures, Randwick, Australia). The methods for amplifying and TA cloning of the Foxp3–CNS2 region were as previously described (32). Sequence analyses were performed by Eurofins Genomics (Tokyo, Japan).



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, Bergisch Gladbach, Germany). CD8+ T cells were isolated using the mouse CD8+ T Cell Isolation Kit according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). For the 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 or without 0.25 μM GO-Y030 for 3 days. Carboxyfluorescein succinimidyl ester (CFSE; Dojindo)- or CellTrace™ Violet Dye (Thermo Fisher Scientific)-labeled CD4+CD25− T cells (1 × 105 cells) isolated from CD45.1 mice were cultured in a 96-well plate with Dynabeads™ T-activator CD3/CD28 (Veritask, Tokyo, Japan) in the presence or absence of CD4+CD25+ T cells.



Cell Proliferation Assay

Naïve CD4+ T cells were cultured for 72 h, after which 1/10 volume of Cell Counting Kit 8 reagent (Dojindo, Osaka, Japan) was added to provide an assessment of lactate dehydrogenase activity in live cells. After 4 h of incubation at 37°C under 5% CO2, absorbances were read at 450 and 595 nm (background) using a Multiskan Fc Type 357 plate reader (Thermo Fisher Scientific). CD8+ T cells were co-cultured with DMSO- or GO-Y030-treated CD4+CD25+ Tregs in the presence of anti-CD3/28 with Dynabeads™ T-activator CD3/CD28 (Veritask) for 3 days, after which 1/10 volume of Cell Counting Kit 8 reagent (APExBio, Houston, TX) was added. After 2 h of incubation at 37°C under 5% CO2, the absorbance was read at 450 using a SpectraMax Plus 384 plate reader (Molecular Devices, San Jose, CA).



Tumor Model

B16-F10 melanoma cells (2.5 × 105 cells/100 μl of PBS) were subcutaneously injected into the side flank of the C57/BL6 mice (Day 0). Seven days after tumor cell injection, we started to measure the size of the tumors (length and wide) and intraperitoneally injected DMSO-PBS, curcumin-PBS (5 mg/kg), or GO-Y030-PBS (5 mg/kg). 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, we harvested the tumors and washed them with pre-cooled PBS. Then, the tumors were cut using scissors and digested using 1.25 mg/ml collagenase IV (Roche, Rotkreuz, Switzerland) and 0.1 mg/ml DNase I (Sigma-Aldrich) in PBS at 37°C in a shaker for 1 h. After digestion, we added 15 ml of PBS to the tumors and washed the digested tumors by centrifugation (300 × g, 5 min, 4°C). To purify the tumor-infiltrating lymphocytes, we re-suspended the tumor digestion using a 40% Percoll gradient (GE Healthcare, Chicago, IL) and added an 80% Percoll gradient into the bottom, followed by centrifugation at 550 × g for 30 min at 4°C. Then, we collected the middle layers and immediately washed them with PBS.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software). Statistical significance was identified as p < 0.05 (* p < 0.05, ** p < 0.01, and *** p < 0.001).




Results


GO-Y030 Inhibits the Generation of Foxp3+ Tregs

TGF-β produced by cancer cells contributes to the generation of Tregs in the tumor microenvironment (33). Curcumin induces apoptosis in tumor cells and prevents Treg generation within the tumor microenvironment (21). TGF-β also prevents T cell death (34). We therefore examined whether the curcumin analog, GO-Y030, an agent characterized by antitumor activity, could inhibit the TGF-β-induced generation of Foxp3+ Tregs and promote T cell viability in vitro.

The experiments shown in Figures 1A, B and Figures S1A, B explore the impact of GO-Y030 on T cell viability. We found that the addition of 1 µM GO-Y030 resulted in T cell death response to TGF-β. GO-Y030 at a concentration of 0.25 µM had little impact on T cell viability compared with the results obtained from 0.25 µM curcumin or DMSO (diluent) alone. However, 0.1 µM GO-Y030 had a minimal impact on T cell death compared with the responses observed from 0.1 µM curcumin or DMSO alone. Annexin V and propidium iodide staining revealed that 1 µM GO-Y030 treatment on CD4+ T cells significantly induced apoptotic cell death even in the presence of TGF-β (Figures S2A,  B). We also confirmed that GO-Y030 at concentrations of 0.01 to 0.25 µM had little or no impact on CD4+ T cell viability (Figures S2A–C). Conversely, CD8+ T cells had greater resistance against GO-Y030-induced apoptotic cell death than did CD4+ T cells (Figures S2D–F). We also found that 0.1 to 0.05 µM GO-Y030 treatment significantly diminished TGF-β-induced Foxp3+ Treg generation compared with the responses observed to curcumin or DMSO alone (Figures S3A-B). We also evaluated Foxp3 expression in CD4+ Zombie Yellow-negative populations (i.e., live CD4+ T cells). We found that GO-Y030 was a strong inhibitor of TGF-β-induced Foxp3+ Treg generation (Figure 1C and Figure S4). By contrast, the Cell Counting Kit-8 revealed that 0.1 µM GO-Y030 had little to no impact on T cell survival compared with responses to the DMSO diluent control (Figure 1D). In human naïve CD4+ T cells, 0.39 µM GO-Y030 can inhibit TGF-β-induced Foxp3+ Treg generation without inducing cell death (Figures S5A–C). These results indicate that GO-Y030 has more potent inhibitory activity with respect to Treg generation than does underivatized curcumin alone.




Figure 1 | GO-Y030 inhibits TGF-β-induced Foxp3+ Tregs. (A) Cell counts. Naïve splenic CD4+ T cells were cultured with or without 2 ng/ml TGFβ and 1 µM curcumin or concentrations of GO-Y030 as indicated for a period of 3 days. The blue threshold shows the number of CD4+ T cells (0.25 × 106 cells) before culturing (0 h). (B, C) Frequency of Foxp3+ Tregs in the total CD4+ cell population. Naïve splenic CD4+ T cells were cultured with or without 2 ng/ml TGFβ and 1 µM curcumin or concentrations of GO-Y030 as indicated for a period of 3 days. The data are representative of at least three independent experiments. (D) Relative live cell counts. Naïve splenic CD4+ T cells were cultured with or without 2 ng/ml TGFβ and concentrations of GO-Y030 as indicated for 72 h, followed by the addition of the cell counting reagent. The horizontal bars represent the mean and standard deviation. (E) The relative value of phosphorylation of SMAD3. Splenic naïve CD4+ T cells were cultured in the presence or absence of 2 ng/ml TGFβ or 0.1 µM GO-Y030 for 1 h. The absorbance at 450 nm in the absence of TGFβ is set as “1.” The horizontal bars represent the mean and standard deviation. The findings were evaluated with a one-way analysis of variance (ANOVA) with post-hoc Tukey’s multiple comparisons test. *P< 0.05, **P < 0.01, ***P < 0.001.





GO-Y030 Inhibits Histone Acetyltransferase p300 Activity and Subsequently Foxp3 Gene Expression

Next, we focused on the molecular mechanisms of the GO-Y030-mediated inhibition of TGF-β-induced Treg generation. The representative TGF-β signal transducer, SMAD, plays a key role in Treg generation (35). TGF-β rapidly stimulates T cells to activate SMAD3 (9). Here we confirmed that TGF-β induced SMAD3 activation (Figure 1E and Figures S6A, B). The addition of GO-Y030 to the culture media had no impact on the TGF-β-induced activation of SMAD3 (Figure 1E and Figures S6A, B). Thus, we can conclude that the TGF-β/SMAD signaling pathway is not involved in inhibiting the TGF-β-induced generation of Tregs observed in response to GO-Y030.

The Foxp3 promoter and CNS1 regions play critical roles in Treg generation (9, 29, 36). In these regions, the histone acetylation revealed an open chromatin conformation that was associated with Foxp3 gene expression (35). Likewise, histone acetyltransferase p300-deficient T cells present with lower levels of TGF-β-induced acetyl histone H3 in the Foxp3 promoter/CNS1 regions and display lower levels of Foxp3 gene expression (37). Our ChIP assay demonstrated that GO-Y030 treatment significantly reduced the amount of histone H3 acetylation at the Foxp3 promoter and the CNS1 regions compared with results obtained from the DMSO diluent control (Figure 2A). GO-Y030 treatment also resulted in diminished levels of p300/CBP at the Foxp3 promoter and the CNS1 regions (Figure 2B). At this point, GO-Y030 prevents Foxp3 gene expression in response to TGF-β (Figure 2C). We evaluated HAT activity in cultured naïve CD4+ T cells in the presence of TGF-β; however, GO-Y030 did not show any affect against HAT activity (Figure 2D).




Figure 2 | GO-Y030 reduces the level of histone acetylation at the Foxp3 locus and prevents Foxp3 gene expression. (A, B) Real-time PCR documenting the relative amount of chromatin immunoprecipitation [acetyl histone H3K27/IgG (A) and acetyl transferase p300+CBP/IgG (B)] at the Foxp3 locus (n = 3) using cultured naïve CD4+ T cells (24 h) in the presence of 2 ng/ml TGF-β with or without curcumin, GO-Y030, and DMSO. White bar: DMSO; gray bar: 1 µM curcumin; black bar: 0.1 µM GO-Y030. The horizontal bars represent the mean and standard deviation. The data are representative of at least three independent experiments. A one-way ANOVA with post-hoc Tukey’s multiple comparisons test was applied. (C) Naïve CD4+ T cells were incubated with 1 μM curcumin, 0.25 μM GO-Y030, or DMSO diluent control for 24 h. A representative value for Foxp3 expression in DMSO-treated naïve CD4+ T cells without TGF-β stimulation was set as “1.” The horizontal bars represent the mean and standard deviation. The data are representative of four independent experiments performed in triplicate. A one-way ANOVA with post-hoc Tukey’s multiple comparisons test was applied. (D) Naïve CD4+ T cells were incubated with 1 μM curcumin, 0.25 μM GO-Y030, or DMSO diluent control in the presence of TGF-β stimulation for 48 h. The data are pooled from three independent experiments. A representative value for HAT activity in DMSO-treated naïve CD4+ T cells with TGF-β stimulation was set as “1.” The horizontal bars represent the mean and standard deviation. (E) The Foxp3 promoter assay was performed in HEK293 cells. Twenty-four hours before plasmid transfection, the cells were incubated with 1 µM curcumin, 1 µM GO-Y030, or DMSO control. The data are representative of at least three independent experiments (n = 3); the mean and standard deviation are shown. A one-way ANOVA with post-hoc Tukey’s multiple comparisons test was applied. *P< 0.05, **P < 0.01, ***P < 0.001.



Since the overexpression of histone acetyltransferase p300 had little to no impact on Foxp3 promoter activity (Figures S7A, B), we focused instead on the mechanisms via which p300 interacts with NF-κB to enhance NF-κB-induced Foxp3 transcription (37, 38). We found that GO-Y030 had no impact on NF-κB-induced Foxp3 promoter activity (Figure 2E). Additionally, GO-Y030-treatment did not inhibit Foxp3 promoter activity in the presence of p300 (Figures S7A, B). However, GO-Y030 did significantly reduce NF-κB-induced Foxp3 promoter activity in the presence of p300 compared with activity levels from the DMSO control (Figure 2E). These results suggest that GO-Y030 could inhibit the p300-enhanced NF-κB-induction of Foxp3 promoter activity and histone acetylation at the Foxp3 gene.



GO-Y030 Reduces Treg Stability

We then evaluated the effect of GO-Y030 on Treg stability in in vitro experiments. We confirmed that approximately 85% of CD4+CD25+ T cells expressed Foxp3 (Figure S8). We found that CD4+CD25+ T cells treated with GO-Y030 for 18 h showed a significantly reduced expression of Foxp3 compared with cells incubated with the DMSO control (Figures 3A, B and Figure S9A). Moreover, CD4+CD25+ T cells treated with GO-Y030 showed a reduced mean fluorescence intensity for Foxp3 compared with cells responding to curcumin or DMSO alone (Figure S9A). We also confirmed that the survival rates of the cultured CD4+CD25+ T cells were comparable among the DMSO, curcumin, and GO-Y030 treatments (Figure S9B). A 5 µM curcumin concentration resulted in reduced Foxp3 expression in CD4+CD25+ T cells compared with DMSO alone (22); however, at a concentration of 1 µM, curcumin did not result in any change in Foxp3 expression in these cells (Figures 3A, B). GO-Y030 treatment resulted in significantly reduced Foxp3 expression in CD4+CD25+ T cells at a concentration at least four times lower than that required for curcumin. During the 18 h in vitro Treg culture, neither curcumin nor GO-Y030 had any impact on Treg survival (Figures S9B, C) or the absolute number of Tregs detected (Figure S9D). We also confirmed that CD4+Foxp3-GFP+ Tregs treated with GO-Y030 for 18 h showed significantly reduced expressions of Foxp3-GFP compared with cells incubated with DMSO (Figure S9E). Furthermore, the de-methylation status of CNS2, a factor that has been associated with the stability of Foxp3+ Tregs (31, 35), was reduced in the GO-Y030-treated Tregs compared with those treated with curcumin or DMSO alone (Figure 3C). As such, we can conclude that the addition of GO-Y030 results in reduced Treg stability.




Figure 3 | GO-Y030 reduces the stability of Foxp3 expression in CD4+CD25+ T cells. (A) Representative FACS plots of Foxp3+ cells. Splenic CD4+CD25+ T cells were stimulated with anti-CD3 (1 µg/ml) and anti-CD28 (1 µg/ml) in the presence or absence of 1 µM curcumin or 0.25 µM GO-Y030 for 18 h. (B) The horizontal bars represent the mean and standard deviation. The data were pooled from at least four independent experiments in (A). (C) Bisulfate sequencing of Foxp3–CNS2 regions in cultured CD4+CD25+ T cells for 18 h using anti-CD3 (1 µg/ml) and anti-CD28 (1 µg/ml) in the presence or absence of 1 µM curcumin or 0.25 µM GO-Y030. The parentage of CpG methylation status in the Foxp3-CNS2 regions is shown in the sector graphs; 9–11 cDNA clones were sequenced from each subset. The data are representative of at least two independent experiments. The color of the graph indicates the percentage of methylation in the Foxp3-CNS2 locus: white, 10% or less; yellow, above 10% but less than or equal to 30%; red, above 30%. (D) Relative tgfb1 and il10 expression (n = 4–8, mean ± standard deviation) by real-time PCR. The data were normalized to relative Gapdh expression. (E) TGF-β1 production from cultured Tregs in the presence or absence of 1 µM curcumin or 0.25 µM GO-Y030 for 3 days. The graph shows the mean and standard deviation. A one-way ANOVA with post-hoc Tukey’s multiple comparisons test was applied (D, E). *P< 0.05, **P < 0.01, ***P < 0.001.





GO-Y030 Has the Potential to Affect the Suppressive Function of Tregs

Tregs produce and release suppressor cytokines, including TGF-β and IL-10, that regulate cancer immunity. We have shown that the addition of GO-Y030 resulted in significant reductions in tgfb1 and il10 expression in cultured CD4+CD25+ Tregs (Figures 3D, E). GITR is a cell surface receptor that is highly expressed on Tregs and plays a critical role in cancer immunity (39, 40). GO-Y030 treatment resulted in reduced GITR expression on Tregs (Figure S9F). The co-inhibitory receptor, CTLA4, is also highly expressed on Tregs and plays critical roles in cancer immunity (41). However, GO-Y030 had no impact on CTLA4 expression on Tregs (Figure S9G).

The levels of Foxp3 in Tregs are associated with their suppressive ability (42). Because a high dose (~20 uM) of curcumin-treated CD4+CD25+ Tregs indicated the possibility of reducing suppressive abilities due to low Foxp3 expression (22), we evaluated the suppressive function of GO-Y030-treated Tregs in vitro. First, GO-Y030-treated CD4+CD25+ Tregs showed a significantly reduced suppression ability compared with DMSO-treated CD4+CD25+ Tregs (Figures 4A, B). Second, DMSO- or GO-Y030-treated CD4+CD25+ Tregs were labeled using CFSE; the results revealed that GO-Y030 treatment showed significantly reduced Treg proliferation in this co-culture system (Figures 4C, D). In the presence of IL-2 signaling, the Foxp3+ population was comparable between GO-Y030- and DMSO-treated CD4+CD25+ Tregs (Figure S10A). However, the Foxp3+ population from GO-Y030-treated CD4+CD25+ Tregs was reduced in this co-culture system (Figure S10B). Next, we focused on the IL-2/STAT5 signaling pathway, which plays important roles in both the stability of Foxp3 expression and the expansion of Foxp3+ Tregs even in the tumor microenvironment (35). Although GO-Y030-treated Tregs do not reduce STAT5 expression (Figure 4E), STAT5 phosphorylation was significantly reduced compared with that of DMSO- and curcumin-treated CD4+CD25+ Tregs (Figure 4F). Our real-time PCR (Figure 4E and Figure S11A) with Enrichr analyses (https://maayanlab.cloud/Enrichr/) also suggest that GO-Y030 controls IL-2/STAT5 signaling (Top-Ranked) in CD4+CD25+ Tregs (Figures S11B, C). One reason for this is that GO-Y030-treated CD4+CD25+ Tregs highly expressed SOCS1, a common γ chain inhibitor (43) (Figure S11A). SOCS1 expression in GO-Y030-treated Foxp3-GFP+ Tregs was also significantly higher than that in DMSO-treated Foxp3-GFP+ Tregs (Figure S12A). Additionally, we found that STAT5 activation, a signal molecule of the IL-2 receptor that plays a crucial role in the expansion of Tregs (35), was significantly reduced in cultured GO-Y030-treated CD4+CD25+ Tregs (Figure 4F). We also found that the expression of orphan receptor Rora, a Th17 driver, was higher in GO-Y030-treated Foxp3-GFP+ Tregs (Figure S12A) (44). Therefore, GO-Y030-treated Foxp3-GFP+ Tregs produced more IL-17A than did DMSO-treated Foxp3-GFP+ Tregs (Figure S12B). Overall, our results suggest that GO-Y030 has the potential to affect Tregs’ suppressive functions.




Figure 4 | GO-Y030-mediated suppression of Tregs. (A) Proliferation ratio of CFSE-labeled CD8+ T cells isolated from CD45.1 mice and cultured with or without CD4+CD25+ Tregs for 72 h. The Tregs were treated with 0.25 µM GO-Y030 or DMSO control for 3 days before co-culturing. The CD8+CD45.1+ gated cell population is shown. (B) Relative suppressive of Tregs. The percentage of non-proliferation cells in non-Tregs is set to 0%. The data are representative of at least three independent experiments. The circles stand for independent experiments. The horizontal bars represent the mean and standard deviation. (C, D) The proliferation ratio of CFSE-labeled CD4+ CD25+ Tregs 3 days after the co-culture systems is shown. The ratio of CD8+ T cells to Tregs is 1:1. The circles stand for independent experiments. The graph shows the mean and standard deviation. (E) The heat map shows the real-time quantitative RT-PCR analysis results of DMSO-, 1 uM curcumin-, or 0.25 uM GO-Y030-treated CD4+ CD25+ Tregs for 3 days. The color scale is shown at the top of the heat map. Each genes’ expression in the DMSO-treated Tregs is as set as “1.” The data are from four independent experiments. (F) Stat5 (p694) expression in cultured CD4+CD25+ Tregs for 3 days with or without curcumin or GO-Y030. The data show the gated CD4+Zombie- population. The graph shows the mean and standard deviation. The Student’s t-test (B, D) or one-way ANOVA with post-hoc Tukey’s multiple comparisons test (E, F) was used. *P< 0.05, **P < 0.01, ***P < 0.001.





GO-Y030 Controls Antitumor Immunity

GO-Y030 induces apoptosis in multiple tumor cells by inhibiting the activation of STAT3 (45). We confirmed that GO-Y030-treatment strongly reduced the survival of B16-F10 melanoma cells (Figures 5A, B) and STAT3 activation (Figures 5C, D) compared with curcumin treatment. Next, we addressed the role of GO-Y030 in tumor immunity in vivo. We found that 5 mg/kg GO-Y030 treatment significantly inhibited tumor growth in vivo (Figures 6A, B). Additionally, GO-Y030 treatment resulted in a significantly reduced Foxp3+ Tregs population in tumor-infiltrating lymphocytes compared with that from DMSO treatment (Figures 6C, D). PD-1highFoxp3+ Tregs play crucial roles in tumor immunity (46). Interestingly, GO-Y030-treated tumor models showed a decreased PD-1highFoxp3+ Tregs population in tumor-infiltrating lymphocytes (Figures 6E, F). We also evaluated Ki-67, a proliferation marker, in Foxp3+ Tregs; however, no significant differences were observed between DMSO, curcumin, and GO-Y030 treatment (Figures 6G, H). We also found that GO-Y030 did not prevent CD8α+ cells from infiltrating into the tumor side (Figure S13A). The CD8α+/Tregs ratio in tumors tended to be higher in GO-Y030 treated mice than in DMSO-treated mice (Figure S13B). GO-Y030 also did not prevent the proliferation of CD8+ cells in the tumor side (Figures S13C, D). Additionally, GO-Y030-treated tumor models tended to have more IFN-γ and TNF-α production from CD8α+ cells in tumor-infiltrating lymphocytes (Figures S13E–H). Thus, GO-Y030 has dual effects: it controls the generation and stability of Tregs and it plays a role in tumor cell death.




Figure 5 | GO-Y030 induces tumor cell death and prevents STAT3 activation. (A–D) The B10-F16 tumor cell line was treated with each concentration of curcumin or GO-Y030 for 72 h. The data are representative at three independent experiments. (A) Representative 7-AAD and Annexin V staining by FACS. (B) Cell death percentages of each population. White, curcumin treatment; black, GO-Y030-treatment. (C, D) Representative Stat3 (pY705) mean fluorescent intensity by FACS analysis. Gray, isotype control; red, STAT3 (pY705). N.D., not detected live cells (Zombie- population). A one-way ANOVA with post-hoc Tukey’s multiple comparison test was used. *P< 0.05, **P < 0.01, ***P < 0.001.






Figure 6 | GO-Y030 reduced Foxp3+ Tregs in tumor-infiltrating lymphocytes. (A) Calculation of the tumor volume (mm3) for each day beginning 7 days after tumor injection (n = 9–10, mean + standard deviation). (B) Representative tumors in each group harvested at the end of the experiments as in (A). (C, D) Representative intranuclear staining of Foxp3+ Tregs (CD4+Zombie-Foxp3+ population) in tumor-infiltrating lymphocytes. (E, F) Representative PD-1high population of Tregs (CD4+Zombie-Foxp3+ population) in tumor-infiltrating lymphocytes. Red, isotype control; black, PD-1. (G, H) Representative Ki-67+ population in Tregs (CD4+Zombie-Foxp3+ population) in tumor-infiltrating lymphocytes. Red, isotype control; black, Ki-67. Data are representative of two independent experiments (B, C, E, G). A one-way ANOVA with post-hoc Tukey’s multiple comparisons test was used (A, D, F, H). The graph shows the mean and standard deviation. *P < 0.05.






Discussion

The curcumin analog GO-Y030 exerts its antitumor effects through a variety of mechanisms including inducing apoptosis, inhibiting IKKβ activation (25), blocking STAT3 activation (47), and inhibiting p300-HAT (48).

Tumor tissues produce large amounts of TGF-β, which plays a pivotal role in promoting the generation and stability of Foxp3+ Tregs in the local tumor microenvironment (21); this is a critical observation because Tregs localized in the tumor tissues can interfere with the antitumor immune response (49). Based on these findings, TGF-β and downstream signaling molecules may serve as novel targets for cancer immunotherapy (14, 50).

As a feature of the generation of Tregs, TGF-β signaling can quickly activate SMAD; this typically occurs within an hour of stimulation. Activated SMAD accumulates in the CNS1 regions of the Foxp3 gene (9, 35). Subsequently, NF-κB accumulates at the promoter (51); p300 then cooperates with NF-κB to promote Foxp3 expression. Our results revealed that the curcumin analog, GO-Y030, can inhibit p300-enhanced NF-κB-induced Foxp3 expression. The CNS2 region of the Foxp3 gene is also a key element involved in the stability of Tregs (31). P300 acts on this region to promote Treg stability (37); p300-HAT activity is likewise critical for suppressing the immune response initiated by Fox3+ Tregs (52). Moreover, TGF-β signaling plays a crucial role in promoting the accumulation of p300 on the CNS2 element of the Foxp3 gene (36). CNS2 has an NF-κB binding element, but it is dispensable for Foxp3 gene expression (53). Based on these observations, we proposed that GO-Y030 might reduce Treg stability by inhibiting the function of the NF-κB/p300 axis at the CNS2 region of the Foxp3 gene. Furthermore, GO-Y030 inhibits the IL-2/STAT5 axis in Tregs, which plays important roles in the proliferation/stabilization of Tregs (54). Interestingly, SOCS1, a common γ chain inhibitor (43), showed significantly higher expression levels in GO-Y030-treated Tregs compared with DMSO- or curcumin-treated Tregs.

Curcumin was found to destabilize PD-L1 expression in cancer cells, which resulted in an increased number of tumor-infiltrating activated CD8+ T cells (55). Other studies have revealed that curcumin can suppress the interferon gamma (IFN-γ)-induced upregulation of PD-L1 expression in cancer cells (56). Moreover, studies in numerous animal models have shown that combination therapy with curcumin and the immune checkpoint inhibitor, anti-CTLA-4, significantly suppressed tumor growth.

Curcumin prevented the tumor-induced infiltration of Foxp3+ Tregs (57) and reduced the stability of Tregs (22). Interestingly, colorectal cancers characterized by abundant infiltration with highly stable Foxp3(hi) Tregs were associated with a worse prognosis than those with low-stability Tregs (58). The administration of comparatively high doses of curcumin (5 µM in vitro and 50 mg/kg in vivo) resulted in both direct antitumor effects and actions at immune checkpoints via the inhibition of Treg generation and stability. By contrast, GO-Y030 at concentrations of 0.25 µM or less could sufficiently inhibit the generation of Tregs and reduce their stability.

Curcumin is also known to exert anti-inflammatory effects via the inhibition of cyclooxygenase-2, lipoxygenase, and inducible nitric oxide synthase (59). Under certain conditions, chronic inflammation can lead to tumor initiation (60); as such, curcumin may serve in a cancer-preventive mode in these settings (61). Curcumin’s anti-inflammatory effect is largely provided by its bis-(arylmethylidene) acetone structure (59). GO-Y030 maintains the bis-(arylmethylidene) acetone moiety and also exerts strong anti-inflammatory and cancer-preventive effects (62).

In summary, our findings reveal that the curcumin analog, GO-Y030, has potent antitumor effects and thus may be developed into a potential novel anticancer immunotherapeutic agent.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

All experiments in this study were performed according to the guidelines approved by the Institutional Animal Care and Use Committee of Akita University, Akita, Japan, Tohoku University, Miyagi, Japan and the National Institute of Dental and Craniofacial Research (NIDCR), Bethesda, MD, USA. All methodologies were performed in accordance with the relevant guidelines and regulations of Akita University, Tohoku University and NIDCR. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

TMa conceived of and directed this study, designed and performed most of the experiments, analyzed the data, and wrote this manuscript. SK, HN, DT, and YS performed the experiments and analyzed the data. AA and WJ helped to perform the experiments and analyze the data. YM, YI, TMo, OY, and AY provided critical materials. NI and WC provided critical suggestions and materials. HS supervised the experiments and contributed to the editing of this manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported in part by the Fund for the Promotion of Joint International Research [Fostering Joint International Research (B)] (18KK0257) to TMa, the Intramural Research Program of NIDCR to WC, and a Grant-in-Aid for Scientific Research (C) (20K11643) to HS.



Acknowledgments

We are grateful to Dr. Muta Tatsushi (63) for providing critical reagents for this study. This research was supported (in part) by the NIDCR (Technical research center). The authors would like to thank the NIDCR animal facility staff very much for maintaining the mouse colony while the NIH was closed for COVID-19 (particularly from March/23/2020 to June/22/2020).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.687669/full#supplementary-material



References

1. Flavell, RA, Sanjabi, S, Wrzesinski, SH, and Licona-Limon, P. The Polarization of Immune Cells in the Tumour Environment by TGFβ. Nat Rev Immunol (2010) 10(8):554–67. doi: 10.1038/nri2808

2. Calon, A, Espinet, E, Palomo-Ponce, S, Tauriello, DV, Iglesias, M, Cespedes, MV, et al. Dependency of Colorectal Cancer on a TGF-Beta-Driven Program in Stromal Cells for Metastasis Initiation. Cancer Cell (2012) 22(5):571–84. doi: 10.1016/j.ccr.2012.08.013

3. Mahara, K, Kato, J, Terui, T, Takimoto, R, Horimoto, M, Murakami, T, et al. Transforming Growth Factor Beta 1 Secreted From Scirrhous Gastric Cancer Cells is Associated With Excess Collagen Deposition in the Tissue. Br J Cancer (1994) 69(4):777–83. doi: 10.1038/bjc.1994.147

4. Moses, H, and Barcellos-Hoff, MH. TGF-Beta Biology in Mammary Development and Breast Cancer. Cold Spring Harb Perspect Biol (2011) 3(1):a003277. doi: 10.1101/cshperspect.a003277

5. Chen, W, Jin, W, Hardegen, N, Lei, KJ, Li, L, Marinos, N, et al. Conversion of Peripheral CD4+CD25- Naive T Cells to CD4+CD25+ Regulatory T Cells by TGF-Beta Induction of Transcription Factor Foxp3. J Exp Med (2003) 198(12):1875–86. doi: 10.1084/jem.20030152

6. Konkel, JE, Zhang, D, Zanvit, P, Chia, C, Zangarle-Murray, T, Jin, W, et al. Transforming Growth Factor-Beta Signaling in Regulatory T Cells Controls T Helper-17 Cells and Tissue-Specific Immune Responses. Immunity (2017) 46(4):660–74. doi: 10.1016/j.immuni.2017.03.015

7. Kanamori, M, Nakatsukasa, H, Okada, M, Lu, Q, and Yoshimura, A. Induced Regulatory T Cells: Their Development, Stability, and Applications. Trends Immunol (2016) 37(11):803–11. doi: 10.1016/j.it.2016.08.012

8. Huehn, J, Polansky, JK, and Hamann, A. Epigenetic Control of FOXP3 Expression: The Key to a Stable Regulatory T-Cell Lineage? Nat Rev Immunol (2009) 9(2):83–9. doi: 10.1038/nri2474

9. Ruan, Q, Kameswaran, V, Tone, Y, Li, L, Liou, HC, Greene, MI, et al. Development of Foxp3(+) Regulatory T Cells is Driven by the c-Rel Enhanceosome. Immunity (2009) 31(6):932–40. doi: 10.1016/j.immuni.2009.10.006

10. Rubtsov, YP, and Rudensky, AY. Tgfbeta Signalling in Control of T-Cell-Mediated Self-Reactivity. Nat Rev Immunol (2007) 7(6):443–53. doi: 10.1038/nri2095

11. James, E, Yeh, A, King, C, Korangy, F, Bailey, I, and Boulanger, DS. Differential Suppression of Tumor-Specific CD8+ T Cells by Regulatory T Cells. J Immunol (2010) 185(9):5048–55. doi: 10.4049/jimmunol.1000134

12. Chen, ML, Pittet, MJ, Gorelik, L, Flavell, RA, Weissleder, R, von Boehmer, H, et al. Regulatory T Cells Suppress Tumor-Specific CD8 T Cell Cytotoxicity Through TGF-beta Signals In Vivo. Proc Natl Acad Sci USA (2005) 102(2):419–24. doi: 10.1073/pnas.0408197102

13. Mariathasan, S, Turley, SJ, Nickles, D, Castiglioni, A, Yuen, K, Wang, Y, et al. TGFβ Attenuates Tumour Response to PD-L1 Blockade by Contributing to Exclusion of T Cells. Nature (2018) 554(7693):544–8. doi: 10.1038/nature25501

14. Tauriello, DVF, Palomo-Ponce, S, Stork, D, Berenguer-Llergo, A, Badia-Ramentol, J, Iglesias, M, et al. TGFβ Drives Immune Evasion in Genetically Reconstituted Colon Cancer Metastasis. Nature (2018) 554(7693):538–43. doi: 10.1038/nature25492

15. Lee, DS, Lee, MK, and Kim, JH. Curcumin Induces Cell Cycle Arrest and Apoptosis in Human Osteosarcoma (HOS) Cells. Anticancer Res (2009) 29(12):5039–44.

16. Moragoda, L, Jaszewski, R, and Majumdar, AP. Curcumin Induced Modulation of Cell Cycle and Apoptosis in Gastric and Colon Cancer Cells. Anticancer Res (2001) 21(2A):873–8.

17. Zhu, Y, and Bu, S. Curcumin Induces Autophagy, Apoptosis, and Cell Cycle Arrest in Human Pancreatic Cancer Cells. Evid Based Complement Alternat Med (2017) 2017:5787218. doi: 10.1155/2017/5787218

18. Garcea, G, Berry, DP, Jones, DJ, Singh, R, Dennison, AR, Farmer, PB, et al. Consumption of the Putative Chemopreventive Agent Curcumin by Cancer Patients: Assessment of Curcumin Levels in the Colorectum and Their Pharmacodynamic Consequences. Cancer Epidemiol Biomarkers Prev (2005) 14(1):120–5.

19. Sharma, RA, Euden, SA, Platton, SL, Cooke, DN, Shafayat, A, Hewitt, HR, et al. Phase I Clinical Trial of Oral Curcumin: Biomarkers of Systemic Activity and Compliance. Clin Cancer Res (2004) 10(20):6847–54. doi: 10.1158/1078-0432.CCR-04-0744

20. Sharma, RA, Ireson, CR, Verschoyle, RD, Hill, KA, Williams, ML, Leuratti, C, et al. Effects of Dietary Curcumin on Glutathione S-transferase and malondialdehyde-DNA Adducts in Rat Liver and Colon Mucosa: Relationship With Drug Levels. Clin Cancer Res (2001) 7(5):1452–8.

21. Hossain, DM, Panda, AK, Chakrabarty, S, Bhattacharjee, P, Kajal, K, Mohanty, S, et al. MEK Inhibition Prevents Tumour-Shed Transforming Growth Factor-Beta-Induced T-Regulatory Cell Augmentation in Tumour Milieu. Immunology (2015) 144(4):561–73. doi: 10.1111/imm.12397

22. Zhao, GJ, Lu, ZQ, Tang, LM, Wu, ZS, Wang, DW, Zheng, JY, et al. Curcumin Inhibits Suppressive Capacity of Naturally Occurring CD4+CD25+ Regulatory T Cells in Mice In Vitro. Int Immunopharmacol (2012) 14(1):99–106. doi: 10.1016/j.intimp.2012.06.016

23. Shao, Y, Zhu, W, Da, J, Xu, M, Wang, Y, Zhou, J, et al. Bisdemethoxycurcumin in Combination With Alpha-PD-L1 Antibody Boosts Immune Response Against Bladder Cancer. Onco Targets Ther (2017) 10:2675–83. doi: 10.2147/OTT.S130653

24. Shibata, H, Yamakoshi, H, Sato, A, Ohori, H, Kakudo, Y, Kudo, C, et al. Newly Synthesized Curcumin Analog Has Improved Potential to Prevent Colorectal Carcinogenesis In Vivo. Cancer Sci (2009) 100(5):956–60. doi: 10.1111/j.1349-7006.2009.01127.x

25. Sato, A, Kudo, C, Yamakoshi, H, Uehara, Y, Ohori, H, Ishioka, C, et al. Curcumin Analog GO-Y030 is a Novel Inhibitor of IKKbeta That Suppresses NF-kappaB Signaling and Induces Apoptosis. Cancer Sci (2011) 102(5):1045–51. doi: 10.1111/j.1349-7006.2011.01886.x

26. Ohori, H, Yamakoshi, H, Tomizawa, M, Shibuya, M, Kakudo, Y, Takahashi, A, et al. Synthesis and Biological Analysis of New Curcumin Analogues Bearing an Enhanced Potential for the Medicinal Treatment of Cancer. Mol Cancer Ther (2006) 5(10):2563–71. doi: 10.1158/1535-7163.MCT-06-0174

27. Hanihara-Tatsuzawa, F, Miura, H, Kobayashi, S, Isagawa, T, Okuma, A, Manabe, I, et al. Control of Toll-like Receptor-Mediated T Cell-Independent Type 1 Antibody Responses by the Inducible Nuclear Protein Ikappab-Zeta. J Biol Chem (2014) 289(45):30925–36. doi: 10.1074/jbc.M114.553230

28. Kobayashi, S, Hara, A, Isagawa, T, Manabe, I, Takeda, K, and MaruYama, T. The Nuclear IkappaB Family Protein IkappaBNS Influences the Susceptibility to Experimental Autoimmune Encephalomyelitis in a Murine Model. PloS One (2014) 9(10):e110838. doi: 10.1371/journal.pone.0110838

29. Tone, Y, Furuuchi, K, Kojima, Y, Tykocinski, ML, Greene, MI, and Tone, M. Smad3 and NFAT Cooperate to Induce Foxp3 Expression Through Its Enhancer. Nat Immunol (2008) 9(2):194–202. doi: 10.1038/ni1549

30. MaruYama, T. TGF-Beta-Induced IkappaB-zeta Controls Foxp3 Gene Expression. Biochem Biophys Res Commun (2015) 464(2):586–9. doi: 10.1016/j.bbrc.2015.07.013

31. Zheng, Y, Josefowicz, S, Chaudhry, A, Peng, XP, Forbush, K, and Rudensky, AY. Role of Conserved Non-Coding DNA Elements in the Foxp3 Gene in Regulatory T-Cell Fate. Nature (2010) 463(7282):808–12. doi: 10.1038/nature08750

32. MaruYama, T, Kobayashi, S, Ogasawara, K, Yoshimura, A, Chen, W, and Muta, T. Control of IFN-Gamma Production and Regulatory Function by the Inducible Nuclear Protein IkappaB-zeta in T Cells. J Leukoc Biol (2015) 98(3):385–93. doi: 10.1189/jlb.2A0814-384R

33. Bald, T, and Smyth, MJ. TGFβ Shuts the Door on T Cells. Br J Cancer (2018) 119(1):1–3. doi: 10.1038/s41416-018-0122-x

34. McKarns, SC, and Schwartz, RH. Distinct Effects of TGF-beta 1 on CD4+ and CD8+ T Cell Survival, Division, and IL-2 Production: A Role for T Cell Intrinsic Smad3. J Immunol (2005) 174(4):2071–83. doi: 10.4049/jimmunol.174.4.2071

35. Maruyama, T, Konkel, JE, Zamarron, BF, and Chen, W. The Molecular Mechanisms of Foxp3 Gene Regulation. Semin Immunol (2011) 23(6):418–23. doi: 10.1016/j.smim.2011.06.005

36. Ogawa, C, Tone, Y, Tsuda, M, Peter, C, Waldmann, H, and Tone, M. TGF-Beta-Mediated Foxp3 Gene Expression is Cooperatively Regulated by Stat5, Creb, and AP-1 Through CNS2. J Immunol (2014) 192(1):475–83. doi: 10.4049/jimmunol.1301892

37. Liu, Y, Wang, L, Han, R, Beier, UH, Akimova, T, Bhatti, T, et al. Two Histone/Protein Acetyltransferases, CBP and p300, Are Indispensable for Foxp3+ T-Regulatory Cell Development and Function. Mol Cell Biol (2014) 34(21):3993–4007. doi: 10.1128/MCB.00919-14

38. Vanden Berghe, W, De Bosscher, K, Boone, E, Plaisance, S, and Haegeman, G. The Nuclear Factor-Kappab Engages CBP/p300 and Histone Acetyltransferase Activity for Transcriptional Activation of the Interleukin-6 Gene Promoter. J Biol Chem (1999) 274(45):32091–8. doi: 10.1074/jbc.274.45.32091

39. Khattri, R, Cox, T, Yasayko, SA, and Ramsdell, F. An Essential Role for Scurfin in CD4+CD25+ T Regulatory Cells. Nat Immunol (2003) 4(4):337–42. doi: 10.1038/ni909

40. Knee, DA, Hewes, B, and Brogdon, JL. Rationale for anti-GITR Cancer Immunotherapy. Eur J Cancer (2016) 67:1–10. doi: 10.1016/j.ejca.2016.06.028

41. Egen, JG, Ouyang, W, and Wu, LC. Human Anti-tumor Immunity: Insights From Immunotherapy Clinical Trials. Immunity (2020) 52(1):36–54. doi: 10.1016/j.immuni.2019.12.010

42. Chauhan, SK, Saban, DR, Lee, HK, and Dana, R. Levels of Foxp3 in Regulatory T Cells Reflect Their Functional Status in Transplantation. J Immunol (2009) 182(1):148–53. doi: 10.4049/jimmunol.182.1.148

43. Liau, NPD, Laktyushin, A, Lucet, IS, Murphy, JM, Yao, S, Whitlock, E, et al. The Molecular Basis of JAK/STAT Inhibition by SOCS1. Nat Commun (2018) 9(1):1558. doi: 10.1038/s41467-018-04013-1

44. Yang, XO, Pappu, BP, Nurieva, R, Akimzhanov, A, Kang, HS, Chung, Y, et al. T Helper 17 Lineage Differentiation is Programmed by Orphan Nuclear Receptors ROR Alpha and ROR Gamma. Immunity (2008) 28(1):29–39. doi: 10.1016/j.immuni.2007.11.016

45. Hutzen, B, Friedman, L, Sobo, M, Lin, L, Cen, L, De Angelis, S, et al. Curcumin Analogue GO-Y030 Inhibits STAT3 Activity and Cell Growth in Breast and Pancreatic Carcinomas. Int J Oncol (2009) 35(4):867–72. doi: 10.3892/ijo_00000401

46. Kamada, T, Togashi, Y, Tay, C, Ha, D, Sasaki, A, Nakamura, Y, et al. Pd-1(+) Regulatory T Cells Amplified by PD-1 Blockade Promote Hyperprogression of Cancer. Proc Natl Acad Sci USA (2019) 116(20):9999–10008. doi: 10.1073/pnas.1822001116

47. Uehara, Y, Inoue, M, Fukuda, K, Yamakoshi, H, Hosoi, Y, Kanda, H, et al. Inhibition of Beta-Catenin and STAT3 With a Curcumin Analog Suppresses Gastric Carcinogenesis In Vivo. Gastric Cancer (2015) 18(4):774–83. doi: 10.1007/s10120-014-0434-3

48. Shimizu, K, Funamoto, M, Genpei, M, Sunagawa, Y, Katanasaka, Y, Miyazaki, Y, et al. Curcumin Analogue Go-Y030 Significantly Improves Pressure Overload-Induced Heart Failure In Vivo. Eur Cardiol (2017) 12(2):106. doi: 10.15420/ecr.2017:23:15

49. Seidel, JA, Otsuka, A, and Kabashima, K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of Action, Efficacy, and Limitations. Front Oncol (2018) 8:86. doi: 10.3389/fonc.2018.00086

50. Tang, PM, Zhou, S, Meng, XM, Wang, QM, Li, CJ, Lian, GY, et al. Smad3 Promotes Cancer Progression by Inhibiting E4BP4-Mediated NK Cell Development. Nat Commun (2017) 8:14677. doi: 10.1038/ncomms14677

51. Barbarulo, A, Grazioli, P, Campese, AF, Bellavia, D, Di Mario, G, Pelullo, M, et al. Notch3 and Canonical NF-kappaB Signaling Pathways Cooperatively Regulate Foxp3 Transcription. J Immunol (2011) 186(11):6199–206. doi: 10.4049/jimmunol.1002136

52. Liu, Y, Wang, L, Predina, J, Han, R, Beier, UH, Wang, LC, et al. Inhibition of p300 Impairs Foxp3(+) T Regulatory Cell Function and Promotes Antitumor Immunity. Nat Med (2013) 19(9):1173–7. doi: 10.1038/nm.3286

53. Schreiber, L, Pietzsch, B, Floess, S, Farah, C, Jansch, L, Schmitz, I, et al. The Treg-Specific Demethylated Region Stabilizes Foxp3 Expression Independently of NF-kappaB Signaling. PloS One (2014) 9(2):e88318. doi: 10.1371/journal.pone.0088318

54. Chinen, T, Kannan, AK, Levine, AG, Fan, X, Klein, U, Zheng, Y, et al. An Essential Role for the IL-2 Receptor in Treg Cell Function. Nat Immunol (2016) 17(11):1322–33. doi: 10.1038/ni.3540

55. Lim, SO, Li, CW, Xia, W, Cha, JH, Chan, LC, Wu, Y, et al. Deubiquitination and Stabilization of PD-L1 by CSN5. Cancer Cell (2016) 30(6):925–39. doi: 10.1016/j.ccell.2016.10.010

56. Xu, L, Zhang, Y, Tian, K, Chen, X, Zhang, R, Mu, X, et al. Apigenin Suppresses PD-L1 Expression in Melanoma and Host Dendritic Cells to Elicit Synergistic Therapeutic Effects. J Exp Clin Cancer Res (2018) 37(1):261. doi: 10.1186/s13046-018-0929-6

57. Bhattacharyya, S, Md Sakib Hossain, D, Mohanty, S, Sankar Sen, G, Chattopadhyay, S, Banerjee, S, et al. Curcumin Reverses T Cell-Mediated Adaptive Immune Dysfunctions in Tumor-Bearing Hosts. Cell Mol Immunol (2010) 7(4):306–15. doi: 10.1038/cmi.2010.11

58. Saito, T, Nishikawa, H, Wada, H, Nagano, Y, Sugiyama, D, Atarashi, K, et al. Two Foxp3(+)Cd4(+) T Cell Subpopulations Distinctly Control the Prognosis of Colorectal Cancers. Nat Med (2016) 22(6):679–84. doi: 10.1038/nm.4086

59. Anand, P, Thomas, SG, Kunnumakkara, AB, Sundaram, C, Harikumar, KB, Sung, B, et al. Biological Activities of Curcumin and Its Analogues (Congeners) Made by Man and Mother Nature. Biochem Pharmacol (2008) 76(11):1590–611. doi: 10.1016/j.bcp.2008.08.008

60. Rayburn, ER, Ezell, SJ, and Zhang, R. Anti-Inflammatory Agents for Cancer Therapy. Mol Cell Pharmacol (2009) 1(1):29–43. doi: 10.4255/mcpharmacol.09.05

61. Todoric, J, Antonucci, L, Di Caro, G, Li, N, Wu, X, Lytle, NK, et al. Stress-Activated NRF2-MDM2 Cascade Controls Neoplastic Progression in Pancreas. Cancer Cell (2017) 32(6):824–839 e8. doi: 10.1016/j.ccell.2017.10.011

62. Kohyama, A, Yamakoshi, H, Hongo, S, Kanoh, N, Shibata, H, and Iwabuchi, Y. Structure-Activity Relationships of the Antitumor C5-Curcuminoid Go-Y030. Molecules (2015) 20(8):15374–91. doi: 10.3390/molecules200815374

63. MaruYama, T. Memorial: Tatsushi Muta, 1963-2013. J Leukoc Biol (2015) 98(3):295. doi: 10.1189/jlb.2LT0515-222



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 MaruYama, Kobayashi, Nakatsukasa, Moritoki, Taguchi, Sunagawa, Morimoto, Asao, Jin, Owada, Ishii, Iwabuchi, Yoshimura, Chen and Shibata. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-687669-g004.jpg
NonTrag P )

H
% Suppeosion
]

it o
ot 1 _vos _vem  conTme vt 10ntem
o c 0

gousore
s [
oo 1 i
e 5% -
agrpr-x=il B
S0 o
o v

o —
Cucmi GOYO. corg0TI GO1GBT ciSOTg

oy T S CETTEDIET, .
e s { 1852 " 3
PRIRLL Jrpe—— i
o )
vasmcsar L
= - - s
<o
-
Targwon Bt






OEBPS/Images/fimmu-12-687669-g001.jpg
. 0 T N
H Folfor| T omw orww sea
J P PO 5 EE s Y]
H i 2 e ‘
= fwF . Foxpd —». ‘
T M| G000 ‘
P A w0 ERED(ED
R R —| |
Gwemn - - 1 - 025 01 - oos -
GoY0l0 - - - 1 - 025- 01 - 005 h - a :
g @
B 5 g 20
C0328 g G é ]
T e N 1a
" o[ @2 || @ 1|| @2 3 )
Sy, { ¥ ! F £
Zombie Yellow i o ; 0s
Goo v 144 e
| oTees - o0
OMSO " 1uM_ 025uM 01uM_ 005uM Taey L
A e e Cuomn - - 1 - - TG -+
jd[
[ [elpze| (e Govow - - - 01ggs- GO - - +
i e






OEBPS/Images/fimmu-12-687669-g002.jpg
s
50

%
!

(emsonshyons) opodas o

onst
oxst

Promoter
promoter

R
(1wpEdro) 2
. - o vorssaits taos omemy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Curcumin Analog GO-Y030 Controls the Generation and Stability of Regulatory T Cells

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Experimental Models

          



          		

            Mice

          



          		

            Enzyme-Linked Immunosorbent Assay (ELISA)

          



          		

            Flow Cytometry

          



          		

            Antibodies

          



          		

            T Cell Cultures

          



          		

            Chromatin Immunoprecipitation (ChIP) Assay

          



          		

            Reporter Assay

          



          		

            Real-Time PCR

          



          		

            Bisulfate Sequencing

          



          		

            Treg Suppression Assay

          



          		

            Cell Proliferation Assay

          



          		

            Tumor Model

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            GO-Y030 Inhibits the Generation of Foxp3+ Tregs

          



          		

            GO-Y030 Inhibits Histone Acetyltransferase p300 Activity and Subsequently Foxp3 Gene Expression

          



          		

            GO-Y030 Reduces Treg Stability

          



          		

            GO-Y030 Has the Potential to Affect the Suppressive Function of Tregs

          



          		

            GO-Y030 Controls Antitumor Immunity

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-687669-g006.jpg
CurcuminGo-Y030

ous0_curmn_Govo20
s [ as w2 | v Fi
i wl L'J L"I
ey DAL S

ES :
omso e 0 —
Corcumin {INFER-41 © Curcumin e
o0 oo, 3






OEBPS/Images/fimmu-12-687669-g005.jpg
~

MFI (STAT3 pY705)

e

I\

Tadaid aia Vigua

.






OEBPS/Images/fimmu.2021.687669_cover.jpg
, frontiers
in Immunology

The Curcumin Analog GO-Y030
Controls the Generation and
Stability of Regulatory T Cells





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-687669-g003.jpg
% Cwsmn0OYI0 © DUSO Cumen GOX0  F 0 OMSO @ Cucum 600-YI0
NN ©©©

p S s

® == bt o

- 55 ofs =






