[image: image1]Maltol has anti-cancer effects via modulating PD-L1 signaling pathway in B16F10 cells

		ORIGINAL RESEARCH
published: 05 September 2023
doi: 10.3389/fphar.2023.1255586


[image: image2]
Maltol has anti-cancer effects via modulating PD-L1 signaling pathway in B16F10 cells
Na-Ra Han1,2, Hi-Joon Park3, Seong-Gyu Ko2,4 and Phil-Dong Moon5*
1College of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea
2Korean Medicine-Based Drug Repositioning Cancer Research Center, College of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea
3Department of Anatomy and Information Sciences, College of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea
4Department of Preventive Medicine, College of Korean Medicine, Kyung Hee University, Seoul, Republic of Korea
5Center for Converging Humanities, Kyung Hee University, Seoul, Republic of Korea
Edited by:
Pranav Kumar Prabhakar, Lovely Professional University, India
Reviewed by:
Jitendra Kumar, The University of Iowa, United States
Xiuli Yi, Fourth Military Medical University, China
* Correspondence: Phil-Dong Moon, pdmoon@khu.ac.kr
Received: 09 July 2023
Accepted: 25 August 2023
Published: 05 September 2023
Citation: Han N-R, Park H-J, Ko S-G and Moon P-D (2023) Maltol has anti-cancer effects via modulating PD-L1 signaling pathway in B16F10 cells. Front. Pharmacol. 14:1255586. doi: 10.3389/fphar.2023.1255586

Introduction: Among skin cancers, melanoma has a high mortality rate. Recent advances in immunotherapy, particularly through immune checkpoint modulation, have improved the clinical treatment of melanoma. Maltol has various bioactivities, including anti-oxidant and anti-inflammatory properties, but the anti-melanoma property of maltol remains underexplored. The aim of this work is to explore the anti-melanoma potential of maltol through regulating immune checkpoints.
Methods: The immune checkpoint PD-L1 was analyzed using qPCR, immunoblots, and immunofluorescence. Melanoma sensitivity towards T cells was investigated via cytotoxicity, cell viability, and IL-2 assays employing CTLL-2 cells.
Results: Maltol was found to reduce melanin contents, tyrosinase activity, and expression levels of tyrosinase and tyrosinase-related protein 1. Additionally, maltol suppressed the proliferative capacity of B16F10 and induced cell cycle arrest. Maltol increased apoptotic rates by elevating cleaved caspase-3 and PARP. The co-treatment with maltol and cisplatin revealed a synergistic effect on inhibiting growth and promoting apoptosis. Maltol suppressed IFN-γ-induced PD-L1 and cisplatin-upregulated PD-L1 by attenuating STAT1 phosphorylation, thereby enhancing cisplatin’s cytotoxicity against B16F10. Maltol augmented sensitivity to CTLL-2 cell-regulated melanoma destruction, leading to an increase in IL-2 production.
Discussion: These findings demonstrate that maltol restricts melanoma growth through the downregulation of PD-L1 and elicits T cell-mediated anti-cancer responses, overcoming PD-L1-mediated immunotherapy resistance of cisplatin. Therefore, maltol can be considered as an effective therapeutic agent against melanoma.
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INTRODUCTION
Melanoma is considered to be one of the deadliest cancers in the world (Guergueb and Akhloufi, 2021). The mortality and incidence of melanoma have increased rapidly over the past few decades, and cases are growing faster than any other type of solid cancer (Ko, 2017). Recent advances in immunotherapy have greatly improved the clinical treatment of melanoma and the blockade of immune checkpoints regulated by programmed death 1 (PD-1) and its corresponding PD ligand 1 (PD-L1) antibodies has effectively reactivated the immune-mediated elimination of melanocytes (Greil et al., 2017).
PD-1, which is a cell surface receptor on T cells, operates as a checkpoint that regulates T cell exhaustion. The binding between PD-1 and PD-L1 serves to suppress T cell activation, leading to immune suppression (Jiang et al., 2019). Interaction between PD-1 and PD-L1 subsequently inhibits the cytotoxicity of cytotoxic T lymphocytes (CTLs, Jiang et al., 2019). Atezolizumab, an anti-PD-L1 antibody, is used in melanoma patients because it is safe and has anti-tumor activity (de Azevedo et al., 2021). Notably, IFN-γ acts as a critical cytokine in tumor microenvironments, and this can contribute to tumor immune evasion by potently inducing PD-L1 expression in tumor cells and impairing CTL-immune responses (Mandai et al., 2016; Jorgovanovic et al., 2020). Unfortunately, the chronic presence of IFN-γ in inflammatory tumor microenvironments fails to contribute to tumor cell eradication and instead induces tumorigenesis (Mojic et al., 2017).
The disadvantages of conventional cancer chemotherapy and the advantages of more natural treatment options are driving the interest in the use of complementary and alternative medicines (Molassiotis et al., 2005). Accumulating evidence has revealed that phytochemical compounds hold potential as anti-cancer drugs (Chinembiri et al., 2014). Several phytochemical compounds have exhibited anti-cancer effects with promising effects on the PD-1/PD-L1 checkpoints (Xu et al., 2018; Ravindran Menon et al., 2021). Maltol, a type of phenolic compound among the phytochemicals, is typically used as a flavor enhancer and often as a marker for the quality control of various ginseng products (Jeong et al., 2015; Jin et al., 2023). Maltol is known to be effective in treating inflammation (Ahn et al., 2022), oxidation (Yang et al., 2006; Mao et al., 2022), aging (Sha et al., 2021), nephrotoxicity (Mi et al., 2018), and liver damage (Liu et al., 2018). Regarding the anti-cancer effects of maltol, anti-cancer effects of maltol-containing complexes or maltol itself in relation to promyelocytic leukemia and oral squamous cell carcinoma cell lines have been reported (Yasumoto et al., 2004; Notaro et al., 2020). However, the anti-cancer properties of maltol concerning melanoma have not been comprehensively studied.
In this work, we investigated the anti-cancer potential of maltol against melanoma cells, as well as its regulatory effects on melanogenesis. Apart from elucidating the growth-inhibiting and pro-apoptotic properties of maltol on melanoma cells by downregulating PD-L1 expression, our observations also showed that maltol was capable of enhancing T cell-regulated eradication of melanoma cells.
MATERIALS AND METHODS
Chemicals and reagents
Maltol (purity ≥99%) was obtained from Sigma-Aldrich Co. (St. Louis, MO, United States); cisplatin (purity ≥99.7%), α-melanocyte-stimulating hormone (α-MSH), and L-dopa from MedChemExpress (Monmouth Junction, NJ, United States); recombinant IFN-γ from R & D system Inc., (Minneapolis, MN, United States); antibodies specific for tyrosinase (sc-20035), tyrosinase related protein 1 (TYRP1, sc-166857), caspase-3 (sc-7148), PARP (sc-365315), PD-L1 (sc-518027), phosphorylated signal transducer and activator of transcription 1 (pSTAT1, sc-8394), STAT1 (sc-464), actin (sc-8432), and GAPDH (sc-32233) from Santa Cruz Biotechnology, Inc. (Dallas, Texas, United States); anti-tubulin antibody (3,873) from Cell Signaling Technology (Danvers, MA, United States); anti-mouse IgG H&L (Alexa Fluor® 647, ab150115) from abcam (Cambridge, MA, United States); anti-IL-2 antibodies (554424, 554426) from BD Biosciences (San Jose, CA, United States).
Cell culture
The B16F10 (mouse) and A375 (human) melanoma cell lines were purchased from the Korean Cell Line Bank (Seoul, Republic of Korea). The CTLL-2 cell line (# TIB-214) was purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States). B16F10 and A375 cells were maintained in Dulbecco’s modified Eagle’s medium (Gibco, Waltham, MA, United States) supplemented with 10% fetal bovine serum (Merck Millipore, Burlington, MA, United States) and 1% penicillin/streptomycin (Gibco). CTLL-2 cells were cultured in RPMI 1,640 medium (ATCC), supplemented with 10% T cell culture supplement containing concanavalin A (T-STIM with Con A, BD Biosciences), 10% fetal bovine serum, and 1% penicillin/streptomycin.
Melanin content and tyrosinase activity assay
Melanin content and tyrosinase activity assessments were carried out as described previously (Zhou et al., 2021; Bodurlar and Caliskan, 2022). B16F10 cells (1 × 105/well) were exposed to maltol and then treated with α-MSH (100 nM) for 72 h. For the melanin content assay, the cell pellets were dissolved in 1 N NaOH containing 10% dimethyl sulfoxide (DMSO) and subjected to cell lysis for 1 h at 80°C. The optical density of melanin content was spectrophotometrically measured with a microplate reader (405 nm). In the tyrosinase activity assay, the cell pellets were lysed in PBS containing 1% Triton X-100 for 2 h at 80°C. A freshly prepared substrate (L-DOPA, 10 mM) was then added and incubated for 30 min at 37°C. The resulting absorbance was spectrophotometrically analyzed with a microplate reader (475 nm).
Cell viability assay
Cell proliferation was analyzed by using an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazolium] assay. B16F10 cells and A375 cells were treated with maltol or cisplatin for 48 h. Following this, MTT solution (5 mg/mL) was added to each well, and the resulting formazan crystals were dissolved in DMSO. The absorbance was measured with a microplate reader (570 nm).
Flow cytometric analysis
For cell cycle analysis, maltol- or cisplatin-treated B16F10 cells were fixed in ice-cold 70% ethanol overnight at 4°C. Then, the cells were incubated in PBS buffer containing RNase (100 μg/mL) and propidium iodide (PI, 50 μg/mL) for 30 min at room temperature, utilizing a PI flow cytometry kit (abcam, Cambridge, United Kingdom). For apoptosis analysis, B16F10 cells treated with maltol or cisplatin were stained with annexin V and PI using a FITC annexin V apoptosis detection kit with PI (Biolegend, San Diego, CA, United States). Cell surface PD-L1 detection was performed with reference to previous protocols (Tang et al., 2018; Xu et al., 2018). Maltol or cisplatin-treated B16F10 cells were first blocked with anti-CD16/32 (anti-FcγIII/II receptor, clone 2.4G2, BD Biosciences, ≤ 1 µg/million cells), then incubated with PE-conjugated anti-mouse PD-L1 antibody (12-5982-83, eBioscience, San Diego, CA, United States, 1:200) in FACS buffer (PBS containing 0.1% BSA and 0.02% NaN3) for 30 min at 4°C. Following PBS washes, the samples were resuspended in FACS buffer and analyzed through flow cytometry.
Immunoblots
Western blotting was carried out as described previously (Han et al., 2022b). The primary antibodies were used at a 1:500 dilution, and the secondary antibodies were used at a 1:10,000 dilution.
Quantitative PCR analysis
Real-time quantitative PCR (qPCR) was conducted as described previously (Han et al., 2022b). The primer sequences are as follows: mPD-L1 (For: 5′-TGC​TGC​ATA​ATC​AGC​TAC​GG-3′, Rev: 5′-GCT​GGT​CAC​ATT​GAG​AAG​CA-3′) and mGAPDH (For: 5′-CCA​ATG​TGT​CCG​TCG​TGG​ATC​T-3′, Rev: 5′-GTT​GAA​GTC​GCA​GGA​GAC​AAC​C-3′); hPD-L1 (For: 5′-ATT​TGG​AGG​ATG​TGC​CAG​AG-3′, Rev: 5′-CCA​GCA​CAC​TGA​GAA​TCA​ACA-3′) and hGAPDH (For: 5′-TCG​ACA​GTC​AGC​CGC​ATC​TTC​TTT-3′, Rev: 5′-ACC​AAA​TCC​GTT​GAC​TCC​GAC​CTT-3′).
Immunofluorescence
Immunofluorescence was carried out as described previously (Han et al., 2022a). The antibody specific for PD-L1 was used at a 1:500 dilution, and anti-mouse IgG H&L (Alexa Fluor® 647) was used at a 1:1,000 dilution.
Co-culture experiments
After B16F10 cells (target cells, 2 × 104/well) were adhered to the plates, CTLL-2 cells (effector cells, 4 × 105/well) were added to each well. Following cell stabilization, maltol was administered to the target cells or co-cultured cells for 24 h. For the viability assay, the remaining viable target cells were exposed to an MTT solution. Cytotoxic activity against the target cells was measured in cell-free supernatants using a cell cytotoxicity assay kit (DoGenBio, Seoul, Republic of Korea). For the IL-2 release assay, the co-cultured cells were subjected to maltol and IFN-γ (10 ng/mL) treatment for 48 h. The IL-2 release from the co-cultured cells was assessed through an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions. The IL-2 capture antibody was used at a 1:500 dilution, and IL-2 detection antibody was used at a 1:1,000 dilution.
Statistical analysis
The error bars in the figures represent the standard error of the mean (SEM). An unpaired Student’s t-test was employed to compare two groups, and ANOVA followed by the Türkiye post hoc test was used to discern differences among several groups, all facilitated through IBM SPSS software (Armonk, NY, United States). The graphical representation was prepared using Prism—GraphPad (Boston, MA, United States). Statistical significance is denoted as *p < 0.05, **p < 0.01, and ***p < 0.001.
RESULTS
Regulatory effect of maltol on melanin content in B16F10 melanoma cells
Melanogenesis has been linked to melanoma progression (Slominski et al., 2015). We examined whether maltol could affect the melanin content in B16F10 cells. Melanogenesis induced by α-MSH begins with tyrosine oxidation catalyzed by tyrosinase (Chen et al., 2014). As shown in Figures 1A, B, dark pigmentations were observed upon α-MSH treatment, indicating melanin synthesis, while maltol attenuated the dark pigmentations, resulting in a decrease in melanin content (p < 0.05). The color of the pellet was also darkened by α-MSH, while it became lighter in the maltol-treated group (Figure 1B). Maltol significantly suppressed the levels of tyrosinase activity increased by α-MSH (p < 0.05; Figure 1C). We further investigated whether maltol would inhibit the expression of key regulatory molecules on melanogenesis, such as tyrosinase and TYRP1 (Chen et al., 2014). The expression levels of tyrosinase and TYRP1 were also significantly decreased by maltol (p < 0.05; Figures 1D, E).
[image: Figure 1]FIGURE 1 | Effects of maltol on melanin content. (A) Maltol was pre-treated and α-MSH (100 nM) was then treated for 72 h in B16F10 cells. Representative images of dark pigmentation in α-MSH-stimulated group and α-MSH and maltol (10 μg/mL)-treated group were observed in B16F10 cells (scale bar = 50 μm). (B) The relative melanin content in α-MSH-stimulated B16F10 cells was measured as mentioned in the Materials and methods section (n = 4 per group). Pellets of B16F10 aggregates from each group were imaged above. (C) Intracellular tyrosinase activity in α-MSH-stimulated B16F10 cells was analyzed as mentioned in the Materials and methods section (n = 4 per group). (D) Maltol was pre-treated and α-MSH (100 nM) was then treated for 48 h in B16F10 cells. The tyrosinase and TYRP1 levels were assessed by Western blot analysis. Tubulin was a loading control. (E) Graphs show quantification of relative band intensities for tyrosinase and TYRP1 (n = 3 per group). **p < 0.01 and ***p < 0.001 vs. α-MSH-stimulated group.
Growth-inhibiting effect of maltol in B16F10 melanoma cells
To examine the potential growth-inhibiting effect of maltol on melanoma, we investigated the influence of maltol on the cell proliferation of B16F10 cells. Maltol treatment decreased the propagation of B16F10 cells in a concentration-dependent manner (p < 0.05; Figure 2A). Notably, stronger inhibition was observed with maltol concentrations of 50 μg/mL and above. To investigate any synergistic effects between maltol and the anti-cancer drug cisplatin, cisplatin was simultaneously treated with maltol at concentrations of 50, 100, and 150 μg/ml. As expected, the results from the MTT assay revealed that co-treatment with maltol and cisplatin exhibited a more potent inhibitory effect on viability compared with the individual maltol or cisplatin treatments (p < 0.05; Figure 2B). Maltol caused cell cycle arrest in G2/M phase in the flow cytometric analysis of cell cycle distribution (p < 0.05; Figures 2C, D). In addition, the co-treatment displayed a more effective induction of G2/M phase cell cycle arrest compared to either treatment in isolation (p < 0.05; Figures 2C, D). Furthermore, we verified that maltol significantly suppressed the viability in A375 melanoma cells, and that the combination with cisplatin also had a synergistic effect on viability (Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | Effects of maltol on growth of B16F10 melanoma cells. (A) Maltol was treated in B16F10 cells at various concentrations for 48 h. The cell viability was measured with an MTT assay (n = 4 per group). (B) Maltol or cisplatin (20 µM) were treated in B16F10 cells for 48 h (n = 6 per group). Representative MTT-formazan from each group was imaged below. (C) Maltol or cisplatin were treated in B16F10 cells for 48 h. Cell cycle distribution was assessed by flow cytometry. (D) Cells distributed in each stage were quantified as a percentage (n = 5 per group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. CTRL (control, untreated) group.
Pro-apoptotic effect of maltol in B16F10 melanoma cells
We then performed flow cytometric analysis to assess the amount of apoptotic cells in maltol-treated melanoma cells using annexin V and PI double staining. As shown in Figures 3A, B, maltol significantly increased in the percentages of apoptotic rates (p < 0.05). Correspondingly, the co-treatment with maltol and cisplatin led to a significant enhancement when compared either treatment alone (p < 0.05). Furthermore, Western blotting analysis indicated that maltol significantly increased the cleaved caspase-3 and PARP levels compared to the control samples, indicating pro-apoptotic activities (p < 0.05; Figures 3C, D). Similarly, the combined treatment showed a significant synergistic effect on these levels (p < 0.05; Figures 3C, D).
[image: Figure 3]FIGURE 3 | Effects of maltol on apoptosis of B16F10 melanoma cells. (A) Maltol or cisplatin (20 µM) were treated in B16F10 cells for 48 h. The cells were stained with annexin V and PI before flow cytometric analysis. (B) Apoptosis was quantified as a percentage (n = 4 per group). (C) Maltol or cisplatin were treated in B16F10 cells for 24 h. The cleaved caspase-3 and cleaved PARP levels were assessed by Western blot analysis. Actin was a loading control. (D) Graphs show quantification of relative band intensities for cleaved caspase-3 and cleaved PARP (n = 3 per group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. CTRL (control, untreated) group.
Regulatory effect of maltol on IFN-γ-induced PD-L1 expression in B16F10 melanoma cells
Since the influence of maltol on the PD-L1 expression in tumor cells has not yet been determined, we examined the impact of maltol on the IFN-γ-induced upregulation of PD-L1 expression in B16F10 cells. As shown in Figure 4A, results from PCR experiments indicated that IFN-γ stimulated the mRNA levels of PD-L1, while maltol substantially attenuated the increase in PD-L1 (p < 0.05). Several studies have found that cisplatin upregulates PD-L1 expression, inducing resistance to cisplatin-induced apoptosis in tumor models (Tran et al., 2017; Hu et al., 2021). In line with previous reports, cisplatin significantly enhanced the PD-L1 mRNA expression upregulated by IFN-γ, and maltol apparently suppressed this increase (p < 0.05; Figure 4A). Furthermore, we detected a significant inhibition of the protein expression levels of PD-L1 from maltol-treated B16F10 cell lysates compared to the control group and the cisplatin-treated group, respectively, using Western blotting analysis (p < 0.05; Figures 4B, C). We next conducted immunofluorescence assays to confirm the impact of maltol on PD-L1 expression upregulated by IFN-γ. Similar to the results from the immunoblotting analysis, maltol remarkably reduced IFN-γ-induced or both IFN-γ and cisplatin-induced fluorescence signal enhancements in PD-L1 staining (Figure 4D). We next conducted flow cytometric analysis to investigate PD-L1 levels on the melanoma cell surface. Maltol significantly attenuated IFN-γ-induced membrane PD-L1 expression (p < 0.05; Supplementary Figure S2). The increase in PD-L1 expression by IFN-γ is transcriptionally regulated through activation of STAT1 in tumor cells (Xu et al., 2018). As expected, results from the immunoblotting analysis showed that the STAT1 phosphorylation levels increased by IFN-γ or both IFN-γ and cisplatin were significantly inhibited by maltol (p < 0.05; Figures 4E, F). Additionally, we verified that maltol significantly suppressed the increase in PD-L1 mRNA expression by IFN-γ or both IFN-γ and cisplatin in A375 melanoma cells (Supplementary Figure S3).
[image: Figure 4]FIGURE 4 | Effects of maltol on IFN-γ-induced PD-L1 expression in B16F10 melanoma cells. (A) Maltol or cisplatin (20 µM) was pre-treated, and IFN-γ (10 ng/mL) was then treated for 24 h in B16F10 cells. The mRNA expression was detected by real-time qPCR analysis (n = 5 per group). Each mRNA was normalized to GAPDH mRNA. (B) The PD-L1 level was analyzed by Western blot analysis. GAPDH was a loading control. (C) Graphs show quantification of relative band intensities for PD-L1 (n = 3 per group). (D) Representative micrographs indicate PD-L1 staining in immunofluorescence analysis (scale bar = 20 μm). (E) Maltol or cisplatin was pre-treated and IFN-γ was then treated for 10 min in B16F10 cells. The pSTAT1 level was analyzed by Western blot analysis. GAPDH was a loading control. (F) Graphs show quantification of relative band intensities for pSTAT1 (n = 3 per group). ###p < 0.001 CTRL (control, untreated) group. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. IFN-γ treated group.
Regulatory effect of maltol on T cell-regulated melanoma cell killing in CTLL-2 cells
CTLs are the most powerful effectors in anti-tumor immune responses and have the capacity to directly kill tumor cells (Raskov et al., 2021). We assessed the influence of maltol on T cell-regulated melanoma cell killing, specifically using PD-1-expressing CTLL-2 cells (Chen et al., 2021). To evaluate the modulatory effect of maltol on CTLL-2 cell-regulated melanoma cell killing, we measured the cytotoxicity exerted by CTLL-2 cells and subsequent cell viability after co-culture with B16F10 cells. Maltol significantly increased the total activity of lactate dehydrogenase (LDH) induced by CTLL-2 cells, suggesting severe damage to B16F10 cells (p < 0.05; Figure 5A). Correspondingly, the results from the cell viability assay showed that the decrease in cell viability caused by CTLL-2 cells was strongly enhanced by maltol (p < 0.05; Figure 5B). IL-2 is important for CTLs activity (Seo et al., 1993; Hidalgo et al., 2005). Thus, we further analyzed a regulatory effect of maltol on IL-2 release from the co-cultured cells. The IL-2 level was reduced in the IFN-γ-treated co-cultured cells, whereas maltol increased the diminished IL-2 levels (p < 0.05; Figure 5C).
[image: Figure 5]FIGURE 5 | Effects of maltol on CTLL-2-mediated B16F10 killing. B16F10 cells were co-cultured with CTLL-2 cells with effector-to-target ratios of 20:1. (A) The cytotoxicity of CTLL-2 cells to B16F10 cells was measured with an LDH detection assay kit (n = 3 per group) and (B) viability of remaining B16F10 cells was assessed using an MTT assay (n = 4 per group). *p < 0.05, **p < 0.01, and ***p < 0.001 vs. CTRL (control, untreated) group. (C) IL-2 level secreted from co-cultured cells was measured by ELISA (n = 4 per group). ###p < 0.001 CTRL (control, untreated) group. ***p < 0.001 vs. IFN-γ treated group.
DISCUSSION
In the present study, we identified that maltol has anti-cancer effects via modulating the PD-L1 signaling pathway in melanoma. Maltol arrested the B16F10 cell cycle with a pro-apoptotic effect. Maltol inhibited IFN-γ-induced PD-L1 expression through the downregulation of STAT1 phosphorylation. In addition, maltol enhanced T cell-regulated melanoma cell eradication with an increase in IL-2 production (Figure 6).
[image: Figure 6]FIGURE 6 | Schematic representation of maltol-mediated anti-melanoma effects in B16F10 melanoma cells.
Melanoma is the most aggressive skin cancer and originates in melanocytes. The B16 melanoma model is the most widely used metastatic melanoma model in preclinical studies (Voltarelli et al., 2017). B16F10 cells have been established to analyze the potential of immuno-oncology agents and to support the development of novel therapeutics (Nakamura et al., 2002). Growing evidence has shown the potential anti-cancer effects against melanoma by utilizing various natural products in B16F10 cells (Gao et al., 2016; Yu et al., 2020). The current work showed that maltol exhibits anti-cancer effects through suppressing the cell viability of B16F10 cells. This result may support previous reports demonstrating the inhibition of B16F10 cells progression by Panax ginseng extract containing maltol (Yun et al., 2015). Thus, we suggest a promising effect of maltol on melanoma that may have potential clinical implications.
The amount of cleaved caspase-3 observed in the Western blot did not align with the results from annexin V staining; however, in the present study, maltol promoted apoptotic rates with an increase in levels of cleaved caspase-3. Apoptosis is associated with multiple proteins, including PARP, Bax, Bad, p21, p53, cytochrome c, and AIF (Sim et al., 2020). The pro-apoptotic influence of maltol may involve not only caspase-3 but also a range of apoptosis-related proteins. More studies are needed to further demonstrate the entire apoptotic mechanism associated with maltol.
Immunotherapy based on PD-1/PD-L1 pathway blockade represents a groundbreaking therapeutic approach and has been demonstrated to be effective in the treatment of several cancers (Teng et al., 2018). Clinical studies have shown that the therapeutic efficacy of blockade of the PD1-PD-L1 checkpoint is related to PD-L1 expression in tumor cells (Wang et al., 2016; Zhang et al., 2018; Wang et al., 2021). High PD-L1 levels may also serve as a selective marker to stratify patients suitable for PD1-PD-L1 checkpoint blockade therapy (Yi et al., 2023). In this work, we found the suppressive effect of maltol on both mRNA and protein expression levels of PD-L1 after IFN-γ stimulation in B16F10 cells. Moreover, this work provides insight into underlying mechanisms governing maltol’s effect on PD-L1 expression by showing that maltol inhibits STAT1 phosphorylation. Thus, we suggest that maltol has an anti-cancer effect by targeting PD-L1 in melanoma.
Intriguingly, our immunofluorescence experiments showed that PD-L1 was expressed in the nucleus. PD-L1, a plasma membrane multifunctional protein, can be translocated to the nucleus through interaction with multiple proteins. The nuclear presence of PD-L1 in several melanoma cell lines, including B16F10, could result from exogenous DNA damage, phosphorylation, acetylation, or other post-translational modifications (Gao et al., 2020; Kornepati et al., 2022; Lee et al., 2022). Nuclear PD-L1 accelerates tumorigenesis, confers resistance towards anti-PD1/PD-L1 therapies, and regulates cancer immune evasion and immunotherapy in the tumor microenvironment (Gao et al., 2020; Xiong et al., 2021; Yu et al., 2023). Consequently, the change in cellular localization of PD-L1 might be caused by interactions of multiple proteins in the in vitro environment of this work. However, in the future, the change in cellular localization of PD-L1 in melanoma needs to be explored more.
Cisplatin chemotherapy has formed the standard systemic therapy for various cancers (Tran et al., 2017; Grabosch et al., 2019). However, several studies have reported an increase in tumor PD-L1 expression caused by cisplatin, leading to resistance against cisplatin-induced apoptosis and subsequent immune evasion (Tran et al., 2017; Grabosch et al., 2019; Hu et al., 2021). Thus, those authors have proposed that the combination of cisplatin with anti-PD-L1 antibodies or substances down-regulating PD-L1, might enhance cisplatin’s anti-cancer response (Tran et al., 2017; Grabosch et al., 2019; Hu et al., 2021). In accordance with previous evidence, we showed that the combined application of maltol and cisplatin reversed cisplatin-induced PD-L1-mediated chemotherapy and immunotherapy resistance, resulting in synergistic effects in terms of growth inhibition and pro-apoptotic action. Consequently, we propose that maltol can be applied as a combinatorial agent to overcome PD-L1-related chemotherapy resistance, including in the context of cisplatin treatment.
To verify the viability of maltol as an anti-cancer agent, cell cycle arrest and apoptosis were simultaneously analyzed at equivalent concentrations. Although significant, the degree of the combination effect with cisplatin was inconsistent between the two assays. Several studies have demonstrated variable anti-cancer efficacy at the same concentration across these assays (Ghosh et al., 2018; Luo et al., 2019; Hu et al., 2020). We therefore propose the application of maltol against PD-L1-mediated resistance to cisplatin. However, a comprehensive array of growth and apoptosis-related studies on the combination is needed for better understanding.
CTLs efficiently eliminate cancer cells (Weigelin et al., 2021). High PD-L1 levels prevent CTLs from targeting tumor cells (Yi et al., 2023). The reduction of PD-L1 in melanoma cells contributes to the efficacy of CTLs-mediated cancer cell elimination (Jung et al., 2022). CTLL-2 cells, which are mouse-derived CTLs, are often used as a CTL model (Kametaka et al., 2003). An immuno-oncology agent was proposed by analyzing the effector cells (CTLL-2)-mediated cytotoxicity against target cells (B16F10) simultaneously with PD-L1 expression reduction (Jung et al., 2022). PD-L1/PD-1 checkpoint-mediated immune suppression is accompanied by reduced IL-2 production, and blockade of the PD-L1/PD-1 interaction restores T cell functionality along with increased IL-2 levels (Xu et al., 2018). IFN-γ signaling can impair CTL function by reducing IL-2 production (Tau et al., 2001; Hidalgo et al., 2005). In this work, maltol potentiated CTLL-2 cells-regulated B16F10 killing and IL-2 production. Thus, maltol could hold promise as an immuno-oncology agent, acting by inhibiting the expression of PD-L1 while simultaneously enhancing the function of CTLs.
CONCLUSION
In conclusion, our findings reveal, for the first time, that maltol has an anti-melanoma effect by liberating PD-L1/PD-1 checkpoint-regulated immunosuppression, leading to more efficient T cell killing, and being effective against PD-L1-mediated immunotherapy resistance associated with cisplatin. Therefore, maltol, as an immuno-oncology agent, could be used as a potential candidate for combating melanoma. However, future studies are needed to investigate whether maltol’s impact extends not only CTLs but also to PD-L1-expressing and tumor-related antigen-presenting cells.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
N-RH: Formal Analysis, Investigation, Methodology, Writing–original draft. H-JP: Conceptualization, Validation. S-GK: Conceptualization, Validation, Funding acquisition. P-DM: Formal Analysis, Investigation, Methodology, Writing–review and editing.
FUNDING
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (No. 2020R1A5A2019413).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1255586/full#supplementary-material
REFERENCES
 Ahn, H., Lee, G., Han, B. C., Lee, S. H., and Lee, G. S. (2022). Maltol, a natural flavor enhancer, inhibits NLRP3 and non-canonical inflammasome activation. Antioxidants 11 (10), 1923. doi:10.3390/antiox11101923
 Bodurlar, Y., and Caliskan, M. (2022). Inhibitory activity of soybean (Glycine max L. Merr.) Cell Culture Extract on tyrosinase activity and melanin formation in alpha-melanocyte stimulating Hormone-Induced B16-F10 melanoma cells. Mol. Biol. Rep. 49 (8), 7827–7836. doi:10.1007/s11033-022-07608-6
 Chen, Y. S., Lee, S. M., Lin, C. C., and Liu, C. Y. (2014). Hispolon decreases melanin production and induces apoptosis in melanoma cells through the downregulation of tyrosinase and microphthalmia-associated transcription factor (MITF) expressions and the activation of caspase-3, -8 and -9. Int. J. Mol. Sci. 15 (1), 1201–1215. doi:10.3390/ijms15011201
 Chen, J., Chen, R., Huang, S., Zu, B., and Zhang, S. (2021). Atezolizumab alleviates the immunosuppression induced by PD-L1-positive neutrophils and improves the survival of mice during sepsis. Mol. Med. Rep. 23 (2), 144. doi:10.3892/mmr.2020.11783
 Chinembiri, T. N., du Plessis, L. H., Gerber, M., Hamman, J. H., and du Plessis, J. (2014). Review of natural compounds for potential skin cancer treatment. Molecules 19 (8), 11679–11721. doi:10.3390/molecules190811679
 de Azevedo, S. J., de Melo, A. C., Roberts, L., Caro, I., Xue, C., and Wainstein, A. (2021). First-line atezolizumab monotherapy in patients with advanced BRAFV600 wild-type melanoma. Pigment. Cell. Melanoma Res. 34 (5), 973–977. doi:10.1111/pcmr.12960
 Gao, C., Yan, X., Wang, B., Yu, L., Han, J., Li, D., et al. (2016). Jolkinolide B induces apoptosis and inhibits tumor growth in mouse melanoma B16F10 cells by altering glycolysis. Sci. Rep. 6, 36114. doi:10.1038/srep36114
 Gao, Y., Nihira, N. T., Bu, X., Chu, C., Zhang, J., Kolodziejczyk, A., et al. (2020). Acetylation-dependent regulation of PD-L1 nuclear translocation dictates the efficacy of anti-PD-1 immunotherapy. Nat. Cell. Biol. 22 (9), 1064–1075. doi:10.1038/s41556-020-0562-4
 Ghosh, S., Jawed, J. J., Halder, K., Banerjee, S., Chowdhury, B. P., Saha, A., et al. (2018). TNFα mediated ceramide generation triggers cisplatin induced apoptosis in B16F10 melanoma in a PKCδ independent manner. Oncotarget 9 (102), 37627–37646. doi:10.18632/oncotarget.26478
 Grabosch, S., Bulatovic, M., Zeng, F., Ma, T., Zhang, L., Ross, M., et al. (2019). Cisplatin-induced immune modulation in ovarian cancer mouse models with distinct inflammation profiles. Oncogene 38 (13), 2380–2393. doi:10.1038/s41388-018-0581-9
 Greil, R., Hutterer, E., Hartmann, T. N., and Pleyer, L. (2017). Reactivation of dormant anti-tumor immunity - a clinical perspective of therapeutic immune checkpoint modulation. Cell. Commun. Signal. 15 (1), 5. doi:10.1186/s12964-016-0155-9
 Guergueb, T., and Akhloufi, M. A. (2021). Melanoma skin cancer detection using recent deep learning Models<sup/>. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2021, 3074–3077. doi:10.1109/EMBC46164.2021.9631047
 Han, N. R., Kim, K. C., Kim, J. S., Park, H. J., Ko, S. G., and Moon, P. D. (2022a). SBT (composed of Panax ginseng and aconitum carmichaeli) and stigmasterol enhances nitric oxide production and exerts curative properties as a potential anti-oxidant and immunity-enhancing agent. Antioxidants 11 (2), 199. doi:10.3390/antiox11020199
 Han, N. R., Moon, P. D., Nam, S. Y., Ko, S. G., Park, H. J., Kim, H. M., et al. (2022b). TSLP up-regulates inflammatory responses through induction of autophagy in T cells. FASEB J. 36 (2), e22148. doi:10.1096/fj.202101447R
 Hidalgo, L. G., Urmson, J., and Halloran, P. F. (2005). IFN-Gamma decreases CTL generation by limiting IL-2 production: A feedback loop controlling effector cell production. Am. J. Transpl. 5 (4), 651–661. doi:10.1111/j.1600-6143.2005.00761.x
 Hu, K., Xie, L., Zhang, Y., Hanyu, M., Yang, Z., Nagatsu, K., et al. (2020). Marriage of black phosphorus and Cu2+ as effective photothermal agents for PET-guided combination cancer therapy. Nat. Commun. 11 (1), 2778. doi:10.1038/s41467-020-16513-0
 Hu, W., Ma, Y., Zhao, C., Yin, S., and Hu, H. (2021). Methylseleninic acid overcomes programmed death-ligand 1-mediated resistance of prostate cancer and lung cancer. Mol. Carcinog. 60 (11), 746–757. doi:10.1002/mc.23340
 Jeong, H. C., Hong, H. D., Kim, Y. C., Rhee, Y. K., Choi, S. Y., Kim, K. T., et al. (2015). Quantification of maltol in Korean ginseng (Panax ginseng) products by high-performance liquid chromatography-diode array detector. Pharmacogn. Mag. 11 (43), 657–664. doi:10.4103/0973-1296.160452
 Jiang, Y., Chen, M., Nie, H., and Yuan, Y. (2019). PD-1 and PD-L1 in cancer immunotherapy: Clinical implications and future considerations. Hum. Vaccin. Immunother. 15 (5), 1111–1122. doi:10.1080/21645515.2019.1571892
 Jin, M. H., Hu, J. N., Zhang, M., Meng, Z., Shi, G. P., Wang, Z., et al. (2023). Maltol attenuates polystyrene nanoplastic-induced enterotoxicity by promoting AMPK/mTOR/TFEB-mediated autophagy and modulating gut microbiota. Environ. Pollut. 322, 121202. doi:10.1016/j.envpol.2023.121202
 Jorgovanovic, D., Song, M., Wang, L., and Zhang, Y. (2020). Roles of IFN-γ in tumor progression and regression: A review. Biomark. Res. 8, 49. doi:10.1186/s40364-020-00228-x
 Jung, D., Shin, S., Kang, S. M., Jung, I., Ryu, S., Noh, S., et al. (2022). Reprogramming of T cell-derived small extracellular vesicles using IL2 surface engineering induces potent anti-cancer effects through miRNA delivery. J. Extracell. Vesicles 11 (12), e12287. doi:10.1002/jev2.12287
 Kametaka, M., Kume, A., Okada, T., Mizukami, H., Hanazono, Y., and Ozawa, K. (2003). Reduction of CTLL-2 cytotoxicity by induction of apoptosis with a Fas-estrogen receptor chimera. Cancer Sci. 94 (7), 639–643. doi:10.1111/j.1349-7006.2003.tb01496.x
 Ko, J. S. (2017). The immunology of melanoma. Clin. Lab. Med. 37 (3), 449–471. doi:10.1016/j.cll.2017.06.001
 Kornepati, A. V. R., Boyd, J. T., Murray, C. E., Saifetiarova, J., de la Peña Avalos, B., Rogers, C. M., et al. (2022). Tumor intrinsic PD-L1 promotes DNA repair in distinct cancers and suppresses PARP inhibitor-induced synthetic lethality. Cancer Res. 82 (11), 2156–2170. doi:10.1158/0008-5472.CAN-21-2076
 Lee, J. J., Kim, S. Y., Kim, S. H., Choi, S., Lee, B., and Shin, J. S. (2022). STING mediates nuclear PD-L1 targeting-induced senescence in cancer cells. Cell. Death Dis. 13 (9), 791. doi:10.1038/s41419-022-05217-6
 Liu, W., Wang, Z., Hou, J. G., Zhou, Y. D., He, Y. F., Jiang, S., et al. (2018). The liver protection effects of maltol, a flavoring agent, on carbon tetrachloride-induced acute liver injury in mice via inhibiting apoptosis and inflammatory response. Molecules 23 (9), 2120. doi:10.3390/molecules23092120
 Luo, Y., Feng, Y., Song, L., He, G. Q., Li, S., Bai, S. S., et al. (2019). A network pharmacology-based study on the anti-hepatoma effect of Radix Salviae Miltiorrhizae. Chin. Med. 14, 27. doi:10.1186/s13020-019-0249-6
 Mandai, M., Hamanishi, J., Abiko, K., Matsumura, N., Baba, T., and Konishi, I. (2016). Dual faces of IFNγ in cancer progression: A role of PD-L1 induction in the determination of pro- and antitumor immunity. Clin. Cancer Res. 22 (10), 2329–2334. doi:10.1158/1078-0432.CCR-16-0224
 Mao, Y., Du, J., Chen, X., Al Mamun, A., Cao, L., Yang, Y., et al. (2022). Maltol promotes mitophagy and inhibits oxidative stress via the Nrf2/PINK1/parkin pathway after spinal cord injury. Oxid. Med. Cell. Longev. 2022, 1337630. doi:10.1155/2022/1337630
 Mi, X. J., Hou, J. G., Wang, Z., Han, Y., Ren, S., Hu, J. N., et al. (2018). The protective effects of maltol on cisplatin-induced nephrotoxicity through the AMPK-mediated PI3K/Akt and p53 signaling pathways. Sci. Rep. 8 (1), 15922. doi:10.1038/s41598-018-34156-6
 Mojic, M., Takeda, K., and Hayakawa, Y. (2017). The dark side of IFN-γ: Its role in promoting cancer immunoevasion. Int. J. Mol. Sci. 19 (1), 89. doi:10.3390/ijms19010089
 Molassiotis, A., Fernández-Ortega, P., Pud, D., Ozden, G., Scott, J. A., Panteli, V., et al. (2005). Use of complementary and alternative medicine in cancer patients: A European survey. Ann. Oncol. 16 (4), 655–663. doi:10.1093/annonc/mdi110
 Nakamura, K., Yoshikawa, N., Yamaguchi, Y., Kagota, S., Shinozuka, K., and Kunitomo, M. (2002). Characterization of mouse melanoma cell lines by their mortal malignancy using an experimental metastatic model. Life Sci. 70 (7), 791–798. doi:10.1016/s0024-3205(01)01454-0
 Notaro, A., Jakubaszek, M., Koch, S., Rubbiani, R., Dömötör, O., Enyedy, É. A., et al. (2020). A maltol-containing ruthenium polypyridyl complex as a potential anticancer agent. Chemistry 26 (22), 4997–5009. doi:10.1002/chem.201904877
 Raskov, H., Orhan, A., Christensen, J. P., and Gögenur, I. (2021). Cytotoxic CD8+ T cells in cancer and cancer immunotherapy. Br. J. Cancer 124 (2), 359–367. doi:10.1038/s41416-020-01048-4
 Ravindran Menon, D., Li, Y., Yamauchi, T., Osborne, D. G., Vaddi, P. K., Wempe, M. F., et al. (2021). EGCG inhibits tumor growth in melanoma by targeting JAK-STAT signaling and its downstream PD-L1/PD-L2-PD1 Axis in tumors and enhancing cytotoxic T-cell responses. Pharmaceuticals 14 (11), 1081. doi:10.3390/ph14111081
 Seo, Y. J., Lee, I. K., Lee, J. Y., Oh, K. O., and Kim, H. S. (1993). Effects of cytokines on the cell proliferation of cytolytic T cell line CTLL-2. J. Periodontal Implant Sci. 23 (3), 454–460. 
 Sha, J. Y., Li, J. H., Zhou, Y. D., Yang, J. Y., Liu, W., Jiang, S., et al. (2021). The p53/p21/p16 and PI3K/Akt signaling pathways are involved in the ameliorative effects of maltol on D-galactose-induced liver and kidney aging and injury. Phytother. Res. 35 (8), 4411–4424. doi:10.1002/ptr.7142
 Sim, W. K., Park, J. H., Kim, K. Y., and Chung, I. S. (2020). Robustaflavone induces G0/G1 cell cycle arrest and apoptosis in human umbilical vein endothelial cells and exhibits anti-angiogenic effects in vivo. Sci. Rep. 10 (1), 11070. doi:10.1038/s41598-020-67993-5
 Slominski, R. M., Zmijewski, M. A., and Slominski, A. T. (2015). The role of melanin pigment in melanoma. Exp. Dermatol. 24 (4), 258–259. doi:10.1111/exd.12618
 Tang, H., Liang, Y., Anders, R. A., Taube, J. M., Qiu, X., Mulgaonkar, A., et al. (2018). PD-L1 on host cells is essential for PD-L1 blockade-mediated tumor regression. J. Clin. Invest. 128 (2), 580–588. doi:10.1172/JCI96061
 Tau, G. Z., Cowan, S. N., Weisburg, J., Braunstein, N. S., and Rothman, P. B. (2001). Regulation of IFN-gamma signaling is essential for the cytotoxic activity of CD8(+) T cells. J. Immunol. 167 (10), 5574–5582. doi:10.4049/jimmunol.167.10.5574
 Teng, F., Meng, X., Kong, L., and Yu, J. (2018). Progress and challenges of predictive biomarkers of anti PD-1/PD-L1 immunotherapy: A systematic review. Cancer Lett. 414, 166–173. doi:10.1016/j.canlet.2017.11.014
 Tran, L., Allen, C. T., Xiao, R., Moore, E., Davis, R., Park, S. J., et al. (2017). Cisplatin alters antitumor immunity and synergizes with PD-1/PD-L1 inhibition in head and neck squamous cell carcinoma. Cancer Immunol. Res. 5 (12), 1141–1151. doi:10.1158/2326-6066.CIR-17-0235
 Voltarelli, F. A., Frajacomo, F. T., Padilha, C. S., Testa, M. T. J., Cella, P. S., Ribeiro, D. F., et al. (2017). Syngeneic B16F10 melanoma causes cachexia and impaired skeletal muscle strength and locomotor activity in mice. Front. Physiol. 8, 715. doi:10.3389/fphys.2017.00715
 Wang, X., Teng, F., Kong, L., and Yu, J. (2016). PD-L1 expression in human cancers and its association with clinical outcomes. Onco. Targets Ther. 9, 5023–5039. doi:10.2147/OTT.S105862
 Wang, G., Xie, L., Li, B., Sang, W., Yan, J., Li, J., et al. (2021). A nanounit strategy reverses immune suppression of exosomal PD-L1 and is associated with enhanced ferroptosis. Nat. Commun. 12 (1), 5733. doi:10.1038/s41467-021-25990-w
 Weigelin, B., den Boer, A. T., Wagena, E., Broen, K., Dolstra, H., de Boer, R. J., et al. (2021). Cytotoxic T cells are able to efficiently eliminate cancer cells by additive cytotoxicity. Nat. Commun. 12 (1), 5217. doi:10.1038/s41467-021-25282-3
 Xiong, W., Gao, Y., Wei, W., and Zhang, J. (2021). Extracellular and nuclear PD-L1 in modulating cancer immunotherapy. Trends Cancer 7 (9), 837–846. doi:10.1016/j.trecan.2021.03.003
 Xu, L., Zhang, Y., Tian, K., Chen, X., Zhang, R., Mu, X., et al. (2018). Apigenin suppresses PD-L1 expression in melanoma and host dendritic cells to elicit synergistic therapeutic effects. J. Exp. Clin. Cancer Res. 37 (1), 261. doi:10.1186/s13046-018-0929-6
 Yang, Y., Wang, J., Xu, C., Pan, H., and Zhang, Z. (2006). Maltol inhibits apoptosis of human neuroblastoma cells induced by hydrogen peroxide. J. Biochem. Mol. Biol. 39 (2), 145–149. doi:10.5483/bmbrep.2006.39.2.145
 Yasumoto, E., Nakano, K., Nakayachi, T., Morshed, S. R., Hashimoto, K., Kikuchi, H., et al. (2004). Cytotoxic activity of deferiprone, maltol and related hydroxyketones against human tumor cell lines. Anticancer Res. 24 (2B), 755–762.
 Yi, J., Tavana, O., Li, H., Wang, D., Baer, R. J., and Gu, W. (2023). Targeting USP2 regulation of VPRBP-mediated degradation of p53 and PD-L1 for cancer therapy. Nat. Commun. 14 (1), 1941. doi:10.1038/s41467-023-37617-3
 Yu, X., Dai, Y., Zhao, Y., Qi, S., Liu, L., Lu, L., et al. (2020). Melittin-lipid nanoparticles target to lymph nodes and elicit a systemic anti-tumor immune response. Nat. Commun. 11 (1), 1110. doi:10.1038/s41467-020-14906-9
 Yu, J., Zhuang, A., Gu, X., Hua, Y., Yang, L., Ge, S., et al. (2023). Nuclear PD-L1 promotes EGR1-mediated angiogenesis and accelerates tumorigenesis. Cell. Discov. 9 (1), 33. doi:10.1038/s41421-023-00521-7
 Yun, J., Kim, B. G., Kang, J. S., Park, S. K., Lee, K., Hyun, D. H., et al. (2015). Lipid-soluble ginseng extract inhibits invasion and metastasis of B16F10 melanoma cells. J. Med. Food 18 (1), 102–108. doi:10.1089/jmf.2013.3138
 Zhang, J., Bu, X., Wang, H., Zhu, Y., Geng, Y., Nihira, N. T., et al. (2018). Cyclin D-CDK4 kinase destabilizes PD-L1 via cullin 3-SPOP to control cancer immune surveillance. Nature 553 (7686), 91–95. doi:10.1038/nature25015
 Zhou, S., Riadh, D., and Sakamoto, K. (2021). Grape extract promoted α-MSH-induced melanogenesis in B16F10 melanoma cells, which was inverse to resveratrol. Molecules 26 (19), 5959. doi:10.3390/molecules26195959
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 © 2023 Han, Park, Ko and Moon. 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.
OPS/images/fphar-14-1255586-g005.gif





OPS/images/fphar-14-1255586-g006.gif





OPS/images/fphar-14-1255586-g003.gif





OPS/images/fphar-14-1255586-g004.gif
o 50 v - 10
e o
]
Py e
vt oo | o
St

¢
Sor

oty © v e
g B

e

iy - o e






OPS/xhtml/nav.xhtml
Contents

		Cover

		Maltol has anti-cancer effects via modulating PD-L1 signaling pathway in B16F10 cells		Introduction

		Materials and methods		Chemicals and reagents

		Cell culture

		Melanin content and tyrosinase activity assay

		Cell viability assay

		Flow cytometric analysis

		Immunoblots

		Quantitative PCR analysis

		Immunofluorescence

		Co-culture experiments

		Statistical analysis





		Results		Regulatory effect of maltol on melanin content in B16F10 melanoma cells

		Growth-inhibiting effect of maltol in B16F10 melanoma cells

		Pro-apoptotic effect of maltol in B16F10 melanoma cells

		Regulatory effect of maltol on IFN-γ-induced PD-L1 expression in B16F10 melanoma cells

		Regulatory effect of maltol on T cell-regulated melanoma cell killing in CTLL-2 cells





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-14-1255586-g001.gif
- o
gy g
e | L





OPS/images/fphar-14-1255586-g002.gif
A
-
£ 10
zw
3w
o
&
o
o (g ©
c

-
-

Convavity ()

5
H
E.vs2s

88558555

Parcentage ofcol ()










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





