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Editorial on the Research Topic 


Development and Potential Mechanisms of Low Molecular Weight Drugs for Cancer Immunotherapy


Cancer immunotherapy has gained great progress during the last decade. More than ten PD-1/PD-L1 antibodies were approved globally. However, the response rate in certain types of cancer is still need to be improved. On the other hand, low molecular weight therapeutics, such as proteins, peptides and small molecules, have gained more attention recently with their advantages including greater penetration, oral bioavailability, easy modification and fine control of bioavailability, meanwhile avoiding some severe immune related adverse events associated with antibodies. Therefore, they are considered as the next-generation of cancer immunotherapy candidates. However, their application and regulation role in cancer immunotherapy are largely needed to be explored.

The present Research Topic “Development and Potential Mechanisms of Low Molecular Weight Drugs for Cancer Immunotherapy” accepted twelve articles including seven research articles, four review articles and one case report. These articles covered a broad area including small molecule agents targeting immune checkpoint PD-1 and IDO, anti-PD-1 development and novel combination strategies, repositioning of vitamin C and curcumin derivates, cGAS inhibitor and bacteria to modulate the innate immunity.

Up to now, seven PD-1/PD-L1 antibody entities has been approved FDA. Toripalimab is the first PD-1 antibody approved by CFDA for the treatment of melanoma (second-line) in December, 2018. Zhang et al. described the development and clinical application of Toripalimab in China. Aside from the long-term survival benefits of Toripalimab monotherapy in Chinese melanoma patients, the combination with axitinib also exhibited an impressive clinical outcome. Meanwhile, Yang et al. reported a 58-year-old female patient with renal cell carcinoma resistant to both anti-PD-1 monotherapy and standard-dose axitinib. Interestingly, after the low dose of axitinib was given, the regulatory T cells decreased gradually with the tumor regressed. These results suggested that synergistic effects can be achieved by the combination of targeted therapy and anti-PD-1, and the treatment timing and dosage is critical for combinational efficacy. On the other hand, a series of chemotherapeutic agents are reported to induce the apoptosis and autophagy of tumor cells, which could lead to immunogenic cell death (ICD). But the high dosage and inappropriate timing would impair the antitumor immune response. Yuan et al. reported that a low-dose chemotherapy/autophagy enhancing regimen (CAER) could induce the death of tumor cells with higher levels of autophagy. These results further emphasized the importance of precise combination of these antitumor strategies.

Although anti-PD (PD-1/PD-L1) antibodies have made great clinical success, the therapeutic resistance and immune-related adverse events are still concerns. Moreover, the poor ability of solid tumor penetration and injection-only administration property promote the development of low molecular weight therapeutics. Wang et al. reported the discovery of a PD-1/PD-L1 inhibitor PDI-1 with antitumor activity. Sasikumar and Ramachandra summarized the small molecules targeting PD-1 for cancer immunotherapy. The structure, function and mechanism were analyzed. More importantly, the ongoing clinical trials of the small molecules and experience learned were also discussed. The development of inhibitors targeting other immune checkpoints is also thought to be helpful to improve the anti-PD therapeutic efficacy. Unfortunately, the IDO1 inhibitor epacadostat failed in phase III clinical trials. Shao et al. discovered that the IDO1 metabolite kynurenine could restrict the antitumor effects of CAR-T therapy in solid tumor. Therefore, IDO1 inhibitor was used as a combination by nanomaterial based delivery system to improve its therapeutic efficacy.

Drug repositioning comes from the idea that we can discover the novel mechanisms or indications of the approved drugs and natural products with identified toxicity. Curcumin is a well-known anticancer natural product. Wang et al. reported a novel curcumin derivative to inhibit colon cancer cells through changing the mitochondrial membrane potential and inducing endoplasmic reticulum (ER)-stress. Sohail et al. summarized the recent progress of a lipophilic analog of curcumin (dimethoxycurcumin) which maintains the anticancer potency but improves the systematic bioavailability. Similar as curcumin to regulate the production of Reactive oxygen species (ROS), vitamin C elicits antitumor activity through oxidant and epigenetic mechanisms. Kouakanou et al. summarized the recent progress of vitamin C to modulate the function of immune cells, and to improve their antitumor effects, such as adoptive cellular therapies.

Modulation of the signaling pathways of innate immune system can amplify the antitumor response or relieve the immune-related side effects, such as Toll-like receptors (TLRs) and cGAS-STING pathways. The components from bacteria have been considered as the powerful immune stimulator historically in clinic. Yang et al. discovered that the engineered anaerobic Salmonella typhimurium strain YB1 could initiate the phagocytosis function of macrophages and neutrophils and thus inhibit tumor growth and metastasis. Yu et al. established an intratumoral injection model by using PcrV protein from Pseudomonas aeruginosa and found tumor growth suppression effects. PcrV protein could activate the TLR4/MyD88 pathway and thus induce the innate immune response, such as potentiate the M1 polarization of macrophage. Chu et al. discovered a natural monoterpenoid compound perillaldehyde (PAH), derived from Perilla frutescens, could elicit cGAS inhibitory effects and have the potential to treat autoimmune syndrome. These studies open a window to develop novel strategies to strengthen the cancer immunotherapy or control the side effects.

Although no low molecular weight immunotherapeutic drugs have been approved up to now, more and more encouraging results have been reported from clinical trials. We believe that this Research Topic will help us to understand the development of next-generation of therapeutic agents for cancer immunotherapy in “post anti-PD era”.
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In chimeric antigen receptor (CAR)-T cell therapy, the role and mechanism of indoleamine 2, 3 dioxygenase 1 (IDO1) in enhancing antitumor immunity require further study. IDO1 is one of the most important immunosuppressive proteins in esophageal squamous cell carcinoma (ESCC). However, the IDO1 inhibitor, epacadostat, has failed in phase III clinical trials; its limited capacity to inhibit IDO1 expression at tumor sites was regarded as a key reason for clinical failure. In this study, we innovatively loaded the IDO1 inhibitor into hyaluronic acid-modified nanomaterial graphene oxide (HA-GO) and explored its potential efficacy in combination with CAR-T cell therapy. We found that inhibition of the antitumor effect of CAR-T cells in ESCC was dependent on the IDO1 metabolite kynurenine. Kynurenine could suppress CAR-T cell cytokine secretion and cytotoxic activity. Inhibiting IDO1 activity significantly enhanced the antitumor effect of CAR-T cells in vitro and in vivo. Our findings suggested that IDO1 inhibitor-loaded nanosheets could enhance the antitumor effect of CAR-T cells compared with free IDO1 inhibitor. Nanosheet-loading therefore provides a promising approach for improving CAR-T cell therapeutic efficacy in solid tumors.




Keywords: ESCC, combinatorial immunotherapy, IDO1, CAR-T, epacadostat, hyaluronic acid-modified nanomaterial graphene oxide



Introduction

The application of chimeric antigen receptor (CAR)-T cell therapy in cancer, following the successful application of CD19 CAR-T cells in eradicating hematologic malignancies, has re-energized cancer immunotherapy research (1, 2). Nonetheless, the solid tumor microenvironment poses many challenges for the application of CAR-T cell therapy (3). To kill solid tumor cells, CAR-T cells must traffic from the blood to solid tumor sites, and then infiltrate the stromal elements to elicit specific cytotoxicity. Their efficacy in solid tumors is constrained by the limited infiltration of immune-cell to the tumor site, heterogeneity of tumor antigen expression, and the immunosuppressive environment (4, 5). Recent efforts have focused on combination therapy to improve CAR-T cell efficacy in solid tumors.

IDO1 mediates the metabolism of tryptophan into kynurenine (KYN), a immunosuppressive metabolite (6). This metabolic pathway creates an immunosuppressive environment in tumors and in tumor-draining lymph nodes (7). The depletion of tryptophan and accumulation of immunosuppressive tryptophan catabolites can induce T cell anergy and apoptosis (8, 9). Importantly, the IDO1 pathway serves as a negative feedback mechanism that is followed by CD8+ T cell infiltration (10). Although IDO1 is induced mainly by T cell-mediated IFN-γ, IDO1 overexpression disables T cells (11, 12). IDO1 is produced principally by tumor cells, and is overexpressed in many types of human cancers. Both IDO1 expression by tumor cells and high levels of serum KYN are associated with poor prognosis in patients (13–15). Therefore, tryptophan catabolism has become an attractive target for reducing tumor progression and improving antitumor immunity in cancer therapy (16).

The lymphocyte-dependent IDO1 inhibitor (17), epacadostat (INCB024360), have entered human clinical trials over the years, but all have failed. A recent phase III ECHO-301 trial, testing the combination of epacadostat and pembrolizumab in melanoma, did not show better outcomes than pembrolizumab alone. This led to the halting of other phase III trials of IDO1 inhibitors (18). Since the phase I and phase II trials of epacadostat have shown a good clinical effect (19–21), further study of this drug should not be abandoned. Analysis of the clinical trial results indicates that the dose of epacadostat might be one of the reasons for its failure. Using higher epacadostat doses, to improve target coverage, is an option worth investigating (18, 19, 22, 23). Considering the complex tumor microenvironment in the solid tumors, the ability of the drug to reach the tumor site may be a major reason for IDO1 inhibitor failure in solid tumors; improving this may enhance clinical outcomes.

Graphene oxide (GO) has attracted attention as a promising multi-functional tool with applications in diverse fields, including biomedical engineering (24). Nano-graphene oxide (NGO), which has a large surface area for loading of aromatic drugs, has shown great potential in drug delivery (25). Hence, epacadostat can be easily loaded onto GO nanosheets. Further, many tumor cells show upregulated expression of hyaluronic acid (HA) receptors, making HA a utilized as a capping agent for tumor-specific targeted and controlled drug release (26, 27). Hyaluronic acid-modified graphene oxide (HA-GO) nanosheets have been used in other fields of cancer therapy (27), their ability to enhance CAR-T-induced cell death has not previously been studied.

Therefore, we present the first study evaluating the effects of combining CAR-T cells and IDO1 inhibitors. We combined an IDO1 inhibitor with mesothelin CAR-T cells, using epacadostat-loaded HA-GO nanosheets. This work provides a novel strategy to enhance the efficacy of CAR-T cells in solid tumors.



Materials and Methods


Bioinformatics Analysis

Level 3 mRNA sequencing data and clinical information about esophageal cancer were downloaded from UCSC Xena (http://xena.ucsc.edu/). The Spearman correlation between IDO1 and immune-related gene expression in a wide range of solid tumors was downloaded from the cBioPortal for Cancer Genomics (https://www.cbioportal.org) and visualized using a heatmap in R, using the package “pheatmap.” The correlation between IDO1 expression and overall survival in ESCC was calculated using the R packages “survival” and “survminer.” The “high” and “low” IDO1-expression groups were allocated based on the IDO1 expression threshold. Immune-cell abundance was estimated using the R packages “ssGSEA” and “CIBERSORT,” using the supplied cell markers. Samples with P < 0.05 were selected for further analysis. Spearman correlation analysis of IDO1 expression and immune-cell abundance was performed using the R package “corrplot.”



Cell Lines

The human ESCC cell lines (EC109, EC1, TE1, KYSE70, KYSE150, and KYSE450), normal human esophageal epithelial cell line (HET-1A), and human embryonic kidney cell line 293T were purchased from the Chinese Academy of Sciences Cell Repertoire in Shanghai, China,. All cell lines were confirmed free of mycoplasma contamination, and were cultured in DMEM or RPMI-1640 (HyClone, Logan, UT) containing 10% FBS (Sigma-Aldrich), 100 U/mL penicillin, and 100 mg/mL streptomycin, at 37°C with 5% CO2. EC1 cells were transduced with a retroviral vector encoding human IDO1 shRNA (EC1-shIDO1) or an empty vector (EC1-control), and with a puromycin-resistance gene. Transduced cells were single-cell cloned by limiting dilution.



T Cell Isolation and CAR-T Cell Preparation

CD3+ T cells from peripheral blood mononuclear cells (PBMCs) were isolated using an autoMACS cell separation device with human CD3 MicroBeads (Miltenyi Biotec). Cells were suspended at a final concentration of 2 × 106/ml in complete RPMI-1640 medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 g/mL streptomycin (28). CD3+ T cells were activated using anti-CD3/CD28 conjugated magnetic beads (Invitrogen) at a bead/T cell ratio of 1:1, and then cultured with 100 IU/mL IL-2 (Beijing SL Pharmaceutical, Beijing, China). To generate mesothelin (MSLN)-specific CAR-T cells, we engineered a fusion protein encoding a fully human scFv m912 specific for MSLN (provided by D. Dimitrov), linked to the CD28/CD3ζ domain, as previously described (29).



Western Blot

Complete cell lysates were clarified by centrifugation and subjected to SDS-PAGE (using 10% polyacrylamide gels). Polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA) were incubated after protein transfer with anti-IDO1 antibody (Adipogen, San Diego, CA), or with anti-β-actin (Cell Signaling Technology) as a loading control.



Quantitative Real-Time PCR (qPCR)

Total cellular RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA). RNA quality and concentration were detected using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). RNA was reverse transcribed to cDNA using a PrimeScript RT reagent Kit (TaKaRa, Dalian, China). qRT-PCR was performed on a Real-Time PCR System (Agilent Stratagene, Santa Clara, CA), and the data were analyzed by comparative Ct quantification.



Flow Cytometry and Intracellular Cytokine Staining

Antibodies were purchased from BioLegend. In total, 5 × 105 cells were collected by centrifugation and were washed twice with PBS. The cells were then stained with fluorescence-conjugated antibodies for 20 min in the dark. For analysis of intracellular cytokines, some PBMCs were stimulated with brefeldin (1 3 brefeldin; BioLegend), PMA (1 mg/mL; Sigma-Aldrich), and ionomycin (1 mg/mL; Sigma-Aldrich) for 5 h. Tumor-infiltrating lymphocytes (TILs) from mouse tumors were directly harvested. TILs and stimulated cells were then stained with antibodies against CD45 and CD3 for 20 min on ice in the dark, followed by the addition of 4% formalin. After washing using permeabilization washing buffer, cells were stained with antibodies against IFN-γ, IL-2, and TNF-α for 20 min. Data were acquired on a FACSCanto II flow cytometer (BD Biosciences, Franklin Lakes, NJ).



Cytotoxicity Assay

CAR-T cells with or without KYN treatment were then cocultured with transduced cancer cells at different effector-to-target (E:T) ratios for 6 h. The tumor cells were then incubated with Annexin-V (BioLegend) for 15 min at 4°C in the dark, and propidium iodide (Sigma-Aldrich) was added before flow cytometry analysis. For the luciferase assay (30), EC1 cells and EC109 cells expressing luciferase (hereafter “luc-EC1 cells” and “luc-EC109 cells”) were treated with PBS, IDO1 inhibitor, IDO1i-loaded nanosheets, and nanosheets for 2 h. Then, 1 × 104 cells per well were placed in a 96-well round-bottom microtiter plate with CAR-T cells, at E:T ratios ranging from 5:1 to 1:1, or alone. After 24 h of coculturing, the supernatant was discarded for ELISA assay. The cells were then transferred into a 96-well black assay plate (Corning 3603) within 50 μL of Dual-Luciferase Reporter Media, followed by incubation at room temperature for 10 min. Fluorescence was then measured using the Xenogen IVIS-200 Spectrum camera imaging system.



Degranulation Assay

For the degranulation assay, MSLN-CAR-T cells, or KYM-treated MSLN-CAR-T cells, were cocultured with EC1 or transduced EC1 cells for 6 h in complete medium. After stimulation, cells were washed and labeled with anti-CD8 and anti-CD107a antibodies for 20 min at 4°C.



Preparation and Characterization of HA-GO-IDO1i Nanosheets

HA-GO was synthesized according to our previous report (27). In brief, HA was first aminated (HA-NH2) for the reaction with carboxylic acids of GO. Accordingly, HA-NH2 was conjugated with GO in the presence of EDC and NHS at room temperature.

For INCB024360 loading, 5 mg of INCB024360 and HA-GO were dissolved in 500 μL ethanol and 3 mL water, respectively. INCB024360 was then added dropwise to the HA-GO solution, and the resulting mixture was stirred at room temperature for 12 h. Finally, the solution was dialyzed against distilled water for 24 h using a dialysis membrane (MW = 12,000 Da) to remove free drugs, and was lyophilized for further use. INCB024360 drug loading was calculated as follows:

Drug loading (%) = weight of INCB024360 in nanosheets / weight of the whole formulation × 100 %. 

INCB024360 encapsulation efficiency was calculated as follows:

Encapsulation efficiency (%) = weight of INCB024360 in nanosheets / weight of INCB024360 initially provided × 100 %.

The resultant formulation of HA-GO-IDO1i was characterized by UV-Vis spectrophotometry, and observed by atomic force microscopy (AFM).



Cell Proliferation

To determine the effects of the nanosheets on the proliferation of ESCC cells, EC1 cells were seeded in a 96-well plate at a density of 2 × 104 cells/well. After incubating for 1 d, free IDO1i, HA-GO, and HA-GO-IDO1i (at the same IDO1i concentration, 50 μM) were used for treatment for 24 h, 48 h, or 72 h. Then, 10 μL CCK-8 was added to each well, and the cells were incubated for 2 h in a 37°C incubator, and absorbance (OD) was measured at 450 nm using a spectrophotometer. A blank background group, comprising wells with only DMEM medium. Each group had four replicates.



ELISA

Concentrations of IFN-γ, IL-2, and KYN (all from CUSABIO) were analyzed by ELISA, according to the manufacturers’ instructions. Absorbance at 450 nm was measured on a Molecular Devices Multifilter F5 plate reader.



In Vivo Assays and Quantitative Biodistribution of Nanosheets in Organs

Female NOD-SCID mice (aged 4–6 weeks) were purchased from Beijing Vital River Laboratory Animal Technology Company. Animal care procedures and experiments were approved by the Institute Animal Care and Use Committee of the First Affiliated Hospital of Zhengzhou University (approval number 2019-41). EC1 cells were inoculated subcutaneously into the right flank of female NOD-SCID mice (4–6 weeks old). Tumor volume was estimated as length (mm) × width (mm)2/2. When the tumors reached 200–300 mm3, the mice were injected via the tail vein with 100 μL of IR783, GO-IR783, or HA-GO-IR783 (at the same IR783 concentration, 0.8 mg/kg). The mice were sacrificed 24 h after injection, and the organs were collected for imaging of IR783 fluorescence (720 nm excitation and 790 nm filter), using a Xenogen IVIS-200 Spectrum camera imaging system. Images were acquired and analyzed using Living Image version 4.4 (Caliper Life Sciences, Waltham, MA).

For further in vivo assays, NOD-SCID mice were injected subcutaneously with luc-EC1 cells, and developed tumor nodules ∼7 d later; they were then divided randomly into groups. When the primary tumor reached ~50 mm3, the mice were subcutaneously injected at their tail-base with 100 μL of PBS, IDO1i, or HA-GO-IDO1i (at the same IDO1i concentration, 100 μg/100 μL). Twelve hours after injection, the mice were infused with 1 × 107 MSLN-CAR-T cells. After 7 d, the phenotypes and cytokines of the CD3+ T cells from the tumor tissues were evaluated using flow cytometry. For histopathological analysis, the major organs (liver, spleen, kidney, heart, and lung) were collected and embedded in paraffin. The sections were stained with hematoxylin and eosin (H&E).



Statistical Analysis

The results were analyzed via ANOVA or a one-tailed Mann–Whitney U test, using GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA). The statistical significance threshold was set at P < 0.05.




Results


IDO1 Accumulation in ESCC May Restrict the Efficiency of CAR-T Cell Therapy

We studied the correlation between IDO1 expression and the immune signature in multiple solid tumors. IDO1 expression was closely correlated with immune-related gene expression (Figure 1A). We therefore focused on examining the function of IDO1 in ESCC. Cancer Genome Atlas (TCGA) sequencing data were used to analyze the correlation of IDO1 expression with the pathological staging and survival of patients with ESCC. Average overall survival was lower in patients with high IDO1 expression than in those with low IDO1 expression (Figure 1B). IDO1 expression was significantly higher at tumor sites than in adjacent normal tissues (Figure 1C), and IDO1 expression was lower in samples from patients diagnosed at an earlier stage than in those diagnosed at a late stage (Figure 1D). This reveals that IDO1 expression was associated with an unfavorable clinical outcome in patients with ESCC, suggesting that the IDO1 pathways might serve as negative feedback mechanisms. As IDO1 is mainly induced by T-cell-mediated IFN-γ, we suggested that expression of IDO1 was significantly positively correlated with the expression of IFNR in ESCC (Figure 1E), as well as with the infiltration of CD8+ T cell (Figure 1F).




Figure 1 | IDO1 expression in ESCC. (A) Heatmap showing the correlation between IDO1 and immune-related gene expression in a wide range of solid tumors. Cells present Spearman correlation coefficients (P < 0.05); black cells are not significant. (B) Correlation between IDO1 expression and overall survival in ESCC. (C–E) Correlation between IDO1 expression and clinical prognosis in ESCC. (E) Simple linear regression, revealing an inverse relationship between IFNR and IDO1 expression, in ESCC patients from the TCGA database. (F) The relationship between IDO1 expression and CD8+ T cell infiltration in ESCC, in the TIMER database. *P < 0.05, ***P < 0.001 (repeated-measures one-way ANOVA or Student’s t-test).



We then assessed whether IDO1 expression affects CAR-T-induced cell death. First, we examined IDO1 expression in the esophageal cancer cell lines: IDO1 expression was highest in EC1, and almost absent from KYSE70 (Supplementary Figure S1A). As for IFN-γ induces IDO1 expression in tumor cells, IFN-γ induced IDO1 expression in all lines, except KYSE70 (Supplementary Figure S1B, Figure 2A). We therefor selected EC1 as the model for further study. The shRNA treatment reduced IDO1 mRNA expression (Supplementary Figure S1C, Figure 2B). The cytotoxicity of MSLN-CAR-T cells was inhibited in the EC1-control cells, compared with the EC1-shIDO1 cells in vitro (Figure 2C).




Figure 2 | IDO1 accumulation in ESCC may restrict the effectiveness of CAR-T cell therapy. (A) Western blot analysis of IDO1 and β-actin levels in ESCC cells treated with or without IFN-γ. (B) Western blot analysis of IDO1 and β-actin levels in EC1 cells stably expressing shControl or shIDO1. (C) Apoptosis was determined by Annexin-V/PI staining of shControl or shIDO1 cells after 6 h of CAR-T cell culture. (D) Schematic of the experiments using SCID/Beige mice, comparing the antitumor effects of MSLN-CAR-T cells in the groups treated with EC1-shControl or EC1-shIDO1 cells. (E) Tumor volume was evaluated for 15 d. Expression of (F) PD-1,TIM-3, (G) CD28, and CD69 in tumor-infiltrated CAR-T cells. (H) Proportions of IFN-γ, IL-2, and perforin in tumor-infiltrated CAR-T cells. *P < 0.05, **P < 0.01, ***P < 0.001, ns, Not statistically significant (repeated-measures one-way ANOVA or Student’s t-test).



To evaluate the effect of tumor-derived IDO1 on MSLN-CAR-T therapy, we injected EC1-control and EC1-shIDO1 cells into NOD/SCID mice (Figure 2D). Seven days later, we injected human non-transduced T cells, or MSLN-CAR-T cells, intravenously. Although both the shIDO1-injected and control tumors grew rapidly after the infusion of human non-transduced T cells, only the shIDO1 tumors were inhibited by MSLN-CAR-T cells. In contrast, the control tumors were resistant to MSLN-CAR-T cell inhibition (Figure 2E). The expression of PD-1 and TIM3 was lower in the shIDO1-tumor-infiltrated CAR-T cells than in the control-tumor-infiltrated CAR-T cells (Figure 2F). There was no significant difference in CD28 production between the shIDO1 and control tumors (Figure 2G). The expression of IFN-g and IL-2 was higher in shIDO1-tumor-infiltrated CAR-T cells than in control-tumor-infiltrated CAR-T cells (Figure 2H). These results suggest that IDO1 can inhibit CAR-T cell function in ESCC.



IDO1 Inhibits Mesothelin CAR-T Cell Function via Its Metabolite KYN

IDO1 is most widely studied for its role in mediating the metabolism of tryptophan into KYN (31), which was documented inhibits T cell function (32, 33). But the effects of the KYN on CAR-T cells is unknown. We assessed that even at low concentrations (50 µM), KYN significantly promoted PD-1 and Tim-3 expression in CAR-T cells in vitro (Figure 3A). In contrast, KYN significantly inhibited the expression of the CAR-T cell functional cytokines, IFN-γ and IL-2 (Figure 3B). After treatment with KYN, the CAR-T cells were cocultured with IDO1 tumor cells for 4h. Flow cytometric analysis revealed that KYN inhibited MSLN-CAR-T cell cytotoxicity in a dose-dependent manner (Figures 3C, D).




Figure 3 | IDO1 can inhibit MSLN-CAR-T cell function via its metabolite kynurenine. (A, B) MSLN-CAR-T cells were cultured in the absence or presence of KYN (50 μM) with IL-2 (50 U/mL) for 24 h. TIM3, PD-1, IFN-γ, and IL-2 were then detected via flow cytometry. (C) CAR-T cells treated with different concentrations of KYN were cocultured with tumor cells, to test CAR-T-mediated killing of tumor cells. Tumor cell apoptosis was determined via annexin V/PI staining. (D) CAR-T cell CD107 expression was detected via staining with anti‐CD107a antibody or isotype control antibody, and was analyzed using flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001 (repeated-measures one-way ANOVA or Student’s t-test).





Nanosheet-Based Delivery of IDO1 Inhibitor

HA-GO-IDO1i nanosheets were synthesized as described (Figure 4A). GO showed a broad spectral peak, at 231 nm, and HA was strongly absorbed at 200 nm. After the formation of HA-GO, the absorption red-shifted from 231 to 260 nm, whereas the characteristic peak of HA was maintained, suggesting that the reaction occurred between HA and GO. INCB024360 showed a broad peak at 290 nm. The HA-GO-IDO1i nanosheets also showed a broad peak at 290 nm, suggesting that IDO1i was loaded onto HA-GO (Figure 4B). It is possible for IDO1i to be encapsulated into these nanosheets with drug loading as high as 40.0%, mainly via π-π stacking, with encapsulation efficiency of 63.2%. The morphologies of the GO, HA-GO, and HA-GO-IDO1i nanosheets were evaluated using atomic force microscopy. After HA modification, the GO particles were smaller and better dispersed. HA-GO-IDO1i remained as nanometer-sized lamellar structures (Figure 4C). The fluorescence images of organs from mice sacrificed 24 h post-injection demonstrated the superior tumor-targeting ability of the HA-GO nanosheets (Figure 4D). The nanosheets accumulated mainly in the reticuloendothelial system organs (liver, lung, and kidney), as well as in the tumors; the fluorescence was still detectable after 24 h. The fluorescence signals in the liver, lung, and kidney were lower in the HA-GO-injected mice than in the GO-injected mice. These results indicated that HA-GO nanosheets have greater tumor-targeting potential than GO alone, and can enhance the accumulation of GO nanosheets and IDO1i at the tumor site.




Figure 4 | Nanosheet-based delivery system carrying the IDO1 inhibitor. (A) Schematic of GO-HA-IDO1i nanosheet synthesis. (B) UV-Vis-NIR absorption spectra of the various GO nanosheets. (C) Atomic force microscopy images of the various GO nanosheets. (D) Ex vivo imaging of IR783-labeled HA-GO nanosheets in various organs at 24 h post-injection.





IDO1 Inhibitor-Loaded Nanosheets Mitigate the Inhibitory Effects of Tryptophan Metabolites

Cellular uptake of HA-GO nanosheets was evaluated in vitro. Epacadostat is a selective inhibitor which created to bond with the active site of IDO1 enzyme by forming a coordinate covalent bond with ferrous iron of heme (34). KYN production in cells cultured with or without the IDO1 inhibitor was measured via ELISA, suppression of KYN production was greatest in the HA-GO-IDO1i group (Figure 5A; Supplementary Figure S2A). ESCC cell proliferation did not differ significantly between the control group and the groups treated with non-loaded IDO1i or non-loaded nanosheets (Figure 5B). We next assessed the effect of the IDO1 inhibitor-loaded nanosheets on CAR-T cell cytotoxicity. After cocultured with luc-EC1 tumor cells that were firstly treated with IDO1i, CAR-T cells showed robust cytotoxicity in HA-GO-IDO1i group (Figure 5C, Supplementary Figure S2B). CD107 expression was used as another indicator of CAR-T cell cytotoxicity(Figure 5D, Supplementary Figure S3C). Further, HA-GO-IDO1i treatment significantly inhibited the expression of the CAR-T cell functional cytokines, IFN-γ and IL-2 (Figure 5E, Supplementary Figure S3D)




Figure 5 | IDO1 inhibitor-loaded nanosheets can mitigate the inhibitory effects of tryptophan metabolites. (A) KYN production of EC1 cells cultured with or without IDO1 inhibitor, measured via ELISA. (B) Effects of nanosheets on ESCC EC1 cell proliferation; (C) CAR-T-mediated killing of tumor cells. EC1 cells carrying the firefly luciferase gene were cocultured with CAR-T cells at different ratios, after 24 h of culture with or without IDO1 inhibitor. Luminescence was used to determine percentage tumor cell death. (D) CD107a expression of CAR-T cells cocultured with EC1 cells at different E:T ratios for 6 h. The EC1 cells were first cultured with or without IDO1 inhibitor for 24 h. (E) Cytokine production of CAR-T cells cocultured with EC1 cells with or without IDO1 inhibitor. IFN-γ and IL-2 secretion of CAR-T cells, detected via ELISA. *P < 0.05, **P < 0.01, ***P < 0.001, ns, Not statistically significant (repeated-measures one-way ANOVA or Student’s t-test).





IDO1 Inhibitor-Loaded Nanosheets Protect CAR-T Cells Against Damage by IDO1-Positive Tumors In Vivo

To evaluate the effect of HA-GO-IDO1i in tumors treated with MSLN-CAR-T cells, we injected luc-EC1 cells subcutaneously, and treated mice with different forms of IDO1i (IDO1i or HA-GO-IDO1i), CAR-T cells, or with both agents. The mice were intravenously injected with the IDO1 inhibitor 24 h before the CAR-T cells were injected (Figure 6A). In the MSLN-CAR-T cell group, HA-GO-IDO1i treatment strongly suppressed tumor cell growth (Figures 6B, C); importantly, changes in tumor volume revealed that HA-GO-IDO1i was more effective than IDO1i. Further, in the MSLN-CAR-T group, tumor-infiltrated-CAR-T cell expression of PD-1 and TIM3 was lower, whereas that of IFN-γ and IL-2 was higher, in the HA-GO-IDO1i-treated group than in the IDO1i-treated group (Figures 6D–F). To assess whether the nanosheets were biocompatible, the major organs (heart, liver, spleen, lung, and kidney) from the four treatment groups were collected 7 d post-injection (Supplementary Figure S3). We did not detect any toxicity of the HA-GO-IDO1i nanosheets to mice. Therefore, using nanosheet-loaded IDO1 inhibitors is more effective than direct application of IDO1 inhibitors for promoting CAR-T cell function in treating esophageal cancer. The improvement in CAR-T cell function is mainly manifested by the increased expression of functional molecules and reduced expression of inhibitory molecules.




Figure 6 | IDO1 inhibitor-loaded nanosheets protect CAR-T cells against the deleterious effects of IDO1-positive tumors in vivo. (A) Schematic of the experiments using NOD-SCID mice, comparing the antitumor effects of IDO1 inhibitor (IDO1i or HA-GO-IDO1i), MSLN-CAR-T cells, or the combination of both, on IDO1-positive tumors (originating from luc-EC1 cells). (B) Tumor volume was evaluated for 30 d. (C) Longitudinal measurements of luc-EC1 cell bioluminescence in mice. Expression of (D) PD-1, TIM-3, and (E) CD69 in tumor-infiltrated CAR-T cells. (F) Expression of IFN-γ, IL-2, and perforin in tumor-infiltrated CAR-T cells. *P < 0.05, **P < 0.01, ***P < 0.001, ns, Not statistically significant (repeated-measures one-way ANOVA or Student’s t-test).






Discussion

The importance of IDO1 in limiting the effectiveness of immunotherapy has recently been demonstrated. Instead of directly influencing cancer cells, IDO1 achieves this by powerfully inhibiting the immune system; in particular, it inhibits T cell activity (10, 35). In this study, high IDO1 expression was associated with immune infiltration and poor survival in patients with ESCC. This suggests that the IDO1 pathway might serve as an important negative feedback mechanism. Considering its immunosuppressive activity, targeting IDO1 might benefit patients with a preexisting T cell-inflamed tumor microenvironment. CAR-T cell treatment of hematologic tumors has recently been shown to be highly effective. This has inspired efforts to apply it to solid tumors in the clinic. However, CAR-T cells have shown limited clinical efficacy for treating solid tumors. The immunosuppressive molecules in the microenvironment, including IDO1, present major hurdles for CAR-T therapy in solid tumors. Thus, blocking IDO1 may enhance CAR-T cell cytotoxicity toward solid tumors.

IDO1 has been found to inhibit CAR-T therapy through the action of tryptophan metabolites in hematologic (36) and solid tumors (37). However, the effect of IDO1 on CAR-T therapy in ESCC patients has not previously been studied. In this study, we investigated whether IDO1 expression by ESCC can inhibit the antitumor effect of CAR-T cells via its metabolite KYN. Consistent with a previous report (38), KYN inhibited the cytokine secretion and cytotoxic activity of CAR-T cells, suggesting that production of tryptophan metabolites by IDO1 may at least partially underlie resistance to CAR-T therapy in IDO1-positive tumor cells. Since the immunosuppressive function of IDO1 in tumors is well established; research has therefore focused on inhibitors to block its immunoregulatory function (39). Epacadostat, a hydroxyamidine small-molecule inhibitor, potently suppresses tryptophan metabolism, and has been regarded as a potent adjuvant. However, the first phase 3 trial to evaluate its efficacy in combination with pembrolizumab in advanced melanoma showed no evidence that epacadostat improved outcomes (40).

Multiple hypotheses have been improved to explain the discrepancy between the early phase clinical trial success of epacadostat and the failure of the phase 3 (ECHO-301) trial; these include differences between the treatment populations, inappropriately low epacadostat dosing, and incomplete suppression of intratumoral KYN. The phase 3 trial used 100 mg epacadostat, based on the phase I trial, despite higher doses being tolerated and no maximum-tolerated dose being established (41). This dose was chosen as it was deemed that maximal inhibition of IDO1 activity occurred at doses ≥ 100 mg, with no further reduction in peripheral blood KYN at higher doses. Notably, a simultaneous early phase study used 300 mg of epacadostat; the reported models imply a higher likelihood of IDO1 inhibition at this dose (19, 22). These reports suggest that the current dose of epacadostat was not sufficient to reverse the immunosuppressive environment by blocking IDO1. The optimal dose of epacadostat is being studied in ongoing clinical trials.

In order to deliver IDO1 inhibitors to tumors more efficiently, a novel strategy to enhance the upload of epacadostat into tumor sites is required. Given their capacity for controlled and targeted drug release to specific cells, nanomaterials are critical in tumor therapy (42–45). Lu et al. (46)have revealed that INCB24360 delivery via a chlorin-based metal-organic framework achieved positive outcomes using combination photodynamic therapy and IDO1 inhibition. In this study, we loaded an IDO1 inhibitor onto an HA-GO nanomaterial; this material delivers the IDO1 inhibitor into cancer cells via receptor-mediated endocytosis pathways (27). Our findings demonstrate that a single treatment with HA-GO-IDO1i downregulates KYN production in esophageal cancer cells—the nanomaterial-based delivery system was able to alter the concentration of KYN and tryptophan in the tumor microenvironment before CAR-T infusion. The HA-GO-loaded IDO1 inhibitor reversed IDO1-induced inhibition of CAR-T therapy more effectively than direct application of free IDO1, both in vitro and in vivo.

In summary, we have demonstrated that IDO1 expression by esophageal tumors inhibits MSLN-CAR-T activity; blocking IDO1 activity reverses the inhibition of CAR-T-induced cell death. Mechanistically, we investigated whether the immunosuppressive function of IDO1 occurs via suppression of CAR-T cell cytokine secretion and cytotoxic activity by the IDO1 metabolite KYN. Importantly, the IDO1 inhibitor-loaded nanosheets exhibited greater ability to restore the function of mesothelin CAR-T cells than direct application of free IDO1 inhibitor, both in vitro and in vivo. These findings demonstrate the importance of blocking IDO1 in restoring the ability of CAR-T cell to kill cancer cells. Further, this study reveals that applying IDO1 inhibitor-loaded nanosheets to treat solid tumors enhances drug influx at the tumor sites. These findings provide a new strategy to enhance the antitumor effect of CAR-T cell therapy, and a promising approach for the treatment of solid tumors.
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Chemotherapy is one of the main options for the treatment of a variety of malignant tumors. However, the severe side effects resulting from the killing of normal proliferating cells limit the application of cancer-targeting chemotherapeutic drugs. To improve the efficacy of classic systemic chemotherapy, the local delivery of high-dose chemotherapeutic drugs was developed as a method to enhance local drug concentrations and minimize systemic toxicity. Studies have demonstrated that chemotherapy is often accompanied by cancer-associated immunogenic cell death (ICD) and that autophagy is involved in the induction of ICD. To improve the efficacy of local cancer chemotherapy, we hypothesized that the local delivery of chemotherapeutic plus autophagy-enhancing agents would enhance the promotive effects of ICD on the antitumor immune response. Here, we report that a low-dose chemotherapy/autophagy enhancing regimen (CAER) not only resulted in the increased death of B16F10 and 4T1 tumor cells, but also induced higher levels of autophagy in vitro. Importantly, the local delivery of the CARE drugs significantly inhibited tumor growth in B16F10 and 4T1 tumor-bearing mice. Systemic antitumor T-cell immunity was observed in vivo, including neoantigen-specific T-cell responses. Furthermore, bioinformatic analysis of human breast cancer and melanoma tissues showed that autophagy-associated gene expression was upregulated in tumor samples. Increased autophagy and immune cell infiltration in tumor tissues were positively correlated with good prognosis of tumor patients. This work highlights a new approach to improve the effects of local chemotherapy and enhance systemic antitumor immunity.
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Introduction

After more than 100 years of development, chemotherapy has become the mainstay of treatment for a variety of cancers. Chemotherapeutic agents can inhibit cancer cell proliferation and survival through a variety of mechanisms, including by affecting the chemical structure of DNA, interrupting nucleic acid synthesis and transcription, and interfering with mitotic tubulin synthesis (1). To improve treatment efficiency, high-dose systemic chemotherapy was developed as a method to treat hematopoietic and solid tumors. However, high-dose chemotherapy also kills normal proliferating cells, thereby unavoidably leading to severe side effects, such as severe bone marrow failure and immune suppression (2, 3). Multiple infections secondary to immunosuppression resulting from routine systemic chemotherapy can reduce the prognosis and survival of cancer patients. In high-dose chemotherapy regimens, blood progenitor cell transplantation was used to reduce bone marrow- and immune-associated toxicities (4, 5). These observations highlight the need to enhance the effects of chemotherapy and reduce its side effects.

To reduce chemotherapy-related cytotoxicity, local delivery of chemotherapeutic drugs was proposed as a method to maximize local drug concentrations in the immediate tumor environment while also minimizing systemic exposure and nontarget organ toxicity (6, 7). In models of lymph node metastasis, the antitumor efficacy of local chemotherapy for regional lymph node metastasis was reported to be better than that of systemic chemotherapy, and the treatment was deemed to be safe (8). The development of interventional therapy provides a new approach for the local delivery of chemotherapeutic agents. For instance, local intra-arterial chemotherapy with a high-dose cyclophosphamide+epirubicin+5-fluorouracil (CEF) regimen for triple-negative breast cancer reduced treatment duration and increased the lesion remission rate when compared with that of the control group (routine neoadjuvant chemotherapy with CEF), while showing similar toxicity (9). Although this study highlighted the efficacy of local chemotherapy, it also revealed that chemotherapeutic agents exert a significant toxic effect, even with local application.

To reduce the side effects of regional cancer therapy, new methods must be developed that allow the synergistic eradication of cancer cells by different agents. There is increasing evidence that chemotherapy not only directly kills tumor cells, but also indirectly attacks them by activating the immune system (10). Several studies have demonstrated that chemotherapeutic agents such as anthracycline, platinum, and taxane, in addition to inducing cancer cell apoptosis, can also promote the release of tumor antigens, which further activate immune cells, and finally generate a systemic anticancer immune response (11, 12). This process is known as immunogenic cell death (ICD).

Chemotherapy-induced ICD is reported to be closely associated with autophagy (13). Autophagy is characterized by the encapsulation, processing, and degradation of various cytoplasmic components. It not only maintains cellular homeostasis in conditions of internal and external stress, but also shapes the immune response to cancer (14–16). The level of autophagy in cancer cells affects the release of several cytokines and danger signals that instruct immune effectors to induce immune responses (17–19). When autophagy is hyperactivated, tumor-derived cytoplasmic components are made available for lysosomal hydrolysis, thereby promoting antigen processing in dying tumor cells (20, 21). Additionally, highly activated autophagy can increase the secretion of adenosine triphosphate (ATP) by dying tumor cells, and ATP acts as a vital signal for the activation of dendritic cells (DCs) and cytotoxic T cells and their recruitment into the local tumor microenvironment (22, 23).

Rapamycin, one of the most commonly used autophagy-inducing agents, can promote cancer cell autophagy via inhibition of the mTOR pathway, thereby inhibiting tumor growth (24, 25). However, systemic rapamycin administration can also suppress the immune system by blocking mTOR on T cells, leading to reduced interleukin (IL-2) production and inhibition of T-cell proliferation, which impair antitumor immune responses (26, 27).

These observations led us to speculate that local delivery of chemotherapeutic and autophagy-enhancing drugs (chemotherapy/autophagy-enhancing regimen, CAER) might enhance the efficacy of local cancer treatment. Here, we report that a low-dose local CAER could activate autophagy and enhance autophagy-associated death in vitro. The local delivery of low-dose CAER drugs not only efficiently inhibit the growth of the treated malignant melanoma- and breast cancer-derived tumors, but also of the contralateral nontreated ones. Further analysis showed that the immune system was activated to target the cancer cells. This research provides a new therapeutic approach for the treatment of cancer via the local delivery of CAER drugs with systemic antitumor T-cell responses and reduced side effects.



Materials and Methods


Reagents

Rapamycin (Rap) (Sigma, USA) was dissolved in DMSO and then diluted with RPMI medium. Chemotherapeutic drugs paclitaxel (PTX) and adriamycin (ADM) were purchased from the First Affiliated Hospital of Jinan University (Guangzhou, China). PMA/Ionomycin (P/I) were purchased from Sigma, USA. The peptides for immunogenic B16F10 and 4T1 mutations were synthesized by Sangon Biotech (Shanghai, China) accordingly previous publication (Figure S3A). Propidium iodide (PI) was purchased from BioLegend, USA. LC3B antibody was from Cell Signaling, USA. Anti-CD3, anti-CD4, anti-CD8, and anti-FOXP3 antibodies were purchased from Abcam, Cambridge, UK. Antibodies used for flow cytometry assay were as follows: anti-CD16/32 mAb (BD Biosciences, USA), anti-CD3-PEcy5, anti-CD4-FITC, anti-CD8-FITC, anti-IFN-γ-APC, anti-TNF-α-PE, and anti-FOXP3-PE (BioLegend, USA).



Traditional (2D) and 3D Cell Culture and In Vitro Cell Proliferation Assays


Colony Formation Assay

Cells were seeded in 12-well plates (300 cells/well) and cultured under normal in vitro culture conditions (2D). After five days of incubation, B16F10 and 4T1 cells were either vehicle-treated or treated with low-dose of single chemotherapy drugs (2.5 μg/mL PTX or 0.05 μg/mL ADM) for two days, or with combination of two drugs as following: the same low-dose of chemotherapeutic drugs for 12 h, followed by treatment with 0.014 μg/mL rapamycin (15 nM) for another 36 h. The medium was changed every three to four days. After two weeks, cells were stained with 0.1% crystal violet in methanol for 15 min, and the number of colonies (containing 50 or more cells) was visualized and quantified by light microscopy (CKX31, OLYMPUS, Japan).



Spheroid Formation and Autophagic Cell Death Staining Assay

A total of 600 B16F10 and 4T1 cells/well were seeded in ultra-low attachment 96-well plates in RPMI 1640/DMEM to establish spheroid cultures (3D). After three days, the cells were treated with vehicle or chemotherapeutic drugs (5 μg/mL PTX or 0.1 μg/mL ADM) for 6–8 h followed by treatment with 0.023 μg/mL rapamycin (25 nM) for another 16–24 h. Finally, the diameter of each spheroid was measured after one week. The spheroids were stained with PI to determine the level of autophagic cell death.




Autophagy Assays


Monodansylcadaverine (MDC) Staining for Autophagy

The entire dynamic autophagic process (autophagic flux) can be measured using the autofluorescent dye MDC, which specifically marks autophagic vacuoles. In brief, 2000 cells of B16F10 or 4T1 were seeded in a 96-well plate in RPMI 1640/DMEM culture medium and incubated for two days at 37°C. Then, the cells were treated with vehicle or a low dose of chemotherapeutic drugs (5 μg/mL PTX or 0.1 μg/mL ADM) for 6–8 h, followed by treatment with rapamycin (25 nM) for another 16–24 h. The cells were then stained with MDC (Solarbio, USA) and observed using fluorescence microscopy.



LC3 Immunofluorescence and WB Assay

To measure the level of autophagy, cells were treated as described in section 2.3.1. The cells were then fixed in cold absolute methanol and blocked with 1% BSA in PBST buffer (PBS with 0.1% Tween 20) for 1 h and incubated with the primary antibody against LC3B overnight at 4°C. The cells were subsequently incubated with a fluorochrome-conjugated secondary antibody diluted in blocking buffer for 1 h at room temperature in the dark. Finally, the stained samples were mounted in Prolong Diamond Antifade with DAPI (Invitrogen, USA). Fluorescence images were acquired and processed using ImageJ software.

Quantified tumor cell lysates protein prepared from B16F10 or 4T1 cells were loaded onto SDS-PAGE and transferred to a PVDF membranes. The primary antibodies used were LC3 (1:1000) and GAPDH (1:1000). Primary antibodies were incubated overnight at 4°C followed by washing and the application of secondary HRP-conjugated antibody. The immunoreactive bands were visualized with a chemiluminescent substrate.



Autophagosome Ultrastructure Assay

The autophagosomes of B16F10 and 4T1 cells were directly identified by transmission electron microscopy. Cells were fixed and embedded. Thin sections (90 nm) were examined at 80 kV with a JEOL 1200EX transmission electron microscope. Autophagosomes were defined as double-membrane vacuoles (0.1–1.0 μm).




Mouse Models and In Vivo Local Treatment

Mice were purchased from Guangdong Animal Center (Guangzhou, China) and were kept in specific pathogen-free conditions. The animal experiment was conducted at Jinan University (Guangzhou, China), complying with the national guidelines for the care and use of laboratory animal.

The melanoma model was established with six–eight-week-old female C57BL/6 mice. 3×104 B16F10 cells were implanted subcutaneously on both sides of abdomen (left implanted tumor used for local treatment injection, right one for observation of tumor growth). Five days after inoculation, mice were randomly distributed into various groups. Local treatment schedule: PTX (10μg, 10μg and 15μg) were intratumorally injected into tumors at left side on day 5, 9 and 11; rapamycin (2.5μg, 2.5μg and 5μg) were injected intratumorally at left side on day 7, 9 and 11. The last two injections were carried out as the following scheme: PTX (10μg and 15μg) and rapamycin (2.5μg and 5μg) were separately injected into tumors in 6-8h interval on day 9 and 11.

The mouse breast carcinoma model was established with six–eight-week-old female BALB/c mice. BALB/c mice were implanted subcutaneously with 3×105 4T1 cells on both sides of abdomen. Seven days after inoculation, BALB/c mice were randomly distributed into various groups. Local treatment schedule: ADM (0.4μg, 0.4μg and 0.8μg) were injected intratumorally into tumor of left side on day 7, 11 and 13. Rapamycin (2.5μg, 2.5μg and 5μg) were injected intratumorally on day 9, 11 and 13. The last two injections were as following: ADM (0.4μg and 0.8μg) and rapamycin (2.5μg and 5μg) were separately injected into tumors in 6–8h interval on day 11 and 13.

C57BL/6 or BALB/c mice were killed on day 21 or day 30 after tumor cells inoculation. Tumor volume was measured with a caliper and calculated using the formula (A×B2)/2 (A as the largest and B the smallest diameter of the tumor).



In Vitro Generation of Mature Bone Marrow-Derived Dendritic Cells (BMDCs) and Antigen Stimulation of Lymphocytes

BMDCs were prepared from tibias and femurs of six–eight-week-old healthy female C57BL/6 and BALB/c mice. Bone marrow cells were passed through a 40 μm cell strainer (BD Falcon). After centrifugation at 200 × g for 3 min, red blood cells were lysed with 2 mL of ACK lysis buffer (Biolegend, USA) for 10 min. The remaining cells were then plated in six-well plates at a density of 1×106 cells/mL in RPMI 1640 medium supplemented with 10% FBS, 20 ng/mL mouse granulocyte macrophage colony-stimulating factor (GM-CSF) (Peprotech, USA), 10 ng/mL mouse IL-4 (Peprotech), and 50 μM β-mercaptoethanol (Sigma, USA). Half of the medium was replaced with an equal volume of fresh medium containing the cytokines every three days. Seven days after the initial plating, non- and semi-adherent cells were harvested and regarded as mature BMDCs, and were loaded with mitomycin C treated tumor cells (1:5) or long peptides (20 μg/mL) for two days.

Spleens were harvested under sterile conditions from C57BL/6 and BALB/c mice with local treatment and T cells were isolated as responder cells using a 40 μm cell strainer. Mixing splenocytes with the antigen loaded BMDCs (10:1). After 72–96 h of incubation, cell clusters were observed and imaged under light microscope (CKX31, OLYMPUS, Japan).



Immunological Assays


Immunohistochemistry (IHC) Assay

Tumors were fixed with 4% paraformaldehyde. Tumor tissue slides were stained with antibodies against CD3, CD4, CD8 and FOXP3. IHC images were acquired using light microscope. CD4, CD8 and FOXP3 stained areas were quantified within manually pre-defined tumor regions via computerized image analysis Imagine J software.



IFN-γ ELISpot Assay

5×105 splenocytes were added into anti-IFN-γ coated multiscreen 96-well plates. BMDCs loaded with tumor cells (1:5) or 20 μg/mL peptides were added as reactants. After 12–16h of incubation at 37°C, cytokine secretion was detected with an anti-IFN-γ antibody (ELISpot) Kit (DAKEWE, Shenzhen). IFN-γ spots were scanned and quantified using a ELISPOT analyzer and ImmunoSpot Professional Software (CTL-ImmunoSpot® S6 FluoroSpot, USA). P/I (500 ng/mL PMA and 1 μg/mL ionomycin) were used for positive control.



Flow Cytometric Assay

Single cell samples were pre-incubated with anti-CD16/32 mAb for 15 minutes at 4°C, and then stained for 30 minutes at 4°C with various combinations of fluorochrome-conjugated antibodies: anti-CD3-PEcy5, anti-CD4-FITC and anti-CD8-FITC. For intracellular cytokine staining, mouse immune cells were restimulated with antigen-loaded DC in complete RPMI 1640 media and 50 IU/mL recombinant IL-2 (Peprotech, USA) at 37°C. After an hour, 1 × GolgiStop and 1 × GolgiPlug (BD Biosciences, USA) were incubated for another 4–8 hours at 37°C. Then, cells were permeabilized using a Fixation and Permeabilization Kit (BD, USA) and stained with antibodies: anti-IFN-γ-APC, anti-TNF-α-PE and anti-FOXP3-PE. Stained cells were acquired using a flow cytometer (FASC Canto II, BD, USA) and BD FACSDiva software. The data were further analyzed with FlowJo software (version 10.4).




Data Mining From Public Databases

The online website Gene Expression Profiling Interactive Analysis (GEPIA; available at http://gepia.cancer-pku.cn/index.html) was used to investigate the differential expression of autophagy-related 5 (ATG5) in breast invasive carcinoma (BRCA) and skin cutaneous melanoma (SKCM) tissues and explore the prognostic value of the differential expression of ATG5 in BRCA and SKCM patients. The Tumor IMmune Estimation Resource (TIMER) database—a comprehensive resource for the automatic analysis and visualization of the association between immune infiltration levels and a series of variables (https://cistrome.shinyapps.io/timer/)—was used to explore the correlation between ATG5 expression and the abundance of six types of immune cells (CD4+ T cells, CD8+ T cells, B cells, neutrophils, DCs, and macrophages) in BRCA and SKCM.



Statistical Analysis

All values were expressed as means ± SD. Statistically significant differences among individual treatments and the corresponding control groups were determined by the Student’s t-test or analysis of variance (ANOVA). The Kaplan–Meier method was used to assess animal survival times and the log-rank test was used to test differences between groups of mice. Experiments were independently repeated at least three times. All analyses were carried out using GraphPad Prism 5. A P-value <0.05 was considered to be statistically significant.




Results


Rapamycin Enhanced the Inhibitory Effects of Chemotherapeutic Drugs on B16F10/4T1 Cancer Cell Proliferation and Cell Death in Both 2D and 3D Cultures

To explore the antitumor effects of the classic chemotherapeutic plus autophagy-enhancing agents in vitro, we utilized two classic cancer cell lines, namely, B16F10, a malignant melanoma cell line, and 4T1, a triple-negative breast cancer cell line. The IC50 values of PTX for B16F10 cells, of ADM for 4T1 cells, and of rapamycin for both cell lines were determined by MTT assays (Figures S1A, B). Low dose chemotherapy (2.5–5.0 μg/mL PTX or 0.05–0.10 μg/mL ADM) was then used to investigate the synergistic effects of the chemotherapeutic drugs with rapamycin. First, a contact-dependent plate clone-formation assay was performed to assess the proliferative ability of the cancer cells. We measured cancer cell proliferation in vitro after treatment with the single drugs or with a CAER drugs (Figures 1A, B) and found that, at a low concentration (15 nM), rapamycin alone only slightly inhibited the proliferation of the two types of cancer cells (approximately 25% inhibition). A low dosage of each chemotherapeutic agent (5 μg/mL PTX or 0.1 μg/mL ADM) led to an approximately 50% inhibition of cancer cell proliferation. As expected, a combination of low-dose chemotherapy plus rapamycin (PTX+rapamycin for B16F10 cells and ADM+rapamycin for 4T1 cells) elicited a synergistic inhibitory effect on cancer growth (approximately 80%), indicating that a low-dose CAER could inhibit the proliferative ability of B16F10 and 4T1 cells.




Figure 1 | Rapamycin enhanced the inhibitory effects of chemotherapy on B16F10/4T1 cancer cell proliferation and induction of cell death. (A) Colony-formation assay for the proliferation of B16F10 and 4T1 cells under different drug treatments. (B) Graph of the statistical analysis of the plating efficiency. (C) Spheroid formation was used to evaluate tumor cell proliferation in 3D cultures (scale bars: 200 μm). (D) Graph of the statistical analysis of spheroid diameter. (E) Autophagy-associated death of cancer cell spheroids was measured by propidium iodide (PI) staining and imaged using red fluorescence (scale bars: 250 μm). B16: B16F10. Ctrl: negative control group. Rap: rapamycin. P+R, PTX+Rap; A+R, ADM+Rap. Bars and error bars represent means ± SD, respectively, of three independent experiments. *P < 0.05, **P < 0.01 by Student’s t-test.



To mimic in vivo conditions, we treated cancer cell spheroids generated under 3D-culture conditions with the double concentrations of the drugs (10 μg/mL PTX or 0.2 μg/mL ADM). Cancer cells treated with the CAER formed smaller spheroids than cells in the negative control group or those treated with each drug alone (Figures 1C, D). Additionally, the PI staining results indicated that cell death was higher in the B16F10- and 4T1-derived spheroids treated with PTX+rapamycin or ADM+rapamycin, respectively than the negative control group or those treated with each drug alone (Figure 1E). Together, these results demonstrated that the CAER synergistically inhibited B16F10/4T1 cell proliferation and enhanced cell death in vitro.



CAER Treatment Increased the Activation of Autophagy

To clarify whether treatment using the CAER could hyperactivate autophagy in cancer cells, we treated B16F10 and 4T1 cells with 5 μg/mL PTX or 0.1 μg/mL ADM, respectively, for 6–8 h, and then with rapamycin (25 nM) for another 16–24 h. Firstly, WB showed that the relative protein expression of LC3-II/LC3-I was significantly increased after CAER treatment. The ratio of LC3-II to LC3-I is proportional to the level of autophagy (Figures 2A, B). Secondly, we measured the autophagic flux in the cancer cells by MDC assay. Autophagic flux staining was nearly undetectable in the control cells, and was also weak in cells treated with the individual drugs. In comparison, cells treated with the CAER drugs showed substantially stronger autophagic flux staining (Figure 2C). Thirdly, we measured the expression level of the autophagy-specific marker LC3B by immunofluorescence staining, and found that LC3B staining was strongest in cells treated with the CAER, followed by those treated with PTX or ADM alone, and then by the control, normal medium-treated cells (Figures 2D, E). Finally, observation by electron microscopy showed that CAER-treated B16F10 and 4T1 cells contained more autophagosomes than those treated with either PTX or ADM alone or that seen in control cells (Figure 2F). Taken together, these findings showed that the CAER could induce the hyperactivation of autophagy in B16F10 and 4T1 cells.




Figure 2 | The induction of hyperautophagy by low-dose CAER treatment. (A) The autophagy marker LC3-II/LC3-I was detected in B16F10 (left panel) and 4T1 (right panel) cells using WB. Cells were incubated with a low concentration of paclitaxel (PTX; 5 μg/mL) or adriamycin (ADM; 0.1 μg/mL) for 6–8 h and then with rapamycin (25 nM) for 16–24h (B) Graph of the statistical analysis of WB. (C) The autophagic flux in B16F10 and 4T1 cells was detected by monodansylcadaverine (MDC) assay. (scale bars: 25 μm). (D, E) The autophagy marker LC3B was detected in B16F10 cells using immunofluorescence. The treatment was the same as in Figure 1A (scale bars: 25 μm). (F) Transmission electron micrographs of autophagosomes/autolysosomes induced by the chemotherapeutic agents and rapamycin in B16F10 and 4T1 cells (scale bars: 0.4 μm). *P < 0.05, **P < 0.01 by Student’s t-test.





Local Treatment With the CAER Strongly Inhibited the Growth of B16F10 Cell-/4T1 Cell-Derived Tumors In Vivo

To test whether the low-dose CAER could inhibit tumor growth in vivo, we established tumor models in C57BL/6 or BALB/c mice by injecting B16F10 or 4T1 cells into both sides of the abdomen of the animals and then delivered the drugs locally into one tumor at left side (Figures 3A, D). Analysis of the growth curve of the locally injected tumors (LI-TUs) indicated that local monotherapy with PTX for B16F10 cell-derived tumors (Figure 3A) or ADM for 4T1-derived tumors (Figure 3D) exerted a significantly greater antitumor than rapamycin treatment alone. However, treatment using the CAER conferred greater antitumor activity than PTX, ADM, or rapamycin treatment alone.




Figure 3 | The inhibition of in vivo tumor growth using a local CAER treatment. (A) The treatment scheme (upper panel) and in vivo growth curve (lower panel) of B16F10 cell-derived tumors. (B) Representative images of B16F10 cell-derived noninjected tumors on day 16. (C) The survival curves for C57BL/6 mice bearing B16F10 cell-derived tumors. (D) The treatment scheme (upper panel) and in vivo growth curve (lower panel) of 4T1 cell-derived tumors. (E) Representative images of 4T1 cell-derived noninjected tumors on day 20. (F) The survival curves for BALB/c mice bearing 4T1 cell-derived tumors. LI-TUs, locally injected tumors; NI-TUs, noninjected tumors; n = 5–6 mice/group. ***P < 0.001 by Student’s t-test.



Surprisingly, we observed that the growth of the contralateral, noninjected tumors (NI-TUs) was also inhibited in mice of the groups treated with the CAER [PTX+rapamycin for B16F10 cell-derived tumors (Figures 3A, B) and ADM+rapamycin for 4T1 cell-derived tumors (Figures 3D, E)]. Survival curve analysis indicated that the CAER also improved the survival of mice in both the B16F10 (Figure 3C) and 4T1 (Figure 3F) tumor model groups. These data indicated that the local application of the CAER to LI-TUs can activate a systemic antitumor immune response and inhibit the growth of distantly contralateral NI-TUs.



Systemic Anti-Tumor Immune Response Induced by Local CAER Treatment

To investigate the immunological changes after local CAER treatment, we analyzed the local (tumor) and systemic (spleen and blood) immune responses in the mouse tumor models using immunohistochemical (IHC) and flow cytometric assays. IHC staining showed that infiltration by CD3+, CD4+, and CD8+ T cells was significantly greater in B16F10-derived tumor tissues administered the CAER than control group or single drug group (Figure 4A). T cell infiltration increased two- to three- fold: [PTX+rapamycin vs. control: approximately 10% vs. 3% of CD3+, 4% vs. 1% of CD4+, and 6% vs. 3% of CD8+ T cells (Figure 4B)]. FoxP3+ T cells (Tregs) significantly reduced: 41% vs. 32% of CD4+ T cells from analysis of Figure 4A. Similar results were obtained for the 4T1-derived tumor models (Figures 4C, D).




Figure 4 | Immunological analysis of the local and systemic effects after local CAER treatment. (A, C) Immunological analysis of treated tumors in B16F10 and 4T1 mouse models. Representative images showing immunohistochemical (IHC) staining of CD3, CD4, CD8, and FOXP3 in tumor samples on day 16 (B16F10 cells) or day 20 (4T1 cells). Phosphate-buffered saline (PBS) was used as control (scale bars: 50 µm). (B, D) Graph of the statistical analysis of the IHC staining results in the B16F10 mouse model and the 4T1 mouse model. (E, G) Flow cytometric analysis of the spleen and peripheral blood in B16F10 tumor models. Flow cytometric analysis of the percentages of IFN-γ-producing CD4+ T cells, CD8+ T cells, and FoxP3+ T cells in the spleen and peripheral blood of C57BL/6 tumor model mice under the different treatment groups (PBS, PTX, and P+R groups) on day 16. (F, H) Graph of the statistical analysis of the flow cytometry results for B16F10 tumor models. (I, K) Flow cytometric analysis of the spleen and peripheral blood in 4T1 tumor models. Spleen and peripheral blood were analyzed by flow cytometry to determine the percentages of IFN-γ-producing CD4+ T cells, CD8+ T cells, and FoxP3+ T cells in BALB/c tumor model mice of the different treatment groups (PBS, ADM, and A+R groups) on day 20. (J, L) Graph of the statistical analysis of the flow cytometry results for 4T1 tumor models. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test.



To analyze the systemic immune response after local treatments, we measured the levels of IFN-γ secreted by T cells in the spleen and peripheral blood of B16F10 tumor model mice through flow cytometry. Spleen data showed that CD4+ T cells and CD8+ T cells from the CAER treatment groups (PTX+rapamycin) secreted greater amounts of IFN-γ than those in the PBS or PTX monotherapy groups (Figure 4E). CD8+ T cells (1.10% increasing) responded more obvious than CD4+ T cells (0.49% increasing). Meanwhile, Tregs decreased 4.95% in the CAER group of the spleen (Figure 4F). In blood analysis for B16F10, CD8+ T cells (2.61% increasing) were triggered more obviously than CD4+ T cells (1.12% increasing), but Tregs decreased 2.97% in the CAER therapy group (Figures 4G, H). Similar results could be found in 4T1 tumor models (Figures 4I–L): the CAER (A+R) treatment promoted the activation of more T cells or inhibition of Tregs in tumor, spleen and blood of 4T1 tumor-bearing BALB/c mice.



Local CAER Treatment Induced a Tumor Antigen-Specific T-Cell Response In Vivo

Our results demonstrated that local CAER treatment could trigger systemic antitumor immunity in two cancer models in mice with different genetic backgrounds. To further elucidate the mechanisms underlying these immunological changes, we performed ex vivo stimulation to determine whether CAER treatment could activate tumor-reactive T cells in tumors derived from B16F10 or 4T1 cells. Splenocytes from B16F10-bearing C57BL/6 mice or 4T1-bearing BALB/c mice treated with the local CAER were stimulated with mature DCs loaded with intact B16F10 or 4T1 tumor cells treated with mitomycin C. ELISpot assay data showed that splenocytes from mice treated using the local CAER exhibited a stronger response to tumor cell-derived antigens than those isolated from mice in the control group (Figures 5A, B).




Figure 5 | Local CAER treatment increased the number of tumor-reactive T cells in vivo. (A) ELISpot analysis for immune responses to T cells under the different treatments (PBS, PTX/ADM, and P+R/A+R). The immune responses of splenocytes isolated from B16F10 tumor-bearing C57BL/6 mice or 4T1 tumor-bearing BABL/c mice of the different treatment groups were tested by ELISpot for the recognition of B16F10 and 4T1 tumor cells. (B) Graph of the statistical analysis of ImmunoSpot numbers. (C, E) Flow cytometric analysis of CD4/CD8 surface and intracellular cytokine (IFN-γ and TNF-α) staining to detect the activation of splenic T cells incubated with B16F10 or 4T1 tumor cells. (D, F) Graph of the statistical analysis of the flow cytometry results in the B16F10 and 4T1 models. P/I, PMA+ionomycin (positive control). **P < 0.01, ***P < 0.001 by Student’s t-test.



To analyze the T-cell responses in the different groups in more detail, we used flow cytometry to analyze intracellular cytokine levels (IFN-γ and TNF-α staining). The data showed that the secretion of both cytokines was significantly upregulated in the PTX+rapamycin and ADM+rapamycin treatment groups when compared with controls. The incubation of tumor cells with splenic T cells derived from B16F10-bearing mice treated with the local CAER led to the activation of a greater number of tumor antigen-specific CD4+ T cells and CD8+ T cells than that with T cells in the other treatment groups (Figures 5C, D). CD8+ T cell responded in two-fold more than CD4+ T cell (IFN-γ secreted CD8+ T cells increase to 1.84%, while CD4+ T cells to 0.98%; the secretion of TNF-α was increased to 3.36% of CD8+ T cells, while 1.65% of CD4+ T cells). Similarly, both of CD4+ T cells and CD8+ T cells were activated in the CAER treatment group of 4T1 tumor-bearing BALB/c mice and CD8+ T cells responded dominantly (IFN-γ secreted CD8+ T cells increase to 6.32%, while CD4+ T cells to 1.61%; the secretion of TNF-α was increased to 9.28% in CD8+ T cells, while to 1.94% in CD4+ T cells) (Figures 5E, F). These results showed that, compared with the other treatments, local CAER administration activated a greater number of tumor-reactive T cells in vivo.



Local CAER Treatment Induced Neoantigen-Specific T-Cell Responses

Because tumor-specific neoantigens are key targets for antitumor immune responses, we next sought to verify whether the CAER could activate neoantigen-specific T cells. We previously synthesized and prescreened mutant neoantigen peptides from B16F10 and 4T1 cells (28) (Figure S3A). Three mutant peptides (B16-M27, B16-M30, and B16-M33) derived from B16F10 cells, and three (4T1-M8, 4T1-M17, and 4T1-M27) from 4T1 cells, were used for the subsequent experiments. Splenocytes from C57BL/6 mice bearing B16F10 cell-derived tumors and administered the CAER regimen were incubated with peptide-loaded (B16-M27, B16-M30, or B16-M33) DCs to evaluate the neoantigen-reactive T cell immune response. ELISpot assays showed that all the peptide-loaded DCs stimulated T cells to produce IFN-γ (Figures 6A, B). To determine the composition of the neoantigen-reactive T-cell population, we next analyzed intracellular cytokine staining by flow cytometry. The analysis demonstrated that, when incubated with neoantigen peptides, splenic T cells isolated from C57BL/6 mice bearing B16F10 cell-derived tumors and treated with CAER generated more activated CD4+ and CD8+ T cells than those isolated from mice in the other treatment groups (Figures 6C–F). B16-M30 treatment induced increases in IFN-γ/TNF-α levels of 1.19%/3.30% in CD8+ T cells and 1.09%/2.18% in CD4+ T cells; for B16-M27, the increases were 1.23%/3.89% and 1.05%/1.72%, respectively; and for B16-M33, the respective increases were 1.14%/2.77% and 0.939%/1.53%.




Figure 6 | Local CAER Treatment induce neoantigen-specific T-cell responses. (A) IFN-γ ELISpot assay for T cell immune responses targeting neoantigens. Splenocytes from B16F10 cell-derived, tumor-bearing C57BL/6 mice under the different treatments (PBS, PTX, and P+R) were stimulated by BMDCs plus neoantigen peptides (M30, M27 and M33) and detected by IFN-γ ELISpot assay. (B) Graph of the statistical analysis of ImmunoSpot numbers in the B16F10 model. (C, E) Flow cytometric analysis of intracellular cytokine (IFN-γ and TNF-α) secretion levels during neoantigen-specific T cell immune responses in the B16F10 model. (D, F) Graph of the statistical analysis of the flow cytometry results in the B16F10 model. (G) IFN-γ ELISpot assay for T cell immune responses targeting neoantigens. Splenocytes from 4T1 cell-derived, tumor-bearing BABL/c mice under the different treatments (PBS, ADM, and A+R) were stimulated by BMDCs plus neoantigen peptides (M8, M17, M27) and detected by IFN-γ ELISpot assay. (H) Graph of the statistical analysis of ImmunoSpot numbers in the 4T1 model. (I, K) Flow cytometric analysis of intracellular cytokine (IFN-γ and TNF-α) secretion levels during neoantigen-specific T cell immune responses in the 4T1 model. (J, L) Graph of the statistical analysis of the flow cytometry results in the 4T1 model. N, no peptide; M-, negative peptide. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test.



Similar results were obtained for 4T1 cell-derived tumor-bearing BALB/c mice, further indicating that treatment with a local CAER could enhance neoantigen-specific T cell responses (4T1-M8 treatment induced increases in IFN-γ/TNF-α levels of 3.04%/4.67% in CD8+ T cells and 1.24%/1.89% in CD4+ T cells; for 4T1-M17, the increases were 2.00%/2.47% and 1.31%/1.68%, respectively; and for 4T1-M27, the respective increases were 0.75%/2.46% and 1.10%/1.91%) (Figures 6G–L). These results indicated that CD8+ T cells elicited the strongest responses to the three neoantigens from each cell line.



Bioinformatic Analysis of the Expression of the Autophagy Biomarker ATG5 and the Relationship Between ATG5 and Immune Cell Infiltration Levels in BRCA and SKCM

To assess the status of autophagy in human breast carcinoma (BRCA) and skin cutaneous melanoma (SKCM), we first analyzed the levels of autophagy in these human cancer types based on data obtained from the GEPIA website. ATG5, a key autophagy-related gene, is reported to be positively correlated with the level of autophagy (29–31). We found that the ATG5 expression level was markedly higher in BRCA and SKCM tissues than in matched normal tissues (Figure 7A). Furthermore, the expression level of ATG5 was increased with increasing clinical staging in BRCA and SKCM patients (Figure 7B). Next, we generated Kaplan–Meier plots to investigate the prognostic value of the level of autophagy in patients with BRCA and SKCM, with the results showing that high ATG5 expression levels were correlated with better disease-free survival (DFS) (Figure 7C upper panel) and forepart of overall survival (OS) (Figure 7C lower panel). These data indicated that early-stage BRCA and SKCM might respond better to low-dose CAER treatment. In addition, higher concentrations of CAER drugs might be required to treat late-stage BRCA and SKCM.




Figure 7 | Bioinformatic analysis of the expression of the autophagy biomarker ATG5 and the relationship between ATG5 and immune infiltration levels in BRCA and SKCM. (A) The ATG5 mRNA (left panel) and protein expression (right panel) levels were higher in BRCA and SKCM tissue than in normal tissue. (B) ATG5 expression levels in different clinical stages in BRCA and SKCM patients. (C) Kaplan–Meier survival curves of disease-free survival (upper panel) and overall survival (lower panel) for high and low ATG5 expression groups in BRCA and SKCM patients. (D) A comparison of immune infiltration levels among BRCA (left panel) and SKCM (right panel) tumors with different ATG5 gene copy number status. (E) The correlation between ATG5 expression and the abundance of six types of immune cells (B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells) in BRCA (upper panel) and SKCM tissues (lower panel). BRCA, breast invasive carcinoma; SKCM, skin cutaneous melanoma. *P < 0.05, **P < 0.01, ***P < 0.001.



Subsequently, we employed the TIMER database to determine whether any correlation existed between ATG5 expression and immune cell infiltration. TIMER-based analysis indicated that infiltration by CD4+/CD8+ T cells and DCs was significantly reduced with arm-level deletion of ATG5 in BRCA and SKCM tissues (Figure 7D). We next focused on the correlations between ATG5 expression and the infiltration of six immune cell types in BRCA and SKCM using the TIMER database. As shown in Figure 7E, ATG5 expression was markedly correlated with B cell, CD8+ T cell (maximum correlation), CD4+ T cell, macrophage, neutrophil, and DC infiltration. Meanwhile, the correlations between ATG5 expression and the abundance of the six types of immune cells in different types of BRCA and SKCM were also studied (Figures S4A, B). Finally, due to the promise associated with immune checkpoint inhibitor therapy for cancer treatment, we further determined the association between ATG5 and PD-1 and CTLA-4 expression (Figure S4C), and found that there was a negative correlation between ATG5 and PD-1 (r = −0.069, P < 0.05) as well as between ATG5 and CTLA-4 (r = −0.04, P = 0.11) in BRCA and SKCM tumors. Combined, these data indicated that the level of autophagy was correlated with the prognosis of BRCA and SKCM patients and immune cell infiltration in BRCA and SKCM tumors.




Discussion

Cancer chemotherapy-associated immune suppression remains a key drawback for cancer treatment. The suppression of immunity is associated with the dosage and route of chemotherapeutic drug administration. High-dose systemic chemotherapy always destroys bone marrow stem cells and immune cells and results in severe immune suppression (2). To reduce chemotherapy-related cytotoxicity, the local delivery of chemotherapeutic drugs was proposed and tested in clinical trials. The results of these trials revealed that this approach could reduce systemic toxicity and prolong the survival of cancer patients (7, 32). However, local high-dose chemotherapy still destroys a large number of tumor-reactive T cells that infiltrate the regional tumor tissue and normal tissue cells nearby, which further promotes the progression of the disease (3).

To avoid these potentially harmful effects, we designed a local cancer CAER treatment that combined low-dose chemotherapy with low-dose autophagy therapy. In vitro, we demonstrated that low-dose autophagy-inducing rapamycin (25 nM) could greatly enhance cancer-inhibiting effects of low-dose chemotherapeutic drug administration. Additionally, this regimen also resulted in higher rates of cell death, as determined by in vitro PI-staining assays.

We successfully applied this strategy in animal models, which led to the complete eradication of well-established tumors derived from both B16F10 and 4T1 cells. Tumor growth was significantly inhibited in mice from the two models treated with low-dose CAER, while mouse survival was significantly improved. Additionally, we observed a large number of infiltrated CD3+ T cells in LI-TUs and NI-TUs. Importantly, local CAER administration also led to the eradication of distant NI-TUs. These observations indicate that local drug injection has a therapeutic effect in remote regions, and even the whole body, through systemic antitumor immune responses. We further analyzed the tumor, spleen, and peripheral blood and found increased numbers of CD3+ T (both CD4+ and CD8+ T cells) in the combination-treatment groups, whereas the numbers of CD4+ FoxP3+ T cells were decreased. These results suggested that treatment using local administration of a combination of CAER can induce a strong systemic antitumor immune response.

Tumor antigens, especially neoantigens, are key targets for anticancer immunotherapy (33–35). The local administration of CAER agents to tumor cells can lead not only to increased tumor cell death but also to the release of a larger amount of tumor antigens, including neoantigens, for antigen presentation (36–38). With our local therapy regimen, the tumors were quickly eradicated, concomitant with the infiltration of a large number of T cells. To determine whether neoantigen-specific T cells were activated by this local treatment, we examined the neoantigen-specific immune response based on previous neoepitope-related studies in these two tumor models by next-generation sequencing (28). We found that a local CAER could activate neoantigen-specific CD4+ and CD8+ T cells, as evidenced by flow cytometric analysis of intracellular IFN-γ and TNF-α staining. These experiments demonstrated that our strategy could lead to the activation of T cells that target these neoantigens, thereby triggering systemic immune responses.

Our animal model data demonstrated that the hyperactivation of autophagy in cancer cells was associated with systemic antitumor immune responses. To assess the relationship between autophagy and immunity in human cancers, we measured the expression levels of autophagy-related genes in BRCA and SKCM through bioinformatics tools. The results indicated that the level of autophagy was higher in early-stage BRCA and SKCM tissue, while Kaplan–Meier plots demonstrated that higher levels of autophagy were correlated with more favorable DFS and better forepart of OS among BRCA and SKCM patients. When exploring the possible reasons behind the clinical prognosis, we further discovered that immune cell infiltration, especially that by CD8+ T cells, was markedly correlated with the level of autophagy in BRCA and SKCM tumors. This suggest that high levels of autophagy in tumor samples, together with T-cell infiltration, can serve as a predictor of better tumor prognosis and has positive clinical significance.

The applicability of this research is mainly reflected in the following two aspects. First, although neoantigen-based vaccines have shown promising efficacy, the application of personalized neoantigen-based vaccines remains limited owing to multiple factors, including an unavoidable original sample error, tumor heterogeneity, predictive accuracy, and high cost (39). Treatment using our CAER could induce ICD and lead to the release of a higher amount of endogenous neoantigens, thereby enhancing tumor immunogenicity and triggering systemic immune responses without the need for sequencing to identify mutant neoantigen sequences. These advantages render our method more convenient than some of those previously reported (40, 41). Furthermore, combining our regimen with other immunomodulators is expected to further improve its efficacy. Indeed, robust antitumor responses were achieved with local chemotherapy combined with a CTLA-4 blockade in murine models of melanoma and prostate cancer (42). These observations suggest that treatment using a local CAER combined with immune checkpoint inhibitors or immunoadjuvants may represent a promising option for cancer immunotherapy in the future (43–46). In this sense, our study broadens the range of neoantigen-related treatments and may provide a new option for the treatment of patients with advanced malignant tumors.

In summary, the key finding of this study was that cancer treatment using local administration of CAER generated an effective local and systemic antitumor response in mice. Our work revealed that hyperactivated autophagy can boost chemotherapy-induced antitumor immunity, especially the activation of neoantigen-specific T cells. Accordingly, local CAER therapy not only reduced systemic toxicity, but also modified the tumor microenvironment, thereby inducing anticancer immunity.
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Cyclic GMP-AMP synthase (cGAS), serving as a primary sensor of intracellular DNA, is essential to initiate anti-microbial innate immunity. Inappropriate activation of cGAS by self-DNA promotes severe autoinflammatory diseases such as Aicardi–Goutières syndrome (AGS); thus, inhibition of cGAS may provide therapeutic benefit in anti-autoimmunity. Here we report that perillaldehyde (PAH), a natural monoterpenoid compound derived from Perilla frutescens, suppresses cytosolic-DNA-induced innate immune responses by inhibiting cGAS activity. Mice treated with PAH are more susceptible to herpes simplex virus type 1 (HSV-1) infection. Moreover, administration with PAH markedly ameliorates self-DNA-induced autoinflammatory responses in a mouse model of AGS. Collectively, our study reveals that PAH can effectively inhibit cGAS-STING signaling and could be developed toward the treatment of cGAS-mediated autoimmune diseases.
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Introduction

The innate immune system is initiated as the front-line defense against microbes or damaged self-component via germline-encoded pattern-recognition receptors (PRRs) (1). cGAS is a key intracellular DNA sensor that catalyzes the conversion of GTP and ATP to cyclic GMP-AMP (2′3′-cGAMP), which serves as a second messenger to bind and activate the endoplasmic adaptor protein stimulator of interferon genes (STING) (2, 3). cGAMP binding induces a conformation change and trafficking of STING, which activates the downstream effectors TANK-binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3). Subsequently, phosphorylated IRF3 dimerizes and translocates into the nucleus to produce type I interferon (IFN) and other proinflammatory cytokines (4–6).

While detection of foreign DNA plays an indispensable role in pathogen defense, aberrant activation of cGAS by self-DNA can promote severe autoimmune diseases. Trex1 is a DNA 3′ repair exonuclease that degrades cytosolic DNA, and deficiency of Trex1 leads to the accumulation of cytosolic DNA (7, 8). Loss-of-function mutations in Trex1 have been identified in autoimmune disorders such as Aicardi–Goutières syndrome (AGS) and familial chilblain lupus in human patients (9, 10). Trex1−/− mice develop the severe early onset systemic autoinflammatory disease with a short lifespan of 2–3 months (8). Deletion of Cgas is sufficient to suppress the autoimmune disease phenotype in the Trex1−/− mouse model of AGS (11). In addition, increased cGAS mRNA levels and production of cGAMP have been observed in Systemic Lupus Erythematosus (SLE) patients, indicating that cGAS-STING signaling is also involved in a subset of SLE patients. These observations together demonstrate the importance of cGAS inhibition in treating cGAS-mediated autoimmunity and that cGAS may be a potential drug target for preventing autoinflammation.

Natural products have long been valuable resources for discovering and developing novel molecules to treat various human diseases (12). Perilla frutescens has been used as an ingredient in Chinese herbal medicine. By suppressing proinflammatory cytokines and inducing anti-inflammatory cytokines, Perilla frutescens leaf extract effectively ameliorates dextran sulfate sodium (DSS)-induced colitis (13). Volatile monoterpenoid Perillaldehyde (PAH), the major component and the most effective ingredient of Perilla frutescens leaf (14), is biologically active and exhibits anti-inflammatory (13, 15, 16), antifungal activity (17, 18), antioxidant (19), and anti-tumor effects (20, 21). Despite the multi-functionality of PAH, the effect of PAH in innate immunity has not been characterized well. In this study, we report that PAH specifically impairs the cytosolic DNA-induced innate signaling and inflammatory responses by inhibiting the activity of cGAS. PAH suppresses type I IFN and IFN stimulated gene (ISGs) expression triggered by HT-DNA but not poly(I:C) or cGAMP. Mice treated with PAH are more susceptible to herpes simplex virus type 1 (HSV-1) infection. Furthermore, PAH administration alleviates autoinflammatory responses in Trex1−/− bone marrow-derived macrophages (BMDMs) and the autoimmune disorder in Trex1−/− mice.



Materials and Methods


Mice

Trex1+/− mice were kindly licensed by Dr. Tomas Lindahl and Dr. Deborah Barnes (Cancer Research UK, London) and provided by Dr. Nan Yan (University of Texas Southwestern Medical Center). Trex1−/− mice were generated by further mating the male and female Trex1+/− mice and were genotyped by standard PCR. All mice used in this study were on C57BL/6 background. 4 weeks old Trex1−/− mice were started to drug administration. All mice were maintained under specific pathogen-free (SPF) circumstances at the Center for New Drug Safety Evaluation and Research, China Pharmaceutical University. All animal works were carried out following the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Cell Culture and Transfection

MEF, HFF, and Vero cells were cultured in DMEM medium (Invitrogen), supplemented with 10% FBS (Gibco) and 1% penicillin–streptomycin (Invitrogen). L929 cells and BMDMs were cultured in RMPI-1640 (Gibco) plus 10% FBS and 1% penicillin–streptomycin. BMDMs were generated as previously reported (22). All cells were cultured at 37°C and 5% CO2. Lipofectamine 3000 (Invitrogen) was used for transfection according to the manufacture’s procedure. cGAMP stimulation was performed with a permeabilization buffer (50 mM HEPES pH 7, 100 mM KCl, 3 mM MgCl2, 0.1 mM DTT, 85 mM sucrose, 0.2% BSA, 1 mM ATP, and 0.1 mM GTP with 10 μg•ml−1 digitonin (Sigma-Aldrich)) at 37°C for 30 min, followed by replacing with fresh medium.



Virus

HSV-1, GFP-HSV-1, VSV, and GFP-VSV were propagated and titrated by standard plaque assay on Vero cells.



Reagents and Antibodies

PAH, CMC-Na, Poly(I:C), and HT-DNA were purchased from Sigma-Aldrich. cGAMP was obtained from Invivogen. ISD was prepared by annealing equimolar amounts of sense and antisense DNA oligonucleotides at 95°C for 10 min, then cooled to room temperature. Antibodies: anti-IRF3 (CST, #4302), anti-Phospho-IRF3 (CST, #4947), anti-TBK1 (Abcam, ab40676), anti-Phospho-TBK1 (CST, #5483), anti-cGAS (CST, #31659), anti-STING (CST, #13647), anti-RIG-I (CST, #4200), anti-MAVS (CST, #4983), anti-Histone H3 (CST, #4499), anti-GAPDH (Santa Cruz, sc-32233), anti-ISG15 (Santa Cruz, sc-166755), anti-Rabbit IgG (H+L) (Jackson, 111-035-003), anti-Mouse IgG (H+L) (Jackson, 115-035-003).



Western Blot Analysis

Cell pellets were collected and lysed with lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100) containing 1× EDTA-Free Protease inhibitor cocktail (Roche) and 1 mM PMSF (Sigma-Aldrich). The resuspended cell pellets were incubated on ice for 30 min, followed by centrifugation at 12,000 rpm for 15 min at 4°C. The supernatants were collected for SDS-PAGE. The bands were probed with indicated primary and secondary antibodies and visualized using a SuperSignal West Pico chemiluminescence ECL kit (Pierce).

The native PAGE assay was performed as described previously (23). Briefly, cell pellets were lysed with native lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 1× EDTA-Free Protease inhibitor cocktail, 1 mM PMSF, and 1mM orthovanadate). The resuspended cell pellets were incubated on ice for 30 min followed by centrifugation at 12,000 rpm for 15 min at 4°C. The supernatants were collected for native sample preparation. After pre-run in the electrophoresis buffer (25 mM Tris-HCl, pH 8.4, 192 mM glycine with and without 0.2% deoxycholate in the cathode and anode chamber, respectively), native samples were loaded to gel and electrophorese for 60 min at 25 mA. Then the gel was soaked into 0.1% SDS-containing electrophoresis buffer for 30 min at room temperature, followed by standard immunoblot analysis.

For subcellular fraction assay, cell pellets were lysed with buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 1 mM KCl, 0.5 mM DTT, and 1 mM PMSF), then 0.2% NP-40 was added after incubation on ice for 15 min. The supernatants were collected as the cytoplasmic fraction after centrifugation for 5 min at 4,000 rpm. The pellets were washed twice with buffer A and then resuspended with buffer C (20 mM HEPES, pH 7.9, 25% glycerol, 0.42 M sodium chloride, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, and 2 mM PMSF). After incubation on ice for 0.5–2 h, the supernatants were collected as the nucleic fraction by centrifugation for 15 min at 12,000 rpm. The cytoplasmic and nucleic fractions were analyzed by standard immunoblot analysis.



Immunofluorescence and Confocal Microscopy

Cells were fixed for 15 min with 4% paraformaldehyde in PBS, washed with PBS, and permeabilized with 0.25% Triton X-100 in PBS for 20 min, then washed and blocked with 5% BSA for 1 h. After incubation with indicated primary antibodies overnight at 4°C, fluorescent-conjugated secondary antibodies were incubated for 2 h at room temperature. Slides were mounted with a fluorescent mounting medium (Dako) after DAPI (Sigma-Aldrich) staining and captured using a confocal microscope (LSM800, Carl Zeiss) with a 63× oil objective.



RNA Isolation and Quantitative PCR Analysis

Total RNA from cells was isolated with TRIzol reagent (Invitrogen) according to the manufacturer’s instruction. cDNA was synthesized with 0.5 μg RNA and HiScript III Q RT SuperMix for qPCR (Vazyme). Real-time PCR was performed using ChamQ SYBR qPCR Master Mix (Low ROX Premixed) (Vazyme). Data were normalized to the expression of mouse Gapdh or human GAPDH through the comparative Ct method (2-△△Ct).



MTS Assay

According to the manufacturer’s instructions, cell viability was measured by CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS) kit (Promega).



ALT and AST Analysis

The levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in serum were measured by Siemens Dimension® Xpand Plus™ biochemical autoanalyzer.



Detection of Autoantibodies

The hearts from WT mice were lysated in RIPA lysis buffer. The protein extractions were separated by SDS-PAGE and transferred to PVDF membrane, and then incubated with 1:200 dilution of serum overnight at 4°C. Autoantibodies were detected with horseradish peroxidase conjugated anti-mouse IgG.



Enzyme-Linked Immunosorbent Assay

Concentrations of the cytokines in culture supernatants or serum were measured by ELISA kit (4A Biotech, CME0116) according to the manufacturer’s instructions.



Hematoxylin and Eosin

Tissues were fixed in 4% paraformaldehyde, paraffin-embedded, cut into 5 mm sections, and stained with hematoxylin and eosin.



Viral Infection

Viral infection assays were executed as described in the figures. Briefly, 8–12 weeks old WT C57BL/6 mice (16–22 g, initially) were orally administered with vehicle (0.03% CMC-Na solution) or PAH at 120 mg•kg−1 body weight once per day for up to 2 weeks. The body weight of each mouse was measured daily. The mice were injected intravenously with HSV-1 for 12 h after PAH administration. Then the serum and tissues were collected for analysis of RNA and cytokines. For a durable anti-infection study, HSV-1-infected mice were monitored for another 7 days with drug administration. Meanwhile, the body weight of each mouse was measured daily.



Flow Cytometry

L929 cells seeded in 12-well plates were treated with vehicle or PAH (200 μM) for 6 h, and then infected with GFP-HSV-1 (MOI = 0.3) or GFP-VSV (MOI = 0.4) for 16 h. Cell populations were suspended in PBS buffer after trypsin digestion. Then, the ratios of GFP-positive cells were analyzed by flow cytometry (Attune NxT Flow Cytometer; Thermo Fisher Scientific). In flow cytometry gating, cells were first gated for single cells (forward scatter area versus side scatter area) and further analyzed for their GFP expression. The results were analyzed by FlowJo.



Plaque Assay

The titers of the virus in the supernatant were determined by standard plaque assay with Vero cells. After infection with virus-contained supernatant for 2 h, cell monolayers were washed twice with pre-warmed DMEM medium, followed by incubation with a mixed media (1× MEM, 2% FBS, 1% Low Melting Point Agarose) until the formation of the plaques. Then the cells were fixed with 4% paraformaldehyde and stained with crystal violet. The titers of the virus were measured by counting the plaques.



cGAS Enzymatic Activity Assay In Vitro

cGAS activity was analyzed as described previously (24). The enzymatic activity of cGAS was measured with purified recombinant full-length cGAS in 100 μl reaction buffer (2 mM cGAS, 0.2 mM ATP, 0.2 mM GTP, 100 mM NaCl, 40 mM Tris-HCl pH 7.5, 1 mM MgCl2 and 0.01 mg•ml−1 dsDNA). Then the reaction buffer was heated at 99°C to denature proteins. After centrifugation at 12,000 g for 10 min, the supernatants were collected and extracted with ACQUITYUPLC® BEH Amide Colum, which was previously equilibrated with running buffer (1% Formic acid solution). All samples were analyzed using a Waters XEVO® TQD system (Waters Corp.) equipped with electrospray ionization (ESI).



Statistical Analyses

Statistical analyses were performed with GraphPad Prism 8. A standard two-tailed unpaired Student’s t-test was performed for statistical analyses of two groups or as indicated in the figure legends. All analyzed data are expressed as mean ± standard deviation (SD). Differences with a P-value <0.05 were considered significant.




Results


PAH Inhibits Cytosolic DNA-Triggered Type I IFN Production

To exclude the potential cytotoxicity effect of PAH on the innate immune system, we first determined the in vitro cytotoxicity of PAH on different cells. Two murine cell lines, L929 (murine fibrosarcoma cells) and MEF (mouse embryonic fibroblasts) and one human cell line HFF (human foreskin fibroblasts), were incubated with different doses of PAH for 24 h, and then the cell viability was quantified by MTS assay. There was no significant cytotoxic side effect for L929, MEF, and HFF at the dose of 500, 250, and 200 μM, respectively (Figure 1A). Next, we incubated L929 cells with 300 μM PAH and measured the induction of type I IFNs and downstream genes upon various stimuli. PAH markedly inhibited the IRF3-responsive genes (Ifnb, Ifna4, and Cxcl10) expression stimulated by DNA mimics ISD or HT-DNA (herring testis DNA), whereas did not affect these antiviral genes expression triggered by poly(I:C) (a ligand of RNA sensor) or cGAMP (2′3′-cGAMP, a ligand that directly activates STING) (Figure 1B).




Figure 1 | PAH inhibits cytosolic DNA-triggered type I IFNs production. (A) L929, MEF, and HFF cells were treated with indicated PAH concentrations for 24 h, and then the cell proliferation was measured by MTS assay. (B) L929 cells were treated with Vehicle or PAH (300 μM) for 6 h and then stimulated with ISD (4 μg•ml−1), HT-DNA (4 μg•ml−1), cGAMP (1 μg•ml−1), or poly(I:C) (3 μg•ml−1). The induction of Ifnb, Ifna4, and Cxcl10 mRNA expression was then measured by qPCR. (C–E) L929 (C), MEF (D), or HFF (E) cells were treated with Vehicle or PAH for 6 h and then stimulated with HT-DNA (4 μg•ml−1) for the indicated times. The induction of Ifnb, Ifna4, and Cxcl10 mRNA expression was then measured by qPCR. (F) L929, MEF, or HFF cells were treated with Vehicle or PAH for 6 h and then infected with HSV-1 (MOI = 1) for 6 h (L929 and MEF) or 3 h (HFF). The induction of Ifnb, Ifna4, and Cxcl10 mRNA expression was then measured by qPCR. All of the experiments were repeated at least three times. Data in (A–F) are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.



To substantiate the specific inhibitory effect of PAH on cytosolic DNA-induced type I IFN expression, we incubated L929, MEF, and HFF cells with different doses of PAH. As expected, PAH crippled intracellular DNA-induced IRF3-responsive gene expression in a dose-dependent manner in all three cell lines (Figures 1C–E). Consistently, PAH markedly decreased the induction of the same set of genes triggered by HSV-1 in these cell lines (Figure 1F). The inhibitory activity of PAH on DNA-induced type I IFN production was not the result of cytotoxicity, as PAH had no effect on the cell viability at the used dosage. Collectively, these data suggest that PAH is a specific inhibitor of the DNA-sensing signaling pathway.



PAH Directly Inhibits cGAS Activity

As cGAS is the primary intracellular DNA sensor, we suspected that PAH inhibited the DNA-sensing pathway by targeting cGAS. We obtained Cgas-deficient L929 cells via CRISPR-Cas9-mediated targeting to test whether PAH suppressed cGAS-mediated DNA-sensing signaling. Administration of PAH impaired the DNA-induced antiviral gene expression in WT L929, whereas such inhibitory effect vanished in Cgas-deficient L929 cells (Figure 2A), indicating the inhibition of the DNA-sensing pathway by PAH required the presence of cGAS.




Figure 2 | PAH directly inhibits cGAS activity. (A) WT or Cgas-deficient L929 cells were treated with Vehicle or PAH for 6 h and then stimulated with HT-DNA (4 μg•ml−1) for 6 h. The induction of Ifnb, Ifna4, and Cxcl10 mRNA expression was then measured by qPCR (left panel). The cGAS protein levels were examined by immunoblot (right panel). (B) L929 cells were treated with a Vehicle or different PAH doses (0 to 300 μM) for 6 h, and then the cell lysates were immunoblotted with the indicated antibodies. (C) Schematic of dsDNA-dependent cGAS synthesis of cGAMP and measurement by HPLC-MS (left panel). The cGAMP production was measured in the presence of a Vehicle or different PAH doses (0 to 40 μM) (right panel). (D) L929, MEF, and HFF cells were treated with indicated concentrations of PAH for 6 h, followed by stimulation with HT-DNA for 6 h. The induction of Ifnb mRNA expression was then measured by qPCR. All of the experiments were repeated at least three times. Data in (A, C, D) are presented as mean ± SD. *P < 0.05, **P < 0.01.



Next, we tested whether PAH regulated the protein levels of cGAS and other essential components for the host’s innate defense against viruses. As illustrated in Figure 2B, PAH did not affect the endogenous protein levels of cGAS and other molecules involved in cGAS-STING/RIG-MAVS signaling, suggesting the inhibitory effect of PAH on the DNA-sensing pathway to be a consequence of impaired cGAS enzyme activity. We performed in vitro dose-titration experiments with recombinant human cGAS and measured cGAMP production using HPLC-MS to test this hypothesis (Figure 2C). As expected, PAH effectively inhibited cGAMP production with a biochemical IC50 (half maximal inhibitory concentration) value of 31.3 μM (Figure 2C). To further determine the physiological inhibition of PAH on cGAS-mediated signaling, we performed concentration–response analysis in different mouse and human cell lines. As determined by RT-qPCR, PAH showed dose-dependent inhibition on the Ifnb/IFNB expression with cellular IC50 of 151.6 ± 8.9 μM for L929, 40.3 ± 2.93 μM for MEF, and 55.79 ± 3.25 μM for HFF cells (Figure 2D). Altogether, these data indicate that PAH suppresses DNA-induced type I IFN signaling by directly inhibiting the enzymatic activity of cGAS.



PAH Suppresses cGAS-Mediated Innate Immune Response

Upon sensing intracellular DNA, cGAS initiates a series of downstream signaling transduction events, including TBK1 phosphorylation and IRF3 phosphorylation/dimerization, critical for inducing the antiviral type I IFN responses. To explore whether PAH inhibited the activation of cGAS-mediated innate immune signaling, we checked the impact of PAH on these phenomena. Compared with the control group, PAH markedly attenuated the phosphorylation of TBK1 and IRF3 when stimulated with HT-DNA (Figure 3A). Likewise, native western blotting revealed that the dimerization of IRF3 was greatly impaired by PAH treatment (Figure 3A). In contrast, PAH had no or marginal effect on these processes when treated with poly(I:C) (Figure 3B) or cGAMP (Figure 3C), indicating PAH specifically suppressed DNA-induced downstream signaling transduction by targeting cGAS.




Figure 3 | PAH suppresses cGAS-mediated innate immune response. (A–C) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then stimulated with HT-DNA (4 μg•ml−1) (A), poly(I:C) (3 μg•ml−1) (B), or cGAMP (1 μg•ml−1) (C) for the indicated times. The cell extracts were analyzed for TBK1 and IRF3 phosphorylation by SDS-PAGE or IRF3 dimerization by native PAGE. (D, E) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then stimulated with HT-DNA (4 μg•ml−1) for the indicated times. The IRF3 protein levels in cytoplasmic (Cyto) and nuclear (Nuc) fractions were analyzed by immunoblot (D). The relative ratio of indicated proteins in Cyto and Nuc was analyzed by Image J (E). (F) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h, and then stimulated with HT-DNA (4 μg•ml−1) or poly(I:C) (3 μg•ml−1) for 4 h before staining with an antibody against IRF3 (red) and imaged by confocal microscopy. Scale bars represent 10 μm. (G) The relative ratio of nuclear IRF3 from (F) was analyzed by Image J. All of the experiments were repeated at least three times. Data in (G) are presented as mean ± SD. ***p < 0.001.



Next, we performed subcellular fractionation analysis to test whether PAH inhibited the nuclear translocation of IRF3. Consistent with the phosphorylation and dimerization results, PAH considerably decreased the nuclear translocation of IRF3. (Figures 3D, E). Confocal microscopy also revealed that PAH markedly suppressed HT-DNA-induced IRF3 nuclear translocation, whereas it did not affect that when stimulated with poly(I:C) (Figures 3F, G). Altogether, these data establish that PAH specifically inhibits the cGAS-mediated innate immune response.



PAH Restricts the Host Innate Antiviral Defense In Vitro

As IFN-β protects host cells against virus infection, we detected the secretion of IFN-β in cell supernatant via ELISA. Compared with the control group, PAH suppressed the IFN-β secretion in a dose-dependent manner upon stimulated with HT-DNA (Figure S1) or HSV-1 (Figure 4A). L929 cells were pre-incubated with PAH and then infected with HSV-1 to explore whether PAH impaired the host innate defense against HSV-1. As expected, L929 cells incubated with PAH were more susceptible to HSV-1 infection as determined by the crystal violet staining assay (Figures 4B, C). Consistently, PAH administration increased the titer of HSV-1 virus as quantified by the standard plaque assay (Figure 4D).




Figure 4 | PAH restricts the host innate defense against HSV-1 in vitro. (A) L929 cells were treated with Vehicle or indicated PAH concentrations for 6 h and then stimulated with HSV-1 (MOI = 1) for 9 h. The supernatants were collected, and ELISA determined the amounts of IFN-β. (B) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with HSV-1 (MOI = 1). The proliferation of cells was examined by crystal violet staining. Scale bars represent 100 μm. (C) The statistical analysis of stained cell ratios from (B). (D) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with HSV-1 (MOI = 1). The titers of HSV-1 were determined by standard plaque assay. (E) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with GFP-HSV-1 (MOI = 0.3) for 16 h. GFP-HSV-1 replication was visualized by fluorescence microscopy. Scale bars represent 100 μm. (F) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with GFP-HSV-1 (MOI = 0.3) for 16 h. GFP-HSV-1 replication was visualized by flow cytometry. (G) The statistical analysis of GFP-positive cell ratios from (F). All of the experiments were repeated at least three times. Data in (A, C, D, G) are presented as mean ± SD. *P< 0.05, **P< 0.01, ***P< 0.001.



Moreover, we challenged L929 cells with GFP-HSV-1 virus to detect viral replication by fluorescence microscopy. Compared with the control group, treatment of PAH markedly impaired host defense against GFP-HSV-1 virus infection, as shown by the stronger GFP-positive signal and an increased number of the GFP-positive cells (Figure 4E). Consistently, FACS results also showed that treatment with PAH led to an increased number of GFP-positive cells (Figures 4F, G). Unexpectedly, PAH, to some extent, inhibited the host defense against VSV infection (Figures S2A–F), perhaps partially due to the protective role of cGAS in RNA virus infection (25, 26). These data reveal that PAH impairs the host innate defense against viruses by dampening IFN-I signaling in vitro.



PAH Restricts the Host Innate Defense Against HSV-1 Infection In Vivo

The 8–12 weeks old WT mice were pretreated with PAH according to the previous research to explore the potential role of PAH on host defense against viral infection in vivo (15). Briefly, mice were orally administered with PAH or Vehicle (0.03% CMC-Na solution) at 120 mg•kg−1 body weight once per day for 2 weeks, followed by HSV-1 infection via tail vein injection (i.v.) for 12 h. Notably, PAH administration did not affect the mice’s body weight (Figure 5A). In addition, pretreatment with PAH for two weeks did not change the basal levels of serum aspartate aminotransferase (AST) as well as alanine aminotransferase (ALT) (Figure 5B), suggesting the safety and lack of in vivo toxicity for PAH under the used dosage. Next, we examined the production of IFN-β in vivo. Compared with the infected control mice, mice treated with PAH showed a more severe defect in serum IFN-β production after HSV-1 infection (Figure 5C). Consistently, the mRNA levels of Ifnb and ISGs (Cxcl10, Isg15, and Isg56) were severely crippled in the hearts and spleens of infected PAH-treated mice, as compared with the infected control mice (Figures 5D, E). It’s noteworthy that pretreatment with PAH did not affect the basal levels of serum IFN-β and the basal ISG mRNA levels of the hearts and spleens (Figures S3A–C), revealing that PAH did not change the in vivo immune circumstance.




Figure 5 | PAH restricts the host innate defense against HSV-1 infection in vivo. (A) Mice were orally administered Vehicle (0.03% CMC-Na solution) or 120 mg•kg−1 PAH once per day for 14 days, then injected with HSV-1 intravenously. The time course of mice body weight. (B) Mice were orally administered Vehicle (0.03% CMC-Na solution) or 120 mg•kg−1 PAH once per day for 14 days, then the levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in serum were measured at the 14th day. (C–E) Mice were treated as in (A). The concentrations of serum IFN-β of mice were measured by ELISA (C), and the levels of Ifnb, Cxcl10, Isg15, and Isg56 mRNA expression in the hearts (D) and spleens (E) of mice were measured by qPCR. (F) Schematic of drug administration and durable study after HSV-1 infection in vivo. (G) The time course of merged body weight from mice treated in (F). (H) The time course of body weight from each mouse treated in (F). Data in (A–E, G–H) are representative of two independent experiments (mean ± SD). n.s, no significance. *P < 0.05, **P < 0.01, ***P < 0.001.



Furthermore, we studied the durable anti-infection effect of PAH in vivo. Mice were pretreated with PAH as described above, followed by infection with HSV-1. Each mouse’s body weight was measured daily for another 7 days with drug administration (Figure 5F). There was no significant difference between PAH-treated mice’s body weight and that of control mice (Figures 5G, H), suggesting PAH itself had no in vivo toxicity. In comparison, infection with HSV-1 markedly decreased the body weight of Vehicle group mice. Moreover, treatment with PAH exacerbated the body weight loss after infection with the HSV-1 virus (Figures 5G, H). Altogether, these data suggest that PAH suppresses the host defense against HSV-1 infection in vivo.



PAH Inhibits cGAS-Mediated Autoimmunity in Mice

Abnormal activation of cGAS by self-DNA is linked to severe autoimmune diseases such as AGS, and inhibition of cGAS provides a powerful therapeutic strategy. As Trex1−/− mice are a tractable model to study AGS disease, we investigated whether PAH could be utilized to treat the autoimmune phenotype in Trex1−/− mice. First, we incubated BMDMs with different doses of PAH. Compared with BMDMs from WT mice, Trex1−/− BMDMs exhibited an aberrant upregulation of the ISG15 protein levels and the phosphorylation levels of IRF3 and TBK1 (Figure 6A). Administration of PAH decreased the levels of ISG15 protein and that of IRF3/TBK1 phosphorylation in a dose-dependent manner in Trex1−/− BMDMs (Figure 6A). Likewise, PAH effectively decreased self-DNA-induced expression of Ifnb and a panel of ISGs gene (Cxcl10, Isg15, Isg56, Ifit2, Ifit3, and Ifi44) in Trex1−/− BMDMs (Figure 6B).




Figure 6 | PAH inhibits cGAS-mediated autoimmunity in mice. (A) BMDMs from Trex1+/+ or Trex1−/− mice were treated with different PAH doses (0 to 250 μM) for 6 h, then the cell lysates were immunoblotted with the indicated antibodies. (B) BMDMs from Trex1−/− mice were treated with indicated concentrations of PAH. The baseline of Ifnb, Cxcl10, Isg15, Isg56, Ifit2, Ifit3, and Ifi44 mRNA expression was then measured by qPCR. (C) Schematic of Trex1−/− mice drug administration in vivo. 4 weeks old Trex1−/− mice were orally administered Vehicle (0.03% CMC-Na solution) or 120 mg• kg−1 PAH once per day for 14 days. (D–G) The levels of Cxcl10, Isg15, Isg56, and Ifit3 mRNA expression in the heart (D), spleen (E), stomach (F), and tongue (G) of mice treated in (C) were measured by qPCR. (H) Representative autoantibodies blotting band of heart extracts from WT mice. Heart extracts were blotted with serum from Trex1+/+, Trex1−/− (Vehicle), and Trex1−/− (PAH) mice and detected using HRP-conjugated anti-mouse IgG. (I) Representative H&E-stained heart tissue sections from Trex1+/+, Trex1–/– (Vehicle), and Trex1–/– (PAH) mice. Scale bars represent 100 μm. (J) Pathological scores of cardiac inflammations in Trex1−/− mice administrated with the Vehicle or PAH for 14 days. Data in (A, B) were repeated at least three times, data in (D–J) are representative of two independent experiments. Data in (B, D–G) are presented as mean ± SD. *P< 0.05, **P< 0.01, ***P < 0.001.



To explore the potential therapeutic effect of PAH in cGAS-mediated autoimmune disease in vivo, 4 weeks old Trex1−/− mice were started to drug administration for up to 2 weeks as previously described (Figure 6C). Two weeks of treatment with PAH had no effect on the bodyweight of Trex1−/− mice (Figures S4A, B), revealing the in vivo safety of PAH in Trex1−/− mice. Then we examined the effects of PAH on the expression of ISGs in different tissues. As expected, PAH inhibited the expression of multiple ISGs genes (Cxcl10, Isg15, Isg56, and Ifit3) in the heart (Figure 6D), spleen (Figure 6E), stomach (Figure 6F), and tongue (Figure 6G) of Trex1−/− mice. Treatment with PAH decreased the abundance of sera autoantibodies (Figure 6H). Consistent with this observation, hematoxylin and eosin (H&E) and heart pathological scoring results showed that PAH administration could effectively alleviate the inflammation in the heart of Trex1−/− mice (Figures 6I, J). Collectively, these data reveal that inhibition of cGAS activity by PAH could potentially provide a therapeutic strategy for cGAS-mediated autoimmune diseases.




Discussion

Recent researches have addressed the pivotal roles of cGAS in host innate defense against microbes such as bacteria (27), DNA viruses (28), RNA viruses (26) as well as retroviruses (29). Additionally, cGAS is the predominant sensor of mislocalized self-DNA from the nucleus or damaged mitochondrial (30), which resulted from many kinds of cellular or circumstance insults. The self-DNA sensing ability of cGAS has emerged as an important mechanism for developing inflammatory diseases and cancers. Thus small-molecular antagonists of cGAS may be useful for the treatment of diseases related to dysregulated cGAS signaling. In the present study, we identified that a natural monoterpenoid small molecule PAH could potently and selectively inhibit dsDNA-dependent cGAS enzymatic activity in vitro and in vivo. Our findings revealed that PAH might be beneficial in the therapy of cGAS-related autoimmune diseases.

Given its critical role in dsDNA-induced innate immunity, efforts to discover inhibitors of cGAS have been taken for the last few years, and several small molecules have been reported. By high-throughput screen with recombinant m-cGAS, RU.521 was identified as a specific inhibitor of cGAS enzyme without interfering with another innate immune signaling in both biochemical and cellular assays (31). Albeit its promise in mouse studies, RU.521 was demonstrated to be a poor inhibitor of human cGAS, underscoring the importance of species difference when screening cGAS inhibitors (32). In the later effort to discover human-cGAS-specific small-molecule inhibitors, G140 and G150 were identified to be potent and specific inhibitors of h-cGAS with cell-based activity (32). However, whether these compounds worked in vivo or had utility for the treatment of cGAS-related diseases were unknown. Combining high throughput cGAS fluorescence polarization (FP)-based assay and structure-based chemical optimization, PF-06928215, and related compounds were screened to inhibit cGAS enzymatic activity with high binding affinity as well as low IC50 values in the biochemical assay (33). Nevertheless, these compounds failed to inhibit cGAS activity in cellular assays for unknown reasons. Antimalarial drugs (AMDs) such as hydroxychloroquine (HCQ) were shown to interact with the cGAS/dsDNA complex by in silico screening and inhibit IFN-β production in vitro, although with a poor selectivity (34). Curiously, HCQ did not affect or even increased the ISG expression in the tissues of Trex1−/− mice or peripheral blood cells (PBMCs) from SLE patients (35). So far, the most promising cGAS inhibitor came from synthesized AMD derivative X6, which could attenuate the autoimmune disease phenotype in Trex1−/− mice (35). Given these observations, it is still urgent to develop new cGAS inhibitors with good efficiency/specificity and a safety profile. Here we characterized that PAH specifically inhibited cGAS activity via biochemical and cell-based assays. The suppression effect of PAH on cGAS-mediated innate immune signaling held in both mouse and human cells. In vivo, PAH impaired HSV-1-triggered antiviral gene expression and attenuated auto-inflammatory responses in Trex1−/− mice.

Consistent with our research, PAH was useful in ameliorating inflammatory diseases such as intestinal inflammation (15) and inflammatory skin diseases (19). As a perspective natural bioactive product, PAH shows several potential superiorities in future drug development. First, PAH exhibits beneficial therapeutic effects in several mouse disease models, including depression-like behavior (36), colitis inflammation (15), cancer (20), and atherosclerosis (37). Administration of PAH showed no side effects and toxicity in these models, revealing the biological safety of PAH in vivo. Second, the pharmacological effect of PAH has been improved via an optimized drug delivery system. Meanwhile, the pharmacokinetic parameters and tissue distribution of PAH have been reported previously (38).

It’s noteworthy that there are some limitations of our study. First, treatment with PAH did not eliminate the pathological autoimmune phenotype in Trex1−/− mice, and little is known about whether PAH can prolong the survival of Trex1–/– mice. A longer period of treatment or treatment with mothers of pups immediately after birth would help understand the outcomes. Although the IC50 values of cGAS inhibitors are cell-type dependent, the cellular IC50 values of PAH seem to be high. One possible explanation is the poor water solubility or cell penetration. Chemical optimization or a proper solvent may be helpful for PAH to overcome the membrane barriers. Third, we do not yet understand the inhibitory mechanisms of PAH. As PAH showed an inhibitory effect on both mouse and human cGAS, we suspected that PAH structurally disrupted cGAS binding with dsDNA or functioned on the conserved active sites of cGAS. The exact mechanism(s) responsible remains to be determined. The co-crystal structural and interdisciplinary approach will be necessary to dissect how PAH inhibited the cGAS activity.

PAH can also be considered for the treatment of other cGAS-related diseases such as cancer. The cGAS-STING-mediated inflammatory response can promote tumorigenesis and metastasis in a tumor-type-dependent and stage-specific manner. For example, the carcinogen DMBA could induce nuclear DNA leakage and activate cGAS-STING-dependent cytokine production, supporting inflammation-driven skin carcinogenesis (39). cGAMP produced in brain metastatic breast and lung cancer cells could transfer to the astrocyte and activated the STING pathway, promoting tumor growth and chemo-resistance (40). In chromosomal instability tumor cells, genomic DNA existed in cytoplasm activated cGAS-STING and downstream NF-κB signaling, promoting tumor cell invasion and metastasis (41). Indeed, PAH showed an inhibitory effect on gastric cancer growth by inducing cell autophagy (20). Considering that the activation of cGAS-STING signaling is implicated in some types of cancer, it is perspective that PAH may have an application in treating cancers.
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Supplementary Figure 1 | PAH Suppresses HT-DNA-triggered IFN-β Secretion. L929 cells were treated with Vehicle or indicated PAH concentrations for 6 h, and then stimulated with HT-DNA (4 μg•ml−1) for 9 h. The supernatants were collected, and ELISA determined the amounts of IFN-β. Data are representative of three independent experiments (mean ± SD). ***P < 0.001.

Supplementary Figure 2 | PAH Restricts the Host Innate Defense against VSV in vitro. (A) L929 cells were treated with Vehicle or PAH for 6 h and then infected with VSV (MOI = 0.5) for 6 h. The induction of Ifnb, Ifna4, and Cxcl10 mRNA expression was then measured by qPCR. (B) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with VSV (MOI = 1). The proliferation of cells was examined by crystal violet staining. Scale bars represent 100 μm. (C) The statistical analysis of stained cell ratios from (B). (D) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with VSV (MOI = 1). The titers of VSV were determined by standard plaque assay. (E) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with GFP-VSV (MOI = 0.4) for 16 h. GFP-VSV replication was visualized by fluorescence microscopy. Scale bars represent 100 μm. (F) L929 cells were treated with Vehicle or PAH (200 μM) for 6 h and then infected with GFP-VSV (MOI = 0.4) for 16 h. GFP-VSV replication was visualized by flow cytometry. (G) The statistical analysis of GFP-positive cell ratios from (F). All of the experiments were repeated at least three times. Data in (A, C, D, F) are presented as mean ± SD. *P< 0.05, ***P< 0.001.

Supplementary Figure 3 | The Effect of PAH on Basal Immune Circumstance in vivo. (A) Mice were orally administered with Vehicle (0.03% CMC-Na solution) or 120 mg• kg−1 PAH once per day for 14 days, then the concentrations of serum IFN-β of mice were measured by ELISA. (B, C) The levels of Ifnb, Cxcl10, Isg15, and Isg56 mRNA expression in the hearts (B) and spleens (C) of mice from (A) were measured by qPCR. Data in (A–C) are representative of two independent experiments.

Supplementary Figure 4 | The Time Course of Body Weight from Trex1−/− mice. (A) The time course of body weight from each Trex1−/− mouse treated in (Figure 6C). (B) The time course of merged body weight from mice treated in (Figure 6C). Data in (A, B) are representative of two independent experiments. Data in (B) are presented as mean ± SD.
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Immune checkpoint inhibitors, such as monoclonal antibodies targeting programmed death 1 (PD-1) and programmed death ligand-1 (PD-L1), have achieved enormous success in the treatment of several cancers. However, monoclonal antibodies are expensive to produce, have poor tumor penetration, and may induce autoimmune side effects, all of which limit their application. Here, we demonstrate that PDI-1 (also name PD1/PD-L1 inhibitor 1), a small molecule antagonist of PD-1/PD-L1 interactions, shows potent anti-tumor activity in vitro and in vivo and acts by relieving PD-1/PD-L1-induced T cell exhaustion. We show that PDI-1 binds with high affinity to purified human and mouse PD-1 and PD-L1 proteins and is a competitive inhibitor of human PD-1/PD-L1 binding in vitro. Incubation of ex vivo activated human T cells with PDI-1 enhanced their cytotoxicity towards human lung cancer and melanoma cells, and concomitantly increased the production of granzyme B, perforin, and inflammatory cytokines. Luciferase reporter assays showed that PDI-1 directly increases TCR-mediated activation of NFAT in a PD-1/PD-L1-dependent manner. In two syngeneic mouse tumor models, the intraperitoneal administration of PDI-1 reduced the growth of tumors derived from human PD-L1-transfected mouse lung cancer and melanoma cells; increased and decreased the abundance of tumor-infiltrating CD8+ and FoxP3+ CD4+ T cells, respectively; decreased the abundance of PD-L1-expressing tumor cells, and increased the production of inflammatory cytokines. The anti-tumor effect of PDI-1 in vivo was comparable to that of the anti-PD-L1 antibody atezolizumab. These results suggest that the small molecule inhibitors of PD-1/PD-L1 may be effective as an alternative or complementary immune checkpoint inhibitor to monoclonal antibodies.




Keywords: PD-1/PD-L1 inhibitor 1, PDI-1, PD-1/PD-L1, small molecule compound, immunotherapy, T cell activation



Introduction

In recent years, interest has been rekindled in immunotherapy for the treatment of cancer and other immune disorders (1). In particular, the introduction of immune checkpoint inhibitors (ICIs), which act by blocking negative regulatory pathways triggered by receptor–ligand interactions between tumor cells and T cells, has revolutionized the treatment of many cancers (2, 3). One example is the PD-1/PD-L1 immune checkpoint. PD-1 is an inhibitor of T cell proliferation and function (4) and plays a vital role in the physiological maintenance of immune tolerance as well as in tumor surveillance (5). PD-1 by its ligand PD-L1, expressed on antigen-presenting cells and tumor cells (6), induces negative signaling that counters signaling through the antigen-specific T cell receptor (TCR) and the costimulatory protein CD28 (7), leading to inhibition of T cell activation, proliferation, and cytokine production, and ultimately to apoptosis (8). Inhibition of PD-1/PD-L1 interactions therefore effectively rescues the activity of “exhausted” T cells and promotes their activation by antigen-expressing cells (9, 10). Accordingly, monoclonal antibodies (mAbs) that block the PD-1 or PD-L1 axis have shown remarkable benefits in clinical trials (11). Several mAbs have been approved by the US Food and Drug Administration for the treatment of various cancers, including nivolumab (anti-PD-1, Bristol Myers Squibb) for the treatment of melanoma (12) and non-small cell lung cancer [NSCLC (13)]; and atezolizumab (anti-PD-L1, Roche) for the treatment of triple-negative breast cancer (14), NSCLC (15). Anti-PD-1/PD-L1 mAbs have not only shown long-lasting beneficial responses in patients with a broad range of human cancers, but also displayed reduced toxicity compared with other ICIs, such as anti-CTLA-4 mAbs (16).

Small molecule compounds offer several advantages over mAbs as therapeutic agents, such as lower manufacturing costs, and less stringent storage conditions (17). Most importantly, the pharmacokinetics of small molecules are generally associated with good oral bioavailability, high tissue and tumor penetration, and long half-lives (18). Small molecule compounds can relatively easily traverse cellular membranes and other biological barriers, thus facilitating their access to intracellular targets. Finally, small molecules can be modified to ensure high efficacy and selectivity, and benign toxicity profiles. Therefore, small molecule drugs that target the PD-1/PD-L1 checkpoint could offer an attractive alternative and complementary therapies to existing mAbs (19).

In the present study, we performed computer modeling of the crystal structures of PD-1 and PD-L1 together with in silico screening to identify PDI-1 as a potential small molecule inhibitor of the PD-1/PD-L1 axis. To investigate the mechanism of action of PDI-1, we analyzed its binding to PD-1 and PD-L1 proteins in vitro and its ability to rescue TCR/CD28-dependent activation of T cells ex vivo and in vivo using melanoma and non-small-cell lung cancer (NSCLC) cell lines and mouse tumor models. We show that PDI-1 is a potent competitive inhibitor of PD-1/PD-L1 binding and suppresses tumor growth in vivo through a mechanism involving inhibition of TCR/CD28-dependent signaling, enhancement of anti-tumor cytotoxicity, and increased inflammatory cytokine production. Our results suggest that PDI-1 holds promise as a novel small molecule anti-cancer therapeutic agent.



Materials and Methods


Cell Culture

Lenti-X-293T (Human embryonic kidney cell line) were purchased from TaKaRa Bio, Inc. (Shiga, Japan). NCI-H1975, A549 (human non-small cell lung cancer), A375, SK-MEL-2 (human malignant melanoma)), and Jurkat (Human T-lymphocytes) cells were purchased from Cell Bank Australia (Shanghai, China), respectively. KLN205 (Murine lung cancer) and B16-F10 (Murine melanoma) cells were purchased from Cobioer bio (Nanjing, China). NCI-H1975, A549 and Jurkat cells were maintained in RPMI-1640 (Cat#01-100-1ACS, Biological Industries, Kibbutz Beit-Haemek, Israel) supplemented with 10% fetal bovine serum (FBS) (Cat#04-001-1ACS, Biological Industries) and 100U/ml penicillin-streptomycin (Cat#P1400, Solarbio, Beijing, China). A375, SK-MEL-2 and Lenti-X-293T cells were maintained in DMEM (Cat#01-052-1ACS, Biological Industries) supplemented with 10% FBS and 100 U/ml penicillin/streptomycin. B16-F10 was maintained in DMEM supplemented with 10% FBS and 100 U/ml penicillin/streptomycin. KLN205 was maintained in MEM (Biological Industries, Kibbutz Beit-Haemek, Israel) supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, 0.1 mM non-essential amino acids (Cat#11140050, Gibco, Grand Island, NY, USA), 1 mM Sodium Pyruvate (Cat#11360070, Gibco, Grand Island, NY, USA).



Isolation of Human PBMCs

PBMCs (Human peripheral blood mononuclear cells) were purchased from TPCS (Milestone Biotechnologies, Shanghai, China). CD3+ T cells were negatively selected from PBMCs by CD3 magnetic negative selection using EasySep Human T Cell Isolation Kit (Cat#17951, STEMCELL Technologies, Cologne, Germany) per manufacturer’s instructions. Human primary T cells were cultured in X-VIVO™15 medium (Cat#: BE02-060F, Lonza Group, Basel, Switzerland) with 5% FBS and 200 U/ml IL-2 (Cat#PHC0026, Thermo, Pudong, Shanghai, China). To activate T cells, a total of 3 million CD3+ T cells were treated by anti-CD3/CD28 magnetic Dynabeads (Cat#11161D, Thermo, Pudong, Shanghai, China) at the ratio of 1:1 together with 200 U/ml of IL-2, 50 ng/ml of IL-7 (Cat#PHC0075, Thermo, Pudong, Shanghai, China) and 50 ng/ml of IL-15 (Cat#PHC9151, Thermo, Pudong, Shanghai, China). After 48 h, activated CD3+ T cells were maintained by culture medium previously described at a density of 1 million cells per ml of culture medium and change the fresh medium every 2-3 days.



Surface Plasmon Resonance (SPR) Assay

A BIACORE T200 (GE Healthcare, UK) was used to perform the SPR assay. Before starting the experiment, the machine was primed twice with ddH2O. Then a research-grade CM5 sensor chip was docked to the device and continued to prime twice with filtered phosphate-buffered saline (PBS). The PD-1 protein (Cat#10377-H08H, Sino Biological, Beijing, China) was immobilized using amine-coupling chemistry according to the wizard template. Briefly, the surface was first activated with a 1:1 mixture solution of 0.1 M NHS (N-hydroxy succinimide) and 0.1 M EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride) at 5 μl/min. Then a 20 ug/ml PD-1 protein, which was diluted in 10 mM sodium acetate (pH 4.5), was immobilized to channel 2 and then reached an expected density of 5000 RU. Channel 1 was left blank as a reference surface. Then channel 2 was blocked with an ethanolamine solution. To evaluate the binding ability, the PDI-1 (CAS#1675201-83-8, DC chemicals, Pudong, Shanghai, China) in PBS was injected over the two channels at a range that varies from 0.2 to 125 nM of PDI-1 concentration at a flow rate of 30 μl/min. The compound was designed for 90 and 300 s to associate and dissociated, respectively. The surfaces were renewed with a 5 s injection of 10 mM glycine (pH 2.5). PD-L1 protein (Cat#10084-H08H, Sino Biological, Beijing, China) was immobilized to channel 4 with the same method. The interaction of PD-L1 and PDI-1 was measured the same as above. The data were adjusted to a simple 1:1 interaction model within BiaEvaluation 3.1 software (Biacore, Uppsala, Sweden).



Competitive ELISA Assay

To measure the inhibitory effects of PDI-1on interaction between PD-1 and PD-L1, we used the Acro Biosystems ELISA assay kit (Cat#EP-101, Acro Biosystems, Beijing, China) following the manufacturer’s instructions. Briefly, human PD-L1 were coated in a 96-well plate and incubated overnight at 4°C. Then, biotin-labeled human PD-1 protein was added, and incubation was performed for 20 min at room temperature. Next, the concentrations gradient of PDI-1 was added by dilution buffer, followed by incubation for 1 h at 37°C. After two washes followed by incubation with Streptavidin-HRP for 1h and TMB for 20 minutes at 37°C. Lastly, the absorbance at 450 nm was measured with Thermo Scientific Multiskan GO spectrophotometer (ThermoFisher Scientific, Vartaa, Finland).



T Cell Cytotoxicity In Vitro

To validate the effect of primary T cells on cancer cells, we co-cultured primary T cell with cancer cells. H1975, A549, A375 or SK-MEL-2 cells were labeled by CFSE (carboxyfluorescein diacetate succinimidyl ester) (Cat# 65-0850-84, Invitrogene™ Bioscience, Shanghai, China) per manufacturer’s instructions, respectively. CFSE labeled H1975, A549, A375 or SK-MEL-2 cells (5 x 104) were seeded into 12 well-plate overnight, then the next day incubated with primary T cells by the ratio of H1975, A549, A375 or SK-MEL-2 cells to T cells 1:5 for 18 h at the treatment of PDI-1. Next, co-culture cells were harvested, and then propidium iodide (PI) was stained 15 min on ice, last analyzed the sample using a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA, USA).

To validate the effect of primary T cell on the cancer cells, we co-cultured primary T cell with hPD-L1-TCR-HEK-293T or TCR-HEK-293T cells labeled by CFSE per manufacturer’s instructions, respectively. CFSE labeled hPD-L1-TCR-HEK-293T or TCR-HEK-293T cells (5 x 104) were seeded into 12 well-plate overnight, then the next day incubated with primary T cells by the ratio of hPD-L1-TCR-HEK-293T or TCR-HEK-293T cells to T cells 1:5 for 18 h at the treatment of PDI-1. Next, co-culture cells were harvested, and then propidium iodide (PI) was stained 15 min on ice, last analyzed the sample using a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA, USA).



hPD-L1 Expression of hPD-L1-TCR-HEK293T and TCR-HEK293T Cells

To validate the expression of hPD-L1 on hPD-L1-TCR-HEK293T and TCR-HEK293T cells, we incubated hPD-L1-TCR-HEK293T and TCR-HEK293T cells with PerCP/Cyanine5.5 anti-human PD-L1 antibody (Cat #329737, Biolegend) for 20 min on ice. Finally, we analyzed the sample using a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA, USA).



Construction of hPD-L1-TCR-HEK293T, TCR-HEK293T and hPD-1-NFAT-Jurkat Cells

hPD-L1-TCR-HEK293T and TCR-HEK293T: One day before transfection, seed HEK293T cells at a density of 2x106 cells per ml, when cells reached 80% confluent at the time of transfection. The next day, transfect 1 μl TCR activator and hPD-L1 (Cat#79455, BPS Bioscience) or the only TCR activator (Cat#79455, Cat#79455) into cells following the manufacturer’s protocol. To sort the hPD-L1-TCR -HEK293T cells, we stain the cells with anti-human PD-L1 antibody (Cat #329706, Biolegend) by the FACSAria (BD) after 3 days transfection.

hPD-1-NFAT-Jurkat cells: Lentiviral packaging of the plasmid pLenti-NFAT-IRES-EGFP-PD-1 were performed by Gene Pharma. Lentivirus were infected into Jurkat cells at MOI 20 with 2µg/ml Polybrene, 7 days post infection, hPD-1-NFAT-Jurkat cells were sorted by FACSAria (BD), with staining of anti- human PD1 antibody (Cat #329906, Biolegend). Single clones were performed and selected by expression of PD-1.



Fluorescent Multiplex Immunohistochemistry (mIHC)

The expression of murine CD8a, FoxP3 and PD-L1 were analyzed using Fluorescent multiplex immunohistochemistry. Tumor tissue sections were cut onto slides and heated at 60°C for 2h. Tumor tissue slides were then subjected to deparaffinization, rehydration and antigen retrieval, prior to endogenous peroxidase blocking. The slides were incubated with PD-L1(1:500, Cat#13684S, Cell Signaling Technology, Danvers, MA, USA), CD8a (1:100, Cat# 14-0081-86, eBioscience, Vienna, Austria) or FoxP3 (1:500, Cat# 14-5773-82, eBioscience, Vienna, Austria) primary antibody followed by the application of polymeric Horseradish peroxidase (HRP)-conjugated secondary antibodies ((Invitrogen™ eBioscience, Shanghai, China)). An appropriate fluorophore conjugated TSA (Invitrogen™ eBioscience, Shanghai, China) was then added at 1:100 dilution. The slides were rinsed with PBS after each step. Following TSA deposition, the slides were again subjected to antigen retrieval to strip the tissue-bound primary/secondary antibody complexes and ready for labeling of the next marker. These steps were repeated until all three markers were labeled and finally added with DAPI (Cat#P36935, Invitrogen™ eBioscience, Shanghai, China) at 1:20000 dilution. Then images were analyzed by Confocal microscopy at 60x magnification using the Nikon A1 laser confocal microscope (Nikon Instruments, Melville, NY, USA). For statistical analysis of grey intensities of fluorescent IHC signals, Image-Pro Plus 6.0 software (Media Cybernetics Inc, Maryland, USA) was used.



Multiplex Cytokines Assay

The production in mice serum was measured by LEGEND plex™ Mouse Inflammation Panel. Blood was collected from the abdominal aorta of the mice after sacrifice and the serums were separated by centrifuge at 350g, 4°C for 15 min. Next, concentrations of IL-1α, IL-1β, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, TNF-α, and GM-CSF were measured using LEGEND plex™ Mouse Inflammation Panel (13-plex) (Cat#740446, Biolegend, Shenzhen, China). The samples were analyzed by FACS using FACSCalibur (BD). The data were analyzed via LEGENDplexv8.0.



Single-Cell Dissociation From Tumor Tissues

The expression of CD3, CD4, CD8a in the TEM were measured by flow cytometry. Tumor tissues were harvested after injection and digested with Collagenase II (1 mg/ml, Sigma-Aldrich, C685, Pudong, Shanghai, China) in DMEM, which contained DNase (0.3mg/ml, Sigma-Aldrich, DN25) at 37°C with 800 rpm for 1 h. Afterward, the cell suspensions were filtered through a 70 µm strainer. Single-cell suspensions were stained with PerCP/Cyanine5.5 conjugated anti-mouse CD3 (Cat # 100217, clone 17A2, Biolegend), PE-conjugated anti-mouse CD8a (Cat #100707, clone 53-6.7, Biolegend), and APC conjugated anti-mouse CD4 (Cat #100411, clone GK15, Biolegend) for 30 min on ice, following the manufacturer’s instructions. Samples were analyzed by flow cytometry system and the data were analyzed by FlowJo software (Ashland, OR, USA).



MRM

The PDI-1 was solved by ethanol to obtain the 2.6mg/ml working solution. Working standard solutions were diluted at 10ng/ml, 50ng/ml, 200ng/ml, 400ng/ml, 600ng/ml, 800ng/ml, 1000ng/ml, 1200ng/ml, 1400ng/ml concentration by ethanol. The serum calibration standards were obtained by adding working standard solutions into blank mice serum. A dose of 8mg/kg PD-I1 was administrated by i.p. to study the pharmacokinetic of PD-I1 in Balb/c male mice (5-week). Blood samples were collected at 1min, 5min, 10min, 20min, 0.5h, 1h, 2h, 4h, 8h, 16h, 24h time-point, and harvest the serum by centrifuging at 500g, 5 min. To extract PDI-1, serum was treated with ten volumes of ethanol and vortex. After centrifuging for 10 min at 10000 x g (4°C), the supernatant was dried in a SpeedVac, suspended in 50 μL of ethanol, and injected into the LC-MS/MS system. An Eclipse Plus C18 (100 × 2.1 mm; 3.5 µm) from Agilent (ZORBAX, USA) was used for chromatographic separation and isocratic elution consisted of water (A) and methanol (B), the ratio of A and B is 20:80. The injection volume was 5 μL and a flow rate of 0.3 ml/min was used. Concentration curves were used for quantitation of the peptides in the serum samples. The mass spectrometry analysis was processed using an Agilent Technologies 6460 Triple Quadrupole LC/MS (ZORBAX, USA).



Mice

For this research, C57BL/6 and DBA/2 mice free of pathogens were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Male and female mice between 4-5 weeks old were used for the syngeneic model. Mice were housed in a pathogen-free environment under conditions of 20°C ± 2°C, 50% ± 10% relative humidity, 12-h light/dark cycles. They were provided with food and water ad libitum. All animal experiments were generated with the institutional guidelines and approved by the Ethics Review Commission of Zhengzhou University (CUHCI2019001).



Syngeneic Animal Experiments

PD-L1 humanized B16F10 and KLN205 (5 x 106) cells were inoculated subcutaneously (s.c.) on the flank of mice with 100 μl of sterile PBS. Seven days following injection when the tumor volume reached 100 mm3, mice were randomized into three groups, and treatment was initiated. The vehicle or PDI-1 (2/4/8 mg/kg per mice) was administered intraperitoneally (i.p) every day. The tumor’s volume was measured twice a week using the formula (L * W * H * 0.52). When the average tumor volume of the vehicle group reached 1000 mm3, mice were sacrificed and the amount of liver, spleen and tumor were measured.



Statistical Analysis

Data analysis was performed using GraphPad Prism7 (GraphPad Software Inc. La Jolla, CA, USA). Unpaired two-tailed Student’s t test was used to compare two groups; One way ANOVA followed by Bonferroni’s posttest was applied to assess the statistical significance of differences between multiple treatment groups. P values  ≤ 0.05 were considered statistically significant.



Graphical Illustrations

Schematic illustrations were established with Bio Render (BioRender.com).




Results


PDI-1 as a Small Molecule Inhibitor of PD-1/PD-L1 Binding

PDI-1 was first reported by BMS (CN105705489A) and has been identified as a potent and selective small-molecule inhibitor that blocks the interaction between PD-1 and PD-L1. However, the in-vivo antagonist effect of PDI-1 to the PD-1/PD-L1 checkpoint still under investigation, so we selected PDI-1, an hPD-L1 inhibitor, as a candidate antagonist. Modeling of PDI-1 docking to hPD-1 and hPD-L1 (Figures 1A, B), demonstrates that PDI-1 may interact with the side-chain of serine 57 in hPD-1 and phenylalanine 19 in hPD-L1.




Figure 1 | Computer modeling of predicted antagonism of PD-1/PD-L1 binding by PDI-1. (A, B) Ribbon representations of a predicted binding pocket for PDI-1 in human PD-1 (A) and human PD-L1 (B). Magnified views of the side-chain of Ser567 (A) and Phe19 (B) with PDI-1 are shown on the right. (C) PD-1/PD-L1 binding by PDI-1 in vitro, measured using a competitive binding ELISA assay. Data represent the mean ± SEM of three replicates. (D, E) Surface plasmon resonance assay of binding of PDI-1 to chip-bound purified human and mouse PD-1 (D) or PD-L1 (E).



To determine the effectivity of PDI-1 on PD-1/PD-L1 binding, we performed a competitive ELISA assay with solid-phase hPD-1 and solution-phase hPD-L1. We found that PDI-1 dose-dependently inhibited hPD-1 binding to solid-phase PD-L1 with a 50% inhibitory concentration of 4.655 μM (Figure 1C). We next investigated whether PDI-1 could bind to human and/or mouse (m) PD-1 and/or PD-L1 using chip-immobilized purified proteins and surface plasmon resonance assays. Interestingly, we found that PDI-1 could bind directly to all four molecules, but had the highest affinity for hPD-L1 and mPD-1 (Figures 1D, E). The equilibrium dissociation constants of PDI-1 were 3.021 × 10−6 M for hPD-1, 4.163 × 10−8 M for mPD-1, 4.266 × 10−8 M for hPD-L1, and 1.250 × 10−7 M for mPD-L1. Thus, PDI-1 binds to PD-1 and PD-L1 from both species and inhibits the hPD-1/hPD-L1 interaction in vitro.



PDI-1 Increases Anti-Tumor Cytotoxicity and Cytokine Production of T Cells Ex Vivo

We then investigated the effects of PDI-1 on the anti-tumor activity of purified human CD3+ T cells ex vivo. To confirm that PDI-1 was not directly cytotoxic to human T cells or tumor cells, we examined the effects of incubation with up to 10 μM PDI-1 for 24 hours on the viability of activated human CD3+ T cells (incubated with anti-CD3/CD28-coupled beads for 2 days), two human NSCLC cell lines, NCI-H1975 and A549, and two human melanoma cell lines, A375 and SK-MEL-2. Importantly, we detected no significant effects of PDI-1 on the viability of these cells over the 24- hours incubation (Supplementary Figures 1A–C). To measure the effects of PDI-1 on T cell cytotoxicity, activated CD3+ T cells were incubated for 18 h with CFSE-labeled NCI-H1975, A549, A375, and SK-MEL-2 cells at a ratio of 5:1 (E:T) in the presence or absence of PDI-1 or the anti-PD-1 mAb nivolumab. After 18 h co-culture, the cells were labeled with PI and subjected to flow cytometry quantify live (CFSE+) and dead or dying (CFSE+ PI+) cancer cells. We found that T cell cytotoxicity against all four cancer cell lines was significantly higher in the presence of 4 μM PDI-1 compared with vehicle (Figures 2A, B). To determine whether PDI-1 also inhibits tumor-cell-induced cytokine production by activated CD3+ T cells, we collected the culture supernatants after 18 h incubation and performed ELISAs to measure secretion of the cytolytic proteins granzyme B and perforin and the inflammatory cytokines IFN-γ and TNF-α. As expected, secretion of all four mediators was induced by incubation of T cells with the cancer cells alone, but a striking increase in mediator secretion was detected after treatment with PDI-1 compared with vehicle (Figures 2C, D).




Figure 2 | PDI-1 restores T cell cytotoxicity and cytokine production. (A, B) Cytotoxicity assay of activated CD3+ T cells cultured for 18 h at an effector to target ratio of 5 to 1 with CFSE-labeled H1975, A549 (A) A375, or SK-MEL-2 (B) cells alone or in the presence of either PDI-1 (4 μM), nivolumab (1 μg/ml), or an isotype control Ab. At the end of the incubation, cells were labeled with PI and dead or dying tumor cells (CFSE+ PI+) were quantified by flow cytometry. (C, D) Cytokine production by activated CD3+ T cells incubated for 18 h, as described for (A, B). Culture supernatants were collected and levels of IFN-γ, TNF-α, perforin, and granzyme B were measured by ELISA assay. (E) Activated CD3+ T cells were cultured for 18 h with hPD-L1-TCR-HEK293T cells or TCR-HEK293 T cells in the presence or absence of PDI-1 (4 μM) or nivolumab (1 μg/ml). Dead/dying HEK293 cells were quantified by flow cytometry as described for (A, B). Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.



To confirm that PDI-1-mediated enhancement of TCR-triggered apoptosis was dependent on disruption of PD-1/PD-L1 interactions, we incubated activated CD3+ T cells with HEK293T cells co-expressing a TCR activator with or without hPD-L1 (hPD-L1-TCR-HEK293T and TCR-HEK293T cells, respectively; Supplementary Figure 1D). Co-expression of PD-L1 reduced the ability of activated T cells to induce TCR-HEK293T cell apoptosis, as expected. However, incubation with PDI-1 reversed the PD-L1-mediated suppression of apoptosis, and the level of hPD-L1-TCR-HEK293T cell death exceeded that of TCR-HEK293T cells (Figure 2E).



PDI-1 Promotes T Cell Activation via the CD28-TCR Axis

As shown in Figure 3A, engagement of the antigen-specific TCR and CD28 costimulatory molecule by tumor cells or antigen-presenting cells triggers a T cell signaling cascade involving ZAP70, PI3K, and RAS pathways (7). Ultimately, this pathway activates the transcription factors NF-κB, AP-1, and NFAT and increases the production of inflammatory cytokines (20). However, activation of this pathway is blocked when the PD-1/PD-L1 axis is engaged (21). Therefore, we next investigated whether PDI-1 enhances T cell activation by blockingPD-1/PD-L1 inhibitory signals. To this end, we employed an assay in which Jurkat T cells were transfected with hPD-1 and an NFAT luciferase reporter (hPD-1-NFAT-Jurkat cells) and incubated with HEK293T cells expressing a TCR activator alone (TCR-HEK293T) or co-expressing hPD-L1 and a TCR activator (hPD-L1-TCR-HEK293T). This system thus serves as a reporter of the effects of PD-1/PD-L1 modulators on TCR signaling. As shown in Figure 3B, co-culture of hPD-1-NFAT-Jurkat cells with hPD-L1-TCR-HEK293T cells for 6 h significantly reduced the baseline activity of NFAT. However, addition of either PDI-1 or nivolumab to the culture significantly reversed the inhibition of NFAT activity induced by hPD-L1-TCR-HEK293T cells. This rescue effect of PDI-1 was dependent on PD-1/PD-L1 engagement, because PDI-1 had no effect on NFAT activity in hPD-1-NFAT-Jurkat cells cultured with TCR-HEK293T cells, which lack hPD-L1 expression (Figure 3C). Finally, we verified that these results could not simply be explained by a toxic effect by demonstrating that PDI-1 had no effect on the viability of hPD-1-NFAT-Jurkat cells alone (Figure 3D). These results indicate that PDI-1 augments T cell activation by preventing PD-1/PD-L1-triggered inhibition of the TCR/CD28-mediated signaling cascade.




Figure 3 | PDI-1 reverses inhibition of NFAT activity by PD-1/PD-L1. (A) Schematic of the principle underlying the luciferase reporter assay, in which luciferase expression in Jurkat cells was driven by the NFAT promoter. (B, C) hPD-1-NFAT-Jurkat cells were cultured alone or with hPD-L1-TCR-HEK293T cells (B) or TCR-HEK293T cells (C) overnight. PDI-1 or nivolumab was then added to the cells and luciferase activity was measured after 6 h. (D) hPD-1-NFAT-Jurkat cells were cultured with PDI-1 alone for 6 h and luciferase activity was measured. Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ns, not significant.





PDI-1 Inhibits the Growth of Melanoma and NSCLC Tumors In Vivo

Having demonstrated that PDI-1 effectively blocks PD-1/PD-L1-mediated suppression of anti-tumor cytotoxicity and cytokine production by human T cells ex vivo, we next determined whether PDI-1 would have beneficial effects on tumor growth in vivo. We transfected the mouse NSCLC cell line KLN205 and the mouse melanoma cell line B16F10 with hPD-L1 and verified that the transfectants expressed much higher levels of hPD-L1 relative to the levels of endogenous mPD-L1 (Supplementary Figure 2). To determine whether PDI-1 was directly toxic to mice, groups of wild-type C57BL/6 mice were injected intraperitoneally with vehicle or 2, 4, or 8 mg/kg PDI-1 once daily for 13-days. As shown in Supplementary Figure 3, there were no detectable effects of PDI-1 treatment on the liver, spleen, or body weights of the treated mice. To examine the effects of PDI-1 treatment on tumor growth, groups of C57BL/6 mice (B16-F10 syngeneic) were subcutaneously injected with hPD-L1-B16-F10 melanoma cells (Figure 4) or groups of DBA/2 mice (KLN205 syngeneic) were injected subcutaneously with hPD-L1-KLN205 cells (Figure 5), and the mice were injected intraperitoneally with the vehicle, 4 mg/kg PDI-1, or 8 mg/kg PDI-1 once daily for either 29 days (C57BL/6) or 33 days (DBA/2). Compared with vehicle-treated mice, PDI-1 treatment dramatically attenuated the growth of hPD-L1-B16F10 tumors (Figures 4A, B, Supplementary Figure 4A), and a similar trend, albeit not statistically significant, was observed for the effect of PDI-1 on the growth of hPD-L1-KLN205 tumors (Figures 5A–C). Importantly, the spleen, liver, and body weights of the tumor-bearing mice were not affected by PDI-1 treatment compared with vehicle treatment (Supplementary Figures 4B, C). At the end of the experiment (days 29 or 33), the tumors were excised for further analysis. H&E staining of hPD-L1-B16-F10 tumors (Figure 4C) and hPD-L1-KLN205 tumors (Figure 5D), showed that PDI-1 treatment caused a marked increase in tumor infiltration by inflammatory cells and necrosis of tumor cells compared with tumors from vehicle-treated mice. The abundance of CD8+ T cells and FoxP3+ T regulatory cells (Tregs), as well as PD-L1 expression by tumor and stromal cells in the tumor microenvironment (TME), are predictors of prognosis and response to immunotherapy in human NSCLC and melanoma (22). Fluorescent multiplex immunohistochemical (mIHC-F) staining of CD8a, FoxP3, and PD-L1 proteins in sections of hPD-L1-B16-F10 tumors (Figures 4C, D) demonstrated that PDI-1 treatment resulted in an increase in CD8+ T cells, decrease in FoxP3+ Tregs, and reduction in PD-L1 expression compared with vehicle treatment, although only the effects of PDI-1 on CD8+ T cells abundance reached the level of statistical significance (Figure 4D). In contrast, mIHC-F of hPD-L1-KLN205 tumor sections showed highly significant increases in CD8+ T cells and reductions in FoxP3+ Tregs and PD-L1 expression in PDI-1-treated mice compared with vehicle-treated mice (Figures 5D, E). These results demonstrate that PDI-1 treatment inhibits the growth of NSCLC and melanoma tumor cells, likely through a mechanism involving increased recruitment/activation of cytotoxic T cells and reduced recruitment/activation of inhibitory Tregs.




Figure 4 | PDI-1 inhibits the growth of human PD-L1-transfected B16-F10 melanoma cells in a mouse model. (A–D) B16F10 murine melanoma cells were transfected with hPD-L1 and injected subcutaneously into the flanks of three groups of syngeneic C57BL/6J mice (n=11/group). The mice were then injected intraperitoneally once daily with vehicle, 4 mg/kg PDI-1, or 8 mg/kg PDI-1. (A, B) Tumor volumes were measured for up to 29 days. (B) Tumors were excised on day 29 and weighed. (C) Left: Representative images of H&E-stained tumor sections on day 29. Right: Fluorescent multiplex immunohistochemical staining of PD-L1, CD8a, and FoxP3 proteins in tumors excised on day 29. Nuclei were stained with DAPI. (D) Quantification of CD8a, PD-L1, and FoxP3 staining intensity in the images shown in (C). Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.






Figure 5 | PDI-1 inhibits the growth of human PD-L1-transfected KLN205 NSCLC cells in a mouse model. (A–E) KLN205 cells were transfected with hPD-L1 and injected subcutaneously into the flanks of three groups of syngeneic DBA/2 mice (n=8/group). The mice were then injected intraperitoneally once daily with vehicle, 2 mg/kg PDI-1, or 4 mg/kg PDI-1. (A) Representative photographs of tumors excised on day 33. (B) Tumor volumes measured for up to 33 days. (C) Tumor weights on day 33. (D) Left: Representative images of H&E-stained tumor sections on day 33. Right: Fluorescent multiplex immunohistochemical staining of PD-L1, CD8a, and FoxP3 proteins in tumors excised on day 33. Nuclei were stained with DAPI. (E) Quantification of CD8a, PD-L1, and FoxP3 staining intensity in the images shown in (D). Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.





PDI-1 Rapidly Promotes Activation of the Anti-Tumor T Cell Response In Vivo

To investigate the immune mechanism of action of PDI-1 in more detail, we compared the serum cytokine content of tumor-bearing mice on day 29 (hPD-L1-B16-F10) or day 33 (hPD-L1-KLN205) after treatment with vehicle or PDI-1. Using a multiplex flow cytometry assay, we measured serum concentrations of IL-1α, IL-1β, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, monocyte chemotactic protein-1 (MCP-1), interferon (IFN)-β, IFN-γ, tumor necrosis factor-α (TNF-α), and granulocyte macrophage-colony stimulating factor (GM-CSF). We found that PDI-1 significantly increased serum levels of several cytokines, most notably IFN-γ, IFN-β, IL-1α, and IL-1β, compared with vehicle (Figures 6A, B). We also analyzed the abundance of total CD3+ T cells and/or CD4+ and CD8+ T cell subsets in the peripheral blood and dissociated tumor tissues by flow cytometry. In hPD-L1-B16-F10 tumor-bearing mice, treatment with 4 mg/kg PDI-1 significantly increased the percentage of CD3+ T cells in the peripheral blood compared with vehicle-treated mice, and there was a similar, albeit not significant, trend in the effects of PDI-1 on the abundance of intratumoral CD3+ T cells (Figure 6C). Interestingly, treatment with PDI-1 at 8 mg/kg had a smaller effect than 4 mg/kg PDI-1 on CD3+ T cell percentages in both the peripheral blood and tumor tissue (Figure 6C). In the PD-L1-KLN205 tumor-bearing mice, the effects of PDI-1 on peripheral blood T cells were more variable than in hPD-L1-B16-F10-bearing mice, although the percentage of CD8+ cells was significantly higher in PDI-1-treated mice than in vehicle-treated mice (Figure 6C). Notably, the percentage of intratumoral CD3+ T cells was significantly and dose-dependently increased in hPD-L1-KLN205 tumors from PDI-1-treated compared with vehicle-treated mice (Figure 6D).




Figure 6 | PDI-1 increases T cell-mediated anti-tumor responses in vivo. (A, B) Blood samples were collected on day 29 from hPD-L1-B16F10 tumor-bearing mice (A) or on day 33 from hPD-L1-KLN205 tumor-bearing mice, as described in Figures 4 and 5. Serum levels of IFN-γ, TNF-α, IL-1α, and IL-1β were analyzed using a multiplex flow cytometry assay. (C) Flow cytometric analysis of CD3+ T cells in peripheral blood mononuclear cells (left) or dissociated tumor tissue (middle) on day 29 after injection of hPD-L1-B16F10 cells. Dot plots (right) show representative FACS analysis of CD3 + T cells derived from tumor specimens. (D) Flow cytometric analysis of CD3+, CD4+, and CD8+ T cells in peripheral blood or of intratumorally CD3+ T cells on day 33 after injection of hPD-L1-KLN205 cells. Dot plots show representative FACS analysis of CD3 + T cells derived from tumor specimens. Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.





PDI-1 Rapidly Boosts the Host Anti-Tumor Immune Response

Because the analyses of tumor-infiltrating T cells in the preceding section were performed on days 29 and 33, we next asked whether the effects of PD-L1 blockade might be apparent much earlier in the response. The experiments were therefore repeated with hPD-L1-KLN205 tumors, and the mice were sacrificed on day 7 (Figure 7A). Indeed, tumors excised from PDI-1-treated mice displayed enhanced necrosis of cancer cells and infiltration by inflammatory cells compared with tumors from vehicle-treated mice (Figure 7B). Furthermore, mIHC-F staining showed that PDI-1 caused a marked increase in CD8a expression and a decrease in PD-L1 and FoxP3 expression in hPD-L1-KLN205 tumors (Figure 7C). Evaluation of serum cytokine levels revealed elevated levels of inflammatory cytokines, including IL-1α, IL-1β, IFN-γ, and TNF-α, in PDI-1-treated compared with vehicle-treated mice (Figure 7D). Finally, we analyzed the percentage of CD3+, CD4+, and/or CD8+ T cells in the peripheral blood and dissociated tumor tissues of the treatment mice (Figures 7E, F). Although PDI-1 treatment did not affect the percentage of total CD3+ T cells in peripheral blood, the relative abundance of CD8+ and CD4+ T cells was increased and decreased, respectively, in PDI-1-treated mice compared with vehicle-treated mice (Figure 7E). In addition, treatment with 4 mg/kg PDI-1 caused a significant increase in the abundance of tumor-associated CD3+ T cells (Figure 7F). Importantly, the beneficial anti-cancer effects of PDI-1 on T cell abundance, cytokine production, and PD-L1 expression were as good as or superior to the effects of the anti-PD-L1 mAb atezolizumab (Supplementary Figures 7A–C).




Figure 7 | PDI-1 treatment rapidly boosts the host immune response to hPD-L1-KLN205 NSCLC tumors. (A) Schematic of the experimental design. DBA/2 mice were injected subcutaneously with hPD-L1-KLN205 cells and administered vehicle, 2 mg/kg PDI-1, or 4 mg/kg PDI-1 by intraperitoneal injection. Mice were sacrificed on day 7 and peripheral blood and tumors were collected for analysis. (B) Representative images of H&E-stained tumor sections. (C) Fluorescent multiplex immunohistochemical staining of CD8a, PD-L1, and FoxP3 protein in excised tumors. Nuclei were stained with DAPI. (D) Serum levels of IFN-γ, TNF-α, IL-1α, and IL-1β were analyzed using a multiplex flow cytometry assay. (E, F) Flow cytometric analysis of CD3+, CD4+, and CD8+ T cells in peripheral blood (E) or of intratumoral CD3+ T cells (F) on day 7. Dot plots indicate representative FACS analysis of CD3 + T cells derived from tumor specimens. Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.






Discussion

Accumulating preclinical and clinical data support the crucial role of immune checkpoint pathways as therapeutic targets for cancer. Elucidation of the molecular mechanisms of PD-1 activity and the identification of its ligands (23, 24) has enabled detailed investigation of the involvement of this receptor–ligand pair in the anti-tumor immune response. As noted earlier, PD-1/PD-L1 interactions play a physiological role in maintaining tolerance through suppression of T cell activation, and expression of PD-L1 by cancer cells enables them to evade host immune surveillance (25). Several anti-PD-1 mAbs have been developed and approved for cancer therapy, including nivolumab, pembrolizumab, and atezolizumab (26); nevertheless, about 70% of patients with small cell lung cancer do not respond well to anti-PD-1 mAbs (27). The reason for such unresponsiveness is unclear and is under intense investigation.

Although small molecule blockers of the PD-1/PD-L1 interaction would have intrinsic advantages over mAbs, their development has progressed more slowly. In addition to the benefits already described, small molecules have the potential to enter cells and thus target the molecular mechanisms of immunosuppression not accessible to mAb therapies (28). Thus, novel small molecule compounds that could be used alone or in combination with mAbs provide an alternative therapeutic approach for patients with poor clinical responses and/or resistance to existing drugs.

In this study, we identified PDI-1 as a small molecule that binds to hPD-1 and hPD-L1 and disrupts their interactions in vitro and in vivo. Nivolumab binds to hPD-1 at amino acids 25–34 (29), whereas our docking simulations suggest that PDI-1 binds in the region of serine 57 of hPD-1. Thus, the binding sites of nivolumab and PDI-1 are non-overlapping and the combination of both agents could potentially provide superior efficacy compared with either agent alone.

We demonstrated that PDI-1 blocks PD-1/PD-L1-mediated negative regulation of TCR-activated T cells (30), thereby promoting T cell cytotoxicity and cytokine production, cancer cell apoptosis, and recruitment of inflammatory cells to the TME (31, 32). In syngeneic mouse tumor models, PDI-1 inhibited the growth of hPD-L1-expressing melanoma and NSCLC by increasing the abundance of effector CD8+ T cells and decreasing that of inhibitory FoxP3 CD4+ Tregs. We also verified that the PD-1/PD-L1 axis contributes to tumor immune evasion, and our results suggest that PDI-1 may rejuvenate immunosurveillance by relieving T cell anergy induced by potent and chronic stimulation by tumor antigens (33). PD-1 engagement by PD-L1 on cancer cells is known to interfere with TCR/CD28-dependent T cell signaling by blocking exhaustion-associated transcription factors, including the AP-1, NF-κB, and NFAT (34). Martinez et al. showed that different styles of NFAT trigger transcriptional profiles associated with exhausted versus effector T cell phenotypes (35). PD-L1 binding to PD-1 induces phosphorylation of the immunoreceptor tyrosine switch motif in the cytoplasmic domain of PD-1, which leads to recruitment of SHP2 phosphatase, inhibition of downstream signaling through ZAP70 and PI3K, and inhibition of T cell proliferation, differentiation, and cytokine production (36–38). Consistent with this, we demonstrated that PDI-1 enhances NFAT activity in Jurkat T cells in a TCR- and PD-L1-dependent manner, thus providing a molecular mechanism by which PDI-1 enhances anti-tumor responses to NSCLC and melanoma in mice. Importantly, treatment of mice with PDI-1 alone did not affect organ or body weights, suggesting that PDI-1 has a favorable safety profile. We detected the distribution of PDI-1 in mice (Supplementary Figure 8). The MRM chromatograms in Supplementary Figure 8 show the serum concentrations of PDI-1 increase at 5 minutes.

Our finding, that PDI-1 is efficacious and safe in two in vivo models of cancer, suggests that this compound could be clinically developed as a new ICI. Small molecule compounds represent an important potential source of novel anti-cancer drugs; however, few small molecules affecting immune regulation have been developed to date. Further studies on the immunomodulatory activity of compounds such as PDI-1 will be of considerable importance in advancing the development of small molecule anti-cancer drugs.
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Supplementary Figure 1 | PDI-1 is not toxic to cancer cells or CD3+ T cells. (A–C) Proliferation of NCI-H1975, A549 (A) A375, SK-MEL-2 (B) tumor cells or CD3+ T cells (C). Cells were cultured overnight and then incubated with the indicated concentrations of PDI-1 for an additional 24 hours. Viability was measured using an MTS assay. (D) Flow cytometric analysis of hPD-L1 expression on TCR-HEK293T and hPD-L1-TCR-HEK293T cells. Data represent the mean ± SEM of three replicates. *p < 0.05; **p < 0.01; ***p < 0.001.

Supplementary Figure 2 | Mouse and human PD-L1 expression in transfected cancer cell lines. (A, B) Flow cytometric analysis of double staining of human (h) and mouse (m) PD-L1 on murine KLN205 NSCLC cells (A) and murine B16-F10 melanoma cells (B) after transfection with human PD-L1. Cells were stained with hPD-L1 or an isotype control IgG antibody.

Supplementary Figure 3 | PDI-1 exhibits no toxicity in wild-type C57BL/6 mice. (A–C) Groups of 5–6-week-old wild-type C57BL/6 mice were administered vehicle or the indicated doses of PDI-1 by intraperitoneal injection once daily for 13 days. Liver (A), spleen (B) and body (C) weights were determined on day 13. Data represent the mean ± SEM of 6 mice/group. ns, not significant.

Supplementary Figure 4 | PDI-1 exhibits no toxicity in mice bearing hPD-L1-transfected melanoma or NSCLC tumors. (A, B) Groups of C57BL/6 mice (n=11) were injected with hPD-L1-B16-F10 melanoma cells and administered vehicle or the indicated doses of PDI-1 by intraperitoneal injection once daily for 29 days. Tumors were excised and photographed (A) and the liver, spleen, and body weights (B) were then determined. (C) Groups of DBA/2 mice (n=8) were injected with hPD-L1-KLN205 NSCLC cells and administered vehicle or the indicated doses of PDI-1 by intraperitoneal injection once daily for 33 days. Liver, spleen, and body weights were then determined. Data represent the mean ± SEM. ns, not significant.

Supplementary Figure 5 | PDI-1 increases inflammatory cytokine production in hPD-L1-transfected tumor-bearing mice. (A, B) Blood samples were collected from C57BL/6 mice bearing hPD-L1-B6F10 tumors on day 29 (A) or from DBA/2 mice bearing hPD-L1-KLN205 tumors on day 33 (B). Sera were analyzed for the indicated inflammatory mediators using a multiplex flow cytometry assay. Data represent the mean ± SEM of 8 mice/group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Supplementary Figure 6 | PDI-1 rapidly boosts the host immune response to hPD-L1-bearing tumor cells. DBA/2 mice harboring hPD-L1-KLN205 tumors were bled on day 7 and sera were analyzed for the indicated inflammatory mediators using a multiplex flow cytometry assay. Data represent the mean ± SEM of 7 mice/group. *p < 0.05; **p < 0.01; ns, not significant.

Supplementary Figure 7 | Comparison of PDI-1 with Atezolizumab in an animal model. (A–C) Groups of C57BL/6 (n=6) mice were injected with hPD-L1-B16-F10 murine melanoma cells and administered vehicle, 4 or 8 mg/kg PDI-1, or the anti-PD-L1 mAb atezolizumab (10 mg/kg) by intraperitoneal injection once daily for 7 days. Tumors and blood samples were collected on day 14. (A) Representative images of H&E-stained tumor sections. (B) Fluorescent multiplex immunohistochemical staining of PD-L1, CD8a, and FoxP3 protein in excised tumors. (C) Serum levels of the indicated cytokines were determined using a multiplex flow cytometry assay. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Supplementary Figure 8 | Distribution of PDI-1 in mice. MRM chromatograms for PDI-1 detected in the serum of C57BL/C male mice.
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Reactive oxygen species (ROS) play an important role in cellular metabolism. Many chemotherapeutic drugs are known to promote apoptosis through the production of ROS. In the present study, the novel curcumin derivative, 1g, was found to inhibit tumor growth in colon cancer cells both in vitro and in vivo. Bioinformatics was used to analyze the differentially expressed mRNAs. The mechanism of this effect was a change in mitochondrial membrane potential caused by 1g that increased its pro-apoptotic activity. In addition, 1g produced ROS, induced G1 checkpoint blockade, and enhanced endoplasmic reticulum (ER)-stress in colon cancer cells. Conversely, pretreatment with the ROS scavenging agent N-acetyl-l-cysteine (NAC) inhibited the mitochondrial dysfunction caused by 1g and reversed ER-stress, cell cycle stagnation, and apoptosis. Additionally, pretreatment with the p-PERK inhibitor GSK2606414 significantly reduced ER-stress and reversed the apoptosis induced by colon cancer cells. In summary, the production of ROS plays an important role in the destruction of colon cancer cells by 1g and demonstrates that targeted strategies based on ROS represent a promising approach to inhibit colon cancer proliferation. These findings reveal that the novel curcumin derivative 1g represents a potential candidate therapeutics for the treatment of colon cancer cells, via apoptosis caused by mitochondrial dysfunction and endoplasmic reticulum stress.
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Introduction

According to cancer statistics recently published by the American Cancer Society, the incidence of human colorectal cancer (CRC) is 10.2%, with a mortality rate of 9.2%, a rise from 4th to 2nd place in the ranking of cancer (1, 2). Currently available treatments for CRC include surgical intervention, radiotherapy, and chemotherapeutic drugs. However, the mechanisms by which the treatments operate remain largely unknown (3). Therefore, new treatment strategies are required to improve survival in CRC patients.

Cur (Figure 1A), a bioactive ingredient of Curcuma longa (turmeric), is a well-known cancer-preventative agent with no significant side effects at a therapeutic dose. Over the past decade, curcuma’s anti-cancer properties have been well documented in a variety of cancer types, including lung, breast, pancreatic, and prostate cancer (4–6). In addition, multiple studies have demonstrated that Cur has anti-proliferative and anti-carcinogenic properties in a variety of cell lines and animal models, partly because it blocks the cell cycle, induces apoptosis, and inhibits the proliferation and metastasis of tumor cells (7–9). Various studies have demonstrated the chemoprophylactic and antitumor effects of Cur in CRC in vivo (10–14). Despite its safety and extensively documented pharmacological effects, the utilization of Cur is challenging due to its extremely low water solubility, instability, and poor oral bioavailability (15, 16). A variety of strategies have been studied to overcome the limitations of Cur, including chemical modification.




Figure 1 | Differentially expressed gene profiles and bioinformatics analysis. HCT116 cells were exposed to 1g (10 μM) for 24 h, after which the transcriptome was sequenced. (A, B) The structures of Cur and 1g. (C) Volcano plot of differentially expressed mRNAs. (D) Heat map of differentially expressed mRNAs. (E) GO enrichment bubble map for differentially expressed mRNAs. (F) KEGG Pathway enrichment bubble map for differentially expressed mRNAs.



ROS are highly active oxygen radicals that are mainly derived from NADPH oxidase in the mitochondria (17). It has been reported that ROS and tumor biology are inherently intertwined (18). Over recent years, this laboratory has investigated the chemical modification of Cur to create novel molecules that are more chemically stable and more pharmacologically powerful than Cur. Previously, a range of pyrimidine-substituted curcumins was synthesized and evaluated as a treatment against a variety of cancer cells (19). One compound: (E,E)-2-(4-(4,6-bis(4-methoxystyryl)pyrimidin-2-yloxy)butyl)-1,1,3,3-tetramethylisothiouronium hydrobromide (Figure 1B) exhibited excellent chemical stability combined with anti-cancer properties. Here, RNA-sequencing was conducted to identify differentially expressed mRNAs in a colon cancer cell line (HCT116) treated with the Cur analog 1g and found that those mRNAs identified were closely related to cell apoptosis. Subsequently, the anticancer mechanism and the effectiveness of 1g against colon cancer cells were explored. The results indicate that the anticancer mechanism of action of 1g was possibly via the induction of intracellular ROS generation, leading to a change in mitochondrial membrane potential, cell cycle arrest, activation of ER-stress, ultimately leading to cell apoptosis. The present study not only found that 1g inhibited the activity of colon cancer cells to a greater extent than Cur, but also revealed that overproduction of ROS is an important factor in the treatment of CRC.



Methods


Antibodies and Reagents

The following antibodies were used: GADPH (#2118), anti-CHOP (#2895), anti-GRP78 (#3177), anti-cleaved caspase 9 (#7237), anti-cleaved caspase 3 (#9661), anti-cleaved PARP (#5625), anti-Bax (#5023), anti-Bcl-2 (#3498), anti-Cytochrome c (#4272), anti-PERK (#5683), anti-p44/42 MAPK (Erk1/2) (#9102), anti-phospho-p44/42 MAPK (Erk1/2) (#9101), anti-Cyclin D1 (#2978), anti-phospho-Rb (#8516), anti-IRE1α (#3294), and anti-p21 (#2947), anti-mouse IgG-HRP (#7076), and anti-rabbit IgG-HRP (#7074) were purchased from Cell Signaling (Beverly, MA, USA); anti-Phospho-EIF2 alpha (AF3087) and anti-Phospho-PERK (Thr982) (DF7576) were sourced from Affinity Biosciences Ltd.; anti-ATF4 (0835-1-AP) was obtained from Proteintech (Wuhan Sanying) and anti-p53 (ab26) was acquired from Abcam (Cambridge, UK).

Other reagents used in the present study were: 1g (>98% purity, HPLC) prepared in our laboratory. Cur and DMSO were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cell Counting Kit-8 (CCK-8), N-acetylcysteine (NAC; ROS scavenger), and GSK2606414 were purchased from MedChemExpress (Monmouth Junction, NJ, USA). Antibody diluent and Restore™ PLUS Western Blot Stripping Buffer were purchased from ThermoFisher Scientific (Shanghai, China).



Cell Culture

The human colon cancer cell lines HCT116 and HT29 were obtained from the American Type Culture Collection (ATCC). SW480 and LOVO were obtained from the Cell Resource Center, Shanghai Institute of Life Sciences, Chinese Academy of Sciences. HCT116 and HT29 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; BI, New York, NY, USA), and SW480 in Roswell Park Memorial Institute (RPMI)-1640 medium (BI). LOVO cells were maintained in DMEM/F-12 (Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12). The passage number of all the above cell lines was between 20 and 30. The medium was supplemented with 10% fetal bovine serum (FBS; Biological Industries, Israel) and 1% penicillin G/streptomycin sulfate. Cells were maintained at 37°C in a humidified incubator within 5% CO2.



Transcriptome Gene Sequencing

Untreated HCT116 cells and those treated with 1g for 24 h (n = 3) underwent transcriptomic analysis by Gooal Gene Technologies Ltd. (Wuhan, China). Briefly, total RNA was processed by mRNA enrichment and rRNA removal. The RNA was fragmented with interrupt buffer, and random N6 primers were reverse transcribed, from which double-stranded cDNA was synthesized. The resultant double-stranded DNA ends were flattened and phosphorylated at the 5’-ends. A “sticky” end was formed at the 3’ end from which an ‘A’ protruded to which a bubblelike junction with a ‘T’ was connected. The ligands were amplified by PCR using specific primers. The PCR product was thermally denatured into a single strand, which was cycled with a bridge primer to obtain a single-stranded circular DNA library which was finally machine sequenced. The process is detailed in a flowchart in Additional File 1.



Cell Proliferation Assay

Cell proliferation was measured using a CCK-8 assay. Briefly, 1g-treated cells were plated at 5 × 103 cells per well in 96-well culture plates and cultured for 12, 24, and 48 h. A 10 µl aliquot of CCK-8 reagent was added to each well then incubated at 37°C for 3 h. The absorbance at 450 nm of each well was recorded using a microplate reader (Tecan Austria GmbH 5082, Austria) (n = 5).



Flow Cytometry Analysis

Cell apoptosis analysis. Cells were seeded in six-well plates (5 × 105 cells/well). After incubation with specified drug treatments, the cells were suspended in Annexin V binding buffer then incubated with Annexin V–FITC and PI in accordance with the manufacturer’s instructions (BD Biosciences, Bedford, MA, USA), prior to flow cytometry analysis (n = 3).

Cell cycle analysis. Cells were treated with 1g or Cur for 18 h, collected, fixed, and permeabilized overnight in 75% ethanol overnight at −20°C. All samples were washed twice with PBS and then incubated with PI and RNase at room temperature for 30 min. The results were analyzed using Modifit software (n = 3).

ROS measurement. ROS levels were determined using a dichloro-dihydrofluorescein diacetate (DCF-DA) probe. After treatment, the cells were collected and incubated with 20 μM DCF-DA for 30 min. After washing twice in PBS, the fluorescence intensity of DCF was measured by flow cytometry. The results were analyzed using Flowjo v10 software (n = 3).

Mitochondrial membrane potential (ΔΨm) evaluation. Following treatment with 1g or Cur for 24 h, the cells were incubated with a JC-1 fluorescent probe (Elabscience, Wuhan, China) in a 5% CO2 humidified incubator at 37°C for 20 min. The cells were then washed twice with a staining buffer and analyzed using a TMFC500 flow cytometer (Beckman Coulter, CA, USA) (n = 3).



Western Blotting

Cells and tissues were collected in RIPA buffer (50 mM Tris, 10 mM EDTA, 1% v/v Triton-X100), and supplemented with PMSF protease inhibitor and phosphatase inhibitor. The cells and tissues were then sonicated (8 bursts of 12 s, 4°C, 100 W, using a Labsonic sonicator, Hielscher, Teltow, Germany), and the protein concentration of the samples determined using a BCA protein assay. For each sample, the same quantity of protein (35 μg) was added to an appropriate volume of 5× sample buffer (Beyotime Biotechnology, Shanghai, China), and then heated until boiling. Each sample was then separated on a 10–12.5% SDS-polyacrylamide gel (PAGE) after which they were transferred to PVDF membranes using a Bio-Rad electro-transfer system (Bio-Rad Laboratories, Munich, Germany). Each membrane was then hybridized with a primary antibody overnight on a shaking table at 4°C, washed three times with TBST buffer (3 × 10 min), then incubated with the corresponding secondary antibody at room temperature for 1 h. Finally, Immobilon Western chemiluminescent HRP matrix (Millipore, Burlington, MA, USA) was added to develop the membrane. The positive bands were vizualized using an Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA), and the density of the digital images measured using ImageJ software (NIH, Bethesda, MD, USA, ver.1.52a) and expressed as a proportion of the GAPDH loading control (n = 3).



Quantitative Real-Time PCR Analysis

qRT-PCR was used to measure the expression of GRP78 and CHOP. Total RNA was extracted using Trizol reagent (Invitrogen; Life Technologies Corporation, Grand Island, NY, USA) in accordance with the manufacturer’s instructions. A 1μg quantity of RNA was reverse transcribed using a PrimeScript RT reagent kit (Takara, Tokyo, Japan). The cDNA was diluted (2 µl) and selectively amplified using a real-time PCR with SYBR Green I (Takara) and specific primers. The sequences of human CHOP, GRP78, and GAPDH were obtained from previously published articles (20). The samples were amplified using a Roche LightCycler 480II (Switzerland). The relative quantity of each mRNA was calculated using a comparative method (2−△△Ct) against a GAPDH endogenous control (n = 3).



Colon Cancer Xenografts in Nude Mice

All animal husbandry and experimental procedures were approved by the Animal Research Ethics Committee of the Affiliated Hospital of Qingdao University in Shandong Province. Four 6-week-old female Balb/c-nu/nu mice were obtained from the Beijing Viton Lihua Experimental Animal Technology Co. Ltd. The mice were maintained at an ambient temperature of 20–25°C, in specific pathogen-free ventilation chambers at 45–50% relative humidity, in a 12 h light-dark cycle. The mice were adapted to the environment for 7 days prior to experimentation and received sterilized food and water ad libitum. Suspensions of HCT116 cells were injected subcutaneously into each mouse (at a cell density of 5 × 106 in 150 μl PBS). When the tumor volume had reached approximately 150 mm3, the mice were randomly divided into control and treatment groups (n = 6). The groups were: control group with vehicle; 1g group (40 mg/kg); 1g group (20 mg/kg), and Cur group (40 mg/kg). Each treatment group received an intraperitoneal injection once per day. The mice were monitored for 14 days during treatment. Bodyweight and tumor volume were measured every 2 days. The tumor volume was calculated using the formula: ([width]2×[length]/2). Moreover, weight was recorded throughout the experiment.



HE Staining

Transplanted tumor tissue biopsies were embedded in paraffin, sectioned, then processed in xylene I for 20 min, xylene II for 20 min, ethanol I for 5 min, anhydrous ethanol II for 5 min, and 75% alcohol for 5 min prior to washing in water. Sections were stained with hematoxylin for 3–5 min, rinsed with tap water, differentiated, again rinsed with tap water, immersed in basic bluing reagent prior to rinsing in running water. Sections were then dehydrated through an 85–95% gradient of alcohol for 5 min respectively, then stained in eosin solution for 5 min. The sections were placed in anhydrous ethanol I for 5 min, anhydrous ethanol II for 5 min, anhydrous ethanol III for 5 min, dimethyl I for 5 min, xylene II for 5 min for clearing, then sealed in neutral rubber. Finally, the sections were examined by light microscopy and images were acquired then analyzed (n = 3).



Statistical Analysis

GraphPad InStat 8.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. The results were expressed as the means of arbitrary units ± SD. Differences were analyzed using a one-way analysis of variance followed by a Bonferroni’s post-hoc test. P-values <0.05 were considered significant.




Results


Bioinformatics Analysis of Differentially Expressed mRNAs and Microarray Data of 1g-Treated Colon Cancer Cells

A total of 181 differentially expressed mRNAs were identified in the HCT116 cells after exposure to 1g (10 μM) for 24 h. Of these, 80 were up-regulated and 101 were down-regulated compared with the control group. From the results, a volcano plot was created (Figure 1C) and a heat map of the mRNA expression levels (Figure 1D). To determine the key factors that inhibit colon cancer cells by 1g, gene ontology (GO) and pathway analyses were performed. From the GO enrichment bubble map (Figure 1E), it is apparent that 1g inhibits HCT116 cells principally via regulation of the metabolic processes related to adhesion, biological regulation, cellular processes, and catalytic activity. Enrichment was conducted from information in the KEGG database to identify pathways that mediate significant change to the function of the differentially expressed genes, identifying 20 significant pathways associated with those genes that may play a key role in the processing of HCT116 cells by 1g (Figure 1F). Interestingly, of these, the apoptotic pathway was the most significant. Therefore, we further explored the effects and mechanisms of 1g on apoptosis in HCT116 cells.



The Cur Derivative, 1g, Inhibits Colon Cancer Cell Proliferation

Using a CCK-8 assay, the effect of 1g on the proliferation of HCT116, HT29, SW480, and LOVO colon cancer cell lines at increasing concentrations for 12, 24, or 48 h, was investigated. The results indicated that 1g significantly inhibited the proliferation of the four different colon cancer cell lines in a time and dose-dependent manner (Figures 2A–D). However, the activity of normal CHO fibroblasts was not affected by 1g (10 μM), as reported previously (19). This suggests that 1g displays the similar safety and stability as Cur but is more selective against colon cancer cells.




Figure 2 | 1g inhibited the proliferation of colon cancer cells. (A) HCT116, (B) HT29, (C) SW480, and (D) LOVO cells were treated with 1g (2–32 μM) for 12, 24, and 48 h. The inhibition effect of 1g on cell proliferation was dose-dependent and time-dependent (n = 5).





1g Induces Apoptosis and Cell Cycle Arrest in Colon Cancer Cells

To confirm that the apoptosis caused by 1g was consistent with transcriptomic sequencing, HCT116 cells were further treated with 1g and Cur for 24 h then analyzed after Annexin V-FITC/PI double staining by flow cytometry. The number of apoptotic colon cancer cells was positively correlated with the concentration of 1g, and the number of apoptotic HCT116 cells was significantly greater when treated with 10 μM 1g than with 10 μM Cur (Figures 3A, B). 1g was also able to induce apoptosis in HT29 cells (Figures 3C, D). In addition, the apoptosis-related proteins cleaved-PARP, p-ERK, cleaved-caspase 9, and cleaved-caspase 3 were measured by Western blotting. HCT116 cells were treated with 1g (10 μM) during cell culture (0–24 h), followed by DMSO, 1g or Cur for 24 h. The results demonstrate that the protein expression levels increased after treatment with 1g in a time and dose-dependent manner (Figures 3E–H). Cyclin is closely involved in the checkpoint control mechanism and represents the signal to undergo apoptosis (21). Flow cytometric analysis of PI stained cells was also conducted to ascertain whether 1g induced HCT116 cell cycle arrest. HCT116 cells undergoing exponential growth were treated with 1g or Cur for 24 h then analyzed by flow cytometry. Interestingly, after treatment with 1g (10 μM), the number of cells in the G1 phase increased significantly, the number in the S phase decreased significantly while no significant change in number was observed in the G2/M phase (Figures 3I–L). These observations are different from those previously reported for Cur treatment of colon cancer cells, which were observed to undergo cycle arrest in the G2/M phase (8). Subsequently, the colon cancer cells were treated with 1g (10 μM) for up to 24 h. The expression levels of p-Rb and Cyclin D1 were greatest at 4 h and then decreased, while the expression levels of p21 were highest at 8 h (Figures 3M, N). In addition, the expression levels of P-Rb and Cyclin D1 were measured in HCT116 cells treated with increasing concentrations of 1g or Cur at 24 h. The expression levels of p21 and p53 were measured at 8 h. P-Rb and Cyclin D1 expression decreased with increasing 1g concentration, while the expression levels of p21 and p53 increased. This is consistent with the regulation of the cell cycle by these proteins (Figures 3O, P).




Figure 3 | 1g induced colon cancer apoptosis and inhibited cell cycle arrest in the G1 phase. (A, B) Flow cytometry was used to detect the induction of apoptosis of HCT116 cells after treatment with 1g or Cur for 24 h. (C, D) Flow cytometry was used to detect the induction of apoptosis of HT29 cells after treatment with 1g for 24 h. (E, F) The number of apoptotic cells was determined using GraphPad Prism software. (C) Levels of apoptotic proteins were evaluated in HCT116 cells treated with 1g (10 μM) over varying durations. (G, H) Protein levels evaluated by Western blot analysis of 1g or Cur-treated HCT116 cells for 24 h. (I, J) Flow cytometry was used to determine the induction of cell cycle arrest in HCT116 cells after treatment with 1g or Cur for 24 h. (K, L) Flow cytometry was used to determine the induction of cell cycle arrest in colon HT29 cells after treatment with 1g for 24 h. (M, N) Expression of relative protein levels of the cell cycle determined by Western blot analysis after treatment with 1g (10 μM) over varying durations. (O, P) Protein levels evaluated by Western blot analysis of 1g or Cur-treated HCT116 cells for the time indicated. Data represent means ± SD. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by a Bonferroni’s post-hoc test. Statistical significance indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns indicates that the comparison was not statistically significant.





1g Induces Changes in Mitochondrial Membrane Potential in Colon Cancer Cells

It is well-known that many cytotoxic stimuli, including chemotherapeutic drugs, induce apoptosis via endogenous pathways with which mitochondria are involved (22, 23). Apoptosis-related gene expression was assessed to test the hypothesis that 1g operates similarly, finding that Bax and Cyto C expression levels increased and anti-apoptotic Bcl-2 expression levels decreased after the treatment of HCT116 cells with 1g, in a time and dose-dependent manner (Figures 4A–D). As the ratio of Bax/Bcl-2 expression increased, mitochondrial membrane dysfunction and permeability increased (24). The mitochondrial membrane potential of HCT116 and HT29 cells treated with 1g or Cur for 24 h was found to have undergone a clear change (Figures 4E, F).




Figure 4 | 1g changes the mitochondrial membrane potential in colon cancer cells. (A, B) HCT116 cells were treated with 1g (10 μM) over varying durations. (C, D) Protein levels evaluated by Western blot analysis of 1g or Cur-treated HCT116 cells for 24 h. (E) Mitochondrial membrane potential was analyzed by flow cytometry in HCT116 cells treated with 1g or Cur for 24 h (n = 3). (F) Mitochondrial membrane potential was analyzed by flow cytometry in HT29 cells treated with 1g for 24 h (n = 3). Data represents means ± SD. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by a Bonferroni’s post-hoc test. Statistical significance indicated as **P < 0.01, ***P < 0.001, ****P < 0.0001.





1g Induces Colon Cancer Apoptotic Death by Evoking ROS Generation and Transduction of the ER Stress-Related Cell Death Pathway

As is well known, mitochondria are the principal source of ROS in eukaryotic cells. The destruction of mitochondrial function is generally related to an enhancement of the production of mitochondrial ROS (25). Excessive production of ROS can lead to DNA damage (26), endoplasmic reticulum stress (27), and apoptosis (28). To test the hypothesis that 1g was able to stimulate colon cancer cells to produce ROS, production was measured in 1g-treated cells, which demonstrated increased ROS production in a time-dependent manner (0–120 min) (Figure 5A). N-acetyl-l-cysteine (NAC) is an antioxidant that can eliminate all ROS subclasses (29). The ROS produced by HCT116 cells was measured after treatment with different concentrations of 1g and pretreatment with 10 mM NAC for 1 h. ROS increased with increasing concentrations of 1g, while ROS production was significantly reduced in the NAC pretreatment group (Figure 5B). To verify that the ROS produced in colon cancer cells led to cell apoptosis and cell cycle stagnation, ultimately leading to decreased cell activity, the cells were pretreated with NAC for 1 h, followed by treatment with 1g (10 μM) for 24 h. The expression of mitochondrial proteins and cycle proteins was detected by Western blotting (Figures 5C–F). As demonstrated by flow cytometry, NAC significantly reversed 1g-induced apoptosis of colon cancer (Figures 5G–J). The activity of HCT116 and HT29 cells was measured using a CCK-8 assay (Figures 5K, L). To further explore whether 1g (10 μM)-stimulated ROS production of colon cancer cells can cause their endogenous apoptosis by ER-stress, the gene expression of CHOP and GRP78 was quantified by RT-PCR in HCT116 cells at various times (0 to 8 h) (Figures 6A, B), and CHOP and GRP78 gene expression in 1g and Cur-treated HCT116 cells for 8 h (Figures 6C, D). The results demonstrated that the mRNA transcription of GRP78 and CHOP was time-dependent and increased with the increasing 1g concentration. The time dependency of ER-stress related protein expression was then measured by the Western blotting of PERK, p-PERK, and p-EIF2α (0–120 min); ATF4 and CHOP (0–12 h); and IRE1α and BIP (0–24 h). Maximum protein expression of p-PERK occurred at 1 h, p-EIF2α at 2 h, ATF4 and CHOP after 6 h, and IRE1α and BIP at 24 h (Figures 6E, F). The effect on ER-stress related protein expression of different concentrations of 1g and Cur was investigated at the specific exposure times above. The protein expression of p-EIF2α, p-PERK, CHOP, and ATF4 were increased with increasing 1g concentration, while the expression of IRE1α and BIP was greatest at 1g (10 μM) (Figures 6G, H). After 1 h of pretreatment with NAC, HCT116 cells were treated with 1g (10 μM) after which they were analyzed for protein expression. It demonstrated that the expression of CHOP, ATF4, and p-PERK was almost entirely blocked by pretreatment with NAC and the expression of BIP significantly reduced (Figures 6I, J). Similarly, in HT29 cells, NAC reversed the expression of CHOP and BIP proteins (Figures 6K, L). To determine whether ER-stress was the cause of 1g-induced apoptosis and death of the colon cancer cells, they were treated with the p-PERK inhibitor GSK2606414 (30). Compared with the untreated group, p-PERK was significantly reduced after 1 h pretreatment with GSK2606414 (2 μM). Similarly, the expression of proteins downstream of CHOP decreased significantly (Figures 6M, N). These results indicate that ER stress signal activation at least partially mediated 1g-induced apoptosis of HCT116 cells.




Figure 5 | Cytotoxicity of 1g toward colon cancer cells depends on the production of intracellular ROS. (A) Flow cytometric analysis of intracellular ROS generation induced by 1g over increasing durations measured in HCT116 cells after staining with DCFH-DA (10 μM). (B) HCT116 cells pre-incubated with NAC (10 mM) for 1 h prior to exposure to 1g (10 μM) for 8 h. (C, D) HCT116 cells pretreated with NAC (10 mM) for 1 h, then treated with 1g (10 μM) for 24 h. Apoptotic proteins and cyclins measured by Western blotting. (E, F) HCT116 cells pretreated with NAC (10 mM) for 1 h, then treated with 1g (10 μM) for 24 h. (G, H) Flow cytometry was used to detect the induction of apoptosis of HCT116 cells. (I, J) Flow cytometry was used to detect the induction of apoptosis of HCT116 cells. (K, L) HCT116 and HT29 cell activity measured using a CCK-8 assay. Data represent means ± SD. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by a Bonferroni’s post-hoc test. Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns indicates that the comparison was not statistically significant.






Figure 6 | ER-stress is involved in 1g-induced apoptosis of colon cancer cells. (A, B) GRP78 and CHOP mRNA levels of HCT116 cells were measured after treatment 1g (10 μM) from 0 to 8 h. (C, D) GRP78 and CHOP mRNA levels of HCT116 cells were measured after treatment with various concentrations of 1g ranged from 0 to 10 μM for 8 h. (E, F) ER-stress protein levels were measured by Western blot analysis of HCT116 cells treated with 1g (10 μM) for various durations. (G, H) Protein levels were measured by Western blot analysis of HCT116 cells treated with 1g or Cur for the duration indicated. (I, J) Expression of proteins measured by Western blot analysis of HCT116 cells pre-incubated with 10 mM NAC for 1 h prior to treatment with 1g (10 μM) for the duration indicated. (K, L) Expression of proteins measured by Western blot analysis of HT29 cells pre-incubated with 10mM NAC for 1 h prior to treatment with 1g (10 μM) for the duration indicated. (M, N) Expression of PERK, p-PERK, or CHOP determined by Western blot analysis of HCT116 cells incubated with p-PERK inhibitor (GSK2606414), after stimulation with 1g (10 μM) for 2 or 6 h. Data represent means ± SD. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by a Bonferroni’s post-hoc test. Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns indicates that the comparison was not statistically significant.





1g Significantly Inhibits HCT116 Cell Growth in a Mouse Model

To verify the anti-tumor effect of 1g in vivo, HCT116 cells were injected into mice to establish an in vivo tumor xenograft model. The results demonstrated that the volume of the resultant tumors in mice treated with saline increased in a time-dependent manner, while both 1g and Cur displayed antitumor effects (Figure 7A). The size of the tumors in mice of the 1g group was distinctly smaller than those in the mice of the Cur and control groups (Figure 7B). Furthermore, all mice survived 14 days of treatment and were approximately the same weight. The results indicate that 1g was shown to be safe at the specified dose (Figure 7C). Western blotting and immunohistochemical analysis indicated that 1g significantly enhanced the expression of cleaved-caspase 3 and CHOP (Figures 7D, E). From the results of hematoxylin-eosin (HE) staining, a large number of pathological mitotic figures were observed in the tumor tissue treated with 1g (Figure 7F). These data are consistent with the results of 1g in anti-colon cancer cell proliferation experiments in vitro. In addition, 1g exhibited stronger anti-tumor effects in vivo than Cur at the same dose.




Figure 7 | 1g inhibits tumor growth in a xenograft mouse model of human colon cancer. (A) 7 days after HCT116 cell implantation, the mice were treated with either vehicle (control), 1g (20 mg/kg), 1g (40 mg/kg), or Cur (40 mg/kg) for an additional 14 days. The size of the tumor in each group is shown (n = 6 each group). (B) Representative images of tumors in each treatment group. (C) Weight of Balb/c mice (n = 6). (D, E) Cleaved caspase 3 and CHOP levels evaluated in 1g-treated and Cur-treated xenografts. Relative density measurements correspond to Western blot band intensities normalized to an internal control (n = 3). (F) HE staining of tumor tissue treated with 1g and curcumin. Data represent means ± SD. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by a Bonferroni’s post-hoc test. Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001.






Discussion

Cur is the biologically active ingredient in turmeric, known since ancient times for its medicinal properties (31). Cur is thought to induce apoptosis in all types of cancer cell (32–34). Over the past decade, cur has demonstrated remarkable biological properties, but its clinical use has been limited by its instability at physiological pH and low bioavailability (35, 36). Multiple studies have shown that the reason for Cur’s poor bioavailability is its early biological transformation and metabolism (37, 38). In order to overcome this limitation, Cur has been chemically modified to improve its stability and bioavailability. Interestingly, a series of isothiourea-modified compounds with important pharmacological activity, including anti-tumor properties, were produced (39–41). Based on these compounds, we introduced the positively charged isothiourea group into the pyrimidine-substituted curcumin analog. Our data indicated that 1g significantly enhanced anticancer activity compared to the unmodified compounds, in addition to its unique Golgi body localization. However, the mechanism by which 1g inhibits colon cancer growth remains unclear (19).

Here, we identified 181 differentially expressed mRNAs in HCT116 cells following exposure to 1g (10 μM) for 24 h, and additional bioinformatics analysis indicated that these differentially expressed mRNAs were closely related to cell apoptosis. As a result, we explored the effects and mechanisms of 1g on apoptosis in HCT116 cells. The data indicate that 1g reduced the activity of colon cancer cells in a time and dose-dependent manner. Furthermore, transcriptional genome sequencing revealed that it mainly induced apoptosis and death of colon cancer cells. As described above, it has been confirmed the molecular mechanism by which Cur induces apoptosis is principally through the mitochondria-dependent pathway (32, 38). Flow cytometry analysis and Western blotting revealed that 1g modified the mitochondrial membrane potential of HCT116 cells and induced apoptosis. Interestingly, the change in mitochondrial membrane potential induced by 1g activated apoptotic signals, unlike the mechanism of Cur. In addition, Western blot analysis of apoptotic proteins demonstrated that 1g effectively induced apoptosis by releasing cytochrome c and activating downstream caspase-9 and caspase-3 cascade reactions.

In recent years, increasing attention has focused on therapeutic drugs that can regulate different stages of the cell cycle in cancer cells, including G0/G1, S, and G2/M (42). Regulation by inhibition of the cell cycle may be considered a beneficial event that leads to the induction of apoptotic cell death when treating colon cancer (43). In the present study, in comparison with Cur (8), 1g induced cell blockade of the G1 phase in HCT116 cells. Thus, the results indicate that 1g caused apoptosis in colon cancer cells by blocking the cell cycle.

Cur also produced ROS, leading to apoptosis in cancer cells (44, 45). As important multifaceted signaling molecules, ROS regulate multiple cellular pathways and play an important role in deciding cell fate (46). There is growing evidence that excessive oxidative stress may be an effective method of eliminating cancer cells (47). After excessive production of ROS, a number of pro-apoptotic signaling pathways, including ER-stress, are activated (48). ER-stress is a conservative cellular defense mechanism that responds to the environment within the ER (49). A number of anticancer drugs have previously been reported to induce apoptosis in cancer cells by ER-stress, such as sphenol (50), farnicol (51), or polyfiline D (52). Similarly, 1g also promoted ROS-mediated ER-stress. The unfolded protein response causes ER stress over a long period and activates the mammalian apoptosis pathway (53). During the commitment stage of ER-stress-induced apoptosis, activation of the downstream transcription factor CHOP caused by ATF-4 signaling can trigger pro-apoptotic signals, thereby triggering the specific cascade of ER-stress that results in apoptosis (54). We used Western blotting to identify the association between apoptosis and ER-stress in colon cancer cells induced by 1g. We further investigated whether apoptosis induced by 1g was related to ER stress. HCT116 cells were pretreated with PERK inhibitor. Inhibition of P-PERK by GSK2606414 significantly inhibited the expression of CHOP and p-PERK in 1g-induced HCT116 cells. Importantly, however, the inhibition of ROS production by combined NAC treatment almost completely reversed HCT116-induced apoptosis, including cell cycle blockade, mitochondrial apoptosis, and ER-stress. These results further demonstrate that ROS production plays a critical role in cell survival. The results suggest, as illustrated in Figure 8, that 1g can induce the production of ROS in colon cancer cells, resulting in cell cycle stagnation, a change in mitochondrial membrane potential and ER-stress, thus leading to apoptosis in colon cancer cells. Indeed, in addition to cellular effects, we demonstrated that 1g has a strong inhibitory effect on tumor growth in an HCT116 transplant tumor mouse model. Moreover, 1g displayed an excellent safety profile.




Figure 8 | Illustration of the mechanism of inhibition of colon cancer growth by 1g. 1g causes the production of mitochondrial ROS, which then leads to cell cycle stagnation and ER-stress, resulting in apoptotic cell death.



In summary, The Cur derivative 1g significantly reduced the activity of colon cancer cells and induced apoptosis of colon cancer cells in vitro and in vivo through the production of ROS. The properties of 1g should be further studied in order to develop an effective anticancer drug to treat human colon cancer. The results also suggest that activation of ROS production may be a key factor in the treatment of CRC. Nevertheless, the direct target of the 1g molecule remains unknown and the specific origin of ROS is still unclear. Current data indicate a high probability that it is generated in mitochondria, but other aspects require additional study. Therefore, we believe that the over-production of ROS following the modification of natural anticancer drugs may provide a novel strategy for anticancer treatment.
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Curcumin is a well-known anticancer natural product with various significant bioactivities that has been well documented, but its widespread use is mainly hindered by insufficient ADME properties such as poor solubility and low metabolic stability. Dimethoxycurcumin (DiMC) is a kind of lipophilic compound derived from curcumin that maintains its anticancer potency and has greatly improved systematic bioavailability. Therefore, DiMC is regarded as a promising plant-derived anticancer agent that deserves to be well developed. Herein, we concentrate on the published work by those from original research groups concerned with the pharmacokinetics, efficacy, and mechanism of DiMC involved in the treatment of various tumors, as well as the nanoformulations for effective drug delivery.
Keywords: anticancer agent, dimethoxycurcumin, pharmacokinetics, mechanism of action, nanoformulation
INTRODUCTION
Curcumin is the principal curcuminoid of turmeric (Curcuma longa L.), a member of the ginger family. As a kind of natural product, curcumin has been extensively noticed in herb medicine due to various striking bioactivities beneficial to human health such as antioxidant, antiviral, anti-inflammatory, and antiangiogenic effects, especially the great potential of the anticancer effect by disturbing multiple molecular targets (Yang et al., 2017). However, the pharmaceutical function and clinical application of curcumin are severely limited by low water solubility, instability, poor absorption, and rapid systemic elimination in vivo (Sun et al., 2018). Therefore, a great deal of research has long been performed to find appropriate solutions to the problems mentioned above, for which chemical structure modification provides an effective way and attracts much interest (Yallapu et al., 2013; Heger et al., 2014).
Dimethoxycurcumin (DiMC), also called dimethylcurcumin or ASC-J9, is a lipophilic compound structurally derived from curcumin with a minor modification of both hydroxyls into methoxyls (Lin et al., 2013; Liu et al., 2015). As illustrated in Figure 1, DiMC is chemically similar to curcumin, and they both have tautomerism between the bis-keto and enolate forms depending on the pH value of the medium, while the methylene group among the β-diketone structure provides them with similarly remarkable antioxidant properties (Hadjidemetriou et al., 2013). Meanwhile, the methylation of both hydroxyl groups makes DiMC more stable and lipophilic than curcumin, further providing it with a significantly reduced degradation rate and a much improved drug delivery system (Hassan et al., 2015; Dützmann et al., 2016; Jayakumar et al., 2016). It was also found that DiMC could respond to normal healthy cells in a way that is similar to curcumin but exerted more potent antioxidant properties (Kunwar et al., 2011a; Kim et al., 2016; Arrue et al., 2017). Resultantly, DiMC usually displays various pharmacological activities that are mostly maintained and even more improved in contrast to curcumin, which mainly includes anti-inflammatory, antihypertensive, neuroprotective, nephroprotective, and anticancer effects that are primarily attributed to its stability and potent anti-oxidant and free radical scavenger properties (Karimian et al., 2017). Much attention has lately been given to DiMC due to its potency against various cancer cell lines in many cases, such as the ability to serve as an androgen receptor antagonist in human prostate cancer cells in vivo (Ramkumar et al., 2017; Hatamipour et al., 2018; Hatamipour et al., 2019). Recent research has further revealed the miraculous power of DiMC as an anticancer agent via special actions on various molecular targets, including inactivation of enzymes, regulation of P-glycoprotein activity, inducing apoptosis and promoting autophagy of cancer cells, inhibiting migration, and DNA transcription (Munigunti et al., 2014; Yoon et al., 2014).
[image: Figure 1]FIGURE 1 | Chemical structures of curcumin and dimethoxycurcumin. (1) Curcumin (the bis-keto form). (2) Curcumin (the enolate form). (3) Dimethoxycurcumin (the bis-keto form). (4) Dimethoxycurcumin (the enolate form).
In order to provide relatively comprehensive basic data for further development, the present review systematically summarized the literature about the promising anticancer agent DiMC for the first time, which mainly included its pharmacokinetic characteristics, anticancer effects against various cancer cells, and the molecular mechanism of action. The research on drug delivery systems was also involved, especially the nanoformulations of DiMC that focused on improving stability and ADME profiles in vivo.
PHARMACOKINETICS OF DIMC
As previously described, DiMC is more effective in inhibiting proliferation and inducing apoptosis of different types of human cancer cells than curcumin and its analogs. In addition, in terms of pharmacokinetics, DiMC also has multiple advantages compared with curcumin. It has been reported that the reason behind the low bioavailability of curcumin was its rapid metabolization into tetrahydrocurcumin and some other less active product in vivo (Wang et al., 2019). DiMC is a methylated analog of curcumin, where the phenolic -OH groups in curcumin are replaced with methoxyl groups and the symmetric structure offers better chemical and biological stability.
Hassan et al. found that DiMC could effectively induce cell apoptosis and cell cycle arrest even at low concentrations, which might be due to metabolic stability. For further verification, the authors compared the metabolism of curcumin and DiMC in vivo by using human liver microsomal enzymes at different time intervals. The results showed that the retention time of curcumin and DiMC was 2.3 and 4.8 min, respectively, and the inherent clearance rate conformed to the first-order kinetics. In the meantime, it was found that in the presence of UDPGA (reflecting phase II metabolism), DiMC was more stable than curcumin, while in the absence of UDPGA, DiMC was less stable than curcumin (Hassan et al., 2015). It is speculated that because hydroxyl group compounds are easily exposed to phase II metabolism (glucuronidation), DiMC is more resistant to phase II metabolism than curcumin under physiological conditions and at the same molar concentration.
In addition, consistent research studies of the modern era have demonstrated that even at higher doses, the bioavailability and metabolic stability of DiMC were higher than those of curcumin. At high doses (10–20 µM), the clearance rate of DiMC was significantly lower than that of curcumin (p < 0.05), and the plasma stability of DiMC was 3 times that of curcumin at a dose of 5 mg/kg (Tamvakopoulos et al., 2007; Mach et al., 2010; Hassan et al., 2015). The higher oral bioavailability and metabolic stability of DiMC could to some extent make up for the clinical limitations of curcumin and at the same time significantly improve its ability to induce apoptosis of cancer cells (Chainoglou and Hadjipavlou, 2019). Therefore, DiMC may be the better choice for effective treatment of cancer with lower side effects (Zhang et al., 2017).
ANTITUMOR EFFECTS AND MECHANISMS
DiMC has good metabolic stability and a wide range of pharmacological activities. It is provided with significantly anti-inflammatory, antihypertensive, neuroprotective, anti-infection, nephroprotective, and antifungal effects. More importantly, DiMC has a significant therapeutic effect on a variety of life-threatening diseases including cancer. DiMC can produce different cytotoxicities due to the difference in the uptake of tumor cells and normal cells, thereby producing significant anticancer effects while protecting normal cells, and the anticancer effect is better than that of curcumin. The difference in chemical structure is the fundamental reason for the different pharmacokinetics, epigenetic performance, transcription process, and cellular uptake of DiMC. In this section, we will briefly highlight DiMC’s anticancer activity and the mechanism of action (Table 1 and Figure 2).
TABLE 1 | Anti‐cancer activities of DiMC on different cancer cell line models.
[image: Table 1][image: Figure 2]FIGURE 2 | Systemic activities and mechanisms of DiMC against various cancers.
Breast Cancer
Breast cancer is a common malignant tumor and a serious threat to the lives of women. The morbidity and mortality data of breast cancer are gradually increasing. Approximately 249,260 breast cancer cases with 40,890 deaths were revealed in the U.S. statistical report in 2016 (Siegel et al., 2016). Therefore, it is necessary to find new, alternative anticancer drugs.
DiMC has demonstrated that it has an inhibitory effect on breast cancer cells. Kunwar et al. evaluated the anticancer activity of DiMC against human breast cancer MCF-7 cells with curcumin as a positive control (Kunwar et al., 2011a). The results showed that both DiMC and curcumin could induce cytotoxicity, which increased with increasing treatment concentration from 5 to 50 μM. Concurrently, they both also showed similar concentration-dependent cytotoxicity to spleen lymphocytes, but the level of cytotoxicity was much lower than that of MCF-7 cells. The results suggested that DiMC has selective toxicity to breast cancer cells. Another study by Kunwar et al. found that the basal ROS level of MCF-7 cells stained with dihydroethidium increased significantly after 2 h of DiMC treatment, that is, DiMC had a pro-oxidative effect on MCF-7 cells, which was equivalent to that of curcumin (Kunwar et al., 2012). Yoon et al. further compared the anticancer activity of DiMC and curcumin on various breast cancer cells (Yoon et al., 2014). The results showed that DiMC had a more potent in vitro anticancer effect than curcumin on breast cancer cells T-47D, MCF-7, MDAMB435S, and MDA-MB 231. Further in vivo pharmacodynamics research in human breast cancer–bearing nude mice found that both DiMC and curcumin reduced tumor volume in a dose-dependent manner, but the tumor-reducing effect of DiMC at 25 mg/kg was greater than that of curcumin at 50 mg/kg. It suggested that the anticancer effect of DiMC in vivo was greater than that of curcumin, and a lower concentration of DiMC could produce a stronger anticancer effect.
The elucidation of the mechanism is of great significance for disease treatment and drug discovery. Studies have found that there were complex mechanisms of DiMC against breast cancer, mainly related to oxidative stress, proteasome inhibition, mitochondrial dysfunction, and regulation of the expression of related signaling pathway factor genes and proteins (Figure 3).
[image: Figure 3]FIGURE 3 | Major anticancer mechanisms of DiMC.
Excessive reactive oxygen species (ROS) can oxidize specific chemical clusters in cells, further lead to DNA mutations, or activate the release pathway of inflammatory factors, which can eventually lead to the activation of oncogenes or the initiation of normal cell apoptosis (Moloney and Cotter, 2018). Therefore, controlling the content of ROS in tumor cells can effectively promote cell apoptosis and inhibit cell differentiation. Kunwar et al. showed that the production of intracellular ROS was decreased when the concentration of DiMC was 5 μM, while at 25 and 50 μM, the production of intracellular ROS was significantly increased (Kunwar et al., 2011b). It was speculated that the increase in the ROS level observed after DiMC treatment might be due to intracellular production or the diffusion of exogenous ROS. Furthermore, with the known cell-permeable free radical scavenger N-acetylcysteine as the positive control, the viability of DiMC (50 μM)-treated cells was evaluated. It was found that N-acetylcysteine inhibited DiMC-induced cytotoxicity with a concentration dependency, confirming the involvement of ROS in DiMC-induced toxicity (Kunwar et al., 2012). Yoon et al. also found that DiMC increased the level of ROS in MDA-MB 435S cells to a greater extent than curcumin (Yoon et al., 2014).
Paraptosis is an alternative, non-apoptotic form of programmed cell death (Fontana et al., 2020), and various stimuli, including paclitaxel, curcumin, and ophiobolin A, reportedly induce paraptosis or paraptosis-like cell death in resistant malignant cancer cells (Lee et al., 2016; Kessel, 2019). Yoon et al. found that DiMC inhibited proteasome activity more strongly than curcumin, which might lead to severe endoplasmic reticulum stress and promote the observed expansion (Yoon et al., 2014). Concurrently, DiMC treatment could upregulate the protein levels of CCAAT–enhancer-binding protein homologous protein (CHOP) and Noxa, which is a candidate mediator of p53-induced apoptosis. It was suggested that DiMC could selectively induce paraptosis of breast cancer cells while retaining normal cells. Furthermore, DiMC could also induce oxidative stress, leading to further weakening of proteasome activity (Yoon et al., 2014).
Moreover, the mechanisms of DiMC against breast cancer were also related to DNA damage, mitochondrial function, expression of cell cycle regulatory proteins, and induction of apoptosis (Kunwar et al., 2012). DiMC could induce the production of ROS, which leads to mitochondrial dysfunction and cell death. In the meantime, DiMC could also reduce the level of ATP in cells by downregulating ATP synthase subunits, resulting in a state of energy depletion. At higher concentrations (25 and 50 μM), DiMC could also induce secondary apoptosis or necrotic cell death in MCF-7 cells by regulating the expression of proapoptotic proteins Bax and Cytochrome c (Cyt c) and antiapoptotic protein Bcl-2. In addition, it has been found that DiMC could inhibit the expression of cyclin-dependent kinase four (CDK4) and cyclin-D1 while inducing the expression of p53 and p21, which may play a key role in cell cycle arrest (Kunwar et al., 2012).
Lung Cancer
In general, the untreated nodules in the lungs are identified as a pulmonary cancer. Approximately 224,390 lung cancer cases with 158,080 deaths were revealed in the U.S. statistical report in 2016, of which the disease/death ratio was 117,920/85,920 for males and 106,470/72,160 for females, respectively (Siegel et al., 2016).
Lung adenocarcinoma is a common type of non–small-cell lung cancer. Wada et al. studied the drug resistance of 37 novel curcumin analogs including DiMC and curcumin in vitro using gefitinib-resistant lung adenocarcinoma cell lines CL1-5 and H1975 (Wada et al., 2015). The results showed that compared with other curcumin analogs, DiMC significantly decreased the total epidermal growth factor receptor (EGFR) and pEGFR levels of CL1-5 cells carrying wild-type EGFR and also decreased the expression level of total EGFR in EGFR double mutated gefitinib-resistant H1975 cells. The expression level of total EGFR effectively induced gefitinib-insensitive EGFR degradation. It is speculated that the existence of methoxyl groups of C3′ and C4′ in the DiMC chemical structure is beneficial to the EGFR inhibitory activity of gefitinib resistance. Jayakumar et al. investigated the radiosensitizing effect of DiMC in A549 lung cancer cells with curcumin as a positive control. At 2.5 mM, DiMC combined with radiation could significantly increase the apoptosis and mitotic death of A549 cells. In contrast, curcumin at this concentration of 2.5 mM neither showed toxicity toward tumor cells nor exhibited radiosensitizing activity (Jayakumar et al., 2016).
Further study on the possible mechanism of DiMC against lung cancer found that DiMC enhanced the radiosensitivity of lung cancer cells mainly by participating in the regulation of ROS and thioredoxin reductase (TrxR) (Figure 3). After DiMC was combined with radiation, the intracellular ROS level increased significantly, the GSH/GSSG ratio decreased significantly, and DNA repair was significantly slowed down, indicating that the treatment with DiMC could make cells sensitive to radiation-induced cytotoxicity by promoting oxidation and inhibiting DNA repair. The thioredoxin system is one of the main antioxidant systems, which can maintain redox balance and participate in DNA synthesis and apoptosis, and is related to radiation resistance of tumor cells. Jayakumar et al. found through computer docking analysis that the binding energies of DiMC and curcumin with TrxR were 7.4 and 7.6 kcal/mol, respectively, which showed high affinity binding and indicated that they could be potential inhibitors of TrxR. The cell experiment further found that DiMC inhibited TrxR in a dose-dependent manner with a half maximal inhibitory concentration (IC50) value of 5.4 mM. It was inferred that DiMC could increase oxidative stress by inhibiting TrxR, thus slowing down DNA repair and inhibiting DNA synthesis, and resulting in mitotic death (Jayakumar et al., 2016).
Colon Cancer
Colon cancer is the third most prevalent malignant tumor in the world, with an incidence of 10.2% and a mortality rate of 9.2% of all cancer types. It has a trend of increasing year by year, seriously threatening human health. DiMC is a potential candidate for the treatment of colon cancer. It has increased potential to induce apoptosis in colon cancer cells with less toxicity to normal cells and has a higher bioactivity than curcumin.
Chen et al. found that the IC50 for DiMC was 43.4 and 28.2 μM on colon cancer cells HT-29 and SW480 (Chen et al., 2016). Simultaneously, the tumors of SW480 and HT29 cells treated with DiMC were significantly smaller than those in mice treated with normal saline. It was suggested that DiMC significantly inhibited the growth of colon cancer cells in a dose-dependent manner. In contrast, the IC50 for DiMC was 454.8 μM on normal colonic mucosal epithelial cell NCM460, which was much higher than that of colon cancer cell lines, indicating that DiMC was less toxic to normal colonic epithelium. Flow cytometry further showed that compared with curcumin, the inhibition rate of proliferation of DiMC was higher, the rate of apoptosis increased, and the cell density decreased at a concentration of 5–15 μM (Tamvakopoulos et al., 2007). It is speculated that the phenolic -OH groups in curcumin are replaced with methoxyl groups, and the symmetric structure in DiMC offered better chemical and biological stability.
5-fluorouracil (5-Fu) is the standard chemotherapy treatment for colon cancer. However, the response rates are only 10–15% as a result of the severe side effects and resistance. Zhao et al. investigated the anticancer efficacy of DiMC and 5-fluorouracil (5-FU) in colon cancer cell lines SW480 and SW620 (Zhao et al., 2017). The results showed that both DiMC and 5-Fu significantly inhibited the growth of SW480 and SW620 cells in a dose-dependent manner, and the maximum effect was observed at 128 μmol/L and 128 mg/L, respectively. Moreover, they both had an additive anticancer effect on colon cancer cells. From the information above, DiMC can significantly inhibit the proliferation of colon cancer cells in a dose-dependent manner in vitro and in vivo.
As a potential therapeutic agent for colon cancer, the mechanism of DiMC has also been deeply studied (Figure 3). Caspase-3 is the most important effect or protease in apoptosis, which can be activated by enzymatic cleavage to regulate the apoptotic cascade (Zhou et al., 2018). Survivin (BIRC5) belongs to the apoptotic (IAP) gene family and is thought to be able to directly inhibit the activity of caspase-3 to prevent apoptosis in various cancer tissues and cancer cell lines (Jaiswal et al., 2015; Li et al., 2019). Chen et al. found that DiMC treatment could downregulate survivin, while caspase-3 and PARP (the specific substrate of caspase-3) were cleaved to its active fragments (Chen et al., 2016). The results suggested that DiMC might activate caspase-3 by downregulating survivin to induce apoptosis. In addition, the mobility of DiMC-treated cells decreased significantly, which might be related to the upregulation of E-cadherin expression (Chen et al., 2016).
Many biological processes such as oxidative stress, cell apoptosis, cell cycle phase arrest, and mitochondrial membrane potential play key roles in tumor regulation. Zhao et al. found that DiMC could also increase the level of ROS to upregulate CHOP and Noxa to prevent and treat colon cancer (Zhao et al., 2017). At the same time, DiMC could also induce apoptosis of colon cancer cells by increasing the expression of Bax and Cyt c and reducing the expression of Bcl2. In addition, the anti–colon cancer activity was also closely related to the induction of G0/G1 phase arrest, endoplasmic reticulum expansion, and decreased mitochondrial membrane potential (Zhao et al., 2017).
Renal Cell Carcinoma
Renal cell carcinoma (RCC) is one of the common clinical malignant tumors of the genitourinary system, accounting for 90% of the primary malignant tumors of the kidney in adults. At present, curcumin has been widely proven to have a clear therapeutic effect on RCC. Curcumin can exert its anti-RCC activity by inhibiting the NF-κB signal pathway, regulating autophagy, regulating the RK5/AP-1 pathway, and so on (Li et al., 2017a; Deng et al., 2018; Zhang et al., 2020). DiMC, as a curcumin analog, has higher biological stability and lower metabolism in vivo, so it has been paid attention to with regard to the treatment of RCC. Several studies have also demonstrated that DiMC also has an effect of anti-RCC which is higher than that of curcumin.
Lee et al. compared the effect of DiMC and bis-demethoxycurcumin to induce apoptosis in human RCC Caki with curcumin as a positive control (Lee et al., 2010). The results demonstrated that at 80 μM, the three compounds significantly reduced the cell viability, and DiMC was the most potent compound, followed by curcumin and bis-demethoxycurcumin. The typical ladder pattern of DNA fragmentation, which is considered a hallmark of apoptotic cell death, was observed when Caki cells were treated for 24 h. It was suggested that curcumin, DiMC, and bis-demethoxycurcumin could reduce cell viability by inducing apoptosis, and DiMC has the strongest anti–renal cell carcinoma activity. It was speculated that the methoxyl groups contribute to the enhancement of cell apoptosis. The latest study showed that DiMC also has better anti-RCC activity than curcumin and demethoxycurcumin in human RCC line 786-O (Zanetti et al., 2021). In this study, curcumin, demethoxycurcumin, and DiMC exerted their cytotoxic effects in a dose-dependent manner, and DiMC had the most significant antitumor activity. In addition, demethoxycurcumin and DiMC also showed genotoxicity (Zanetti et al., 2021).
The mechanism of DiMC inhibiting the activity of RCC is mainly related to oxidative stress, DNA damage, cell cycle arrest, and induction of cell apoptosis (Figure 3). Excess ROS can easily lead to the depolarization of the mitochondrial membrane and releases proapoptotic molecules from mitochondria into the cytosol, which may act to induce apoptosis. Moreover, the release of Cyt c from the mitochondrial membrane leads to an increased level of Cyt c in the cytoplasm and nucleus, which may activate caspase-9 and trigger the effector caspase-3, to eventually lead to apoptosis. DiMC could induce apoptosis by increasing the level of ROS in Caki cells, promoting the release of Cyt c and the activation of caspase-3 (Lee et al., 2010). DNA damage is one of the main ways to inhibit the proliferation of tumor cells. RCC treated with DiMC could increase the expression of the GADD45A gene, which encodes the GADD45 α protein, and participated in DNA repair and induced DNA damage. The cell cycle is the basic process of cell life activities, and cyclin-dependent kinase (CDK) is one of the main related molecules in cell cycle regulation. CDKN1A encodes for the p21 protein involved in cell cycle regulation and is an important inhibitor of CDK. In the 786-O RCC line, DiMC could activate the p21 protein by upregulating the expression of CDKN1A and then induce cell cycle arrest (Zanetti et al., 2021). In addition, DiMC could also induce apoptosis by increasing the expression of apoptosis genes MYC, BBC3, and CASP7, as well as decreasing the expression of the pro-inflammatory gene TNF (Zanetti et al., 2021).
Prostate Cancer
The androgen receptor (AR) signaling pathway plays an important role in the development of prostate cancer. The change and reactivation of the AR signal transduction pathway are the core factors that promote the development of castration-resistant prostate cancer (CRPC) and the generation of drug resistance. ASC9, the enol isomer of DiMC, is a recently developed anti-AR agent which effectively suppresses castration-resistant prostate cancer cell proliferation and invasion.
Cheng et al. found that when dissolved in FDA-approved solvents such as DMSO, PEG-400, and Tween-80, ASC-J9 had AR degradation effects. Compared with those in AR-negative prostate cancer cells (IC50 16.0 μM) or those in normal prostate cells (IC50 27.0 μM), ASC-J9 was found to exhibit a decreased IC50 value in AR-positive prostate cancer cells (IC50 6.5 μM) (Cheng et al., 2018). In another study, ASC-J9 also suppressed the tumor growth of prostate cancer cell lines C81, C4-2, and CWR22Rv1 xenografted into castrated nude mice (Lai et al., 2013). It could selectively degrade the AR protein via interruption of the AR–AR selective coregulator interaction. In addition, it was reported that androgens were able to induce fatty acid synthase (FASN) expression in prostate cancer, and addition of the anti-androgen might suppress the androgen-induced FASN expression. Wen et al. found that anti-androgen bicalutamide (Casodex) or enzalutamide MDV3100 had little inhibitory effect on FASN expression and FASN-mediated cell growth and invasion in prostate cancer cell lines C4-2 and LNCaP when the androgen concentration was 1 nM (Wen et al., 2016). In contrast, ASC-J9 inhibited the expression of FASN and the growth and invasion of various prostate cancer cell lines mediated by FASN.
Another study showed that ASC-J9 could not only degrade wild-type AR but also has the ability to target the AR mutant AR-F876L. The production of AR mutants will lead to the occurrence of multidrug resistance, so the consequence of suppressing AR-F876L may then abrogate AR-F876L which mediated the proliferation and metastasis of CRPC, thereby better suppressing CRPC that has already developed resistance (Wang et al., 2016). The above results suggest that ASC-J9 successfully induces the regress of the prostate cancer, which provides a new and more effective treatment against prostate cancer in the future.
The mechanisms of ASC-J9 against prostate cancer have been deeply studied, which can be divided into the AR-dependent pathway and the AR-independent pathway (Figure 3). First of all, ASC-J9 could activate the proteasome-dependent pathway to promote AR degradation through the enhanced association of the AR-murine double minute protein 2 (Mdm2) complex (Lai et al., 2013). ASC-J9 could also inhibit the proliferation and metastasis of prostate cancer by regulating pSTAT3-C-C motif chemokine-2 (CCL2) signal transduction through an AR-dependent pathway via inhibiting the expression of the protein inhibitor of STAT3 (PIAS3) (Lin et al., 2013). STATs are transcription factors that play an important role in the process of inflammation, and STAT3 is highly expressed and may be related to the progression of many types of cancer, including prostate cancer (Pencik et al., 2016). CCL2 is highly expressed in malignant tumor cells and may play an important role in the recruitment of tumor-associated macrophages. The regulation of the pSTAT3-CCL2 signaling pathway can better battle the growth and metastasis of prostate cancer at the castration-resistant stage (Wu et al., 2017; Lee et al., 2018). Additionally, Wen et al. also found that in AR-positive C4-2 and LNCaP cells, ASC-J9 could suppress significant FASN expression and FASN-mediated prostate cancer progression through the AR-dependent pathway (Wen et al., 2016).
In addition to the AR-dependent pathway above, the AR-independent pathway is also an important mechanism for ASC-J9 to inhibit the proliferation of prostate cancer. It was found that ASC-J9 treatment resulted in significant suppression of the STAT3 phosphorylation/activation and CCL2 expression, with little influence on the PIAS3 expression in the AR-negative PC3 cells, confirming that ASC-J9 could also go through an AR-independent pathway to modulate STAT3 phosphorylation/activation and CCL2 expression (Lin et al., 2013). Lin et al. further found that ASC-J9 could suppress prostate cancer cell invasion by inducing the sumoylation of STAT3, thereby inhibiting the STAT3 phosphorylation that led to the suppression of the EMT-SNAIL2 signals in both prostate cancer DU145 and PC3 AR-negative cells (Lin et al., 2018). Transcription factor ATF3 plays an important role in tumor formation, invasion, and metastasis by finely regulating the delicate balance between proliferation and apoptosis. ASC-J9 could increase the expression of ATF3 by reducing the expression of the glutamate–cysteine ligase catalytic subunit, thus suppressing the proliferation and invasion of prostate cancer (Tian et al., 2021).
Leukemia
Leukemia is a malignant proliferative disease originating from hematopoietic stem cells, and its morbidity and mortality rank first among cancers in children and adolescents. At present, chemotherapy is still the main treatment method for leukemia, but the emergence of multidrug resistance often leads to an effect of chemotherapy that does not meet expectations. Finding new antitumor drugs is of great significance for the treatment of leukemia.
Epigenetic regulation is a modification mechanism that affects gene expression without DNA sequence changes, which is closely related to the occurrence and development of leukemia. DNA methyltransferase (DNMT) is an important protease related to epigenetic modification, which undertakes the de novo methylation of DNA. Inhibition of DNMT can induce DNA hypomethylation and restore the high expression/activation of tumor suppressor genes. Using the DNMT inhibitor 5-azacytidine (5 AC) as a positive control, it was found that at clinically relevant concentrations (2 μM), DiMC could induce the gene expression of promoter methylated genes such as p15 and CDH-1 in leukemia cells, suggesting a possible DNA hypomethylating effect by DiMC, similar to 5 AC (Hassan et al., 2015). However, DiMC did not induce the expression of any of the DNMT isotypes in leukemia cells, that is, no DNA hypomethylation activity. The above results suggested that DiMC induced the expression of promoter methylation genes through a mechanism that did not involve the reversal of DNA methylation, thereby playing a key role in the treatment of leukemia (Hassan et al., 2015).
On the basis of the studies above, Hassan et al. further investigated the cytotoxic effects and epigenetic changes associated with the combination of DiMC and the DNMT inhibitor decitabine (DAC) in primary leukemia samples and cell lines CEM and Jurkat (Hassan et al., 2016). The results clearly showed that compared with a single agent, the combination of DiMC and DAC demonstrated antagonistic cytotoxic effects and induced minimal apoptosis in primary leukemia cells. At the same time, the combination of drugs inhibited the gene expression of the DNMT enzyme and downregulated the level of nuclear protein. However, compared to the use of DAC as a single agent, the DNA hypomethylating activity of the combination did not significantly increase. In addition, the analysis of the histone marks associated with actively transcribed genes such as acetylated H3K27 (H3K27Ac) and trimethylated H3K36 (H3K36me3) near the promoter region of both genes demonstrated a significant increase in the H3K27Ac mark (Hassan et al., 2016). The above results suggest that the combination of DiMC and DAC can enhance the induction of promoter-methylated genes through the mechanism involved in increasing histone acetylation, so as to play a role in the treatment of leukemia.
Oxidative stress is closely related to the occurrence and development of leukemia. Under physiological conditions, the synergistic effect of antioxidant enzymes and antioxidants keeps free radicals at a very low level. When its production exceeds the scavenging and repairing capacity of the body, high concentrations of ROS in plasma can directly oxidize, attack, and destroy antioxidant enzymes, resulting in the decrease or loss of enzyme activity. At the same time, ROS attack the polyunsaturated fatty acids in the biofilm, triggering lipid peroxidation. Studies have shown that both curcumin and DiMC could inhibit the lipid peroxidation state of human peripheral blood mononuclear cells (PBMCs) by increasing the activity of catalase and significantly reduce the activity of glutathione reductase (GR) and the content of glutathione (Simon et al., 2018). It was speculated that DiMC may enhance the activity of catalase by increasing the level of mRNA and protein.
Others
In addition to the cancers mentioned above, the therapeutic effects of DiMC on hepatocellular carcinoma and bladder cancer are also being studied.
Zanetti et al. evaluated the inhibitory effect of DiMC on the HepG2/C3A human hepatocellular carcinoma cell line (Zanetti et al., 2019). The results showed that DiMC had cytotoxic effect. Treatment with 10–50 μM of DiMC for 24 h decreased the cell viability from 71 to 39% in a dose–response manner, and the IC50 value was 37 μM. It was further found that the cytotoxicity of DiMC was mainly related to mitotic disorder and DNA damage. DiMC could cause mitotic arrest by inducing the formation of monopolar spindles. In the meantime, it could also activate the key effector factors BCL2-homologous antagonist/killer one (BAK1) and caspase-7 in cell cycle arrest and the DNA repair pathway by increasing the expression of the CDKN1A, GADD45A, and PARP1 genes, thus resulting in genotoxicity (Zanetti et al., 2019). Another study showed that sorafenib, a standard treatment to suppress the progression of hepatocellular carcinoma, combined with ASC-J9 could synergistically suppress the progression of HCC by altering cell cycle regulation, apoptosis, and invasion. Its mechanism was related to the inhibition of the expression of pSTAT3 and its downstream genes including CCL2 and Bcl2 (Xu et al., 2017).
Bladder cancer is a common malignant tumor in the urinary system. Emerging preclinical findings have indicated that androgen-mediated androgen receptor signals have been shown to correlate with the promotion of tumor development and progression (Li et al., 2017b). Studies have shown that DiMC could prevent and treat bladder cancer by inducing AR degradation (Shang et al., 2015). In a study, the daily i. p. co-injection of a carcinogen [N-butyl-N-(4-hydroxybutyl)-nitrosamine or BBN] and DiMC (75 mg/kg for 24 weeks) reduced the incidence of bladder cancer by 4-fold as compared to the DiMC-deprived group (Shang et al., 2015). DiMC treatment had little effect on serum testosterone concentration, suggesting that AR was deprived after DiMC treatment. In addition, DiMC could also be used in combination with Bacillus Calmette–Guerin, a very successful adjuvant for the treatment of bladder cancer, to better suppress bladder cancer progress (Shang et al., 2015).
NANOFORMULATIONS OF DIMC
The poor water solubility is one of the main challenges in cancer chemotherapy since it usually results in low bioavailability at the tumor sites and reduces therapeutic efficacy (Sun et al., 2014). It is indeed the case for DiMC, a hydrophobic analog of curcumin with superior activity against various cancer cell lines such as breast cancer, lung cancer, colon cancer, and prostate cancer. Therefore, it is a matter of the utmost importance to develop a suitable drug delivery system for further clinical application of this anticancer agent. In recent years, a certain amount of research has been carried out to deliver DiMC, mainly including some polymer-based nanoformulations (Figure 4) that provide an efficient alternative to overcome the therapeutic limitation from its poor water solubility (Table 2).
[image: Figure 4]FIGURE 4 | Main nanoformulations of DiMC.
TABLE 2 | Drug delivery systems for DiMC with improved and effective responses.
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The first work reported on nanoformulation of DiMC was demonstrated by using an alternative technology of dendrimers due to the attractive properties such as well-defined structures and low polydispersity (Markatou et al., 2007). Appropriate quantities of DiMC and the water-soluble poly (amidoamine) (PAMAM) (G3.5 or G4) were dissolved in methanol and then stirred for 24 h. After evaporating under vacuum to remove the methanol completely, buffer solution was added, stirred for another 24 h in the dark, and then centrifuged to obtain the DiMC-PAPMAM complex dispersed in the aqueous medium. The results indicated that hydrophobic DiMC could be incorporated to PAMAM dendrimers in an enolic form via electrostatic or covalent complexation on the surface or entrapment within the dendrimer architecture, while its interaction with the integer generation dendrimer involved the major conformational change of the terminal ethylene amine groups. Although the drug–dendrimer interactions determine the bioavailability enhancement, this formulation of DiMC suffered from glaring shortcomings such as a time-consuming and complicated preparation process, as well as rather low drug-loading capacity (<5%) and poor incorporation efficiency (about 50%).
Bovine serum albumin (BSA), which has ligand-binding properties and is widely available, cheap, and easily purified, is extensively used for drug delivery and well accepted in the pharmaceutical industry. In recent years, BSA nanoparticles have been used as an effective delivery system for hydrophobic drugs like DiMC (Das et al., 2017; Das et al., 2019). Using the thermal denaturation method, BSA nanoparticles were prepared with mean hydrodynamic diameters ranging from 28 to 62 nm and corresponding zeta-potential values of −7.0 to −6.0 mV, which could easily bind DiMC to obtain drug-loaded nanoparticles. Using the A549 cell model, Das’s group further revealed such a kind of particle size effect that the cellular uptake and toxicity of DiMC increased with the increase in the particle size of these BSA-based nanoparticles (Das et al., 2017). Their latest research demonstrated significant changes in the secondary structure of BSA upon particle formation and also a decrease in helicity (Das et al., 2019). DiMC could be bound within the sub-domain IIA of BSA with a distance of about 24 Å between the hydrophobic core and the ligand, where it experienced a more rigid environment than in the native form of BSA. Also, it displayed a much higher binding constant with BSA nanoparticles than with the native BSA (1.5 ± 0.5 × 105 M−1 vs. 2.7 ± 0.4 × 104 M−1).
Liposomes
Liposomes represent one of the most thoroughly studied categories of colloidal nanocarriers and are proven candidates for delivery of a wide range of therapeutics (Yan et al., 2020). So far, most of the research has been concentrated on developing suitable liposomal formulations of DiMC to improve the thermal stability and water solubility. Charged liposomes incorporating DiMC were investigated for the first time by using the phospholipids composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DPPG), 1,2-dioleoyl-3-dimethylammonium-propane (DODAP), and cholesterol (chol) (Hadjidemetriou et al., 2013). Three different liposomal formulations have been prepared using the thin-film hydration method, and the charged liposomes composed of DPPC:DPPG:chol or DPPC:DODAP:chol were found to be more efficient in contrast to those uncharged liposomes using DPPC only. The results showed that cholesterol played a key role in the interaction between DiMC and lipid bilayers by affecting their organization and consequently their stability, and incorporating DiMC into cationic liposomes was favored due to their thermodynamically stable liposomal dispersion. Moreover, the DPPC:DODAP:chol:DiMC liposomal formulation (9:1:1:1 molar ratio) was the most effective with an incorporation efficiency up to 3.84%, which reacted as an electrophile via the positive charge of the DODAP lipid molecule with ASC-J9 at phosphate buffer saline (pH 7.4).
Particle size effect on the anticancer ability of liposomes encapsulating DiMC also attracted research interest. The liposomes with different sizes were prepared by using the film dispersion technique, and then through the liposome extruder and dialysis. The results showed that the anticancer ability could be enhanced with the decrease in particle size, and the liposomes with a size of 184 nm could more efficiently induce the prostate cancer cell death than those with a size of 250.5 nm (Zhou et al., 2016).
Thereafter, various studies were performed on the preparation and properties of DiMC (namely, ASC-J9) liposomes (Li et al., 2018a; Li et al., 2018b; Sun et al., 2020). By using the thin-film dispersion method and using ethanol as a solvent, the optimal preparation conditions were obtained as the mass ratio of phospholipid to cholesterol of 10:1 and the mass ratio of phospholipid to DiMC of 1,000:10, with the hydration temperature set at 60 °C and the concentration of phospholipid at 6.67 mg/ml (Li et al., 2018a). This manufacturing technique had various advantages such as environmental friendliness, simple operation, and good product performance. In more detail, the liposomes can protect the entrapped DiMC well and be well dispersed in water and remain stable at 4 °C with the entrapment efficiency up to 97% and a mean particle size of 145 nm, with a very narrow particle size distribution (a polymer dispersity index of 0.36). The liposomes could be used as a water-soluble molecular fluorescence probe for the recognition of Fe3+, Fe2+, and Cu2+ through fluorescence quenching (Li et al., 2018b), as well as an inhibitor against cell proliferation in vivo and in vitro (Sun et al., 2020).
Others
Inclusion complexes and solid dispersions are also involved in formulations of DiMC, mainly to improve its solubility and stability. By complexation with hydroxypropyl-γ-cyclodextrin, the commercial curcumin that contains DiMC could acquire increased solubility and stability (Benediktsdottir et al., 2015). Recently, the solid dispersions (SDs) of DiMC were prepared with polyethylene glycol (PEG) 4,000, PEG 6,000, and poloxamer 188 as carriers using the fusion method and with polyvinylpyrrolidone (PVP K30) as a carrier using the solvent evaporation method, respectively (Xu et al., 2019). The results showed that the drug dissolution rate could be significantly improved by all SDs, and the formulation using PVP K30 at a ratio to DiMC of 10:1 was the best one, where DiMC dispersed in an amorphous form with a cumulative dissolution of more than 83% in 5 min.
A kind of polymeric micellar formulation of DiMC for injection use in cancer therapy was first developed on the basis of the amphiphilic block copolymer with fairly low critical micelle concentration and passive targeting potential to tumor tissue (Liu et al., 2015). By using the copolymer mPEG-PCL-Phe (Boc), N-t-butoxycarbonyl-phenylalanine terminated monomethoxyl poly (ethylene glycol)-b-poly (ε-caprolactone) and the DiMC-loaded micelles could be easily prepared via the thin-film hydration method. Through high-affinity interaction between DiMC and the copolymer, the micelles had a typical shell-core structure with an average particle size of 17.9 ± 0.4 nm and a polydispersity index of 0.045 ± 0.011. The drug-loading capacity and entrapment efficiency were 9.94 ± 0.15% and 97.22 ± 0.18%, respectively. At a concentration of 2 mg/ml, the reconstituted micelle solution could be maintained for at least 10 days at room temperature and displayed a low initial burst release, followed by a sustained release in vitro. Pharmacokinetic study in rats revealed that in vivo drug exposure was significantly increased and prolonged by intravenously administering DMC-loaded micelles. This micellar formulation also greatly improved the biodistribution profile of DiMC and increased drug accumulation in tumors.
DiMC niosomes were recently prepared using the thin-film dispersion ultrasonic method, and the prescription composition and preparation process were optimized using the single-factor investigation method (Li et al., 2017c). The highest encapsulation rate was 88.1 ± 1.7%, and the drug-loading amount was 4.03 ± 1.05%. Moreover, the average particle size was 310.3 ± 0.9 nm, and the leakage rate was below 2% within 45 days, indicating that the niosomes as a vector could significantly improve the solubility and stability of DiMC.
Lately, novel stiffness-tunable nanocarriers were developed for the controlled delivery of the hydrophobic anticancer agent ASC-J9 into colorectal cancer cells (Tomeh et al., 2021). The core-shell nanocarriers composed of naturally derived polymers silk fibroin (SF) and sodium alginate (SA) inside a liposomal shell were prepared using the thin-film hydration method, followed by extrusion and cross-linking of SA to induce structural transformation of SF to obtain a uniform size and shape, avoiding harsh processing conditions. The nanocarriers had high encapsulation efficiency (62–78%) and were physically stable for up to 5 months at 4°C. The stiffness of the nanocarriers has a significant effect on drug release, cellular uptake, and anticancer efficacy. The release profile was directed by their stiffness and was easily tunable by changing the ratio of SF to SA in the core. Also, the designed nanocarriers improved the cellular uptake and anticancer activity of ASC-J9 and enhanced its tumor penetration in HCT 116 3D colorectal cancer spheroids, which thus can be used as a highly efficient drug delivery system for cancer therapy.
DISCUSSION AND CONCLUSION
Natural products have been the most productive source for modern drug discovery and development. Curcumin is a kind of herb-derived natural polyphenol with various bioactivities such as anticancer activity. However, chemical modification of curcumin is usually needed since its systemic bioavailability and therapeutic potency are seriously constricted by poor solubility, low absorption, and hasty metabolism and elimination. DiMC is a striking curcuminoid derivative with significantly improved drug likeness and enhanced power. In the present review, we just systematically summarized the published research about DiMC as a promising anticancer agent, for which pharmacokinetics, pharmacological effects, molecular mechanisms, and nanoformulations for drug delivery were involved.
It has been demonstrated that the methylation of both free hydroxyl groups in curcumin provides the derivate DiMC with greatly improved biochemical stability and pharmacokinetic characteristics when compared with the parent molecule curcumin and other curcuminoids. Meanwhile, research has proven DiMC as a multi-target anticancer agent, which plays an exceptional role in the treatment of various malignant cancers through its superior effectiveness against cancer by triggering cell cycle arrest and apoptosis. More to the point, its efficacies toward cancer cell survival, attachment, movement, and invasion are closely related with the regulation of signal factors such as ROS, Cyt c, caspase-3/7/9, Bax/BCl2, GSH/GSSG, p53, and p21. It also has special chemosensitizing activity and photosensitizing property and thus could be developed as an anticancer adjuvant for cancer chemotherapy.
A reliable delivery system is usually one of the major challenges for drug development, and it is indeed the case for the anticancer agent DiMC. Despite the research on the subject, the drug delivery system of DiMC is still in its infancy; so far, a few nanoformulations have been investigated. Due to the great improvement in hydrophobicity, DiMC could be well incorporated by lipophilic substances to form liposomes, nanoparticles, and micelles, among which the polymeric micellar system is very promising as it can be easily produced with high drug-loading capacity, sustainable drug-releasing features, and satisfactory biodistribution. Recently, the development of complex nanoformulations dually-loaded adjuvant agent and classic first-line chemotherapeutic drugs such as doxorubicin and paclitaxel have attracted more and more research attention. Thus, we have no reason to doubt that such a novel drug delivery system of DiMC would provide an effective alternative to improving traditional cancer chemotherapies by acquiring synergic efficacy and overcoming adverse effects, especially some dose-limiting and cumulative toxicities, including doxorubicin-induced severe cardiac dysfunction.
In short, it is the first time that the basic information about research on DiMC has been comprehensively reviewed, and it will benefit in-depth development of this promising anticancer agent for clinical application in the near future.
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The engineered “obligate” anaerobic Salmonella typhimurium strain YB1 shows a prominent ability to repress tumor growth and metastasis, which has great potential as a novel cancer immunotherapy. However, the antitumor mechanism of YB1 remains unelucidated. To resolve the proteome dynamics induced by the engineered bacteria, we applied tumor temporal proteome profiling on murine bladder tumors after intravenous injection of either YB1 or PBS as a negative control. Our data suggests that during the two weeks treatment of YB1 injections, the cured tumors experienced three distinct phases of the immune response. Two days after injection, the innate immune response was activated, particularly the complement and blood coagulation pathways. In the meantime, the phagocytosis was initiated. The professional phagocytes such as macrophages and neutrophils were recruited, especially the infiltration of iNOS+ and CD68+ cells was enhanced. Seven days after injection, substantial amount of T cells was observed at the invasion margin of the tumor. As a result, the tumor shrunk significantly. Overall, the temporal proteome profiling can systematically reveal the YB1 induced immune responses in tumor, showing great promise for elucidating the mechanism of bacteria-mediated cancer immunotherapy.
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Introduction

Globally cancer is an important leading cause of death, accounting for nearly 10 million deaths in 2020 alone (WHO). The vast majority of cancers are solid tumors, which develop in a variety of organs, such as breast, lung, colorectum, liver, prostate and bladder etc. To date, the conventional methods of cancer treatment such as surgery, radiation therapy and chemotherapy are still the preferred choice. However, surgery is not an effective therapy for metastatic cancer and needs to be used in combination with other traditional therapies such as radiation or chemotherapy. The procedure and therapeutic effects of radiotherapy and chemotherapy are impeded by the necrotic and hypoxic regions in tumors (1). Cancer immunotherapy had emerged as a standard treatment with great potential in cancer therapy. It includes adoptive T cell therapy, immune checkpoint inhibitors and cancer vaccines etc. The earliest cancer immunotherapy could be traced back to the bacteria-mediated cancer therapy 200 years ago (2). So far, various kinds of bacterial infection or injection have been reported to relieve cancer symptoms or were specifically used for cancer treatment, such as Streptococcus pyogenes (S. pyogenes), Coley’s toxins, Clostridium histolyticum and the Bacillus Calmette-Guerin (BCG) vaccine (3–7).

Recent progress in the fields of immunology and biotechnology has generated new interest in the modification of tumor-targeting bacteria, returning them to the forefront of cancer research (8). Many non-pathogenic obligate anaerobes and facultative anaerobes have been shown selectively proliferate in tumor cells possessing hypoxia and abnormal angiogenesis. Attenuated Salmonella is an outstanding example of one such obligate anaerobe (9–12). In our previous studies, synthetic biology techniques were applied to construct an engineered “obligate” anaerobic Salmonella typhimurium strain YB1 (Salmonella YB1). The engineered Salmonella YB1 acted as an obligate anaerobe, targeting the hypoxic and necrotic regions in tumors and significantly suppressing the growth and metastasis of a broad range of cancers, including bladder tumor (13), neuroblastoma, liver cancer and breast cancer (14–17). Systemic administration of Salmonella YB1 can effectively stimulate the immune system, resulting in the increased production of tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ), as well as activation of both innate and adaptive immune cells (14–17). These stimulated immune responses might create a hostile environment for tumor progression (18). However, the underlying systemic therapeutic mechanism of Salmonella YB1 remains to be elucidated.

The proteomic approach is a promising technique that can facilitate the systematic characterization of the proteome dynamics in pharmacology and interspecies interactions (19–21). Systematically revealing the dynamics of the tumor proteome after YB1 treatment will contribute to understanding its mechanism. The quantitative proteomics of tumors undergoing bacterial treatment can especially contribute to understanding of the interaction process between bacteria and tumors. We profiled the temporal proteome of the bladder tumor xenografts on mice after Salmonella YB1 injection. We then applied a label-free quantitative proteomic approach with in-solution digestion to identify the differentially expressed proteins by mass spectrometry analysis. The tumors with YB1 injection experienced three distinct phases of immune responses, including the activation of complement and blood coagulation pathways, iNOS+ and CD68+ cells mediated phagocytosis, and the accumulation of T cells at the invasion margin of tumors. In summary, we performed the systematic temporal analysis to the proteome of the tumor with YB1 treatment. It will be beneficial to reveal the therapeutic mechanism of YB1 and its application in cancer immunotherapy in the future.



Materials and Methods


Salmonella YB1 and Tumor Cells Culture

S. typhimurium strain YB1 was cultivated in Luria-Bertani (LB) broth containing 25μg/mL chloramphenicol at 37°C, with shaking at 220 rpm overnight. The YB1 cultures were then transferred twice and grown until the logarithmic phase. OD600 was measured to determine the bacterial count. The MB49 mouse bladder cancer cell line was maintained in Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG) supplemented with 10% FBS (fetal bovine serum), 1% streptomycin and 1% penicillin. The medium was renewed every other day. Cells were cultivated at 37°C in a humidified atmosphere of 5% CO2.



Animals and Tumor Tissues Collection

All animal experiments were approved by the animal care regulations of the Institutional Animal Care and Use Committee of the Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences. Four-to six-week-old female C57BL/6 mice (Vital River Laboratory Animal Technology Co. Ltd, CHN) were subcutaneously injected with MB49 cells (1×10 6) in the flank region. Tumor volume was calculated according to the following formula: tumor volume = length × (width) 2/2. When the average volumes of the MB49 tumors reached approximately 200 mm3, the C57BL/6 mice were randomly divided into two groups. One group was inoculated via the tail vein of the mice with YB1 (1×10 7) dissolved in 125μL PBS, whereas the control group was treated with 125μL PBS only. The mice were killed at different time points after injection. The whole tumor tissues were washed twice with ice-cold phosphate-buffered saline (PBS) to remove blood and other contaminants, quick-frozen in liquid N2 and stored at –80°C for protein extractions.



Protein Preparation and Peptide Extraction

At least 1 mg samples of tumor tissues were cut off and lysed in a buffer that consisted of 5mM EDTA, 150mM NaCl, 20mM HEPES (pH8.5), 1% SDS, and a Roche complete protease inhibitor cocktail tablet for 10 min on ice. Following lysis, tissues debris was further lysed using sonication under suitable conditions. The lysates were centrifuged at 20,000 g for 15 min at 4°C, and the supernatants were harvested. The protein concentration was measured by BCA Assay Kit (Thermo Fisher Scientific, P/N 23225). Approximately 100μg protein solution was reduced and alkylated for 30 min at 37°C using 1μl 0.5 M TCEP, and 2μl 1 M CAA. After alkylation, quantitative precipitation of soluble and hydrophobic proteins from dilute solutions was based on a defined methanol-chloroform-water mixture method as described in Wessel D et al. (22). In brief, an aliquot (0.200μl) of methanol was added to 50μl of protein sample (approximately 100μg proteins) and the samples were vortexed. Then, chloroform (50μl) was added and the samples were vortexed again. For phase separation, 150μl of water (HPLC grade) was added, and the samples were vortexed vigorously and centrifuged at 9000 g for 2 min at room temperature. The upper phase was carefully removed and discarded. A further 150μl methanol was added slowly to the rest of the lower chloroform phase and the interphase with the precipitated protein. The samples were mixed gently and centrifuged again at 9000 g for 2 min at room temperature to pellet the protein. The supernatant was removed and the protein pellet was dried under a stream of air for 5 min. The protein pellets were re-disolved by the addition of 20μl of Urea buffer (8 M Urea, 100mM HEPES) and vortexed fully. The protein pellets were reconstituted by the addition of 180μl of 20mM HEPES and vortexed fully. For digestion, 2μg mass spectrometry grade trypsin (Promega, P/N V5280) were added for digestion overnight at 37°C. The peptide digestions were quenched by 10μl of 10% formic acid (FA).



Peptides Desalting

The acidifying peptide samples were desalted using a 100 mg desalting column (Thermo Fisher Scientific, P/N 60108-302). In short, the desalting column was activated with 1 ml acetonitrile (ACN)) twice, and 1 ml buffer B (80% ACN, 0.5% FA in water) twice. The buffer A was loaded twice to equilibrate the desalting column. Subsequently, the peptide solution was loaded onto the column, washed with 1 ml buffer A three times and eluted with buffer B to a clean tube. The eluent was dried completely in a SpeedVac centrifuge at 45°C and store at -80°C.



LC-MS/MS Analysis

All peptides were reconstituted in 0.1% FA (vol/vol) and separated on on reversed-phase columns (trapping column: particle size = 3 μm, C18, length = 20 mm (Thermo Fisher Scientific, P/N 164535); analytical column: particle size = 2 μm, C18, length =150 mm(Thermo Fisher Scientific, P/N 164534)) on an Ultimate™ 3000 RSLCnano system (Thermo Fisher Scientific, San Jose, CA, USA) coupled to Orbitrap Q-Exactive™ HF (Thermo Fisher Scientific). Peptide separation was achieved using a 120 min gradient (buffer A: 0.1% FA in water, buffer B: 0.1% FA in 80% ACN) at a flow rate of 300 nl/min, then analyzed by Orbitrap Q-Exactive™ HF in a data-dependent mode. The Orbitrap Q-Exactive™ HF mass spectrometer was operated in positive ion mode with the ion transfer tube temperature set at 320°C. The positive ion spray voltage was 2.1 kV. Full-scan MS spectra (m/z 350–2000) was acquired in the Orbitrap with a resolution of 60,000. HCD fragmentation was performed at normalized collision energy of 28%. The MS2 automatic gain control (AGC) target was set to 5e4 with a maximum injection time (MIT) of 50 ms and dynamic exclusion was set to 45 s.



Proteomics Data Processing and Bioinformatic Analysis

The MS/MS data were searched against a Swiss-Prot database (Musculus release-20190412 and Salmonella release-20190426 downloaded from UniProt) with MaxQuant 1.5.3.30. Data were searched with a precursor mass tolerance of 20 ppm and a fragment mass tolerance of 0.5 Da. Searches were performed with enzyme specificity and only tryptic peptides were allowed to remain in the final data sets, and up to two mis-cleavages allowed. Cysteine carboxamidomethylation was specified as a static modification; oxidation of methionine residue and acetylation, (protein-N) were allowed as variable modifications. Reverse decoy databases were included for all searches to estimate false discovery rates. Peptide and protein identifications were also quantified and filtered for less than 1% false-discovery rate (FDR).

The intensity values from MaxQuant were normalized and further processed using the VSN method. We removed proteins with fewer than two samples in each group of samples at each time point. Then, the missing values were imputed by using the QRILC method. The Limma package was used for determining differentially expressed proteins between tumor mice and tumor mice injected with Salmonella. Proteins with an average fold change >1 and p-value <0.05 were considered different. For proteins of significant difference, their molecular functions and associated biological processes were analyzed using the DAVID (https://david.ncifcrf.gov/home.jsp) analysis tool, the FDR threshold was set at 5%. In order to observe the protein change panels at seven time points, we used the CLUSTER package (23) to create a k-means cluster analysis.



Immunohistochemical Analysis

Tumor tissues were collected from MB49-bearing mice intravenously injected with bacteria (1x107 CFU per mice) or PBS for hematoxylin and eosin (H&E) staining. Macrophages were labeled with F-4/80 antibody (Servicebio, GB11027). M1 subset macrophages were marked with iNOS and CD68 antibody (Servicebio, GB11119, GB11067). Neutrophils were labeled with Ly-6G antibody (Servicebio, GB11229). The complement activity was recognized by C3 antibody (Abcam, ab200999). T and B cells were labeled respectively with CD3 antibody (Servicebio, GB13014) and CD19 antibody (Servicebio, GB11061). The collagen was stained with Sirius red staining. The mouse primary antibodies was detected using a goat anti-mouse secondary antibody (Servicebio, gb111739).



Quantification of the Immunohistochemical Staining

Expression levels of effector proteins as well as the abundance of various type of immune cells were quantified using images of tumor sections with immunohistochemical staining. Nine regions of interest (ROI) were manually selected from the whole scan image of the each tumor under 40x magnification (about 250um x 480 um), and there are three tumor-bearing mice for each experimental condition. First, we adopted a color deconvolution model (24) to separate the unstained and stained regions into separate channels with the deconvolution matrix set as [0.650 0.704 0.286; 0.268 0.570 0.776; 0.711 0.423 0.561]. Then, image binarization with an appropriate threshold setting (C3 w/70, CD3 w/10, CD11c w/30, CD68 w/20, F4/80 w/70, iNOS w/70, Ly6G w/25 and CD19 w/10) were applied to extract the area of different markers. Next, nuclei boundaries were detected by using a level set segmentation and detection technique as previously described (25). Note that we used the area of cell nucleus instead of cytoplasm to represent the area of cell regions, for it is more difficult to define the regions of cytoplasm, and we hypothesized that the nucleus/cytoplasm area-ratio is consistent across different regions. Finally, the area of stained signals (S) and all cell nucleus (N) can be obtained, and a ratio of S to N (S/N) was defined to evaluate the expression levels of effector proteins or the abundance of various type of immune cells in the tumor-section images.



T Cell Separation and ELISpot Assay

The mouse spleen was separated and grinded in RPMI1640 medium, then the T cells were isolated by magnetic negative selection using the CD8+ T cell isolation kit (Miltenyi Biotec.). The activity of CD8+ T cells was tested using the Mouse IFN-γ precoated ELISPOT Kit (DAKEWE, 2210005) as the described in the product manual.

1×105 freshly spleen CD8+ T cells were plated in triplicates into 96-well Elispot plates precoated with anti-mouse-IFN-γ antibody and stimulated for 18 h at 37°C under 5% CO2 with either 1×104 MB49 cells or 1×105 YB1 resuspended in PBS (positive control). As unstimulated control, cells were incubated for 18 h in cell culture medium (background value). The PMA stimulation was used as a positive control as well. After cell removal, plates were incubated with biotinylated antibody and streptavidin-HRP respectively for 1 h. Spot detection was performed by FluoroSpot and ELISpot Reader (Mabtech IRIS™).



Statistical Analysis

All values are expressed as means ± SD. Statistically significant differences among individual treatments and the corresponding control groups were determined by the Kolmogorov–Smirnov test (K–S test or KS test) or analysis of variance (ANOVA). Experiments were independently repeated at least three times. All analyses were carried out using GraphPad Prism 9. A p-value <0.05 was considered to be statistically significant.




Results


Temporal Proteome Profiling Unraveling Diverse Tumor Responses During YB1 Treatment

To build the tumor model, C57BL/6 mice were subcutaneously injected with MB49 cells in the flank region (detail in method). In brief, when the average size of the MB49 tumors reached approximately 200mm3, the C57BL/6 mice were randomly divided into two groups and injected intravenously with Salmonella strain YB1 (treatment group) or PBS (control group). The tumor growth was inhibited by YB1 treatment (Supplementary Figure 1), same as our previous study (13). To map the proteomic atlas of the Salmonella YB1 treatment bladder tumors, we collected the whole tumors in four replicates from each group at each time point. There were seven time points in total, including 6 hours, 12 hours, 24 hours, 2days, 3 days, 7 days and 14 days post Salmonella YB1 or PBS injection. We applied a label-free quantitative proteomic approach with in-solution digestion to 56 identified samples by mass spectrometry analysis (Figure 1A). To better understand the molecular functions of tumor proteins during Salmonella YB1 treatment, GO term enrichment analysis for YB1 proteins displaying ≥1 ± log2(fold-change) revealed a total of 454 enriched GO terms (p ≤ 0.05, right-sided hypergeometric test, Bonferroni corrected), with 397 being upregulated and 57 downregulated (Figure 1B, Supplementary Table 1).




Figure 1 | Temporal proteome profiling for exploring the anti-cancer mechanism of Salmonella YB1. (A) Experimental design and data analysis workflow of the tumor proteome. (I) Illustration of the tumor collection after Salmonella YB1 strain treatment at different time points. (II). General workflow of proteomic sample preparation process. (III) The workflow of MS-based quantitative proteomics and bioinformatics analysis. (B) GO term enrichment of differentially expressed tumor proteins. Selected enriched GO terms are depicted; all enriched GO terms can be found in Supplementary Table 1. Node size and colors depict significance, [–log10 (p-value)] right-sided hypergeometric test, Bonferroni corrected) (blue shading) and number of proteins (Node size), respectively. n = 4 biologically independent samples.



We observed a number of infection-related GO terms were significantly enriched, as well as the integrin-mediated signaling pathway related to bacterial invasion at 6 hours (20), an apoptotic pathway at 24 hours and response to virus at 2 days. These findings demonstrate that YB1 could invade the tumor and cause cell apoptosis, consistent with our previous study (14). Moreover, a strong innate immune response occurred at 24 hours last to 7 days, including acute-phase response, blood cogulation and complement activation etc. (Figure 1B, Supplementary Table 1). Overall, our results are in line with previous observation in Salmonella based tumor therapy, where Salmonella demonstrates an intrinsic anti-tumor effect, largely attributed to its immune stimulatory activity, as well as activation of both innate and adaptive immune cells (18, 26).



A Dynamic Proteomic Atlas of the YB1 Treated Tumors

Summing up all the 56 samples, 4,812 proteins were quantified at a 1% peptide FDR (false discovery rate) (Figure 2A, Dataset1 in Supplementary Table 2). A total of 4,516 proteins were identified as high-quality IDs by selecting those that have been measured with at least one unique peptide (Figure 2A, Dataset2 in Supplementary Table 3). Further filtering for proteins identified in at least 2 of the 4 replicates at one time point resulted in a final list of 2,739 proteins for bioinformatic analyses (Figure 2A, Dataset3 in Supplementary Table 4). Replicate correlation of samples showed good consistency and a high degree of correlation (R = 0.85–0.93) between the YB1 and PBS experiments (Figure 2B, Supplementary Figure 2). Principal component analysis (PCA) showed that replicates clustered closely and the YB1 separation from control clusters PBS (Figure 2C, Supplementary Figure 3). Overall, our tumor proteomic dataset is of high quality and reproducibility.




Figure 2 | Quantitative proteomics revealed differential protein expressions in tumor induced by YB1 treatment. (A) Multiple data sets with different filtering criteria. (B) Replicate correlation of YB1 versus PBS samples for the indicated time points (2 day). (C) Principal component analysis of the proteomics data at 2 day. Each dot represents an independent biological replicate. (D) Analysis of significantly dysregulated proteins in YB1 (determined by t-test). Volcano plots of YB1 versus control comparisons. p-values (-log base 10) are plotted as a function of the proteins ratio (log base 2) for YB1 versus PBS group. (E) Hierarchical clustering of differentially expressed proteins by semi-supervised, Ward’s hierarchical clustering.



After these filtering steps, we performed relative protein quantification based on the log2 fold change of protein intensity of YB1 versus PBS samples and p-value from the Limma test (Figure 2D, Supplementary Figure 4). This analysis showed that, 1097 out of the 2739 quantified proteins were significantly up or down regulated leastwise at one timepoint (p-value ≤0.05, |log2 fold change| ≥1) (Supplementary Table 5). These results revealed that the majority of differential expression of proteins occurred from 24 hours to 7 days (947 of 1097). Most notably, at 24 hours and 2 days, there were 453 and 412 differentially expressed proteins respectively (Figure 2E).



Key Immune Responses Revealed by K-Means Clustering Analysis

To better exhibit biological processes induced by YB1 treatment, we applied the k-means algorithm to classify the 1097 differentially expressed tumor proteins, according to their dynamic co-expression patterns. We obtained six protein modules with the unsupervised k-mean clustering analysis (Supplementary Table 6). Then we analyze GO Biological Process terms in each of the modules (Figure 3, Supplementary Table 7).




Figure 3 | Dynamic protein co-expression modules classified by k-means analysis with GO annotation. The left panel shows the six modules classified by the k-means clustering analysis, according to their dynamic co-expression patterns. x-axis represents sampling time, y-axis represents log2 fold-change of protein intensity. The right panel shows the corresponding GO Biological Process terms to each module.



Proteins in Module 1 and 2 were gradually downregulated, dropped to a trough at 24 hours and 2 days respectively, including proteins of RAD50, CCAR2, CDK5 etc. These proteins are mainly involved in cell-cycle, including DNA repair and regulation of cell grows. It has recently been shown that cell-cycle are correlated with Salmonella intracellular proliferation (20). The suppression of cell-cycle may indicate a host-driven response to Salmonella. Module 2 proteins also participate in the post-translational modification of proteins, such as dephosphorylation and ubiquitination. It appears that cell proliferation and protein degradation are the predominant downregulated pathways during Salmonella YB1 treatment.

Proteins in Module 3, 4, 5 and 6 were progressive upregulated and respectively peaked at 24 hours, 2 days, 7 days and 14 days. Module 3 proteins were mainly involved in response to oxidative stress, endothelial cell migration and regulation of intracellular pH. The latter behavior is consistent with the previous study that protein synthesis and cell proliferation and mitosis could make a change in cytosolic pH (27). Although proteins in Module 4-6 peaked at different time point, they were significantly enriched in similar biological processes including innate and adaptive immune response. In particular, we detected a strong response to blood coagulation and complement activation (C3, C9, C4, C5, etc.) in Module 4. This finding indicated that YB1 treatment would trigger blood coagulation within the tumor, consistent with the previous report (23).

We also observed strong induction of endocytosis such as phagocytosis signaling response in both Module 4 and 5, including proteins iNOS, CD14, CD177, NGP, CD68, etc. CD14, which is well known mediate the innate immune response to bacterial lipopolysaccharide (28), was gradually upregulated from 12 hours, peaked at 2 days (+2.91 Log2 Fold change, adjusted p=3.38E-05). The expression of iNOS reached a peak at 2 days (+2.84 Log2 Fold change, adjusted p=2.75E-03). As a marker of M1 type macrophages, iNOS produces nitric oxide (NO) which mediates tumoricidal and bactericidal activity (29). Likewise, CD177 and NGP was upregulated from 24 hours and peaked at 2 days. CD177 plays an important role in neutrophils recruitment caused by bacterial infection in vivo (30). NGP plays a role as a negative regulator of tumor vascular development and metastasis (31) (Figure 1B). Proteins in Module 5 were also enriched in positive regulation of T cell proliferation (32). Proteins in Module 6 were involved in B cell receptor signaling pathway and immunoglobulin mediated immune response. Together, these findings highlighted the roles of Salmonella-induced immune responses in bacteria mediated anti-tumor effects. However, the functional significance of many of these proteins will require further study.



Thrombosis and Complement Were Initiated After YB1 Treatment

To confirm the complement and blood coagulation in the proteomics analysis results, we performed the immunohistochemical analysis to the mice tumor tissues from the YB1 and PBS injection groups. We collected the tumors of the mice injected with YB1 and PBS at 2 days post injection for hematoxylin and eosin (H&E) staining (Figure 4A). In a large view, we could find severe hemorrhagic inflammation in the tumor on mice injected with YB1. Compared to the control group, the mice with YB1 injection showed significant erythrocyte diapedesis in tumors, along with inflammatory cell infiltration. Erythrocyte could be abundantly found inside the tumor after bacterial infection (Figure 4A). The results above are representative features in bacterial infection. We observed that the colonization of bacteria in tumor could trigger thrombosis by disrupting tumor blood vessels, which was consistent with the previous study (33). On the other hand, we performed the immunohistochemical analysis to C3, a canonical marker of complement, in the tumor slices. It showed that the expression of C3 in tumor with YB1 injection is significantly higher than the control group (Figure 4B). As the description above, not limited to C3, a series of complement related proteins, such as Serpind1, Cfd, C5, C1qbp, etc., were upregulated in tumor with YB1 treatment. The immunohistochemical results confirmed the proteomics analysis and showed that YB1 injection could initiate the activation of complement and blood coagulation in tumor. The activation of the complement system could also induce the recruitment of macrophages and neutrophils into tumor tissues (34, 35), which may indicate a tumoricidal activity.




Figure 4 | Salmonella YB1 induced the innate immune responses in tumors. (A) Representative images of hematoxylin and eosin (H&E)–stained tumor slices collected from mice injected with phosphate-buffered saline (PBS) or YB1 at 2 days post injection. The yellow arrow indicates angiolysis, thrombosis and neutrophils infiltration. Area ratio (see methods) of (B) C3+ cells, (C) Ly6G+ cells, (D) F4/80+ cells, (E) CD68+ cells, (F) iNOS+ cells, (G) CD11c+ cells based on immunohistochemical-stained images. Three biological replicates of images with nine random views under 40x magnification per image were collected for statistical analysis which was performed using the K–S test.*p < 0.05, **p < 0.01, ****p < 0.0001, ns, no significant difference.





Phagocytosis Were Activated After YB1 Treatment

We performed immunohistochemical analysis to the professional phagocytes in the tumors at 2 days post injection. F4/80 and CD68 markers were used to identify macrophages. F4/80 is well-known as a highly restricted macrophage molecule in mice. CD68 is exploited as a valuable cytochemical marker to immunostain monocyte/macrophages in the histochemical analysis of tumor tissues. The results showed that there were significantly higher numbers of F4/80+ cells and CD68+ cells in tumors with YB1 injection than the control group (Figures 4D, E). In addition, the results showed there was an increased number of the iNOS+ cells in the immunohistochemical slices of YB1 injected tumors (Figure 4F). This result consisted with the observation in the above proteomics data, where the iNOS was upregulated at 2 days post YB1 injection (Figure 4F, Supplementary Table 5). These results further confirmed our proteomic analysis results.

Then we detected another two typical phagocytes, neutrophils and dendritic cells (DCs). We detected the expression of Ly6G and CD11c in the tumor slices. Ly6G is a marker for monocytes, granulocytes and neutrophils. CD11c is the most widely used defining marker for dendritic cells (DCs). The results showed that there was more Ly6G+ cells in tumors with YB1 injection than the control group. But there was no significant difference of the CD11c+ cell number in these two groups (Figures 4C, G). These results indicate that the YB1 could induce neutrophils and macrophages gathering, which mediated phagocytosis in tumors. In addition, iNOS is often used as a marker of M1-like macrophages (36), its upregulation may indicate the possible enrichment of M1 macrophages.



T Cells Accumulated at the Invasion Margin of the Tumor After YB1 Treatment

In our proteomics data, the positive regulation of T cell proliferation was significantly upregulated at 7days post YB1 injection. To further confirm this result, we performed the immunohistochemical staining to the CD3 of the T cells in the mice tumor sections. The CD3 protein complex is a defining feature of T cell lineage. Compared to the tumors in the control group, we found that the T cells in the tumors with YB1 injection accumulated at the invasion margin of the tumors, and the CD3+ T cells in the tumors with PBS injection tend to congregate at the tumor center. And the number of T cells at the margin area in YB1 injection group was significantly higher than that in the control group (Figure 5A). As previously reported, the location of T cells, such as at the invasive margin, rather than the center of the tumor, is an important positive predictor of outcome (37, 38). These results may indicate a good prognosis of the tumors with YB1 injection. Moreover, we compared the antitumor effects of CD8+ T cells in the spleens of the YB1 treated and control mice. The CD8+ T cells were isolated from mice spleen and stimulated with MB49 mouse bladder tumor cells for 18 hours. IFN-γ secreted by spleen CD8+ T cells was measured through IFN-γ ELISpot assay. We found that the IFN-γ secretion by the spleen CD8+ T cells in the YB1 treated mice was significantly higher than that in the control group (Figure 5B). These results indicate YB1 could promote the antitumor T cell effects in the tumor-bearing mice.



B Cells Accumulated in the Tumor After YB1 Treatment

At two weeks after YB1 treatment, the B cells related signaling pathways were activated in the proteomics profiling. We detected the expression of CD19, a biomarker for normal and neoplastic B cells, in YB1 injected mice tumors at 14 days. The results showed that there were more CD19+ B cells in the YB1 injected mice tumor than the control group (Figure 5C). These results demonstrate that Salmonella YB1 strain could induce the recruitment of B cells in tumors.




Figure 5 | Salmonella YB1 induced the adaptive immune responses in tumors. (A) Representative images of immunohistochemical stained tumor slices collected from mice injected with phosphate-buffered saline (PBS) or YB1 at 7 days post injection. The area of the blue polygon indicates the invasive margin of the tumor, the red arrow represents CD3+ T cells. An S/N ratio of CD3+ cells in the invasion margin of tumors. (B) CD8+ T cells from YB1 (gray) and PBS (black) treated mice spleen were stimulated by MB49 cells. The background value of IFN-γ expression of CD8+ T cells has been removed. IFN-γ ELISpot results of three replicates are expressed as mean SFC (IFN-γ-specific spot-forming cells)/100,000 CD8+ T cells. Error bars represent standard deviations. Statistical analysis was performed using the two-way ANOVA with Šidák’s multiple comparisons test. (C) A ratio of CD19+ cells versus total cell numbers in the tumors. Statistical analysis in (A, C) was performed using the K–S test. *p < 0.05, ****p < 0.0001.






Discussion

The development of a “perfect” bacteria strain for cancer therapy relies greatly on the understanding of host–bacteria interactions (32). Our tumor proteome profiling systematically revealed the dynamics of the tumor proteome after YB1 treatment, which can be beneficial for uncovering the underlying immunological mechanism of YB1-mediated tumor shrink. Nevertheless, this global proteomics approach cannot distinguish proteins from different cell types, therefore, the IHC staining were applied on tumor section images to validate the enrichment of several key marker proteins in the YB1-treated group. Furthermore, the IHC staining can also provide the information on the spatial distribution of various types of cells within tumors. Overall, our present study demonstrated three distinct stages of immune responses induced by YB1 in tumors: the complement and coagulation activation, phagocytosis mediated by macrophage and neutrophils, and T-cell infiltration at the invasion margin of the tumor (Figure 6), revealing the complexity of YB1-mediated tumor response at the proteome level.




Figure 6 | Schematic temporal dynamics of the immunological offensive triggered by YB1 treatment. The red line represents the blood coagulation and complement. The blue line represents phagocytosis mediated by macrophages and neutrophils. The green line represents T cell accumulation in the invasion margin.



Our analyses indicate that the complement and blood coagulation pathways were activated soon after YB1 injection. The complement serves as a functional bridge between innate and adaptive immune response that allows an integrated host defense to pathogenic challenges (39). More importantly, angiolysis and thrombosis were observed in the tumors with YB1 treatment. In response to bacteria injection, the innate immune cells and platelets cooperate to induce blood coagulation, which block the nutrition supplement in tumors (33). In addition, YB1 in the tumor anaerobic region could still proliferate robustly and compete with the tumor cells for nutrition (40). It appears that these processes could play important roles in the anti-tumor effects induced by YB1. An independent experiment would be required to validate the phenomena we observed.

Probably due to the presence of the complement component (41) and YB1 aggregation in the anaerobic region, the macrophages and neutrophils are recruited into the tumor to mediate the immune response like phagocytosis. Particularly it is noteworthy that the iNOS+ and CD68+ cells in the tumors with YB1 treatment was higher than the control group, which may suggest that YB1 could induce anti-tumor effects through improving the infiltration of M1-like macrophages in tumors, though the definition and biological functions of macrophage subpopulations are still under debate (42, 43). It is well known that M1 macrophages play critical roles in innate host defense and killing tumor cells by producing reactive oxygen/nitrogen species (ROS/RNS) and pro-inflammatory cytokines, and hence they are considered as antitumor or “good” macrophages (44, 45). On the other hand, it is worth to note that several inflammatory stimuli can induce the expression of iNOS in various cell types including macrophages, dendritic cells and neutrophils (46–48), the overexpression of iNOS alone does not necessarily indicate the enrichment of M1-like macrophages. Therefore, the reshaping of macrophage subpopulation induced by YB1 remains to be explored further. For the dendritic cells, we did not find the significant difference of the number of CD11c+ cells between the YB1 and PBS injection tumors. However, in view of the different subtypes of DCs exhibit differential pro-tumorigenic or anti-tumorigenic functions (49), the contribution of DCs in the bacteria mediated immunotherapy is still to be explored.

As antigen presenting cells, macrophages can present the tumor specific antigens to T cells. In a previous study, the authors demonstrated that the induction of antigen presentation by tumor associated macrophages enhances the accumulation of specific CD8+ T cells at the tumor site (50). Furthermore, we found that INF-γ production of spleen CD8+ T cells were enhanced after tumor cell challenge, in YB1 treated mice. In addition, the CD3+ T cells in the tumors with YB1 treatment accumulated significantly at the invasion margin. As previously described, the presence of T cells at the invasive margin, rather than the center of the tumor, is an important positive predictor of outcome (37, 38). But the mechanism involved in this interplay remains to be investigated.

For collagen in tumors, in our proteomic data, the type I, VI and VII collagens were down regulated. And it was reported that the upregulation of these types of collagen are correlated with the tumor metastasis (51–53). So we hypothesized that the downregulation of the collagen might be involved in the YB1 mediated tumor metastasis inhibition, which could help to explain the reduction of tumor metastasis in YB1 treated tumors (17, 20).

Although bacteria-mediated tumor therapy could be recognized as the oldest type of cancer immunotherapy, its proper clinical application still needs to fulfill very strict requirements of safety and efficacy in both mechanistic and large scale (pre-)clinical studies (8, 54). Early bacteria-based antitumor drug like Coley’s toxin was made of natural pathogen, which showed clear efficacy against multiple types of tumor but suffered from toxicity (4, 8). Nearly Two decades ago, the attenuated salmonella VNP20009 was approved to enter a phase I clinical trial, in which its safety was clearly proved but efficacy was insignificant (55). These days, the emerging synthetic biology technology provided more possibilities for engineering both safe and efficient antitumor bacteria, and combining the synthetic bacteria with other tumor killing agents (13, 15, 54, 56, 57). These advances together shed a light on the future of understanding and applying the bacteria-mediated tumor therapy clinically.

According to our previous studies, YB1 significantly improved the survival rate of tumor-bearing mice in various solid tumor models. On the other hand, in term of safety, YB1 can induce moderate inflammation in the liver and spleen. Nevertheless, within 7 days, the bacteria can be effectively cleared from normal organs (13–17). Furthermore, in a recent study, Lin Q et al. extended the YB1-treatment to several other experimental metastasis models, and found that YB1 has potent suppressive effects on cancer metastasis via the host innate immunity (32). Taking all these together, engineered Salmonella mediated cancer therapy could be an promising and safe strategy in the future, due to its characteristics including proliferation only in tumors, self-targeting and ease of genetic manipulation (58). Systemic understanding of the curing mechanisms will accelerate its development and application in clinical settings.

In summary, we used a proteomics approach to quantify the temporal changes of the bladder tumor proteome during Salmonella YB1 treatment. And the reliability of the proteomics results was verified by the immunohistochemical analysis. We profiled the immunological triple offensive, blood coagulation and complement, phagocytosis, and T-cell infiltration at the tumor invasion margin induced by Salmonella YB1, and demonstrate the temporal dynamics of these processes. Our study demonstrated the proteomics technique shows great promises in elucidating mechanisms underlying bacteria mediated immunotherapy.
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Owing to broad and notable clinical anti-tumor activity, anti-programmed cell death-1 (PD-1)/anti-programmed cell death-ligand 1 (PD-L1) antibodies have been indicated for almost all types of cancer, and form a part of the current standard of care. However, a large proportion of patients do not respond to anti-PD-1/PD-L1 therapy (primary resistance), and responders often develop progressive disease (acquired resistance). The mechanisms of resistance are complex and largely unknown; therefore, overcoming resistance remains clinically challenging, and data on reversing anti-PD-1 resistance are scarce. Herein, we report the case of a 58-year-old woman with renal cell carcinoma associated with Xp11.2 translocation/transcription factor E3 gene fusion, who had already showed resistance to both anti-PD-1 monotherapy and standard-dose axitinib. However, she finally achieved a partial response with a continuous combination therapy comprising low-dose axitinib and anti-PD-1. We speculate that axitinib played a key role in reversing the primary resistance to anti-PD-1 therapy. Interestingly, we observed that the number of peripheral regulatory T cells increased after the standard-dose axitinib therapy, with accompanied tumor enlargement; however, after the dose was reduced, the number of regulatory T cells decreased gradually, and the tumor regressed. We also reviewed relevant literature, which supported the fact that low-dose axitinib might be more beneficial than standard-dose axitinib in assisting immunotherapy. Given that this is a single-case report, the immunomodulatory effect of axitinib requires further investigation.
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Introduction

There have been considerable advances in cancer immunotherapy in recent years, these are mainly due to in-depth studies on the programmed cell death protein 1 (PD-1)/programmed cell death-ligand 1 (PD-L1) pathway. Binding of PD-1 to its ligands on tumor cells suppresses T cells through a negative feedback loop, thereby leading to immune response evasion (1, 2). Antibodies targeting PD-1 or PD-L1 can block this inhibitory signaling pathway and reactivate the anti-tumor immune response. Presently, based on clinical data from many phase III clinical trials, an anti-PD-1 or anti-PD-L1 agent is part of the standard of care for most types of advanced malignancies (3).

Despite the broad and notable anti-tumor activity of anti-PD-1/PD-L1 antibodies, a large proportion of patients still do not respond to anti-PD-1/PD-L1 therapy (primary resistance), and the patients who respond to them would often develop tumor progression again (acquired resistance). With the rapid expansion of the population treated with anti-PD-1/PD-L1 antibodies, the issue of resistance to anti-PD-1 therapy is of increasing concern. The mechanisms of resistance are complex and largely unknown; therefore, overcoming resistance remains clinically challenging (4, 5), and data on reversing anti-PD-1 resistance are scarce. Herein, we present a case in which axitinib successfully reversed primary resistance to anti-PD-1 therapy in a patient with renal cell carcinoma (RCC) associated with Xp11.2 translocation/transcription factor E3 gene fusion (Xp11.2/TFE3). We also reviewed relevant literature on the subject.



Case Description

The patient’s treatment process is shown in Figure 1. A 58-year-old woman presented to our hospital in early July 2020 with pain in the left flank region, gross hematuria, and minor vaginal bleeding. Before this time, she was in good health and had no history of chronic diseases, such as hypertension, diabetes, and coronary heart disease. She was allergic to cephalosporin antibiotics, characterized by rashes. Enhanced whole-body computed tomography (CT) revealed an 8.6 × 7.2 × 6.5 cm left renal mass with obvious enhancement, which we highly suspected was a left renal carcinoma. Simultaneously, pelvic magnetic resonance imaging revealed a 7 × 7 mm nodule at the vaginal end. She underwent laparoscopic radical nephrectomy and vaginal mass resection on July 14, 2020. Results of the pathological investigations of specimens from the two sites were consistent for RCC associated with Xp11.2/TFE3, which is a rare type of RCC in adults and a pathology with a poor prognosis (6). There is currently no standard treatment for this rare type of RCC; therefore, an intra-departmental consultation was convened. This patient already had vaginal metastasis, which reflected the aggressive nature of the RCC. In the end, we agreed to start postoperative adjuvant treatment with sintilimab, which is an anti-PD-1 antibody that has been developed and approved in China. From July 26, 2020, our patient received sintilimab (200 mg) every 3 weeks.




Figure 1 | Flow chart of patient’s main management process.



Three months later, she presented with a moderate gradual-onset left abdominal pain, poor appetite, and fatigue. On October 22, 2020, a whole-body enhanced CT was performed and disease relapse was apparent with evidence of newly emerged multiple metastases in the abdominal cavity and liver (Figures 2A–D). Following further consultation, we switched her treatment to a combination treatment regimen comprising standard-dose axitinib (5 mg, twice daily) and sintilimab (200 mg, every 3 weeks) and discharged her from hospital. After about 6 weeks, she developed binocular pain that gradually worsened and affected her eyesight more severely on the left side. On December 19, 2020, she visited a local hospital and was diagnosed with iridocyclitis. She was prescribed three eye drops: pranoprofen, tobramycin plus dexamethasone, and atropine. Simultaneously, axitinib therapy was discontinued, following the doctor’s advice. Five days later, her eye symptoms improved significantly. Due to concerns of tumor progression, she decided to restart axitinib therapy at a reduced dose of 5 mg daily. Three days later, the pain in her eyes returned; therefore, the axitinib dosage was reduced to 2.5 mg daily, after which the eye symptoms did not recur.




Figure 2 | Representative computed tomography showing recurrence after 3 months of post-operative adjuvant anti-PD-1 therapy (A–D). Disease continued to progress after 2 additional months of standard-dose axitinib plus anti-PD-1 therapy (E–H). Significant reduction in the tumor burden after 2 additional months of low-dose axitinib plus anti-PD-1 therapy (I–L). PD-1/PD-L1, Programmed death-1/programmed death ligand-1.



On December 29, 2020 (two months after treatment with axitinib plus sintilimab), she returned to our hospital for re-examination. Whole-body CT revealed progressive disease (PD), per the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 and when compared to the CT findings of October 22, 2020 (Figures 2E–H). These findings were supportive of the persistent abdominal pain and worsened asthenia she presented with. Since there was no particularly effective treatment regimen, and the patient had limited finances, she insisted that her previous regimen (sintilimab plus oral axitinib at a dose of 2.5 mg daily) should be continued. She was then discharged from the hospital.

We presumed that her condition would continue to gradually deteriorate, even to a life-threatening stage. However, 2 months post-discharge, on February 26, 2021, she re-visited our hospital. In the past two months, she felt that the abdominal pain has gradually relieved, her appetite and performance status have also improved. Subsequent CT revealed that the multiple metastases, including the hepatic metastases, had shrank significantly (Figures 2I–L), and a partial response (PR) had been achieved. To date, our patient is receiving treatment with sintilimab and axitinib at a dose of 2.5 mg daily. The most recent CT results confirmed her PR status.



Discussion

Our patient received adjuvant treatment with anti-PD-1 therapy immediately after radical surgery. However, three months later, surveillance CT revealed multiple enhanced nodules in the abdominal cavity and liver, accompanied by clinical deterioration; this was consistent with disease relapse and resistance to anti-PD-1 therapy. Subsequently, she was administered rescue treatment with standard-dose axitinib and sintilimab for two months. However, the lesions increased significantly, and her clinical state worsened; this was assessed as PD per RECIST 1.1. This result confirmed the primary resistance to anti-PD-1 therapy and simultaneous resistance to standard-dose axitinib. After two additional months of continuous anti-PD-1 therapy and low-dose axitinib, she achieved PR, which has been observed till now. Therefore, we speculated that axitinib successfully reversed the primary resistance to anti-PD-1 therapy.

There are many studies that are consistent with our speculation: Despite the fact that the mechanisms of resistance to anti-PD-1/PD-L1 therapy are complex, and largely unknown, it is reported that the immunosuppressive tumor microenvironment (TME) plays an important role in conveying resistance, and the mechanisms include hypoxia, increased inhibitory immune cells and immune molecules, and inhibition of immune-cell trafficking and infiltration (4, 7, 8). Interestingly, evidence from numerous preclinical studies suggests that anti-angiogenic agents such as bevacizumab and vascular endothelial growth factor receptor (VEGFR) tyrosine kinase inhibitors (TKIs) including axitinib, can improve the immunosuppressive TME significantly (9–13). Directly, anti-angiogenic therapies can inhibit immunosuppressive cells and molecules, and activate anti-tumor effector immune cells. For example, axitinib can hamper myeloid-derived suppressor cells (MDSCs) by downregulating signal transducer and activator of transcription 3 (STAT3) expression in murine RCC xenografts (9), and promote immune-mediated anti-tumor activity by promoting natural killer cell recognition and degranulation in human RCC cells (10). Indirectly, anti-angiogenic therapies can promote normalization of tumor vasculature, which includes reduction in the tortuosity of tumor vessels and interstitial fluid pressure, enhancement of vessel maturation, higher pericyte coverage, and normalization of the basement membrane. Eventually, these result in an alleviation of hypoxia and an increase in tumor-infiltrating lymphocytes. Therefore, even though axitinib did not exhibit any anti-tumor effect of itself after the initial two months’ treatment, it may have assisted sintilimab in eliciting a powerful anti-tumor immune response, which resulted in subsequent tumor regression.

Given that anti-angiogenic agents are advantageous for immunotherapy, it raises an important issue: Is the dose in the drug notice optimal for them to act as immunopotentiators? Many clinical trials involving a combination of anti-angiogenic agents and anti-PD-1/PD-L1 antibodies in various types of cancers have been conducted. Now we summarized the relevant data in RCC (Table 1), in which anti-angiogenic agents were all administered at the dose in the drug notice. Based on clinical trial data, the objective response rates (ORRs) for the combination regimens were all significantly higher than those for single-agent treatment with multi-targeted VEGFR TKIs, such as sunitinib, sorafenib, axitinib, pazopanib, and lenvatinib. However, from a clinical perspective, it remains unclear whether anti-angiogenic agents enhance the immunotherapeutic effect of anti-PD-1/PD-L1 antibodies. Additionally, if this synergistic effect exists, it is unclear whether it has been fully exploited. As we know, except bevacizumab, both VEGFR TKIs and anti-PD-1/PD-L1 antibodies have shown a considerable single-agent efficacy for metastatic RCC, and more interestingly, the bevacizumab-based regimen was associated with the lowest ORR. Furthermore, no association has been observed between the expression of PD-L1 and outcomes in patients treated with axitinib plus pembrolizumab (16) or axitinib plus avelumab (17). Therefore, it is possible that the marked efficacy of the combination regimen was almost directly additive from that of the individual agents, or that the synergistic effect of anti-angiogenic agents on the anti-PD-1/PD-L1 antibodies in this combination regimen was limited. Furthermore, the combination regimens were often associated with severe toxicities, especially in the first three trials of pazopanil or sunitinib plus anti-PD-1 therapy (14, 15) (Table 1). With the severe toxicities, further phase III trials have been prohibited.


Table 1 | Summary of clinical trials evaluating the combination of PD-1/PD-L1 inhibitors plus different anti-angiogenesis agents in treatment-naïve mRCC.



Our patient also experienced the treatment related adverse event (AE), iridocyclitis, and the dosage of axitinib was decreased to 2.5mg daily. Interestingly, the tumor remission occurred after the dose reduction, so we guess whether the dose reduction was related to the extraordinary efficacy. We retrospectively reviewed findings of the analysis of the patient’s peripheral immune cells (Supplementary Table S1) during her treatment course and focused on the changes in regulatory T cells (Tregs), which are reportedly detrimental to anti-tumor immunity (20, 21). As shown in Figure 3, before the addition of axitinib, the level of Tregs was relatively low. Two months after the addition of standard-dose axitinib, the level of Tregs increased markedly, and after the dose reduction, the level of Tregs decreased gradually, accompanied by tumor regression. The increase in levels of peripheral Tregs was likely related to standard-dose axitinib, and it was likely that there was a better synergy between low-dose axitinib and sintilimab, which induced tumor regression without affecting the Tregs. Furthermore, two studies (22, 23) of murine models (Lewis lung carcinoma and syngeneic breast cancer) demonstrated that, only low-dose anti-VEGFR2 antibody or apatinib (a novel multi-targeted VEGFR2-TKI) could maximumly alleviate hypoxia, increase the infiltration and activation of immune cells, and eventually assist anti-PD-1 therapy to maximize the anti-tumor effect in mouse models, when compared to intermediate and high doses. One explanation for this phenomenon is that the high-dose anti-angiogenic agents can lead to shorter time-windows of normalization due to rapid and excessive pruning of tumor vessels, further restricting access into the tumor parenchyma to effector T cells. Moreover, this would result in more severe hypoxia, which will further worsen the immunosuppressive TME, and thus compromise the efficacy of immunotherapy (24). Contrarily, it is possible that vascular-normalizing lower doses of anti-angiogenic agents can better alleviate hypoxia, increase the infiltration of lymphocytes, and further enhance the efficacy of immunotherapy, with fewer side-effects.




Figure 3 | Changes of peripheral Tregs percentages in CD4+ T cells.



Another issue worth discussing is the iridocyclitis, which is a rare AE of anti-PD-1 therapy (25), however, iridocyclitis is not a known AE of axitinib monotherapy. Interestingly, in our patient, the aggravation and mitigation of iridocyclitis was closely related to the re-initiation and dose reduction of axitinib, and the continuous treatment with sintilimab did not cause relapse of iridocyclitis. As an immune-suppressive pathway, PD-1/PD-L1 signaling is very important to the immunity homeostasis of the body (26). Therefore, we highly suspect that axitinib induced iridocyclitis in the context of anti-PD-1 therapy and was correlated with the axitinib dosage.

There are many anti-angiogenic agents currently in clinical use. Despite inhibition of the VEGF pathway being a common characteristic of them, they also possess considerable heterogeneity. Some of these agents are monoclonal antibodies, and some are TKIs with different targets that generate different biological effects and even have unknown properties. Nevertheless, based on clinical trial data, axitinib should be a preferred option in combination with immunotherapy. The combination regimen consisting of axitinib plus pembrolizumab/avelumab has been approved as a first-line treatment option for patients with metastatic RCC. Furthermore, promising outcomes (ORR, 67.5%; progression free survival, 7.5 months) were reported in a phase I trial (27) of axitinib plus toripalimab (an anti-PD-1 antibody) in patients with advanced mucosal melanoma, who reacted poorly to anti-PD-1 monotherapy.

In conclusion, this is the first report of axitinib successfully reversing primary resistance to anti-PD-1 therapy in a patient with RCC. It’s worth noting that low-dose axitinib might be more beneficial than standard-dose axitinib in assisting immunotherapy. Given that this is a single-case report, the immunomodulatory effect of axitinib requires further investigation.



Patient Perspective

A written informed consent for the publication has been obtained from the patient. From patient perspective, although she felt pain and weakness as the disease recurred and progressed, fortunately, she did not have too much fear and anxiety. She just insisted on treatment without paying too much attention to the effect of treatment.
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Vitamin C (VitC), in addition to its role as a general antioxidant, has long been considered to possess direct anti-cancer activity at high doses. VitC acts through oxidant and epigenetic mechanisms, which at high doses can exert direct killing of tumor cells in vitro and delay tumor growth in vivo. Recently, it has also been shown that pharmacologic-dose VitC can contribute to control of tumors by modulating the immune system, and studies have been done interrogating the role of physiologic-dose VitC on novel adoptive cellular therapies (ACTs). In this review, we discuss the effects of VitC on anti-tumor immune cells, as well as the mechanisms underlying those effects. We address important unanswered questions concerning both VitC and ACTs, and outline challenges and opportunities facing the use of VitC in the clinical setting as an adjunct to immune-based anti-cancer therapies.




Keywords: immune checkpoint therapy (ICT), CAR (chimeric antigen receptor) T cells, vitamin C (ascorbic acid), cancer immunotherapies, cancer biology



Introduction

Vitamin C (or L-ascorbic acid, hereafter referred to as VitC) is a nutrient with a six-carbon structure, synthesized from glucose and abundant in fruits, vegetables and in the kidney and liver of most animals (1). Species such as guinea pigs, fruit bats, and humans are unable to synthesize VitC, due to a mutation in the gene encoding L-gulonolactone oxidase, which catalyzes the last step of VitC synthesis (2, 3). In nature, VitC exists in two different redox forms. The ascorbic acid (reduced) form enters cells using sodium-dependent VitC transporters (SVCTs), whereas the dehydroascorbic acid (oxidized) form enters cells via glucose transporters (GLUTs) (4). Inside the cells, the dehydroascorbic acid is reduced back to ascorbic acid which then interacts with different enzymatic systems such as monooxygenases, dioxygenases and hydroxylases, involved in the regulation of numerous biological processes (5). When VitC is not transported inside the cells, it is converted into 2,3-L-diketoglutonate, which is further degraded into oxalate, CO2 and L-erythrulose (1). VitC was initially described to play a crucial role in extracellular matrix composition by acting as cofactor for prolyl hydroxylase, the enzyme responsible for collagen biosynthesis (6). Defective collagen synthesis due to VitC deficiency causes scurvy, a bleeding diathesis secondary to poor wound healing.

VitC has also long been investigated as anti-cancer agent, either in monotherapy or in combination therapy (7), although its effectiveness in cancer has been a subject of controversy. Cameron and colleagues first reported the clinical efficacy of high doses of intravenous (i.v.) VitC in advanced cancer patients (8, 9). In these studies, patients with different types of cancer, who received 10 g of VitC intravenously daily for 10 days and orally thereafter, showed superior overall survival rate compared to the untreated group. These encouraging results could not be reproduced in other early-phase clinical trials, which used the same total dose, delivered entirely orally (10, 11). However, later work revealed that differences in the route of delivery probably explained the discrepant results (12), and it is now proposed that the anti-cancer benefits of VitC require high systemic concentrations that can only be achieved by intravenous delivery. Recent studies have also reported that VitC supplementation at physiologic doses also improves the function of anti-cancer immunotherapies – notably, ACTs- suggesting beneficial roles for VitC at both high (pharmacologic) and low (physiologic) doses. Figure 1 depicts the timeline in the development of the VitC usage for anti-cancer therapy.




Figure 1 | Timeline of discoveries related to the anti-cancer function of Vitamin C (VitC). Advances made over past decades identified VitC as potential anti-cancer agent at high dose yielding remarkable clinical efficacy when given intravenously, and not through oral administration. Mechanistically, VitC at high dose preferentially kills tumor cells in vitro or delays tumor growth in vivo by exerting pro-oxidant effects and by disrupting iron metabolism, as well as through modulation of epigenetic mechanisms mediated by TET enzymes. Numbers in brackets refer to corresponding references.



VitC has mostly been understood to exert its anticancer activity through reactive oxygen species-induced oxidative stress (13–18), as well as through modulation of epigenetic programs (19, 20). These mechanisms preferentially affect cancer cells, and VitC is not toxic to normal cells at these doses. Indeed, previous studies have shown a critical and beneficial function of VitC in immune cells, as VitC is present at high intracellular concentrations in lymphocytes (25, 26), and VitC deficiency has been associated with impaired immunity (27). Such immune-modulatory functions of VitC were shown to be regulated at the epigenetic level (28). As it is now quite clear that immune cells have a profound impact on tumors, it is not surprising that recent in vivo murine studies have demonstrated that VitC can also contribute to tumor control by modulating the immune system and, interestingly, by enhancing the efficacy of immune checkpoint inhibitor therapy (21–24).

In this review, we focus on what is known about how VitC modulates anti-tumor immune cell function and shed some light on the mechanistic basis of its activity. We also discuss its relevance for current translational immunotherapeutic approaches, highlighting outstanding challenges and unanswered questions as well as current evidence to support the contention that VitC therapy may be a safe and powerful adjunct for cancer immunotherapy, improving efficacy while limiting toxicity.



Pharmacokinetics of Vitamin C

Following the original observations reporting the controversy on the use of VitC as anticancer agent, pharmacokinetic studies have been performed both in humans and mice to investigate the effects of high-dose VitC, considering different routes of administration and elucidating underlying mechanisms (12, 29). These studies delivered increasing doses of VitC via oral and/or i.v. routes and subsequently measured VitC concentrations in the plasma and tissue. Oral administration of high dose VitC resulted in physiologic plasma concentrations, resulting from tight control by factors such as intestinal absorption, tissue transport, and renal reabsorption and excretion (12). In contrast, repeated i.v. administration, which bypasses intestinal regulation, resulted in high plasma and tissue concentrations (12, 29).



Vitamin C and Tumor Cells

VitC at pharmacologic (high, 1 mM) doses was reported to kill tumor cells in vitro and delay tumor growth in vivo, essentially through pro-oxidant mechanisms (13, 14). Pharmacologic-dose VitC induces the generation of hydrogen peroxide, which reacts with labile ferrous iron to generate hydroxyl radical known to its action in compromising membrane and DNA integrity as well as glucose metabolism, ultimately leading to cell death (30, 31). Several other mechanisms underlying increased tumor susceptibility to death after high-dose VitC treatment were recently reviewed (32) and include the increased expression of VitC transporters [SVCTs (33) and GLUTs (34)], as well as the decreased concentrations of antioxidant defenses (catalase and superoxide dismutase) and the enhanced cellular levels of prooxidant metal ions (18). These mechanisms likely contribute to VitC-mediated killing of tumor cells; Shenoy et al., testing the effect of VitC on clear cell renal cell carcinoma (ccRCC), showed that short-term exposure (6h) to 1 mM VitC was toxic to ccRCC. However, although the tumor killing effect was forestalled by the addition of catalase, this protective effect disappeared with longer exposures (96h), suggesting an additional, oxidant-independent mechanism of VitC. In subsequent analyses, the authors demonstrated that this effect of VitC was epigenetically mediated (35). Similar observations were also made using lymphoma models (19, 22), and it was shown that pharmacologic-dose VitC exerts antitumor activity through Ten-eleven-translocation (TET)-mediated DNA demethylation (19, 22, 35). In these settings, epigenomic and transcriptomic interrogations from tumor cell samples treated with high-dose VitC revealed enhanced TET-mediated global genome-wide demethylation (increased 5-hydroxymethylcytosine levels) and increased expression of genes encoding human endogenous retroviruses (HERVs) associated with elevated locus-specific demethylation (22). Increased TET expression promotes the effectiveness of cancer immunotherapy (21), and HERVs are known to increase tumor immunogenicity both by increasing tumor mutational burden (36). Furthermore, data from Luchtel et al. showed that VitC-pretreatment of lymphoma cells enhanced their killing by CD8 T cells in vitro (22). Together, these data indicate that VitC-facilitated epigenetic modifications enhance tumor immunogenicity, accounting for improved antitumor effect. Based on these and other findings, investigation into high-dose VitC therapy is ongoing in cancer clinical trials.



Mechanism of action of Vitamin C on Immune Cells

As stated above, VitC acts on tumor cells through oxidant and epigenetic mechanisms. Emerging data indicate that VitC also acts on immune cells in these ways. Free radicals and other reactive oxygen species (ROS), at low dose, are crucial regulators of cell signaling and activation. Indeed, ROS produced in small amounts can positively regulate T-cell receptor (TCR) signaling pathways, thus promoting T-cell activation and proliferation. In support of this, ROS have been shown to be essential for TCR signaling-associated events (37, 38). For example, the moderate generation of ROS following TCR-signaling modulates the phosphorylation of the extracellular signal-regulated kinases (Erk)1/2 (39, 40). In addition, ROS such as H2O2 can lead to activation of the IκB kinase complex (IKK) (38). However, an overproduction of ROS in the microenvironment causes oxidative stress, leading to damage including cellular dysfunction, cell death, cellular aging, and cancer (41, 42). VitC is a critical non-enzymatic antioxidant that exerts antioxidant activity at micromolar concentrations. This ROS-buffering activity influences cell signal transduction, and the influence of physiologic doses of VitC on TCR signal transduction in general has been recently reviewed. Possible targets include molecules in the proximal TCR signaling complex, as well as downstream signaling molecules such as p38, Erk1/2, NF-κB, NFAT, and PI3K-Akt-mTOR pathway members (43, 44).

Several other studies have described the role of VitC in modulating gene expression in different settings. Duarte et al. reported a genome-wide effect of physiologic-dose VitC in human dermal fibroblasts (45), and Chung et al. identified a number of important genes selectively regulated in human embryonic stem cells cultured in the presence of physiologic dose of VitC (46). Several genes controlling immune function are known to be epigenetically regulated by physiologic dose of VitC, independently of its antioxidant activities. Indeed, compelling evidence suggests that VitC regulates many epigenetic processes, including DNA demethylation and histone modification (28, 46) by interacting with TET (47, 48) and Jumonji C-domain-containing (JmjC) enzymes (49, 50), respectively. TET enzymes convert 5-methylcytosine into 5-hydroxymethylcytosine and further into 5-formylcytosine and 5-carboxylcytosine (47, 48), whereas JmjC demethylases largely regulate chromatin through lysine demethylation of histones (49). VitC-facilitated DNA and histone demethylation is independent of its antioxidant activity. The current model proposes that VitC acts by converting ferric iron (Fe3+) into ferrous iron (Fe2+), which is essential to maintain the enzymes in their fully catalytic form (51). Interestingly, VitC appears to be highly effective in reducing Fe3+ over other reducing agents (52). Several other epigenetic modifying enzymes were also reported to rely on VitC as a cofactor (53), which maintain them in their fully catalytic form, thereby facilitating active gene demethylation crucial for T cell differentiation and function.

Oxidant effects and epigenetic modification are the two best understood mechanisms by which VitC regulates various biological processes. However, the interdependence between these two mechanisms has not yet been investigated. Considering that the availability of VitC inside cells is largely controlled by redox status, Young et al. speculated that redox status in the nucleus could impact the availability of VitC to DNA and histones (28). This view becomes much more complicated by a consideration of the complex and redox-independent influences of other factors, such as cytokines, on epigenetic processes. Indeed, previous murine studies examining the role of IL-2 and IL-6 in the DNA methylation process in regulatory T cells (Treg) have demonstrated the crucial role of IL-2 in the recruitment and binding of TET to the Treg-specific demethylated region (TSDR), whereas IL-6 was reported to hinder that binding (54, 55). Further study is clearly required to fill the gaps in our knowledge of how redox status and epigenetic processes are linked to each other.



Vitamin C and Antitumor Immune Effects

In addition to the direct antitumor effect of VitC at high doses, recent studies show that the effect of VitC on immune cells can mediate indirect antitumor effects (22, 23). Interestingly, many of these effects also occur at physiologic doses of VitC. Here, we summarize what is known about the effects of VitC on immune cells with anti-tumor activity (namely NK cells, CD4 and CD8 T cells, and γδ T cells) in the context of cancer immunotherapy. We also discuss the mechanistic basis of its effect with a brief focus on potential targets in TCR signaling. A schematic overview of the influence of VitC on different immune cells is presented in Figure 2.




Figure 2 | Immunomodulatory functions of Vitamin C. (A) Mechanisms of action of Vitamin C; VitC exerts an immune-modulatory effect on immune cells through two main mechanisms, antioxidant activity and epigenetic modulation (by providing ferrous iron to the TET enzymes, which maintains them in their fully catalytic form, thereby ensuring an active DNA demethylation). (B) Effects of Vitamin C on immune cells with anti-tumor functions. VitC exerts both direct and indirect effects on NK, αβ and γδ T cells by modulating their proliferation, differentiation, and effector functions. AA, ascorbic acid; DHA, dehydroascorbic acid; GSH, glutathione; GSSG, glutathione disulfide: SVCTs, sodium-dependent vitamin C transporters: GLUTs, glucose transporters: TETs, ten-eleven translocation enzymes; ROS, reactive oxygen species; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine.




Natural Killer Cells

NK cells, part of the innate immune system, are capable of rapid and potent killing of virally infected or malignant cells without any prior priming (56, 57). A previous study by Huijskens et al. demonstrated that addition of physiologic-dose VitC to peripheral blood mononuclear cells (PBMC) in vitro cultures resulted in a moderately increased proportion of NK cells (58) expressing both inhibitory and activating NK receptors. However, the expression of these receptors was not significantly affected by VitC. Subsequent studies fractionated NK cells further according to their CD56 surface expression to differentiate less mature (CD56bright) from more mature (CD56dim) NK cells (59–61). Immature CD56bright NK cells exhibit high levels of activating CD94/NKG2C but low frequencies of inhibitory receptors 2DL1 and 2DL3; conversely, mature CD56dim NK cells are 2DL1 and 2DL3 high (59, 60, 62, 63). In this setting, addition of VitC in vitro resulted in increased expression of inhibitory receptors on immature CD56bright (both at the gene and protein levels), but not on mature CD56dim NK cells (63). These results suggest that VitC preferentially affects immature NK cells, influencing peripheral NK cell development by inducing a more inhibitory phenotype. It is not known whether VitC influences the developmental expression of other NK cell receptors, or how VitC-mediated changes affect NK cell anti-tumor function. It is possible that VitC-induced upregulation of inhibitory receptors inhibits NK cell cytotoxicity against tumor cells, as upregulation of inhibitory receptors by another epigenetic-modifying drug, decitabine, impaired NK cell anti-tumor activity (64). Furthermore, impaired NK cytotoxic function in the presence of VitC has been reported in in vitro studies (58, 65). In contrast, some murine and human (66, 67) studies have reported that VitC augmented the cytotoxic function of NK cells; these studies typically compared VitC depletion with supplementation at physiologic doses, suggesting that there may be an optimal dose range. Clearly, more extensive investigation is needed to fully understand the effect of VitC on NK cell function.



αβ T Cells

T cells expressing the αβ T-cell receptor (TCR), comprising CD4 and CD8 T cells, release cytolytic granules (68, 69) and produce cytokines, including IFN-γ; after tumor antigen challenge [reviewed in (70)]. Physiologic-dose VitC enhances human T-cell proliferation (44, 71), and exerts both direct and indirect effects on CD4 and CD8 T-cell subsets. A murine study reported that VitC treatment of dendritic cells (DCs) increased phosphorylation of p38, Erk1/2 and NF-κB relevant for DC activation, resulting in elevated production of IL-12, which in turn drove naïve T cells towards the Th1 phenotype, increasing IFN-γ and decreasing IL-5 secretion (72). This was confirmed in a follow-up study demonstrating that murine CD4 and CD8 T cells showed increased IFN-γ production when cocultured with VitC-pretreated DC (73). Furthermore, in vivo injection of VitC-pretreated DCs increased IL-12 and IL-15 levels and augmented the generation of memory CD8 T cells; these cells exhibited strong cytotoxic activity against melanoma cells both in vitro and in vivo (73). Less has been reported on the direct effects of VitC on αβ T cells, and to our knowledge no studies have been reported describing the effects of physiologic-dose VitC on αβ T cells against cancer. Luchtel et al. reported that VitC-pretreatment of isolated human CD8 T cells led to an increase in global 5-hmC levels and enhanced their in vitro cytotoxic activity against lymphoma cells (22). Notably, this increase in CD8 T cell cytotoxicity also occurred in vivo; however, physiologic-dose VitC has not been tested in this context.



γδ T Cells

γδ T cells are prototypical unconventional T lymphocytes and express a TCR composed of variable Vδ genes paired with different Vγ elements. Studies have shown that infiltration of γδ T cells into tumors correlates with favorable prognosis in several cancer types (74); however, γδ T cells have not yet been widely adopted as anti-cancer cellular therapies. Approaches to improve γδ T-cell expansion and effector function were recently reviewed (75), and we have previously shown that VitC and its derivative, L-ascorbic acid 2-phosphate (pVC), can increase the in vitro proliferation of γδ T cells. We have also shown that pVC and VitC (at low dose) treatment led to reduced intracellular ROS levels, increased proportion of cells in G2/M phase, and increased Ki-67 expression, as well as increased glycolysis and mitochondrial respiration (76). These findings are consistent with the induction of effector and memory programs within γδ T cells (77–79). Indeed, treatment of γδ T cells with physiologic-dose VitC improved ex vivo expansion and yielded cell products that expressed higher levels of costimulatory molecules, increased cytokine production, and superior cytotoxic activity against tumor cells (24). These data suggest that VitC may be a useful adjunct for γδ T cell immunotherapies. Along these lines, this study showed that the adoptive transfer of VitC-expanded γδ T cells, but not control γδ T cells, significantly prolonged the survival of humanized mice transplanted with human lung tumor cells (24). Remarkably, a subsequent phase I clinical trial found that repeated infusion of VitC-treated allogeneic γδ T cells increased overall survival rates in lung and liver cancer patients (24).

In summary, VitC appears to exert its effects on immune cells in a dose- and context-dependent manner. At in vitro doses above 57 µM, VitC is toxic to human γδ T cells (76); 1mM VitC treatment of human αβ T cells enhanced cytotoxic activity against lymphoma cells (22), but required pretreatment with catalase to protect against VitC-mediated αβ T cell toxicity. Thus, an alternative to the use of pharmacologic-dose VitC may be pVC, which resists oxidation in culture medium and releases the reduced VitC form once inside the cells via alkaline phosphatase-mediated hydrolysis (80). pVC therefore has no extracellular prooxidant effect, but still facilitates intracellular biological effects. Indeed, we have seen no toxicity with pVC at doses approaching 1mM, while continuing to see marked metabolic (76) and epigenetic effects (81).




Vitamin C and Cancer Immunotherapy


Chimeric Antigen Receptor T Cells

CAR design, biology, and clinical efficacy have been extensively reviewed elsewhere (82, 83). Very briefly, CARs are TCR surrogates with a modular design comprising an antigen-binding domain, an extracellular hinge region, a transmembrane domain, and an intracellular tail incorporating the TCR signaling domain CD3ζ. Despite their overall structural similarity, there are significant differences in proximal signaling after antigen recognition between CARs and TCRs (83, 84). However, given that VitC can modulate activation-induced TCR signaling (43), it is probable that VitC affects proximal CAR signaling. Additionally, γδ T cells treated with pVC have reduced ROS levels, and ROS are known to interact with molecules involved in proximal TCR signaling (85). Moreover, VitC may increase c-Jun levels (43) and Nuclear Factor of Activated T cell (NFAT) activity (86), and both c-Jun and NFAT have been shown to influence CAR T cell function (87). Specific studies on the effects of VitC on CAR signaling have not yet been reported.

Immunomodulatory effects of antioxidants and epigenetic activators on CAR T cell function and development have been described (88–90). Manufacturing anti-CD19-CAR T cells in the presence of the antioxidant N-acetyl-cysteine (NAC) resulted in enforcement of a stem cell memory-like phenotype (Tscm), including displayed Tscm-specific metabolic features, improved self-renewal, and superior anti-tumor function in vivo (88). Similar observations were also made when manufacturing anti-CD19-CAR T cells in the presence of JQ1, an inhibitor of bromodomain and extra-terminal motif (BET) proteins (90). Interestingly, VitC was also reported to play a crucial role in the generation and maintenance of induced pluripotent stem cells (91), and the combination of NAC and VitC promotes the acquisition of long-term T cell memory in aged mice (92). Additionally, we recently demonstrated that VitC increased the proliferation of IL-2/IL-15-expanded human γδ T cells, which was accompanied by a switch to memory T cell-like metabolism and improved anti-tumor function (24, 76). IL-15-expanded CAR T cells also exhibit an enhanced proliferative capacity and anti-tumor function in vivo in part through reduced mammalian target of rapamycin complex 1 (mTORC1) signaling, which enforces a Tscm phenotype (93). Taken together, these findings suggest that VitC may be a beneficial addition to the CAR T cell manufacturing process, and we are currently investigating this possibility.



Immune Checkpoint Therapy

The antagonistic potential of monoclonal antibodies to suppress the function of immune inhibitory receptors such as CTLA-4 and PD-1, known as ICT, has led to remarkable clinical responses against many tumors (94). Unfortunately, ICT is not universally effective (95, 96), and expanding the therapeutic scope of this revolutionary modality would be of great value.

Interestingly, evidence is mounting that VitC can augment the effects of ICT. Recent studies showed that pharmacologic-dose VitC potentiates PD-1 blockade, resulting in increased macrophage and CD8 T-cell tumor infiltration, increased granzyme B production, and significant tumor regression (21, 22). Similarly, addition of high doses of VitC to CTLA-4 and/or PD-1/PD-L1 blockade delayed tumor growth and led to pronounced tumor regression in different tumor mouse models (23). Although mechanistic data are not completely elucidated in these studies, it is interesting that VitC treatment enhances T cell trafficking in solid tumors (97). VitC may also amplify the effects of checkpoint inhibitor therapy through its role as an epigenetic facilitator possibly increasing the expression of retroviral elements and neoantigens (22). Taken together, these studies point the way to therapeutic combination of VitC and ICT in early-phase clinical trials.




Concluding Remarks

Recent advances in immunotherapy have ushered in a new era in cancer treatment, but many challenges remain to be solved for successful implementation of cancer immunotherapy, including adverse side effects of treatment, off-target toxicity, tumor resistance, tumor evolution, and an immunosuppressive tumor microenvironment, all of which limit translational efficacy across a wide variety of tumors. VitC has recently reemerged as a potent immunomodulatory small molecule, acting on immune cells through well-known antioxidant and epigenetic mechanisms as well as emerging direct signaling effects. Mounting evidence suggests that VitC may be of great therapeutic benefit in combination with immunotherapies, in particular CAR T-cell therapy and immune checkpoint inhibition. Pharmacologic i.v. concentrations of VitC possess anticancer properties, but combinatorial immunotherapeutic approaches may be required for tumor clearance. The addition of physiologic doses of VitC (or pVC) during manufacturing of adoptive cellular therapies may also be beneficial for enhancing T cell proliferation and maintenance of T stem cell phenotype. Although it has been demonstrated that VitC may have some synergistic effects when combined with ACTs, further investigation is needed to better define the optimal dosing, route, and schedule strategies as well as predictive biomarkers of susceptibility of immune/tumor cells to VitC treatment as it pertains to ACT. It is of great interest to study these interactions in more detail, and potentially to incorporate VitC into future immunotherapeutic clinical protocols.
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Tumor-associated macrophages (TAMs), which display a tumor-supportive M2 phenotype, are closely related to tumor growth and metastasis. The reprogramming of TAMs toward a tumoricidal M1 profile has emerged as an attractive strategy for cancer immunotherapy. In this study, we found that the intratumoral injection of PcrV protein, a component of the Pseudomonas aeruginosa type 3 secretion system, suppressed tumor growth and increased apoptosis, inducible nitric oxide synthase (iNOS) expression, and the percentage of M1-polarized TAMs in tumor tissues. Furthermore, the intratumoral injection of PcrV-primed macrophages exerted a similar tumoricidal effect. In vitro analyses revealed that PcrV reeducated TAMs toward an antitumoral M1 phenotype and augmented their nitric oxide (NO)-mediated cytotoxicity against cancer cells. Mechanistically, we found that these effects were dependent on the activation of Toll-like receptor 4 (TLR4)/myeloid differentiation factor 88 (MyD88)-mediated regulation of a PI3K/AKT/mTOR-glycolysis-NO feedback loop via direct interaction with TLR4. Collectively, these results revealed a potential role for PcrV in cancer immunotherapy through the targeting of TAM plasticity.
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Introduction

Tumor-associated macrophages (TAMs) form the major component of the immune cell infiltrate in the tumor microenvironment (TME) and are correlated with tumor development and progression. Macrophages infiltrated in the immunosuppressive TME are generally induced into the tumor-supportive M2 phenotype. These M2-like TAMs play roles in supporting tumor growth and metastasis and maintaining an immunosuppressive TME by generating a series of anti-inflammatory and protumoral cytokines and mediators (1). As macrophages are highly heterogeneous and plastic, TAMs exposed to M1-associated stimuli can undergo a reversal from the protumoral M2 to the tumoricidal M1 phenotype. M1-like TAMs exert tumoricidal activity through the production of proinflammatory cytokines (e.g., TNFA and IL12), cytotoxic nitric oxide (NO), and reactive oxygen species (ROS) and the activation of Th1 immune responses via increasing the expression of associated major histocompatibility complex class I and class II (MHCI/II) and costimulatory molecules (CD86 and CD80) (2). Accordingly, the reeducation of TAMs from an M2 to an M1 phenotype has emerged as an attractive strategy for cancer immunotherapy.

Recent studies have shown that drugs such as paclitaxel (3) and astragaloside IV (4) can suppress tumor growth by reprogramming TAMs into an M1 phenotype. In addition, several reports have highlighted the potential efficacy of bacteria or their products in antitumoral therapy. For instance, Mycobacterium bovis-derived bacillus Calmette–Guérin (BCG) has already been utilized as a preferred first-line treatment for non-muscle invasive bladder carcinoma (5, 6). Additionally, modified lipopolysaccharide (LPS), a Toll-like receptor 4 (TLR4) agonist, has been tested for its antitumoral efficacy in a clinical trial (7). Given that a large number of bacterial components, such as Brucella abortus cell-surface protein 31 (BCSP31) protein (8) and Vibrio cholerae porin OmpU (9), can induce functional macrophage M1 polarization by activating the TLR-mediated signaling axis (8, 9), these results imply that bacterial products have great potential for exploitation as therapeutic reagents for cancer treatment.

PcrV, a secretory needle tip protein component of the Pseudomonas aeruginosa type 3 secretion system (T3SS), helps the translocator proteins PopB and PopD form a functional pore on the target cell membrane (10). PcrV, a V-antigen, elicits protective immune responses against P. aeruginosa infection (11, 12). However, the mechanism underlying the PcrV-mediated regulation of the host immune response remains unknown. We have previously reported that PcrV reverses host immune suppression elicited following bacterial biofilm infection via the activation of macrophage-mediated immune responses (13). Considering that TAMs exhibit diverse phenotypes and given their function as tumor-resident macrophages, using PcrV to reeducate TAMs and thereby enhance M1 TAM-mediated antitumoral properties is an attractive possibility that requires further investigation.

In the current study, we found that PcrV inhibited tumor growth by reprogramming TAMs to a tumoricidal M1 phenotype. We further found that PcrV-mediated TAM reprogramming potentiated their NO-mediated cytotoxicity against cancer cells, effects that were exerted through the activation of a PI3K/AKT/mTOR-glycolysis-NO feedback loop via direct interaction with TLR4. Our findings demonstrated that PcrV exerts an immunomodulatory effect on TAMs, providing the basis for further investigation into the potential of PcrV as a therapeutic agent for cancer immunotherapy.



Materials and Methods


Cell Culture

Macrophages, mouse Lewis lung cancer (LLC) cells, and HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone, USA) at 37°C with 5% CO2.



Animals and Ethics Statement

Male C57BL/6 mice were purchased from Biocytogen Co., Ltd (Beijing, China). The TLR4−/− and myeloid differentiation factor 88 (MyD88)−/− C57BL/6 mice were provided by Professor Qingwu Yang. Animal experiments were conducted according to the experimental animal guidelines of the Army Medical University of China.



Expression and Purification of PcrV Protein

Recombinant PcrV protein was expressed from the expression strain Escherichia coli JM109/pQE31-PcrV as described previously (13). Protein purification was performed using His-Trap HP affinity columns (GE Healthcare, Sweden), and endotoxin was removed using Detoxi-Gel endotoxin removing gel (Thermo Fisher, USA), according to the manufacturer’s instructions.



Induction of Bone Marrow-Derived Macrophages and Tumor-Associated Macrophages In Vitro

Mouse bone marrow cells were isolated from the tibia and femur of C57BL/6 mice. Bone marrow-derived macrophages (BMDMs) were induced by the administration of mouse macrophage colony-stimulating factor (M-CSF; 30 ng/ml) in DMEM supplemented with 10% FBS and 100 U/ml of penicillin for 7 days at 37°C with 5% CO2. For in vitro TAM induction, BMDMs were cultured in DMEM/FBS (10%) containing 20% (v/v) LLC cell culture supernatant for 24 h (14).



Mouse Tumor Models and Treatment

For PcrV administration, C57BL/6 mice were subcutaneously inoculated with 1 × 106 LLC cells. On day 9, the animals were randomly divided into two groups and were intratumorally injected with either phosphate-buffered saline (PBS; control group) or PcrV (0.5 mg/kg, every 4 days). For the BMDM inoculation experiment, mice were subcutaneously inoculated with 1 × 106 LLC cells (day 0). On days 0 and 7, the animals were peritoneally injected with 200 μl of clodronate liposomes (Liposoma BV, Netherlands) to deplete endogenous macrophages. PBS or PcrV (0.5 mg/kg) was intratumorally injected at days 12, 14, 16, and 18, while the wild type (WT), TLR4−/−, or MyD88−/− BMDMs (2 × 106 cells) primed or not with PcrV were intratumorally inoculated at days 16 and 18. At the end of the experiment, the mice were euthanized with pentobarbital, and tumor tissues were harvested for subsequent analyses.



Fluorescence-Activated Cell Sorting

Tumor tissues were minced and incubated with collagenase type II (1 mg/ml, Thermo Fisher) at 37°C for 40 min to obtain a single-cell suspension. For the staining of extracellular target proteins, 1 × 106 cells were first incubated in a mixture of PBS, 1% FBS, and anti-CD16/32 antibody (BioLegend, #101301) to block non-specific binding and then labeled with the indicated antibodies at room temperature for 30 min. Fluorescence-activated cell sorting (FACS) was performed using a Beckman Coulter Gallios flow cytometer (USA), and the results were analyzed using FlowJo software version 10.0.7 (TreeStar). The following fluorochrome-coupled antibodies were used in the experiment: anti-CD45 (#103115), anti-CD206 (#141711), anti-CD3 (#100235), anti-CD4 (#100203), anti-CD8 (#100733), anti-NK1.1 (#108709), and anti-Gr1 (#108425) (all from BioLegend); and anti-CD11b (#12-0112), anti-F4/80 (#11-4801), anti-CD11c (25–0114), anti-MHCII (#17-5321), and anti-CD86 (#17-0862) (all from eBioscience) antibodies; the fixable viability dye eFluor 506 was from eBioscience (#65-0866).



TUNEL Assay

Tissue apoptosis was detected using the TdT-mediated dUTP nick end labeling (TUNEL) assay by staining the tissue sections using an In Situ Cell Death Detection Kit, POD (Roche, USA), at 37°C for 30 min. Nuclei were counterstained with Hoechst 33342, and images were obtained by laser scanning confocal microscopy (Leica TCS SP5, Germany).



Immunofluorescence Staining

Murine macrophages (Raw264.7 cells) cultured on coverslips were treated with PcrV (10 μg/ml) for 24 h, fixed in 4% paraformaldehyde at room temperature for 15 min, and stained with antibodies targeting TLR4 (ProteinTech, #19811-1-AP) and PcrV (generated in our laboratory). For tissue staining, paraffin-embedded tumor tissues were sectioned and stained first with antibodies against inducible NO synthase (iNOS) (ProteinTech, # 18985-1-AP), ARG1 (ProteinTech, # 16001-1-AP), and/or F4/80 (Abcam, #ab6640) and then with the corresponding secondary antibodies (labeled with fluorescein isothiocyanate (FITC) or Alexa Fluor 647). Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (Beyotime, China). Images were acquired by laser scanning confocal microscopy (Leica).



Co-culture and Detection of Apoptosis

BMDMs were seeded at 5 × 105 cells/well in a six-well plate and treated or not with PcrV (10 μg/ml) for 24 h. After the supernatants were discarded, the macrophages (lower chamber of a Transwell plate [0.4-μm pore; Corning, USA]) were co-cultured with LLC cells (upper chamber) in DMEM/FBS (10%) at a ratio of 1:1 for another 24 h. LLC cells were harvested and stained using an Annexin V/7-AAD apoptosis detection kit (BD Biosciences, USA) according to the manufacturer’s instructions. Apoptosis was determined by FACS.



Western Blotting

Protein extraction and concentration determination were performed following the manufacturer’s instructions (Beyotime). Primary antibodies targeting iNOS (BioLegend, #696802), p-AKT (Ser473) (CST, #4060), AKT (Epitomics, #1081), p-mTOR (Ser2448) (CST, #5536), mTOR (CST, #2983), COX2 (ProteinTech, #12375-1-AP), vimentin (CST, #5741), HA tag (CST, #3724), His tag (ProteinTech, #10001-0-AP), and GAPDH (ProteinTech, #60004-1-Ig) were used in this study. The relative optical densities of the protein bands were quantified using ImageJ software.



RNA Extraction and Real-Time Quantitative PCR

Total RNA extraction, reverse transcription, and RT-qPCR were performed according to the manufacturer’s protocols. Primers were provided in the Supplementary Material (Table S1).



Cytokine Level

The levels of TNFA and IL12 p40/70 in the cell culture supernatants were quantified by ELISA kits (BD Biosciences, USA) according to the manufacturer’s instructions.



Detection of Nitric Oxide Level

NO level in the culture supernatants was measured by Griess reagent (Beyotime, China) according to the manufacturer’s instruction.



Measurement of Intracellular Reactive Oxygen Species

Cells were incubated with 2′7′-dichlorodihydrofluorescein diacetate (H2DCFDA) (Santa Cruz, USA) dye in DMEM at a final concentration of 5 μM at room temperature for 30 min. Intracellular ROS was measured by FACS.



Analysis of Lactic Acid Level

Lactic acid level in cell supernatant was measured according to the manufacturer’s instruction (Dojindo Laboratories, Japan).



Extracellular Acidification Rate Determination

Cells were cultured in a Seahorse XFp cell culture microplate (Agilent, USA) at 5 × 104 cells/well. After pretreatment with the corresponding inhibitors or PcrV, the cells were washed with Seahorse XF Base Medium (103193-100, Agilent) supplemented with 2 mM of glutamine (103579, Agilent). The extracellular acidification rate (ECAR) was measured using a Seahorse XFp Glycolysis Stress Test Kit (103020-100, Agilent) with a Seahorse XFp Analyzer (Agilent) according to the manufacturer’s instructions.



Migration Assay

LLC cells (3 × 104 cells in serum-free DMEM) that had been serum-starved overnight were seeded in the upper chamber of a Transwell insert (8-μm pore, 24-well, Corning). DMEM supplemented with 20% FBS and with or without PcrV (20 μg/ml) was added to the lower chamber as a chemoattractant. After incubation for 24 or 48 h, the non-migrated LLC cells in the upper chambers were removed. Migrated cells in the bottom chamber were fixed and then stained with 0.5% crystal violet solution for 5 min. The number of migrated cells was counted under an optical microscope (Olympus, Tokyo, Japan).



Cytotoxicity Assay

Tumor cells and TAMs were treated with various concentrations of PcrV for 48 h. Cytotoxicity was assessed using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Japan) according to the manufacturer’s protocol.



ATP Assay

Cells were lysed in lysis buffer, and the ATP concentration was tested using an enhanced ATP assay kit (Beyotime) according to the manufacturer’s protocol. The luminescence data as determined using a microplate reader (Varioskan Flash, Thermo Fisher) were normalized against protein concentration.



Co-Immunoprecipitation

HEK293T cells were transfected with the pCDNA3.1-TLR4 vector using Lipofectamine 2000 (Invitrogen, USA) and cultured in an incubator at 37°C with 5% CO2 for 48 h. The obtained cell lysates were incubated with purified PcrV (5 μg) at 4°C for 4 h before the addition of 20 μl of His Mag Sepharose™ Ni (GE Healthcare) and incubation at 4°C for 1 h. PcrV and TLR4 were detected by Western blotting using anti-His and anti-HA-tag antibodies, respectively.



Surface Plasmon Resonance

For surface plasmon resonance (SPR) analysis, 30 μg/ml of human recombinant TLR4 protein containing a 6×His tag (Abcam, #ab233665) was fixed on the NH2 sensor chip (Nicoya, Canada) using Amine Coupling Kit (Nicoya). Then, PcrV at the indicated concentrations was sequentially injected into the chamber in PBS running buffer. TLR4-PcrV interaction was detected using OpenSPR (Nicoya). The parameters of the binding reactions were calculated and analyzed using Trace Drawer software (Nicoya).



Statistical Analysis

Data were analyzed using unpaired Student’s t-tests or one-/two-way ANOVA in GraphPad Prism version 7.0. Tumor volume data were reported as means ± SEM. Other data were expressed as means ± SD.




Results


PcrV Inhibits Tumor Growth by Reprogramming Tumor-Associated Macrophages to a Tumoricidal M1 Phenotype

As PcrV has been reported to activate the host immune response (11, 12), we investigated whether PcrV exerts similar effects in the immunosuppressive TME. First, we assessed the efficacy of PcrV in vivo by subcutaneously inoculating LLC cells into the right flanks of C57BL/6 mice followed by intratumoral injection of PcrV (Figure 1A). Compared with the control group, PcrV treatment decreased tumor growth (Figure 1B) and weight (Figure 1C). We previously demonstrated that PcrV significantly increased NO production in normal BMDMs (13). Considering that NO-mediated cytotoxicity is associated with tissue apoptosis and the inhibition of tumor growth, we then evaluated the levels of tumor cell apoptosis and the expression of the NO-generating enzyme—iNOS—in PcrV-treated tumor tissues. The results showed that PcrV treatment increased the levels of apoptosis (Figure 1D) and iNOS expression (Figure 1E) in the tumor tissues, indicating that PcrV-induced NO generation is associated with the suppression of tumor growth. In addition, we also treated LLC cells and TAMs with PcrV to assess whether PcrV administration might directly cause cytotoxicity or affect tumor cell growth and metastasis. We found that at the concentrations tested, PcrV did not cause significant cytotoxicity against either tumor cells or TAMs (Supplementary Figure 1A). Moreover, PcrV treatment did not affect the expression levels of genes (e.g., Cox2, Mmp9, Vegfa, and Hif1a; Supplementary Figure 1B) or proteins (e.g., COX2 and vimentin; Supplementary Figure 1C) related to tumor growth and metastasis, or the metastatic ability of LLC cells (Supplementary Figure 1D, E).




Figure 1 | PcrV-mediated suppression of tumor growth is associated with the increased levels of apoptosis and iNOS expression in tumor tissues. Mice bearing LLC cell-derived tumors were treated with PBS or PcrV. (A) Schematic of mouse models used. Tumor growth (B) and weight (C) were measured in LLC tumor-bearing mice treated with PBS or PcrV. Apoptosis (D) and iNOS protein level (E) in tumor tissues were detected by TUNEL assay and immunofluorescence staining, respectively. Data were expressed as means ± SEM (B, n = 6) or means ± SD (C, n = 6) and were analyzed by two-way ANOVA (B) or unpaired Student’s t-test (C). *p < 0.05; **p < 0.01. n.s, no significance; s.c, subcutaneous injection; i.t., intratumoral injection; iNOS, inducible nitric oxide synthase; LLC, Lewis lung cancer; PBS, phosphate-buffered saline.



Given that immune cells infiltrated in the TME, such as TAMs, CD4+ and CD8+ T cells, NK cells, and myeloid-derived suppressor cells (MDSCs), play a critical role in modulating antitumoral immune responses (15), we further analyzed the ratios of these cells in the TME following PcrV treatment. The results showed that exposure to PcrV did not significantly affect the percentages of CD4+ and CD8+ T cells, NK cells, or MDSCs in tumor tissues (Supplementary Figure 2A–F). However, even though PcrV treatment did not alter the percentage of TAMs infiltrated in the TME (Supplementary Figure 2G, H), the ratios of M1-polarized TAMs (F4/80+CD11c+CD206−, F4/80+MHCII+, and F4/80+CD86+ macrophages) were increased in PcrV-treated tumor tissues (Figures 2A–D), whereas those of M2-polarized TAMs (F4/80+CD11c−CD206+ macrophages) were decreased (Figures 2A, B). Subsequent analysis of iNOS+ TAMs by immunofluorescence (IF) staining indicated that PcrV treatment increased the percentage of F4/80+iNOS+ M1 TAMs (Figure 2E), whereas that of F4/80+ARG1+ M2 TAMs was decreased (Figure 2F). Collectively, these results suggested that PcrV reeducates TAMs to a tumoricidal M1 phenotype in vivo.




Figure 2 | PcrV reeducates tumor-associated macrophages (TAMs) into a tumoricidal M1 phenotype in vivo. Mice bearing LLC cell-derived tumors were treated with PBS or PcrV. (A–D) FACS analysis of the percentages of M1 (CD45+F4/80+CD11c+CD206−, CD45+F4/80+MHCII+, and CD45+F4/80+CD86+) and M2 (CD45+F4/80+CD11c−CD206+) TAMs in tumor tissues. (E, F) Immunofluorescence staining for visualizing F4/80+iNOS+ M1 and F4/80+Arg1+ M2 TAMs in tumor tissues. Data were expressed as means ± SD [(B, D), n = 6] and analyzed by unpaired Student’s t-test. *p < 0.05 and ***p < 0.001. Ctrl indicates control. LLC, Lewis lung cancer; PBS, phosphate-buffered saline; FACS, fluorescence-activated cell sorting.



To determine whether PcrV directly affects TAM polarization in vitro, we generated in vitro-trained TAMs by incubating BMDMs with LLC cell culture supernatant. These cells showed increased expression of genes related to tumor growth (Cox2 and Vegfa), metastasis (Cox2, Mmp2, and Mmp9), and immune suppression (Ido2) (Supplementary Figure 3A), indicating that TAM generation in vitro had been successful. The levels of tumoricidal M1 polarization markers, including iNos, Cd11c, MhcI, MhcII, Cd86 (Supplementary Figure 3B), iNOS (Supplementary Figure 3C), NO (Supplementary Figure 3D), IL12 p40/70, TNFA (Supplementary Figure 3E), MHCII, and CD86 (Supplementary Figure 3F, G), were found to be higher in PcrV-primed than mock-treated TAMs, whereas the levels of the protumoral M2 polarization markers c-Myc, Egr2, Fn1, Arg1 (13), and Cd206 were lower (Supplementary Figure 3B), demonstrating that PcrV directly reprograms TAMs to an antitumoral M1 profile in vitro.

To further determine whether the PcrV-mediated M1 polarization of TAMs is responsible for tumor growth inhibition, LLC tumor-bearing mice were peritoneally injected with clodronate liposomes to deplete endogenous macrophages, after which the mice were intratumorally injected with PBS, PcrV, or BMDMs primed or not with PcrV (Figure 3A). The results showed that clodronate liposome treatment reduced macrophage infiltration in tumor tissues (Figure 3B). The treatment with PcrV-primed BMDMs decreased tumor growth (Figure 3C) and weight (Figure 3D) and increased the levels of apoptosis (Figure 3E) and iNOS expression (Figure 3F), and the percentage of iNOS+F4/80+ TAMs (Figure 3F) in tumor tissues; however, PcrV treatment did not affect either tumor growth (Figure 3C) or weight (Figure 3D) in mice depleted of endogenous macrophages due to clodronate liposome administration. Collectively, these results demonstrated that the PcrV-mediated tumoricidal effect is associated with the reprogramming of TAMs to an M1 phenotype.




Figure 3 | PcrV-primed macrophages suppress tumor growth by increasing the levels of apoptosis and iNOS expression in tumor tissues. (A) Schematic of the mouse models used. (B) Immunofluorescence staining of F4/80+ macrophages in the tumor tissues (harvested on day 16) of mice treated with PBS liposomes or clodronate liposomes (day 0 and 7). Tumor growth (C) and weight (D) were measured in LLC cell-derived tumor-bearing mice treated with PBS, PcrV, or bone marrow-derived macrophages (BMDMs) primed or not with PcrV. (E) Apoptosis was detected by TUNEL assay. (F) iNOS protein level and F4/80+iNOS+ M1 TAMs in tumor tissues were detected by immunofluorescence staining. Data were expressed as means ± SEM (C, n = 4) or means ± SD (D, n = 4), and were analyzed by two-way ANOVA (C) or unpaired Student’s t-test (D). **p < 0.01. s.c, subcutaneous injection; i.p., intraperitoneal injection; i.t., intratumoral injection; BM, BMDMs; PBS-lipo, PBS liposomes; Clo-lipo, clodronate liposomes; iNOS, inducible nitric oxide synthase; PBS, phosphate-buffered saline; LLC, Lewis lung cancer. n.s, no significance.





PcrV-Primed Tumor-Associated Macrophages Induce the Apoptosis of Cancer Cells by Enhancing Nitric Oxide-Associated Cytotoxicity In Vitro

Based on the above in vivo and in vitro results, we next investigated the direct cytotoxic effect of PcrV-primed BMDMs on tumor cells by co-culturing these cells with LLC cells. The co-culture of BMDMs with tumor cells polarized normal BMDMs into TAMs. Hence, BMDMs are referred to as TAMs after their co-culture with tumor cells. We found that co-culture increased the rate of apoptosis among the tumor cells (Figures 4A, B). Considering that ROS and NO are critical mediators of cancer cell cytotoxicity, we also examined the levels of these factors in the co-culture system. Unexpectedly, PcrV treatment did not affect the levels of ROS either in TAMs or LLC cells (Supplementary Figure 4). In contrast, NO production was found to be higher in the PcrV/TAM-LLC cell co-culture medium than in that of the TAM-LLC cell group (Figure 4C). The levels of iNos (Figure 4D) and iNOS (Figures 4E, F) were also higher in both TAMs and LLC cells. The inhibition of NO production in PcrV/TAMs through S-methyl thiourea (SMT) treatment decreased apoptosis (Figures 4A, B) in LLC cells. The addition of the NO donor DETA-NONOate (DETA-NO) into a co-culture system in which TAMs had been pretreated with SMT led to an increase in NO levels in the culture medium (Figure 4C) while also promoting the apoptosis of LLC cells (Figures 4G, H) in the PcrV/TAM-LLC cell co-culture group, thus providing further evidence that PcrV-primed TAMs display enhanced NO-associated cytotoxicity against tumor cells.




Figure 4 | PcrV-primed tumor-associated macrophages (TAMs) induce the apoptosis of tumor cells by enhancing nitric oxide (NO)-associated cytotoxicity in vitro. Bone marrow-derived macrophages (BMDMs) were treated or not with PcrV (10 μg/ml) for 24 h and then co-cultured with LLC cells for another 24 h For the inhibition of nitric oxide (NO) production, BMDMs were pretreated with S-methyl thiourea (SMT; 0.5 mM) for 2 h followed by exposure to PcrV. To increase the NO level, the culture medium was supplemented with the NO donor DETA-NO (20 μM). (A, B) LLC cell apoptosis was detected by FACS using Annexin V/7-AAD staining. (C) The NO level in the macrophage-LLC cell co-culture medium was detected using Griess reagent. (D) Gene expression levels in TAMs and LLC cells were analyzed by RT-qPCR. (E, F) Protein expression was analyzed by Western blotting. (G, H) Apoptosis in LLC cells was analyzed by FACS. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test. *p < 0.05, **p < 0.01, and ***p < 0.001. Rel. mRNA level indicates relative mRNA level. LLC, Lewis lung cancer; FACS, fluorescence-activated cell sorting.



Even though the levels of NO were similar among the three groups [LLC cells (Supplementary Figure 5A), TAM-LLC cell co-culture group (Figure 4C), and PcrV/TAM-LLC cell co-culture group (Figure 4C)] following the addition of DETA-NO to the culture medium, the increased concentrations of NO did not enhance the apoptosis rate of LLC cells cultured individually (Supplementary Figure 5B) or with BMDMs (Figures 4G, H) compared with that of the PcrV/TAM-LLC cell co-culture system, suggesting that the PcrV-mediated augmentation of TAM-associated cytotoxicity against cancer cells relies on a synergistic effect of NO and other factors generated by PcrV-primed TAMs.

In addition, to observe whether PcrV-primed TAMs can affect tumor growth and metastasis, BMDMs treated or not with PcrV were co-cultured with LLC cells, and the levels of related genes were analyzed. No differences in the expression levels of genes related to tumor growth and metastasis, such as Cox2, Mmp9, Vegfa, and Hif1a, were found in LLC cells that were co-cultured with PcrV-primed TAMs (Figure 4D).



The Rewiring of Glycolysis in Tumor-Associated Macrophages by PcrV Enhances Their Nitric Oxide-Mediated Tumoricidal Activity

M1 macrophages are reported to rely on aerobic glycolysis for their energy supply (16), suggesting that the PcrV-mediated increase in TAM cytotoxic activity against cancer cells might involve the regulation of glycolysis. Similar to that seen with LPS/IFNG-primed M1-like TAMs, PcrV treatment increased the glycolysis-related ECAR (Figure 5A), lactic acid production (Figure 5B), and ATP generation (Figure 5C) in TAMs. The inhibition of glycolysis in TAMs by the application of 2-deoxy-d-glucose (2-DG) suppressed the PcrV-induced production of lactic acid (Figure 5B) and ATP (Figure 5C), as well as the levels of NO (Figure 5D), IL12 p40/70, and TNFA (Figure 5E), indicating that PcrV reprograms TAMs toward an M1 profile through increasing glycolysis. In addition, to examine the role of glycolysis in PcrV-induced, TAM-mediated cytotoxicity against cancer cells, BMDMs pretreated with 2-DG and PcrV were co-cultured with LLC cells. We found that 2-DG treatment decreased the PcrV-induced production of NO (Figure 5F) and the rate of apoptosis in LLC cells (Figures 5G, H), demonstrating that the enhancement of glycolysis by PcrV promotes the NO-associated tumoricidal activity of TAMs.




Figure 5 | PcrV-induced stimulation of glycolysis augments tumor-associated macrophage (TAM)-mediated tumoricidal activity. To induce TAMs in vitro, bone marrow-derived macrophages (BMDMs) were cultured in 10% FBS/DMEM containing 20% (v/v) LLC cell culture supernatant for 24 h and then primed or not with PcrV (10 μg/ml) for another 24 h For the induction of an M1-like phenotype, TAMs were pulsed with LPS (10 ng/ml) and IFNG (10 ng/ml) for 24 h For the inhibition of glycolysis, TAMs were pretreated with 2-deoxy-d-glucose (2-DG; 2 mM) for 2 h followed by exposure to PcrV for another 24 h (A) Assay for the extracellular acidification rate (ECAR). (B) Measurement of the lactic acid level in the culture supernatant. (C) Assay for ATP levels in cell lysates. (D) The NO level in the culture supernatant was detected using Griess reagent. (E) IL12 p40/70 and TNFA levels in the culture supernatant were analyzed by ELISA. BMDMs pretreated with 2-DG (2 mM, 2 h) were primed with PcrV (10 μg/ml) for 24 h and then co-cultured with LLC cells for another 24 h (F) Detection of NO level in the culture medium. (G, H) The apoptosis of LLC cells was detected by FACS. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test. **p < 0.01 and ***p < 0.001. Oligo, oligomycin; FBS, fetal bovine serum; DMEM, Dulbecco’s modified Eagle’s medium; LLC, Lewis lung cancer; FACS, fluorescence-activated cell sorting.





PcrV-Mediated Activation of a PI3K/AKT/mTOR-Glycolysis-Nitric Oxide Feedback Loop Promotes Tumor-Associated Macrophage Repolarization and Cytotoxicity Against Cancer Cells

Studies have shown that the PI3K/AKT/mTOR pathway is closely related to macrophage activation (17) as well as glycolysis in pulmonary fibrosis (18). To observe whether the PcrV-mediated regulation of TAM repolarization might involve this signaling pathway, we examined AKT and mTOR phosphorylation levels in TAMs treated or not with PcrV. The results revealed that PcrV treatment increased the phosphorylation levels of both proteins (Figure 6A) in TAMs. The treatment of PI3K, AKT, or mTOR with the corresponding inhibitor suppressed the levels of M1 markers in PcrV-treated TAMs, including that of iNos (Supplementary Figure 6A), iNOS (Figure 6B), NO (Figure 6C), IL12 p40/70, and TNFA (Supplementary Figure 6B) while increasing the levels of the M2 markers Fn1, c-Myc, and Egr2 (Supplementary Figure 6A), suggesting that PcrV repolarizes TAMs into an M1 phenotype through the activation of the PI3K/AKT/mTOR signaling pathway. To further investigate whether the PI3K/AKT/mTOR signaling pathway is involved in the enhancement of the tumoricidal effect of TAMs elicited by PcrV, TAMs pretreated with the AKT or mTOR inhibitor plus PcrV were co-cultured with LLC cells. The suppression of AKT or mTOR activation reduced NO production in the co-culture medium (Figure 6D) and also decreased the levels of PcrV/TAM-induced apoptosis in LLC cells (Figures 6E, F).




Figure 6 | PcrV-mediated activation of the PI3K/AKT/mTOR-glycolysis-NO feedback loop reeducates tumor-associated macrophage (TAMs) and enhances TAM-mediated cytotoxicity against cancer cells. For the inhibition of the PI3K/AKT/mTOR axis, TAMs were pretreated with a PI3K (LY294002, 20 μM), AKT (A674563, 1 μM), or mTOR (rapamycin, 50 μM) inhibitor for 1 h and then primed with PcrV (10 μg/ml) for the indicated times. (A, B) Protein levels were analyzed by Western blotting. (C) The nitric oxide (NO) level in the culture supernatant (24 h) was detected using Griess reagent. Bone marrow-derived macrophages (BMDMs) pretreated with AKT or mTOR for 1 h were primed with PcrV (10 μg/ml) for 24 h and then co-cultured with LLC cells for another 24 h (D) Detection of NO levels in the culture medium. (E, F) The apoptosis of LLC cells was detected by FACS. TAMs pretreated with the PI3K/AKT/mTOR inhibitors (1 h), S-methyl thiourea (SMT; 0.5 mM, 2 h), or 2-deoxy-d-glucose (2-DG; 2 mM, 2 h) were primed with PcrV (10 μg/ml) for another 24 h (G) Extracellular acidification rate (ECAR) measurement. (H) Measurement of lactic acid levels in the culture supernatant. (I, J) Protein levels were analyzed by Western blotting. For increasing the NO concentration, TAM culture medium was supplemented with DETA-NO (20 μM) in combination or not with PcrV (1 μg/ml) for 24 h (K) Protein levels were analyzed by Western blotting. (L) Measurement of lactic acid level in the culture supernatant. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test. **p < 0.01 and ***p < 0.001. Oligo, oligomycin; Veh, vehicle; LY29, LY294002; A67, A674563; Rapa, rapamycin; LLC, Lewis lung cancer; FACS, fluorescence-activated cell sorting.



We also investigated the cross-talk among PI3K/AKT/mTOR, glycolysis, and NO. The inhibition of PI3K, AKT, or mTOR led to impaired glycolysis-related ECAR and lactic acid production in PcrV-primed TAMs (Figures 6G, H). Inversely, the suppression of glycolysis by 2-DG led to impaired AKT and mTOR phosphorylation and iNOS expression (Figure 6I), suggesting that glycolysis positively regulates AKT/mTOR activation and NO generation in PcrV-primed TAMs. Given that NO promotes glycolysis in neurons (19) and also activates the PI3K/AKT axis in cancer cells (20, 21), we next examined the role of NO in triggering AKT/mTOR activation and glycolysis in PcrV-primed TAMs. Inhibiting NO generation in PcrV-primed TAMs with SMT treatment reduced AKT and mTOR phosphorylation (Figure 6J) as well as the ECAR (Figure 6G) and lactic acid levels (Figure 6H). Intriguingly, the exogenous administration of DETA-NO in combination with PcrV, but not DETA-NO alone, promoted AKT/mTOR activation in TAMs (Figure 6K) and upregulated lactic acid production (Figure 6L), indicating that NO-associated regulation of glycolysis and the AKT/mTOR signaling pathway in TAMs requires the involvement of other factors activated by PcrV. Collectively, these results indicated that the PcrV-mediated increase in the antitumoral effects of TAMs is associated with the activation of a PI3K/AKT/mTOR-glycolysis-NO feedback loop.



TLR4/MyD88-Mediated Activation of the PI3K/AKT/mTOR-Glycolysis-Nitric Oxide Circuit Is Involved in Enhancing the Tumoricidal Activity of PcrV-Primed Tumor-Associated Macrophages

TLR4, a key pattern recognition receptor (PPR), is abundantly expressed on immune cells, where it functions in the recognition of pathogen-associated molecular patterns (PAMPs). Following pathogen recognition, TLR4 activates host immune response through both MyD88-dependent and MyD88-independent mechanisms (22). Given that PcrV is a needle tip protein component of the T3SS of P. aeruginosa, it seems likely that it can interact with host PPRs and thus activate immune responses. To address this possibility, we investigated the role of the TLR4/MyD88 signaling pathway in PcrV-mediated regulation of TAM polarization. Compared with WT PcrV-primed TAMs, TLR4−/− or MyD88−/− PcrV-primed TAMs showed reduced levels of NO (Figure 7A), iNos (Figure 7B), iNOS (Figure 7C), IL12 p40/70, and TNFA (Supplementary Figure 7A) but higher levels of c-Myc, Egr2, and Fn1 (Supplementary Figure 7B), suggesting that PcrV skews the TAM phenotype toward an M1 profile through the TLR4-MyD88 signaling pathway.




Figure 7 | TLR4/MyD88-mediated activation of the PI3K/AKT/mTOR-glycolysis-NO circuit promotes PcrV-induced M1 polarization and tumor-associated macrophage (TAM)-mediated cytotoxicity. Wild type (WT), TLR4−/−, and MyD88−/− TAMs were treated with PcrV (10 μg/ml) for 24 h (A) The nitric oxide (NO) level in the culture supernatant was measured using Griess reagent. (B) iNos expression levels were analyzed by RT-qPCR. (C) Protein levels were analyzed by Western blotting. (D) Assay for the extracellular acidification rate (ECAR). (E) Measurement of the lactic acid level in the culture supernatant. WT, TLR4−/−, and MyD88−/− bone marrow-derived macrophages (BMDMs) were pretreated with PcrV (10 μg/ml) for 24 h and then co-cultured with LLC cells for another 24 h (F) Detection of NO level in the culture medium. (G, H) The apoptosis of LLC cells was detected by FACS. (I) The lysates of HEK293T cells overexpressing recombinant human TLR4 were incubated with purified PcrV protein. A co-immunoprecipitation (Co-IP) assay and Western blotting were performed to detect the interaction between PcrV and TLR4. (J) Direct interaction between TLR4 and PcrV was analyzed using surface plasmon resonance (SPR). (K) PcrV/TLR4 co-colonization on Raw264.7 cells was visualized using immunofluorescence (IF) staining. (L) Schematic diagram of the molecular mechanism by which PcrV reeducates TAMs and enhances TAM-mediated antitumoral activity. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test. ***p < 0.001. MyD indicates MyD88. TLR4, Toll-like receptor 4; MyD88, myeloid differentiation factor 88; LLC, Lewis lung cancer; FACS, fluorescence-activated cell sorting.



As it has been reported that the PI3K/AKT/mTOR pathway is under the control of the TLR4/MyD88 signaling axis (23), we next examined PI3K/AKT/mTOR pathway activation in TLR4−/− or MyD88−/− PcrV-primed TAMs. The results showed that the PcrV-induced activation of AKT and mTOR was impaired in TLR4−/− or MyD88−/− TAMs, respectively (Figure 7C). Analyses of glycolysis-related factors demonstrated that the PcrV-induced increase in the ECAR (Figure 7D) and lactic acid production (Figure 7E) was reduced in TLR4−/− and MyD88−/− TAMs.

We further analyzed the role of the TLR4/MyD88 axis in the PcrV-mediated regulation of the tumoricidal effect of TAMs. The co-culture of LLC cells with PcrV-primed TLR4−/− or MyD88−/− TAMs, but not WT TAMs, reduced NO production in the culture medium (Figure 7F) as well as the levels of apoptosis in LLC cells (Figures 7G, H). In addition, the LLC tumor-bearing mice in which endogenous macrophages were depleted by clodronate liposomes were intratumorally injected with WT, TLR4−/−, or MyD88−/− BMDMs primed or not with PcrV (Supplementary Figure 8A). The result showed that treatment with PcrV-primed WT BMDMs, but not TLR4−/− or MyD88−/− BMDMs, decreased tumor growth (Supplementary Figure 8B) and weight (Supplementary Figure 8C). Collectively, these results indicated that the TLR4/MyD88 signaling axis participates in the PcrV-mediated modulation of the PI3K/AKT/mTOR-glycolysis-NO circuit and the tumoricidal effect of TAMs.



Direct Interaction Between PcrV and TLR4 Is Required for the PcrV-Mediated Reeducation of Tumor-Associated Macrophages

To further explore whether PcrV alters TAM polarization through interaction with TLR4, we performed immunoprecipitation by incubating purified PcrV protein with the lysate of HEK293T cells overexpressing recombinant human TLR4 protein. The result showed a successful pull-down of TLR4 protein by PcrV (Figure 7I). SPR analysis using purified protein further revealed a direct interaction between TLR4 and PcrV (Figure 7J). Moreover, IF staining result showed that PcrV colocalized with TLR4 in Raw264.7 macrophages (Figure 7K). In addition, to examine the effect of PcrV–TLR4 interaction on PcrV-mediated regulation of TAMs, we blocked TLR4 using an antibody, and we found that the PcrV-induced production of IL12 p40/70, TNFA (Supplementary Figure 7C), and NO (Supplementary Figure 7D) in TAMs was reduced, indicating that PcrV-mediated regulation of TAM repolarization involves direct interaction between PcrV and TLR4.




Discussion

TAMs can constitute up to 50% of a tumor mass, forming the major component of the tumor immune cell infiltrate. In the TME, M2-like TAMs promote tumor cell growth, invasion, and metastasis, angiogenesis, and infiltration of immune-suppressive cells, while suppressing antitumoral immune surveillance (24). In addition, TAMs are known to increase resistance to standard-of-care therapeutics, including chemotherapy, irradiation, and angiogenic inhibitors (25). In contrast, tumoricidal M1-like macrophages, which express high levels of TNF, iNOS, and MHC molecules and low levels of ARG1, IL-10, CD163, and CD206 (26), play roles in reversing immune suppression in the TME and enhancing macrophage- or T cell-mediated killing of cancer cells. In tumor-initiating conditions, macrophages exhibit antitumoral activity; however, once tumors are established, macrophages are reeducated into a protumoral phenotype (27), likely because macrophages are highly plastic in terms of functional reprogramming in response to stimuli in the TME, such as hypoxia, cytokines, and chemokines, as well as in response to varied interactions with components of the extracellular matrix (24, 28). Hence, approaches that can potentiate TAM reprogramming into a tumoricidal M1 phenotype show great promise in cancer immunotherapy. In this study, we found that intratumoral injection of PcrV reduces tumor growth and increases the rate of apoptosis in tumor tissues by reeducating TAMs into an M1 profile characterized by the elevated expression of M1 markers (e.g., iNOS, MHCII, and CD86) and reduced levels of M2 markers (e.g., ARG1 and CD206). Additionally, we found that PcrV-induced NO production increased M1 TAM-mediated cytotoxicity against cancer cells in vitro. These results highlight the feasibility of utilizing P. aeruginosa-derived PcrV in immunomodulation and cancer therapy. Similarly, other well-known bacterial molecules, such as MPT63 (M. bovis), arginine deiminase (Mycoplasma arginine), lapidated-azurin (Neisseria meningitidis), and azurin (P. aeruginosa), have been reported as potential anticancer drugs (29). However, factors such as bacterial endotoxin, manufacturing technique, protein stability, administration mode, and biosafety still need to be addressed when utilizing bacteria-derived proteins as antitumoral drugs (29, 30).

TLR4, which is expressed on immune cells such as macrophages, dendritic cells (DCs), T cells, neutrophils, and epithelial cells, is one of the major sensors of PAMPs/damage-associated molecular patterns (DAMPs) that activate adaptive immune responses. The activation of TLR4 on multiple immune cells, such as T cells and DCs, represents a powerful means of suppressing tumor growth (31–33). In addition, several studies have reported that TLR4-dependent TAM reprogramming into an M1 profile reduces tumor growth (3, 34). In this study, we found that PcrV directly interacts with TLR4 expressed on macrophages, which induces TAM M1 polarization and enhances TAM-mediated killing of tumor cells via the TLR4/MyD88 signaling pathway. Surprisingly, the activation of TLR4 expressed on tumor cells has been proposed to also promote tumor development by increasing the production of oncogenic mediators (e.g., COX2, IL6, VEGF, and TGFβ) via the activation of proinflammatory and protumoral signaling pathways, such as the NF-κB, MAPK, and COX2/PGE2 pathways (35, 36). However, in this study, LLC cells treated with PcrV or PcrV-primed macrophages did not show significantly increased production of oncogenic mediators or metastatic ability, indicating that PcrV exerts its antitumoral effects mainly through the targeting of TAMs. The differences observed between macrophages and cancer cells might be partially attributable to differences in the expression levels of TLR4 or other accessory molecules expressed on these cells.

The PI3K/AKT/mTOR axis, which is regulated by TLR4, functions as a critical signaling pathway in modulating macrophage polarization. The inhibition of the PI3K/AKT/mTOR or the PI3K/AKT signaling pathway in macrophages suppresses M1 macrophage polarization (17) and polarizes M1 macrophages into an M2-like phenotype (37). In addition, both the PI3K/AKT/mTOR and AKT/mTOR axes are reported to be involved in enhancing glycolysis in tumor cells (38) and TAMs (39), which, in turn, promotes tumor cell survival and proliferation. In line with these findings, our results showed that PcrV-induced activation of the PI3K/AKT/mTOR pathway promotes both M1 polarization and glycolysis in TAMs. However, in contrast to previously reported results, we found that PcrV-primed TAMs exert cytotoxic effects against cancer cells rather than protumoral activity. These discrepant results might be partially explained by the contrasting (cytoprotective/cytotoxic) effects elicited by NO.

NO, a gas with diverse biological activities produced from arginine by NO synthases, has long been known as a cytotoxic agent that can directly induce the apoptosis of cancer cells (40), as well as enhance radiation-/chemotherapeutic agent-induced apoptosis of cancer cells (41, 42). In our study, we found that the co-culture of LLC cells with PcrV-primed TAMs leads to a marked increase in NO levels in the co-culture medium as well as iNOS expression in LLC cells, which, in turn, induces LLC cell apoptosis in a NO-dependent manner. Intriguingly, the supplementation of exogenous NO to LLC cells or TAM-LLC cell co-culture medium did not enhance LLC cell apoptosis, whereas increased levels of LLC cell apoptosis were seen when exogenous NO was applied to co-cultures of LLC cells and PcrV-primed TAMs. These results indicate that NO-associated cytotoxicity relies on the involvement of other mediators supplied by macrophages following PcrV priming. In contrast to the NO-associated cytotoxic effects, NO has been suggested to enhance tumor cell growth and metastasis (43) and help tumor cells resist chemotherapeutic agent-induced apoptosis (44). These contradictory effects might be due to the concentration and duration of exposure to NO encountered by cancer cells (45). NO is cytoprotective at low/physiological levels or with short exposure time but is cytotoxic when produced at high concentrations or under long periods of exposure (46). We and others have reported that PI3K/AKT/mTOR activation and glycolysis rewire TAMs into an M1-polarized phenotype that, in turn, promotes NO production (47, 48). Here, we further found that NO, in combination with PcrV, activates the PI3K/AKT/mTOR-glycolysis signaling pathway in TAMs, resulting in the formation of a PI3K/AKT/mTOR-glycolysis-NO feedback loop that increases NO generation and, consequently, NO-associated cytotoxicity against cancer cells (Figure 7L).

Combined, our findings revealed a tumoricidal role for PcrV mediated by the reeducation of TAMs into a tumoricidal M1 phenotype through the modulation of a PI3K/AKT/mTOR-glycolysis-NO feedback loop via a direct interaction with TLR4. Our findings provide an alternative therapeutic approach for inhibiting tumor development.
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Supplementary Figure 1 | PcrV does not exert apparent cytotoxicity and protumoral effect. LLC cells and TAMs were treated with PcrV at the indicated concentrations for 48 h. (A) Cell viability was analyzed by CCK8 assay. (B) Gene expression levels of LLC cells were analyzed by RT-qPCR. (C) Protein levels of LLC cells were detected by Western blotting. (D, E) Metastatic ability of LLC cells treated with or without PcrV (10 μg/mL) for 24 or 48 h was analyzed. Data were expressed as means ± SD and analyzed by one-way ANOVA (A, B) or unpaired Student’s t-test (E). n.s (No significance); Rel. mRNA level (Relative mRNA level).

Supplementary Figure 2 | PcrV treatment does not affect the percentages of CD4+ and CD8+ T cells, NK cells and MDSCs in tumor tissues of LLC tumor-bearing mice. FACS analysis of the percentages of CD4+ T (CD45+CD4+), CD8+ T (CD45+CD8+) (A, B), NK cells (CD45+NK1.1+) (C, D), MDSCs (CD45+CD11b+Gr1+) (E, F) and TAMs (CD45+F4/80+) (G, H) in tumor tissues of LLC tumor-bearing mice treated with PBS or PcrV. Data were expressed as means ± SD (n = 6) and analyzed by unpaired Student’s t-test.

Supplementary Figure 3 | PcrV skews TAMs towards an M1 phenotype in vitro. TAMs were induced by treating BMDMs with 10% FBS/DMEM containing 20% (v/v) LLC cell culture supernatant for 24 h. TAMs were then primed with or without PcrV (10 μg/mL) for another 24 h. (A, B) Gene expression levels were analyzed by RT-qPCR. (C) iNOS protein level was analyzed by Western blotting. (D) NO production in culture supernatant was measured by Griess reagent. (E) IL12 p40/70 and TNFA levels in culture supernatants were analyzed by ELISA. (F, G) Cell surface markers, MHCII and CD86, were analyzed by FACS. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test. **P < 0.01 and ***P < 0.001.

Supplementary Figure 4 | PcrV does not affect ROS production in TAMs or LLC cells. BMDMs were pretreated with or without PcrV (10 μg/mL) for 24 h. Then, the supernatants were discarded, and cells were cocultured with LLC cells for 24 h by using Transwell plate (0.4-μm pore). TAMs and LLC cells were separately harvested and stained with H2DCFDA at RT for 30 min. Intracellular ROS in TAMs (A, B) and LLC cells (C, D) were measured by FACS. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test.

Supplementary Figure 5 | NO does not enhance the apoptosis rate of LLC cells cultured individually. The NO donor, DETA-NO, was supplemented into the culture medium of LLC cells, and then cells were incubated at 37°C with 5% CO2 for 24 h. (A) NO production in culture supernatant was measured by Griess reagent. (B) Apoptosis was analyzed by FACS. Data were expressed as means ± SD, and analyzed by one-way ANOVA. **P < 0.01 and ***P < 0.001.

Supplementary Figure 6 | PI3K/AKT/mTOR signaling pathway is involved in PcrV-mediated regulation of TAM polarization. TAMs were pretreated with the inhibitor of PI3K (LY294002, 20 μM), AKT (A674563, 1 μM) or mTOR (Rapamycin, 50 μM) for 1 h. Then, the cells were primed with PcrV (10 μg/mL) for another 24 h. (A) Gene expression levels were analyzed by RT-qPCR. (B) IL12 p40/70 and TNFA levels in culture supernatants were detected by ELISA. Data were expressed as means ± SD and analyzed by unpaired Student’s t-test. **P < 0.01 and ***P < 0.001. Veh (Vehicle), LY29 (LY294002), A67 (A674563) and Rapa (Rapamycin).

Supplementary Figure 7 | PcrV regulates TAM polarization via the TLR4-MyD88 signaling pathway. WT, TLR4-/- and MyD88-/- TAMs were treated with PcrV (10 μg/mL) for 24 h. (A) IL12 p40/70 and TNFA levels in culture supernatants were analyzed by ELISA. (B) Gene expression levels were analyzed by RT-qPCR. TAMs were pretreated with TLR4 antibody (5 μg/mL)at 37°C for 1 h to block TLR4 expressed on TAMs. Then, the cells were primed with PcrV (10 μg/mL) for 24 h. (C) Detection of IL12 p40/70 and TNFA levels in culture supernatants. (D) NO level in culture supernatant was measured by Griess reagent. Data were expressed as means ± SD and compared by unpaired Student’s t-test. *P < 0.05, **P < 0.01 and ***P < 0.001. Ab indicates antibody.

Supplementary Figure 8 | PcrV-primed BMDMs, but not TLR4-/- or MyD88-/- BMDMs, suppress tumor growth. (A) Schematic of the mouse models used. Tumor growth (B) and weight (C) were measured in LLC cell-derived tumor-bearing mice treated with WT, TLR4-/- or MyD88-/- BMDMs primed or not with PcrV. Data were expressed as means ± SEM [(B), n = 4] or means ± SD [(C), n = 4], and were analyzed by two-way ANOVA (B) or unpaired Student’s t-test (C). **P < 0.01.
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Toripalimab (Tuoyi™) is a selective, recombinant, humanized monoclonal antibody against programmed death protein 1 (PD-1) developed by Shanghai Junshi Bioscience Co., Ltd. Toripalimab is able to bind to PD-1 and block the interaction with its ligands. The binding of toripalimab to PD-1 is mainly attributed to the heavy chain of the former and the FG loop of the latter. Toripalimab received a conditional approval in China for the treatment of melanoma (second-line) in December, 2018. It has also received approvals to treat nasopharyngeal carcinoma (first-line and third-line) and urothelial carcinoma (second-line) in 2021. Additionally, several orphan drug designations were granted to toripalimab by the US Food and Drug Administration. Toripalimab has exhibited primary anti-tumor effects in tumors such as melanoma, lung cancer, digestive tract tumors, hepatobiliary and pancreatic tumors, neuroendocrine neoplasms, nasopharyngeal carcinoma and urothelial carcinoma. It showed a satisfactory anti-tumor effect and long-term survival benefits in Chinese melanoma patients, while the combination of axitinib with toripalimab exhibited an impressive result in metastatic mucosal melanoma. As a checkpoint inhibitor, toripalimab was generally well-tolerated in the enrolled patients. Due to different study populations, comparisons could not be made directly between toripalimab and other drugs in most cases. Nevertheless, the introduction of toripalimab may offer a valuable choice for decision-making in the treatment of tumors in the future.
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Introduction

T cells are important immune cells in the human body and express co-stimulating immune checkpoint proteins on their surface. Through immune checkpoints, cancer cells can block the activation of T cells and their cytotoxic effects on tumors, leading to immune evasion (1). As surface receptor proteins, immune checkpoints can be effectively inhibited by antibodies known as checkpoint inhibitors. The emergence of checkpoint inhibitors has radically changed the landscape of cancer therapy. Among all clinically applied checkpoint inhibitors, anti-programmed death protein 1 (PD-1)/programmed death ligand 1 (PD-L1) antibodies are the most successful (2). Antibody blockade of PD-1 prevents its interaction with PD-L1 and PD-L2, blocking their downstream pathways and recovering the anti-tumor response of T cells (3). There are already well-studied PD-1 inhibitors on the market such as nivolumab and pembrolizumab, two drugs that have been approved by the China National Medical Product Administration (NMPA) and US Food and Drug Administration (FDA) for use in various tumors (4).

Toripalimab (Tuoyi™) is the first domestic anti-PD-1 monoclonal antibody in China with completely independent intellectual property rights (5). Toripalimab has received a conditional approval for the treatment of unresectable or metastatic melanoma that has not responded to previous systemic therapy in December, 2018 (6). Recently, toripalimab was approved by the NMPA for the treatment of recurrent/metastatic nasopharyngeal carcinoma (NPC) and locally advanced or metastatic urothelial carcinoma (UC) (7–9). Showing an acceptable safety profile in clinical studies, it has exhibited promising anti-tumor effects in tumors like melanoma, neuroendocrine neoplasms and urothelial carcinoma, with obvious economic advantages. Here, we summarize the preclinical studies, pharmacological characteristics, anti-tumor effects, and adverse effects (AEs) of this drug in order to provide valuable information for decision-making in the treatment of tumors in the future.



Preclinical Data and Pharmacological Characteristics of Toripalimab

Toripalimab is the first monoclonal anti-PD-1 antibody approved by the China NMPA onto the market (10). It consists of two heavy chains of 452 amino acids, two light chains of 219 amino acids, and includes an N-linked glycosylation site at N302 in each heavy chain. The average molecular weight of toripalimab is 149,670 Daltons (11–14)(Figure 1). Toripalimab is able to bind to PD-1, efficiently blocking the interaction with its ligands; the blockade is mainly attributed to the stereospecific hindrance of the heavy chain (12). The interaction of toripalimab with PD-1 is mainly attributed to the complementarity determining regions of the heavy chain of the former and the FG loop of the latter; the light chain complementarity determining regions of toripalimab participate mainly in recognizing the epitopes on PD-1 (12, 17, 18). Comparatively, nivolumab mainly binds to the N-terminal loop of PD-1, while the binding of pembrolizumab primarily involves the C’ D loop (12, 15, 16) (Figure 1).




Figure 1 | Comparison of structures of PD-1 in complex with nivolumab-Fab (A) (PDB code: 5WT9), pembrolizumab-Fab (B) (PDB code: 5JXE) and toripalimab-Fab (C) (PDB code: 6JBT). L chain, light chain; H chain, heavy chain; LCDRs, complementary determining regions of the light chain; HCDRs, complementary determining regions of the heavy chain; PD-1, programmed death protein 1. Images were acquired from Protein Data Bank and relevant research was conducted by Tan S et al., Na Z et al., and Liu H et al., respectively (12–16).




Preclinical Safety and Effectiveness

Toripalimab has low effective and inhibitory concentrations. In vitro, the effective concentration of toripalimab was determined to be 21 nmol/L and 0.89 ± 0.15 ng/mL by two studies (17, 18). In vivo, the effective concentration dose for toripalimab in the MC38 tumor model is between 0.3 and 1 mg/kg (12). In in vitro flow cytometry assays, the inhibitory concentrations of toripalimab were 3.0 nmol/L and 3.1 nmol/L for PD-1/PD-L1 and PD-1/PD-L2, respectively (18). In in vivo mouse models, by blocking the binding of PD-1 to PD-L1 or PD-L2 using a protein-based enzyme-linked immunosorbent assay, the inhibitory concentrations of toripalimab were determined to be 0.8 nmol/L for PD-L1 and 1.3 nmol/L for PD-L2. Using a cell-based flow cytometry assay, the concentrations were 1.3 nmol/L and 3.7 nmol/L for PD-L1 and PD-L2, respectively (12).

The blockage by toripalimab is effective. In vivo, toripalimab can dramatically inhibit the elevated expression of PD-1 on CD4+ and CD8+ T cells in a dose-dependent manner, while PD-1 receptor occupancy can reach up to 90% at 1 mg/kg and 100% at 10 mg/kg in cynomolgus monkeys (18). In three phase I studies, toripalimab can also bind to the PD-1 receptor on activated T lymphocytes and maintain complete PD-1 receptor occupancy (> 80%) on CD4+ and CD8+ T cells; this was observed in the majority of the patients in all dose cohorts throughout the observation period (19–21). In mice inoculated with tumor cells, toripalimab can significantly decrease tumor sizes after a 23-day treatment compared with IgG-treated controls (12). Treatment with toripalimab (0.01–10 μg/mL) can also dose-dependently stimulate human T cell proliferation, as well as IFN-γ and TNF-α secretion (18).



Immunogenicity

Toripalimab provoked only a weak immune response in animal experiments and clinical trials. In an animal experiment, 18 cynomolgus monkeys were treated with toripalimab at low (1 mg/kg), medium (10 mg/kg) and high (75 mg/kg) doses; 10% of monkeys from each group were positive for anti-drug antibodies 28 d after the first administration, indicating a low immunogenicity of this drug (18). In NCT03013101, detection of anti-drug antibodies was performed in 128 melanoma patients treated with toripalimab at 3 mg/kg intravenously once every 2 weeks; samples from 10.2% (13/128) patients were positive after toripalimab treatment and only one positive patient had a decreased toripalimab plasma concentration (22). In NCT02857166, patients were assigned to receive 0.3 mg/kg, 1 mg/kg, 3 mg/kg, 10 mg/kg or 240 mg toripalimab via intravenous infusion every 2 weeks; anti-drug antibodies were detected in one (33.3%) patient in the 0.3 mg/kg group, three (42.9%) patients in the 1 mg/kg group, and one (16.7%) patient in the 3 mg/kg group, but were not detected in the 10 mg/kg group or the 240 mg group (19). These results indicate a low immunogenicity of toripalimab in the body.



Pharmacological Characteristics

In the phase II study POLARIS-01, when toripalimab was given at 3 mg/kg per 2 weeks (Q2W), its steady-state median trough plasma concentration was 39.8 μg/mL (22). In phase I studies, the serum concentrations of toripalimab reached a maximum at about 1 h, within 2 h and within 6 h after infusion, respectively (19–21). In NCT02836795 and NCT02836834, the steady state trough concentration of toripalimab was 8.9 ± 4.4, 37.8 ± 17.5, 174.3 ± 95.6 μg/mL and 8.5 ± 2.6, 34.5 ± 10.0, and 195.8 ± 104.6 μg/mL for the 1 mg/kg, 3 mg/kg, and 10 mg/kg cohorts, respectively (20, 21). In NCT02857166, the analyses of blood samples of patients receiving toripalimab showed a serum half-life of 150–222 h after a single infusion and 188–525 h after multi-dose infusions (19). In another two studies, the average serum half-lives for the 1, 3 and 10 mg/kg cohorts were 6.2, 7.7, 9.8 days and 7.7, 8.0 and 14.2 days respectively after a single infusion; after multi-dose infusions, the half-lives were 9.5, 16.5, 13.9 days and 10.7, 12.1 20.1 days, respectively (20, 21). Based on the preclinical and pharmacological data, toripalimab was tested in therapeutic clinical trials.




Efficacy of Toripalimab in Tumors

Based on the above preclinical studies, toripalimab was tested in phase I clinical studies. The recommended phase II dose was determined to be 3 mg/kg Q2W in a first-in-human phase I trial (NCT02836795) (23). In NCT02836795, patients in the dose escalation cohorts received intravenous infusion of toripalimab at 1 mg/kg, 3 mg/kg, and 10 mg/kg Q2W; 28 days after the first dose, subjects continued to receive toripalimab at the intended dose level Q2W. The confirmed dosage of toripalimab laid the foundation for further clinical trials. The primary endpoints are usually safety and tolerability in phase I studies; overall response rate (ORR), defined as the percentage of patients achieving complete response (CR) or partial response (PR), in phase II studies; and overall survival (OS) and progression-free survival (PFS) in phase III studies (24). The basic information of toripalimab studies in these cancers was visualized in Figures 2, 3.




Figure 2 | A summary of prospective clinical studies of toripalimab on solid tumors, melanoma and lung cancer. Dates indicate the time when the results of the studies were available online. Dashed lines perpendicular to the y-axis in the bar graph indicate absence of corresponding available data. Dotted gray line at the edge of column means not less than the indicated number. Approval 1, approval in mucosal melanoma, an orphan designation by the FDA (plus axitinib); approval 2, approval in melanoma, by the NMPA (second-line); HDI, high-dose IFN-α2b; ORR, overall response rate; DCR, disease control rate; RFS, recurrence-free survival; PFS, progression-free survival; OS, overall survival; TRAEs, treatment-related adverse events; FDA, Food and Drug Administration; NMPA, National Medical Products Administration.






Figure 3 | A summary of prospective clinical studies of toripalimab on digestive tract tumors, hepatobiliary and pancreatic tumors, and other tumors. Dates indicate the time when the results of the studies were available online. Dashed lines perpendicular to the y-axis in the bar graph indicate absence of corresponding available data. Dotted gray line at the edge of column means not less than the indicated number. CapeOX, capecitabine and oxaliplatin; SOX, S-1 plus oxaliplatin; TP, paclitaxel plus platinum; CRT, chemoradiotherapy; XELOX, capecitabine and oxaliplatin; PLDR, pulsed low dose rate radiotherapy; FLOT, 5-fluorouracil, leucovorin, oxaliplatin, docetaxel; HAIF,hepatic arterial infusion of oxaliplatin, 5-fluorouracil, and leucovorin; GP, gemcitabine and platinum; IMRT, intensity-modulated radiotherapy; approval 3, approval in esophageal cancer, an orphan designation by the FDA; approval 4, approval in NPC, an orphan designation by the FDA; approval 5, approval in NPC, by the NMPA (third-line); approval 6, approval in UC, by the NMPA (second-line); ORR, overall response rate; DCR, disease control rate; RFS, recurrence-free survival; PFS, progression-free survival; OS, overall survival; TRAEs, treatment-related adverse events; FDA, Food and Drug Administration; NMPA, National Medical Products Administration.




Efficacy of Toripalimab in Melanoma

Melanoma of the skin accounts for 1.7% of newly-diagnosed cancers and 0.6% of cancer-related deaths worldwide (25).Clinical trials in melanoma have largely been unsuccessful, and there are few treatment options when the disease becomes advanced (26). The first approval of toripalimab was for unresectable or metastatic melanoma that has failed to respond to previous systemic therapy, which was based on a phase II study (NCT03013101/POLARIS-01) (22). Additionally, the anti-tumor effects of nivolumab and pembrolizumab were investigated in NCT00730639 and KEYNOTE-151, respectively. The information of toripalimab studies in melanoma was visualized in Figure 2 and the comparisons between toripalimab, nivolumab and pembrolizumab in melanoma are listed in Table 1.


Table 1 | Comparison of different therapeutic regimens for melanoma.



Overall, the toripalimab was effective in melanoma. In POLARIS-01, toripalimab was given at 3 mg/kg Q2W until disease progression or unacceptable toxicity in 128 Chinese patients who had previously received systemic therapy. The achieved ORR was 17.3% (22/127), and the disease control rate (DCR), defined as the percentage of patients achieving CR, PR, or stable disease (SD), was 57.5% (73/127); the median PFS and OS were 3.6 months and 22.2 months, respectively (22). Toripalimab has led to long-term survival benefit, and PD-L1 positive patients show markedly longer OS than PD-L1 negative patients; the data for different subtypes are shown in Table 1 (22, 27). In 22 melanoma patients from another phase I study (NCT02836795), ORR, DCR, PFS and OS were 18.2% (4/22), 45.5% (10/22), 84 days and 448 days, respectively (20). Comparatively, in KEYNOTE-151, pembrolizumab was administered in previously-treated Chinese melanoma patients; the achieved ORR was 16.7% (17/102) and the DCR was 38.2% (39/102). The ORRs were 15.8% (6/38) for acral, 19.5%(8/41) for non-acral and 13.3% (2/15) for mucosal melanoma patients, the DCRs were 42.1% (16/38) for acral melanoma and 20.0% (3/15) for mucosal melanoma, respectively (29). In NCT00730639, overall response and disease control were achieved by nivolumab in 30.8% (33/107) and 37.4% (40/107) patients, respectively; the median PFS and median OS were 3.7 months and 16.8 months (28). The ORR achieved by nivolumab appears to be the highest among all three drugs; however, the efficacies of nivolumab for each subtype are unknown, and the study population in NCT00730639 was not mentioned. In addition, adjuvant toripalimab was able to improve the recurrence-free survival of mucosal melanoma patients, but its comparison with conventional chemotherapy remained to be conducted (31).

The combination of toripalimab and axitinib, a vascular endothelial growth factor inhibitor, has shown a potent effect in treating mucosal melanoma. Vascular endothelial growth factor is an important growth factor for the growth of cancer and is upregulated in melanoma patients (32). Simultaneous blockade of PD-1 and vascular endothelial growth factor receptor 2 can induce a synergistic anti-tumor effect in mice inoculated with colon cancer cells (33). In a phase Ib study (NCT03086174), 33 Chinese patients were given axitinib 5 mg twice a day plus toripalimab 1 or 3 mg/kg every 2 weeks until confirmed disease progression, unacceptable toxicity, or voluntary withdrawal, in a dose-escalation and a cohort-expansion phase. The achieved ORR was 48.3% (14/29) and DCR was 86.2% (25/29), while the median PFS was 7.5 months (23). The combinatorial plan produced a high response rate. Thus, an orphan designation for treatment of mucosal melanoma was granted to the combinational therapy by the US FDA in March 25, 2020 (34). An updated analysis of NCT03086174 revealed a median OS of 20.7 months among these patients (30). Later, toripalimab plus axitinib combination treatment was tested in an adjuvant setting, and led to pathological complete response (pCR), defined as no viable tumor on all slides, in 14.3% (2/14) of patients (35). In addition, the effectiveness of the combination in advanced mucosal melanoma is currently being investigated in a phase II trial (registration number: NCT03941795) (36).

Toripalimab has also been tested for the treatment of melanoma in other settings. For example, the pCR achieved by toripalimab plus OrienX010, a granulocyte-macrophage colony-stimulating factor, is 14.3% (3/21) in resectable stage IIIb–IVM1a acral melanoma patients; and intravenous administration of toripalimab plus intralesional injection of OrienX010 achieved an ORR of 13.3% (2/15) in liver metastasis (37, 38). Toripalimab plus vorolanib achieved a 13.2% (5/38) ORR in advanced mucosal melanoma as a first-line therapy (39). Additionally, a randomized, multi-center, phase II study (NCT03430297) comparing toripalimab as a first-line treatment of metastatic melanoma to dacarbazine (a first-line chemotherapy for melanoma) is currently ongoing (36). The results of these studies may provide more indications for toripalimab in the future.



Efficacy of Toripalimab in Non-Small Cell Lung Cancer

Toripalimab exhibited anti-tumor effects in non-small cell lung cancer (NSCLC) as a single agent (Figure 2). In a phase I study (NCT02836834), the ORR and DCR achieved by toripalimab in seven Chinese NSCLC patients were 14.3% (1/7) and 71.4% (5/7), respectively (21). In another phase I study (NCT03301688), 41 heavily-treated patients were included and treated with a single dose of toripalimab; the ORR and DCR achieved were 7.1% (2/28) and 39.3% (11/28), respectively (40). The effect of toripalimab in NSCLC was also observed in retrospective studies (41). In comparison, nivolumab and pembrolizumab monotherapy achieved ORRs of 17.1% (22/129) and 19.4% (96/495) and DCRs of 27.1% (35/129) and 41.2% (204/495) in NSCLC, as revealed by the phase I studies CHECKMATE-003 and KEYNOTE-001, respectively (42, 43). Due to the small sample size and different patient baseline characteristics such as race of NCT02836834, it is not valid to compare the effect of toripalimab with the other two drugs directly.

Toripalimab plus other therapies has also exerted anti-tumor effects in NSCLC. Multiple target cytotoxic T-lymphocyte cells can restore antitumor immunity to improve patient outcome. In NCT04193098, a combination of multiple target cytotoxic T-lymphocyte cells and toripalimab as a second-line therapy led to an ORR of 38.4% (5/13) and a DCR 76.9% (10/13) in patients with advanced NSCLC, without causing treatment-related death (44). Platinum-based chemotherapy is one of the standard systemic therapies for NSCLC (45). In NCT03513666, 40 Chinese NSCLC patients who failed to respond to first-line EGFR-TKIs and did not harbor T790M mutation were enrolled and received toripalimab combined with carboplatin and pemetrexed every 3 weeks, for up to six cycles, followed by toripalimab and pemetrexed maintenance until disease progression or unacceptable toxicity. The ORR achieved by the combination regime was 50.0% (20/40), the median PFS was 7.0 months and the median OS was 23.5 months, better than historical data for traditional chemotherapy (46). The ORR and DCR achieved by toripalimab combined with chemotherapy in a retrospective study were 39.2% and 96.2% among 79 NSCLC patients (47). In addition, a phase III clinical trial comparing the toripalimab versus placebo in combination with chemotherapy in the same setting as NCT03924050 is ongoing (48). Also, toripalimab in combination with vorolanib, a multi-target tyrosine kinase inhibitor, also exhibited anti-tumor effects as a second-line therapy (49).

A toripalimab-containing regimen in a neoadjuvant setting yielded a high major pathological response (MPR) rate and caused no treatment-related surgical delays. In a phase 2 study (NeoTPD01/NCT04304248), surgically resectable stage IIIA or T3–4N2 IIIB NSCLC patients received three cycles of neoadjuvant treatment with intravenous toripalimab plus carboplatin, and pemetrexed or nab-paclitaxel (50). MPR, defined as less than 10% residual tumor remaining at the time of surgery, was achieved in 66.7% (20/30) of patients, and pCR was achieved in 50.0% (15/30) of patients. Treatment discontinuation or dose reduction was not observed and there were no treatment-related deaths (50). In another study, neoadjuvant toripalimab plus chemotherapy led to a lower pCR rate (18.2%) and MPR rate (40.9%), but resulted in an ORR of 75.0% (30/40) and DCR of 95.0% (38/40) (51). Nivolumab and pembrolizumab monotherapy have also been tested in a neoadjuvant setting in US medical centers and an Israeli medical center; the MPRs achieved were 42.9% (9/21) and 40% (4/10), respectively (52–54). In contrast, Sheng et al. tested pembrolizumab in a Chinese setting; they enrolled 37 Chinese adults with untreated, surgically resectable stage IIB–IIIB squamous NSCLC and treated them with two cycles of pembrolizumab with albumin-bound paclitaxel plus carboplatin (55). All tumors were completely resected and MPR occurred in 24 (64.9%) resected tumors; none of the patients discontinued neoadjuvant therapy due to toxic effects and no treatment-related death was observed (55).

In addition, ongoing trials conferred potential possibilities in NSCLC treatment. For example, in NCT04238169, metastatic NSCLC patients who have previously received first-line platinum-based chemotherapy or immune checkpoint inhibitors (except toripalimab) and diagnosed with confirmed disease progression were included and treated with stereotactic body radiation therapy (30–50 Gy/5 F for 2–4 lesions) plus toripalimab (240 mg, Q3W) with or without bevacizumab (7.5 mg/kg, Q3W) until disease progression or intolerable toxicity (56). Toripalimab was also tested in different NSCLC stages in prospective studies, such as in early-stage NSCLC, and treatment-naive advanced NSCLC (57). Release of these results in the future may lay the foundations for more indications.



Efficacy of Toripalimab in Esophageal Cancer

Toripalimab plus chemotherapy is effective when used as a neoadjuvant therapy in esophageal squamous cell carcinoma (ESCC) (Figure 3). Combinational fluoropyrimidine plus platinum-based chemotherapy is a recommended first-line treatment for advanced or metastatic ESCC, but confers limited survival benefits (58). In a phase II study (ChiCTR1900025318), 23 subjects with resectable ESCC were included and given toripalimab combined with paclitaxel and cisplatin as neoadjuvant treatment. Among the evaluable patients, 33.3% (6/18) achieved pCR (59). The combination regime also showed a controllable safety profile, and grade 3–4 treatment-related adverse events (TRAEs) were reported in two patients. Interestingly, when toripalimab was administrated two days after chemotherapy rather than being used simultaneously, the combinational neoadjuvant regime showed a trend toward a higher pCR rate (36.4%, 4/11 versus 7.7%, 1/13, P = 0.079) (60).

Toripalimab plus chemotherapy conferred better OS and PFS than chemotherapy alone in the first-line setting (Figure 3). In the randomized, double-blind phase III study JUPITER-06, 514 Chinese patients with treatment-naive, advanced or metastatic ESCC were randomized (1:1) to receive 240 mg toripalimab or placebo in combination with paclitaxel plus cisplatin every 3 weeks for up to six cycles, followed by toripalimab or placebo maintenance (61). Incidence of fatal TRAEs was similar between the groups (8.2% vs 8.2%), while significant advantages in OS and PFS for toripalimab over placebo (HR = 0.58, HR = 0.58) were observed, with median OS being 17.0 months and 11.0 months, respectively (61). In a similar setting (KEYNOTE-590), pembrolizumab plus 5-fluorouracil and cisplatin (n = 373) also led to superior OS (12.6 months versus 9.8 months, HR = 0.72) and PFS (6.3 months versus 5.8 months, HR = 0.65) to placebo plus 5-fluorouracil and cisplatin (n = 376) in patients with advanced ESCC from 168 medical centers in 26 countries, with a lower TRAE-related death rate (7.5%, 28/373; 10.1%, 38/376) (62).

Efficacy of toripalimab was also observed in other combinatorial regimes (Figure 3). For example, when combined with concurrent chemoradiotherapy, toripalimab achieved a clinical complete response rate of 60.7% (17/28) in previously untreated ESCC patients at 3 months (63). Based on the satisfactory anti-tumor effects of toripalimab shown above, an orphan designation was designated by FDA on November 8, 2021 (34).



Efficacy of Toripalimab in Gastric and Gastroesophageal Junction Cancer

The efficacy of toripalimab in advanced gastric cancer (GC) has been observed and seems promising (Figure 3). In the phase Ib part of the clinical trial NCT02915432, 58 Chinese chemo-refractory advanced GC patients received toripalimab (3 mg/kg d1, Q2W) as a monotherapy plan, which resulted in an ORR of 12.1% (7/58) (64). In cohort 1 of KEYNOTE-059, 259 patients from different countries with advanced GC received pembrolizumab monotherapy; the ORR in the east Asia subgroup was 8.8% (3/34) (65). In the gastric cohort of KEYNOTE-012, pembrolizumab monotherapy was associated with an ORR of 22.2% (8/36) in patients from different countries/regions with PD-L1-positive recurrent or metastatic adenocarcinoma of the stomach or gastro-esophageal junction (66). The east Asian data of KEYNOTE-012 are unavailable. In contrast, KEYNOTE-059 is more comparable to NCT02915432.

The combination of toripalimab and chemotherapy was effective in advanced GC patients (Figure 3). For example, the toripalimab plus CapeOx (capecitabine and oxaliplatin) regime (NCT02915432) as a first-line treatment in chemotherapy-naive advanced GC patients achieved an ORR and DCR of 66.7% (12/18) and 88.9% (16/18), respectively (64). In patients with advanced gastric adenocarcinoma, toripalimab plus nab-paclitaxel/docetaxel as second-line treatment resulted in confirmed PR in 1/7 patients, and SD in 4/7 patients, corresponding to an ORR of 14.2% and a DCR of 71.4% (67). The toripalimab plus XELOX (capecitabine and oxaliplatin) chemotherapy regimen and pulsed low dose rate radiotherapy also showed therapeutic effects in abdominal metastasis of advanced GC, with an ORR of 70.8% (17/24) (68). In ATTRACTION-4, nivolumab in combination with CapeOx yielded an ORR and DCR of 76.5% (13/17) and 88.2% (15/17), respectively, in treatment-naive advanced GC patients from Japan and South Korea (69). In cohort 2 of KEYNOTE-059, previously untreated advanced GC patients received pembrolizumab, cisplatin, and 5-fluorouracil (or capecitabine in Japan); the combination plan yielded an ORR of 60.0% (15/25) and a DCR of 80.0% (20/25) (70). The data of NCT02915432 and ATTRACTION-4 are more comparable because their study populations are similar.

Toripalimab showed an anti-tumor effect in gastric or gastroesophageal junction adenocarcinoma (G/GEJ) in different settings (Figure 3). Surufatinib is a novel small-molecule kinase inhibitor targeting VEGFRs, FGFR and CSF-1R, and its combination with toripalimab resulted in two confirmed PR and six SD in 15 evaluable G/GEJ patients who did not respond to first-line systemic chemotherapy, with median PFS being 3.71 months (71). FLOT (docetaxel, oxaliplatin, leucovorin, 5-FU) is the standard perioperative treatment for resectable G/GEJ (72). The combination of toripalimab and FLOT produced a 25.0% pCR and 42.9% MPR among 28 G/GEJ patients receiving complete resection (73). A toripalimab plus S-1 and oxaliplatin regimen as a first-line treatment showed effectiveness (ORR 57.1%, and DCR 92.8%) among 14 patients with advanced stage G/GEJ (74).



Efficacy of Toripalimab in Colorectal Cancer

Toripalimab alone or plus celecoxib conferred therapeutic effects in colorectal cancer (CRC) patients in a neoadjuvant setting (Figure 3). Cancer cell-intrinsic cyclooxygenases-2 expression contributed to resistance to immune checkpoint blockade (75). Therapeutically targeting the cyclooxygenases-2 pathway with widely used non-steroidal and steroidal anti-inflammatory drugs was able to synergize with immune checkpoint blockers and strengthen their anti-tumor effects in mouse CRC models (76). Celecoxib is a non-steroidal anti-inflammatory drug. In the phase 2 PICC study, toripalimab with or without celecoxib was tested in a neoadjuvant setting. In PICC, 34 patients with histologically-confirmed mismatch repair-deficient or microsatellite instability-high CRC, with clinical stage T3–T4 or any T with lymph node positivity were included and randomly assigned (1:1) to receive either toripalimab plus celecoxib (combination group) or toripalimab monotherapy (monotherapy group). While neither treatment caused surgical delays, pCR was achieved in 88.2% (15/17) in the combination group and 64.7% patients in the monotherapy group (77).

Toripalimab plus regorafenib showed anti-tumor efficacy in metastatic CRC (Figure 3). Regorafenib is an oral tyrosine kinase inhibitor targeting angiogenesis, the tumor microenvironment and tumor immunity, and has been approved for the treatment of metastatic CRC after failing standard therapies (78). In the phase I/II study NCT03946917, regorafenib plus toripalimab was tested in relapsed or metastatic CRC patients that had failed ≥ 2 previous lines of chemotherapy or were intolerant to prior systemic treatment (79). Twelve patients were enrolled in the dose escalation phase, which identified a dose of 80 mg regorafenib plus 3 mg/kg toripalimab to be the recommended phase II dose. In the 33 evaluable patients treated with recommended phase II doses, the ORR was 15.2% (5/33), the DCR was 36.4% (12/33), the median PFS was 2.1 months and median OS was 15.5% at the data cutoff of July 12, 2020 (79). In a retrospective analysis, the ORR in these patients is 12.1% (4/33), DCR is 36.4% (12/33), and median PFS is 3.8 months (80). In a similar setting to NCT03946917, nivolumab achieved an ORR of 36.0% (9/25) in the Japanese population (81).



Efficacy of Toripalimab in Hepatobiliary Cancers

Toripalimab alone or in combination with other treatments showed promising anti-tumor effects in advanced hepatocellular carcinoma (HCC) (Figure 3). Toripalimab monotherapy led to an ORR of 18.8% in previously-treated advanced HCC patients (82). Additional ablation increased the response rate in these patients, without causing treatment-related death (82, 83). Lenvatinib has been reported to improve the survival of advanced HCC patients, while hepatic arterial infusion of oxaliplatin, 5-fluorouracil, and leucovorin (HAIF) led to further survival benefit (84, 85). In a retrospective analysis, the addition of toripalimab plus HAIF prolonged PFS and OS and increased ORR in HCC patients receiving lenvatinib (86). The effect of the combination regime was also explored in a prospective phase II trial, showing an ORR of 63.9% and median PFS of 10.5 months among 36 treatment-naive advanced HCC patients (87). Anlotinib, a novel multi-targeting tyrosine kinase inhibitor, has shown promising efficacy and safety as a first- or second-line treatment strategy in advanced HCC (88). The combination of toripalimab and anlotinib conferred an ORR of 21.4% (3/14) and a DCR of 92.9% (13/14) among treatment-naive patients with advanced HCC (89, 90).

Toripalimab plus chemotherapy showed a preliminary efficacy in treatment-naive advanced biliary tract cancer (BTC) (Figure 3). Combination chemotherapy with gemcitabine plus cisplatin has been regarded as the standard treatment for patients with advanced BTC, but confers only limited clinical benefit (91). In the phase II trial NCT03796429, treatment-naive patients with advanced BTC received toripalimab combined with gemcitabine and S-1 until progressive disease or unacceptable toxicity. By the data cutoff at January 24, 2021, the ORR was 27.1% (13/48) and DCR was 87.5% (42/48), median PFS was 7.0 months and median OS was 16.0 (92, 93). In a similar phase I study JapicCTI-153098, 30 chemotherapy-naive Japanese patients with unresectable or recurrent BTC were given nivolumab and cisplatin plus gemcitabine chemotherapy; in this cohort, median OS was 15.4 months, median PFS was 4.2 months, and 11 of 30 patients (36.7%) had an objective response (94).

Toripalimab plus lenvatinib showed promising efficacies in intrahepatic cholangiocarcinoma (ICC) (Figure 3). In NCT04361331, 31 pathologically-confirmed advanced ICC patients were included and treated with toripalimab plus lenvatinib as a first-line therapy. The combination plan resulted in an ORR of 32.3% (10/31) and a DCR of 74.2% (23/31) (95). When the regime was added to oxaliplatin and gemcitabine chemotherapy, a standard chemotherapy regime for ICC, the ORR became 80% (24/30) and DCR 93.3% (28/30) in treatment-naive patients (96). Treatment-related death was identified in neither of the studies, which indicated an acceptable safety profile.



Efficacy of Toripalimab in Neuroendocrine Neoplasms

Toripalimab has a satisfactory efficacy when used alone or in combination with surufatinib in neuroendocrine neoplasms (NEN) (Figure 3). The ORR achieved in previously-treated metastatic Chinese NEN patients was 20.0% (8/40), and DCR was 35.0% (14/40) (NCT02939651) (97). Furthermore, four patients achieved confirmed PR and 10 achieved SD among 20 tumor evaluable patients receiving toripalimab plus surufatinib, with a median PFS of 3.94 months and no treatment-related deaths (98). In contrast, pembrolizumab monotherapy resulted in ORR and DCR of 3.4% (1/29) and 24.1% (7/29), respectively, in grade 3 NEN patients refractory to first-line chemotherapy (NCT02939651) (99). It has been widely acknowledged that the prognosis of NEN based on pathological grading is dependent on the measurement of a proliferative index such as Ki-67 (100). In NCT02939651, patients had Ki-67 > 20%, while in NCT03167853, patients had Ki-67 ≥ 10%. Thus, the higher ORR achieved by toripalimab might be correlated with the lower grade of tumors in NCT03167853 to some extent. In addition, the comparison should still be made cautiously because the patient races in the two studies are different.



Efficacy of Toripalimab in Nasopharyngeal Cancer

Toripalimab was shown to be effective when used alone or with radiotherapy in treating NPC patients (Figure 3). In POLARIS-02/NCT02915432, 190 treated Chinese patients with recurrent or metastatic NPC were included and received 3 mg/kg toripalimab Q2W via intravenous infusion until disease progression, unacceptable toxicity, or voluntary withdrawal (101). Toripalimab monotherapy led to an ORR of 20.5% (39/190) and a DCR of 41.6% (79/190), which led to its approval for treating patients with recurrent/metastatic NPC as a third-line therapy (8). Due to the satisfactory anti-tumor effect of toripalimab shown in NPC, an orphan designation was also given by the FDA in May 18, 2020 (34). In comparison, the ORRs achieved by nivolumab in NCI-9742/NCT02339558 and pembrolizumab in KEYNOTE-028/NCT02054806 were 20.5% (9/44) and 26.3% (5/19), respectively (102, 103). Patients in these studies have similar tumor stages and treatment status. In NCI-9742, 82.2% (37/45) of patients are Asian; in KEYNOTE-028, this number is 63.0% (17/27). Considering the small sample size and lower proportions of Asian patients in KEYNOTE-028, the comparison between NCT02915432 and NCI-9742 is more valid. Intensity-modulated radiotherapy is the most widely used radiotherapy technique for NPC and significantly improves patient survival (104). In a phase II trial in patients with recurrent NPC, toripalimab in combination with intensity-modulated radiotherapy was prescribed, achieving an ORR of 79.2% (19/24) and a DCR of 95.8% (23/24), causing one treatment-related death (4.0%) (105).

Toripalimab plus chemotherapy showed superior clinical benefit compared to chemotherapy alone in NPC patients (Figure 3). Gemcitabine-cisplatin (GP) was the standard first-line chemotherapy regime for advanced or metastatic NPC (106). Recently, the phase III study JUPITOR-02 was published, making a head-to-head comparison between toripalimab plus GP and placebo plus GP (107). The study involved 289 patients with recurrent or metastatic NPC and no previous chemotherapy history. The patients were randomized (1:1) to receive toripalimab plus GP (combination group) or placebo plus GP (placebo group); longer PFS was observed in the combination group compared to the placebo group (11.7 versus 8.0 months); the data for median OS were not available yet, but a trend toward better OS was observed, with the stratified HR for OS being 0.78 (107). Due to the superior clinical benefit conferred by the combination plan, NMPA have approved the indication of toripalimab plus GP as a first-line therapy in NPC recently (7).



Efficacy of Toripalimab in Urothelial Carcinoma

Toripalimab produced a satisfactory anti-tumor effect in locally advanced or metastatic UC patients (Figure 3). In a phase I study NCT02836795, toripalimab monotherapy achieved an ORR of 25.0% (2/8) and a DCR of 67.5% (5/8) among eight Chinese patients with metastatic UC (20). In the phase II study POLARIS-03/NCT03113266, 151 Chinese patients with advanced metastatic UC that had failed prior standard therapy were enrolled and treated with toripalimab until disease progression, unacceptable toxicity or voluntary withdrawal (108). By the cut-off date, there were two CR, 37 PR, and 29 SD, corresponding to an ORR of 25.8% (39/151) and a DCR of 45.0% (68/151) (65). When combined with RC48-ADC, a novel humanized anti-HER2 antibody-drug conjugate, the ORR increased to 80% (8/10) and DCR to 90% (9/10) in patients that were mostly treatment-naive (8/14) (109). The satisfactory anti-tumor effect of toripalimab shown in UC facilitated toripalimab’s approval in previously-treated locally advanced or metastatic UC (9). In CHECKMATE-275, nivolumab 3 mg/kg Q2W resulted in an ORR of 19.6% (52/265) in locally advanced or metastatic UC patients (110), and in KEYNOTE-052, pembrolizumab in treatment-naive patients yielded an ORR of 24.1% (89/370) (111). Although the patients had received prior systemic therapy, the response rate in POLARIS-03 is still higher than in KEYNOTE-052. However, it should be noted that study populations of CHECKMATE-275 and KEYNOTE-052 are different from that of POLARIS-03.



Efficacy of Toripalimab in Other Cancers

In addition to the above-mentioned tumors, toripalimab monotherapy has also shown anti-tumor effects in phase I studies on alveolar soft part sarcoma, lymphoma and renal cell carcinoma, achieving ORRs of 25.0% (3/12), 90.9% (10/11) and 33.3% (2/6), respectively (20, 21). In lymphoma patients, the ORR achieved by toripalimab (NCT02836834) is apparently higher than those achieved by nivolumab [CHECKMATE-205, 69.1% (168/243)] or pembrolizumab [KEYNOTE-087, 69.0% (145/210)]. Although the sample size in NCT02836834 is small and the patient race is different from the other two studies, the result suggests a promising anti-tumor effect of toripalimab in lymphoma that is worth exploring in future studies (21, 112, 113). As neoadjuvant therapies, toripalimab-containing regimes were claimed to be effective in penile squamous cell carcinoma and anal canal squamous carcinoma (114, 115). Toripalimab was also effective in cancers such as pancreatic adenocarcinoma and small-cell lung cancer (Figures 2, 3) (116, 117). It is interesting that the regime achieved a 100% ORR in extensive-stage small cell lung cancer (117). In addition, toripalimab in combination with YH-001, an anti-CTLA-4 monoclonal antibody, or YH-003, an anti-CD40 monoclonal antibody, were shown to be effective in phase I studies in advanced solid tumors (Figure 2) (118, 119). In other retrospective studies, toripalimab was claimed to be effective when combined with other treatments in patients with soft tissue sarcoma cervical cancer, and head and neck squamous cell carcinoma (120–122). These studies have indicated a bright future for this drug in clinical applications. The efficacies of toripalimab in different clinical studies have been visualized in Figures 2, 3.




Adverse Effects

Although toripalimab has shown preliminary efficacy in the treatment of various tumors, there are inevitable side effects. The adverse effects have five grades, which were defined according to the Common Terminology Criteria for Adverse Events from the National Cancer Institute, referring to mild, moderate, severe and life-threatening AEs or death, in ascending order, and were coded using the Medical Dictionary for Regulatory Activities (123, 124).

Generally, the safety profile of toripalimab is acceptable; the incidence of AEs is higher than well-studied checkpoint inhibitors, but is manageable. The incidences of all grade TRAEs have been visualized in Figures 2, 3, and most common TRAEs are summarized in Table 2. The safety of checkpoint inhibitors has been assessed in previous research, revealing an incidence varying between 54% and 76% for all TRAEs (125). The incidences of fatal AEs for PD-1 inhibitors and PD-L1 inhibitors were shown to be 0.361% (33/9136) and 0.63% (12/3164) in a study that comprehensively evaluated the spectrum of fatal checkpoint inhibitor-related toxic effects (126). For toripalimab, there was no dose-limiting toxicity in three phase I studies, and the pooled incidence rates of AEs and AE-related death (hereafter “the rates”) were 96.8% (91/94) and 2.1% (2/94) (19–21), respectively. The death rate appears to be higher than the average; however, the sample sizes are small, meaning that it is difficult to draw a conclusion. In the first reported phase I study of nivolumab, the rates were 69.9% (207/296) and 1.0% (3/296) (127). The rates for pembrolizumab in a phase I study were 70.9% (351/495) and 0.2% (1/495) (43). When toripalimab was used alone, TRAEs occurred in 42.9–100% patients across the studies, and the death rate ranged from 0–6.7%. In combination regimes, the highest incidence of grade 5 TRAEs was 8.2%, when combined with chemotherapy (Figure 3). The incidences may not be compared directly because the baseline characteristics of patients are different.


Table 2 | Summary of most common treatment-related adverse events of all grades across 15 prospective studies with complete results.



Toripalimab has shown a better safety profile than pembrolizumab in melanoma. In POLARIS-01, toripalimab monotherapy resulted in 90.6% (116/128) TRAEs and 19.5% (25/128) grade 3 or 4 TRAEs, with no TRAE-related deaths, in melanoma patients (22). The rates for combination of toripalimab with axitinib were 97.0% (32/33) and 0% (23). For pembrolizumab monotherapy in melanoma, 84.5% (87/103) patients encountered TRAEs, and 8.7% (9/103) patients encountered grade 3 or 4 TRAEs; 1.9% (2/103) of patients died (one patient died of shock and one died of pulmonary embolism), although the researchers claimed that the deaths were unrelated to treatment (29). In a pooled analysis, nivolumab monotherapy caused 66.3% (57/86), 76.4% (508/665) TRAEs and 8.1% (7/86), 12.5% (83/665) grade 3 or 4 TRAEs in mucosal and cutaneous melanoma patients, without deaths. The pooled incidence of TRAEs and grade 3 or 4 TRAEs were 75.2% (565/751) and 12.0% (90/751), respectively (128). However, the analysis included patients of multiple races, compared to only Chinese patients in POLARIS-01 and KEYNOTE-151.

In other tumors, toripalimab also exhibited manageable adverse effects. Chinese patients may react differently from other populations; thus, the rates of toripalimab and the other two drugs may not be compared directly. The TRAE incidence of toripalimab in prospective clinical studies were shown and compared in Figures 2, 3. The safety profile of toripalimab could be analyzed systematically in future research.



Discussion

Toripalimab is the first domestic PD-1 antibody in China and has received approvals for the treatment of advanced melanoma, NPC and UC (128). The binding of toripalimab to PD-1 is mainly attributed to the heavy chain of the former and the FG loop of the latter. Toripalimab has shown preliminary anti-tumor effects comparable to pembrolizumab or nivolumab in tumors like melanoma, GC, NEN and UC, with acceptable safety profiles. Prospective clinical studies on toripalimab were shown in integrated tables and graphs in Figures 2, 3.

There are some disadvantages and limitations of this review. Firstly, all patients included in toripalimab studies are native Chinese, which makes it difficult to compare the anti-tumor effects with other drugs. Future studies involving other races may provide more comparable data. Secondly, although the comparisons made between studies are based on their identical primary endpoints, there is a lack of direct head-to-head comparisons. The comparisons between studies need to be made prudently, considering the different baseline characteristics of patients. Importantly, there are mainly phase 2 studies for toripalimab at present. Comparisons between drugs could be made using the indirect comparison method, which requires phase 3 randomized controlled studies with control groups (129–131). Furthermore, complete data from some studies, such as JUPITER-06 and ChiCTR1900025318, are not available. The release of complete study results will solve this problem.

Despite these limitations, there are some inherent advantages of this study. Firstly, there are more than 200 ongoing clinical trials of toripalimab, with future results expected (36). Furthermore, toripalimab has a lower cost than the other two well-studied PD-1 inhibitors (nivolumab and pembrolizumab) after the patient-assistant program; after the negotiation of Chinese government with pharmaceutical companies and the inclusion of toripalimab into the medical insurance catalogue, the cost of toripalimab further decreased (132–134). The approval of toripalimab has provided tumor patients with an extra option. Despite the decline in cost of the domestic PD-1 antibody in China, the radical change in the drug price may also exert pressure on foreign pharmaceutical companies and lead to a price decline in their PD-1/PD-L1 antibodies. Moreover, several orphan drug designations have been granted to toripalimab by the US FDA (34). Thus, it may also benefit tumor patients in other countries.



Conclusion

In conclusion, toripalimab has shown preliminary efficacy in tumors like melanoma, lung cancer, ESCC, GC, G/GEJ, CRC, HCC, BTC, ICC, NEN, NPC, and UC, with acceptable safety profiles. Specifically, it has a potent efficacy in melanoma according to data from relevant studies. Although there are some limitations, it is hopeful that the introduction of toripalimab will provide a valuable option for tumor patients. Meanwhile, our review has also provided oncologists with information on a potential choice for the treatment of cancers in the future.



Author Contributions

Conception and design: LZ. Manuscript writing: LZ and BH. Revision and language editing: LZ, ZG. Supervision: QG. All authors contributed to the article and approved the submitted version



References

1. Sun, C, Mezzadra, R, and Schumacher, TN. Regulation and Function of the PD-L1 Checkpoint. Immunity (2018) 48:434–52. doi: 10.1016/j.immuni.2018.03.014

2. He, X, and Xu, C. Immune Checkpoint Signaling and Cancer Immunotherapy. Cell Res (2020) 30:660–9. doi: 10.1038/s41422-020-0343-4

3. Patsoukis, N, Wang, Q, Strauss, L, and Boussiotis, VA. Revisiting the PD-1 Pathway. Sci Adv (2020) 6(38):eabd2712. doi: 10.1126/sciadv.abd2712

4. Lin, X, Lu, X, Luo, G, and Xiang, H. Progress in PD-1/PD-L1 Pathway Inhibitors: From Biomacromolecules to Small Molecules. Eur J Med Chem (2020) 186:111876. doi: 10.1016/j.ejmech.2019.111876

5. National Medical Products Administration. Toripalimab, the First Domestic Anti-PD-1 Monoclonal Antibody, Was Approved Into Market (2018). Available at: https://www.nmpa.gov.cn/directory/web/nmpa/zhuanti/ypqxgg/gggzjzh/20181217161101989.html (Accessed November 30, 2021).

6. Keam, SJ. Toripalimab: First Global Approval. Drugs (2019) 79:573–8. doi: 10.1007/s40265-019-01076-2

7. National Medical Products Administration. Drug Approval Documents Released on November 26, 2021 (2021). Available at: https://www.nmpa.gov.cn/zwfw/sdxx/sdxxyp/yppjfb/20211126160047176.html (Accessed November 30, 2021).

8. National Medical Products Administration. Drug Approval Documents Released on February 19, 2021 (2021). Available at: https://www.nmpa.gov.cn/zwfw/sdxx/sdxxyp/yppjfb/20210219085955119.html (Accessed November 30, 2021).

9. National Medical Products Administration. Drug Approval Documents Released on April 12, 2021 (2021). Available at: https://www.nmpa.gov.cn/zwfw/sdxx/sdxxyp/yppjfb/20210412090005190.html (Accessed November 30, 2021).

10. National Medical Products Administration. The First Domestic PD-1 Antibody Toripalimab Injection was Approved Into the Market (2018). Available at: https://www.nmpa.gov.cn/directory/web/nmpa/yaowen/ypjgyw/20181217161101989.html (Accessed November 30, 2021).

11. Tang, B, Chi, Z, and Guo, J. Toripalimab for the Treatment of Melanoma. Expert Opin Biol Ther (2020) 20:863–9. doi: 10.1080/14712598.2020.1762561

12. Liu, H, Guo, L, Zhang, J, Zhou, Y, Zhou, J, Yao, J, et al. Glycosylation-Independent Binding of Monoclonal Antibody Toripalimab to FG Loop of PD-1 for Tumor Immune Checkpoint Therapy. MAbs (2019) 11:681–90. doi: 10.1080/19420862.2019.1596513

13. Burley, SK, Bhikadiya, C, Bi, C, Bittrich, S, Chen, L, Crichlow, GV, et al. RCSB Protein Data Bank: Powerful New Tools for Exploring 3D Structures of Biological Macromolecules for Basic and Applied Research and Education in Fundamental Biology, Biomedicine, Biotechnology, Bioengineering and Energy Sciences. Nucleic Acids Res (2021) 49:D437–51. doi: 10.1093/nar/gkaa1038

14. Sehnal, D, Bittrich, S, Deshpande, M, Svobodová, R, Berka, K, Bazgier, V, et al. Mol* Viewer: Modern Web App for 3D Visualization and Analysis of Large Biomolecular Structures. Nucleic Acids Res (2021) 49:W431–7. doi: 10.1093/nar/gkab314

15. Tan, S, Zhang, H, Chai, Y, Song, H, Tong, Z, Wang, Q, et al. An Unexpected N-Terminal Loop in PD-1 Dominates Binding by Nivolumab. Nat Commun (2017) 8:14369. doi: 10.1038/ncomms14369

16. Na, Z, Yeo, SP, Bharath, SR, Bowler, MW, Balikci, E, Wang, CI, et al. Structural Basis for Blocking PD-1-Mediated Immune Suppression by Therapeutic Antibody Pembrolizumab. Cell Res (2017) 27:147–50. doi: 10.1038/cr.2016.77

17. Huang, H, Zhu, H, Xie, Q, Tian, X, Yang, X, Feng, F, et al. Evaluation of 124I-JS001 for Hpd1 Immuno-PET Imaging Using Sarcoma Cell Homografts in Humanized Mice. Acta Pharm Sin B (2020) 10:1321–30. doi: 10.1016/j.apsb.2020.02.004

18. Fu, J, Wang, F, Dong, LH, Zhang, J, Deng, CL, Wang, XL, et al. Preclinical Evaluation of the Efficacy, Pharmacokinetics and Immunogenicity of JS-001, a Programmed Cell Death Protein-1 (PD-1) Monoclonal Antibody. Acta Pharmacol Sin (2017) 38:710–8. doi: 10.1038/aps.2016.161

19. Wei, XL, Ren, C, Wang, FH, Zhang, Y, Zhao, HY, Zou, BY, et al. A Phase I Study of Toripalimab, an Anti-PD-1 Antibody, in Patients With Refractory Malignant Solid Tumors. Cancer Commun (2020) 40:345–54. doi: 10.1002/cac2.12068

20. Tang, B, Yan, X, Sheng, X, Si, L, Cui, C, Kong, Y, et al. Safety and Clinical Activity With an Anti-PD-1 Antibody JS001 in Advanced Melanoma or Urologic Cancer Patients. J Hematol Oncol (2019) 12(1):7. doi: 10.1186/s13045-018-0693-2

21. Yang, J, Dong, L, Yang, S, Han, X, Han, Y, Jiang, S, et al. Safety and Clinical Efficacy of Toripalimab, a PD-1 mAb, in Patients With Advanced or Recurrent Malignancies in a Phase I Study. Eur J Cancer (2020) 130:182–92. doi: 10.1016/j.ejca.2020.01.028

22. Tang, B, Chi, Z, Chen, Y, Liu, X, Wu, D, Chen, J, et al. Safety, Efficacy, and Biomarker Analysis of Toripalimab in Previously Treated Advanced Melanoma: Results of the POLARIS-01 Multicenter Phase II Trial. Clin Cancer Res (2020) 26:4250–9. doi: 10.1158/1078-0432.CCR-19-3922

23. Sheng, X, Yan, X, Chi, Z, Si, L, Cui, C, Tang, B, et al. Axitinib in Combination With Toripalimab, a Humanized Immunoglobulin G4 Monoclonal Antibody Against Programmed Cell Death-1, in Patients With Metastatic Mucosal Melanoma: An Open-Label Phase IB Trial. J Clin Oncol (2019) 37:2987–99. doi: 10.1200/JCO.19.00210

24. U.S. Food & Drug Administration. Clinical Trial Endpoints for the Approval of Cancer Drugs and Biologics Guidance for Industry (2018). Available at: https://www.fda.gov/media/71195/download (Accessed December 30, 2021).

25. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71:209–49. doi: 10.3322/caac.21660

26. Schadendorf, D, van Akkooi, A, Berking, C, Griewank, KG, Gutzmer, R, Hauschild, A, et al. Melanoma. Lancet (2018) 392:971–84. doi: 10.1016/S0140-6736(18)31559-9

27. Tang, B, Chi, Z, Chen, Y, Liu, X, Wu, D, Chen, J, et al. Four-Year Survival Follow-Up of Toripalimab (JS001) as Salvage Therapy in Chinese Melanoma Patients. J Clin Oncol (2021) 39:e21522. doi: 10.1200/JCO.2021.39.15_suppl.e21522

28. Topalian, SL, Sznol, M, McDermott, DF, Kluger, HM, Carvajal, RD, Sharfman, WH, et al. Survival, Durable Tumor Remission, and Long-Term Safety in Patients With Advanced Melanoma Receiving Nivolumab. J Clin Oncol (2014) 32:1020–30. doi: 10.1200/JCO.2013.53.0105

29. Si, L, Zhang, X, Shu, Y, Pan, H, Wu, D, Liu, J, et al. A Phase Ib Study of Pembrolizumab as Second-Line Therapy for Chinese Patients With Advanced or Metastatic Melanoma (KEYNOTE-151). Transl Oncol (2019) 12:828–35. doi: 10.1016/j.tranon.2019.02.007

30. Sheng, X, Yan, X, Chi, Z, Si, L, Cui, C, Tang, B, et al. Overall Survival and Biomarker Analysis of a Phase Ib Combination Study of Toripalimab, a Humanized IgG4 mAb Against Programmed Death-1 (PD-1) With Axitinib in Patients With Metastatic Mucosal Melanoma. J Clin Oncol (2020) 38:10007. doi: 10.1200/JCO.2020.38.15_suppl.10007

31. Cui, C, Lian, B, Si, L, Chi, Z, Sheng, X, Kong, Y, et al. Adjuvant Anti-PD-1 Ab (Toripalimab) Versus High-Dose IFN-A2b in Resected Mucosal Melanoma: A Phase Randomized Trial. J Clin Oncol (2021) 39:9573. doi: 10.1200/JCO.2021.39.15_suppl.9573

32. Lacal, PM, and Graziani, G. Therapeutic Implication of Vascular Endothelial Growth Factor Receptor-1 (VEGFR-1) Targeting in Cancer Cells and Tumor Microenvironment by Competitive and Non-Competitive Inhibitors. Pharmacol Res (2018) 136:97–107. doi: 10.1016/j.phrs.2018.08.023

33. Yasuda, S, Sho, M, Yamato, I, Yoshiji, H, Wakatsuki, K, Nishiwada, S, et al. Simultaneous Blockade of Programmed Death 1 and Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) Induces Synergistic Anti-Tumour Effect In Vivo. Clin Exp Immunol (2013) 172:500–6. doi: 10.1111/cei.12069

34. U.S. Food and Drug Administration. Search Orphan Drug Designations and Approvals (2021). Available at: https://www.accessdata.fda.gov/scripts/opdlisting/oopd/listResult.cfm (Accessed November 18, 2021).

35. Cui, C, Wang, X, Lian, B, Si, L, Chi, Z, Sheng, X, et al. A Phase 2 Clinical Trial of Neoadjuvant Anti-PD-1 Ab (Toripalimab) Plus Axitinib in Resectable Mucosal Melanoma. J Clin Oncol (2021) 39:9512. doi: 10.1200/JCO.2021.39.15_suppl.9512

36. U.S. National Library of Medicine. Clinical Trials on Toripalimab (2021). Available at: https://clinicaltrials.gov/ct2/results?cond=&term=toripalimab&cntry=&state=&city=&dist (Accessed November 30, 2021).

37. Wang, X, Cui, C, Si, L, Li, C, Dai, J, Mao, L, et al. A Phase Ib Clinical Trial of Neoadjuvant OrienX010, an Oncolytic Virus, in Combination With Toripalimab in Patients With Resectable Stage IIIb to Stage IVM1a Acral Melanoma. J Clin Oncol (2021) 39:9570. doi: 10.1200/JCO.2021.39.15_suppl.9570

38. Guo, J, Cui, C, Wang, X, Lian, B, Yin, S, Cong, Y, et al. A Phase 1b Clinical Trial of Anti-PD-1 Ab (Toripalimab) Plus Intralesional Injection of OrienX010 in Stage Melanoma With Liver Metastases. J Clin Oncol (2021) 39:9559. doi: 10.1200/JCO.2021.39.15_suppl.9559

39. Si, L, Sheng, X, Mao, L, Li, C, Wang, X, Bai, X, et al. A Phase II Study of Vorolanib (CM082) in Combination With Toripalimab (JS001) in Patients With Advanced Mucosal Melanoma. J Clin Oncol (2020) 38:10040. doi: 10.1200/JCO.2020.38.15_suppl.10040

40. Wang, Z, Ying, J, Xu, J, Yuan, P, Duan, J, Bai, H, et al. Safety, Antitumor Activity, and Pharmacokinetics of Toripalimab, a Programmed Cell Death 1 Inhibitor, in Patients With Advanced Non–Small Cell Lung Cancer. JAMA Netw Open (2020) 3:e2013770. doi: 10.1001/jamanetworkopen.2020.13770

41. Ruan, Z, Zhu, B, Wang, YN, Liu, B, Li, M, Xia, G, et al. Real-World Outcomes of Toripalimab (JS001) in Advanced Non-Small Cell Lung Cancer: A Multicenter Retrospective Study. J Clin Oncol (2021) 39:e21193. doi: 10.1200/JCO.2021.39.15_suppl.e21193

42. Gettinger, SN, Horn, L, Gandhi, L, Spigel, DR, Antonia, SJ, Rizvi, NA, et al. Overall Survival and Long-Term Safety of Nivolumab (Anti-Programmed Death 1 Antibody, BMS-936558, ONO-4538) in Patients With Previously Treated Advanced Non-Small-Cell Lung Cancer. J Clin Oncol (2015) 33:2004–12. doi: 10.1200/JCO.2014.58.3708

43. Garon, EB, Rizvi, NA, Hui, R, Leighl, N, Balmanoukian, AS, Eder, JP, et al. Pembrolizumab for the Treatment of Non-Small-Cell Lung Cancer. N Engl J Med (2015) 372:2018–28. doi: 10.1056/NEJMoa1501824

44. Ren, X, and Zhang, W. A Single-Arm Phase Ib Study of Multiple Target Cytotoxic T-Lymphocyte (MCTL) in Combination With Toripalimab as Second-Line Therapy in Advanced Non-Small Cell Lung Cancer (NSCLC). J Clin Oncol (2021) 39:2535. doi: 10.1200/JCO.2021.39.15_suppl.2535

45. National Comprehensive Cancer Network. NCCN Guidelines, Non Small Cell Lung Cancer (2021). Available at: https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1450 (Accessed November 30, 2021).

46. Jiang, T, Wang, P, Zhang, J, Zhao, Y, Zhou, J, Fan, Y, et al. Toripalimab Plus Chemotherapy as Second-Line Treatment in Previously EGFR-TKI Treated Patients With EGFR-Mutant-Advanced NSCLC: A Multicenter Phase-II Trial. Signal Transduct Target Ther (2021) 6:355. doi: 10.1038/s41392-021-00751-9

47. Jiang, M, Wang, Y, and Zhang, X. 1310p - Toripalimab Combined With Chemotherapy as Second-Line Treatment of Advanced Non-Small Cell Lung Cancer (NSCLC): A Single Center Retrospective Study. Ann Oncol (2021) 32:S949–1039. doi: 10.1016/annonc/annonc729

48. U.S. National Library of Medicine. Search Results for Nct03924050 (2021). Available at: https://clinicaltrials.gov/ct2/results?cond=&term=NCT03924050&cntry=&state=&city=&dist (Accessed November 30, 2021).

49. Zhao, J, Li, J, Chen, H, Yang, X, Zhong, J, Zhuo, M, et al. A Phase II Study of Vorolanib in Combination With Toripalimab in Patients With Non-Small Cell Lung Cancer. J Clin Oncol (2021) 39:e21053. doi: 10.1200/JCO.2021.39.15_suppl.e21053

50. Zhao, Z, Yang, C, Chen, S, Yu, H, Lin, Y, Lin, Y, et al. Phase 2 Trial of Neoadjuvant Toripalimab With Chemotherapy for Resectable Stage III Non-Small-Cell Lung Cancer. Oncoimmunology (2021) 10(1):1996000. doi: 10.1080/2162402X.2021.1996000

51. Zhu, X, Sun, L, Song, N, Sun, F, Yang, Y, Duan, L, et al. 1176p - Neoadjuvant PD-1 Inhibitor (Toripalimab) Plus Chemotherapy in Patients With Potentially Resectable NSCLC: An Open-Label, Single-Arm, Phase II Trial. Ann Oncol (2021) 32:S939–48. doi: 10.1016/annonc/annonc728

52. Forde, PM, Chaft, JE, Smith, KN, Anagnostou, V, Cottrell, TR, Hellmann, MD, et al. Neoadjuvant PD-1 Blockade in Resectable Lung Cancer. N Engl J Med (2018) 378:1976–86. doi: 10.1056/NEJMoa1716078

53. Ben Nun, A, Golan, N, Ofek, E, Urban, D, Kamer, I, Simansky, D, et al. Neoadjuvant Pembrolizumab (Pembro) for Early Stage Non-Small Cell Lung Cancer (NSCLC): Initial Report of a Phase I Study, MK3475-223. Ann Oncol (2018) 29:i486. doi: 10.1093/annonc/mdy290.011

54. Bar, J, Urban, D, Ofek, E, Ackerstein, A, Redinsky, I, Golan, N, et al. Neoadjuvant Pembrolizumab (Pembro) for Early Stage Non-Small Cell Lung Cancer (NSCLC): Updated Report of a Phase I Study, MK3475-223. J Clin Oncol (2019) 37:8534. doi: 10.1200/JCO.2019.37.15_suppl.8534

55. Shen, D, Wang, J, Wu, J, Chen, S, Li, J, Liu, J, et al. Neoadjuvant Pembrolizumab With Chemotherapy for the Treatment of Stage IIB–IIIB Resectable Lung Squamous Cell Carcinoma. J Thorac Dis (2021) 13:1760–8. doi: 10.21037/jtd-21-103

56. Sun, J, Xie, L, Feng, Y, and Qin, S. 1320tip - The Efficacy and Safety of Stereotactic Body Radiation Therapy (SBRT) Plus Toripalimab With or Without Bevacizumab as Second-Line Treatment for Advanced Non-Small Cell Lung Cancer (NSCLC): A Prospective, Multicenter, Open-Label, Phase II Study. Ann Oncol (2021) 32:S949–1039. doi: 10.1016/annonc/annonc729

57. U.S. National Library of Medicine. Studies Registered for: Toripalimab and Non Small Cell Lung Cancer (2021). Available at: https://clinicaltrials.gov/ct2/results?cond=non+small+cell+lung+cancer&term=toripalimab&cntry=&state=&city=&dist (Accessed November 30, 2021).

58. National Comprehensive Cancer Network. NCCN Guidelines, Esophageal and Esophagogastric Junction Cancers (2021). Available at: https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1433 (Accessed November 30, 2021).

59. Liu, D, Zhang, Q, Zhu, J, Qian, T, Yin, R, Fan, Z, et al. Phase-II Study of Toripalimab Combined With Neoadjuvant Chemotherapy for the Treatment of Resectable Esophageal Squamous Cell Carcinoma. J Clin Oncol (2021) 39:e16029. doi: 10.1200/JCO.2021.39.15_suppl.e16029

60. Zhao, L, Xing, W, Yang, Y, Zhang, Y, Ma, B, Fu, X, et al. The Sequence of Chemotherapy and Anti-PD-1 Antibody Influence the Efficacy of Neoadjuvant Immunochemotherapy in Locally Advanced Esophageal Squamous Cell Cancer: A Phase II Study. J Clin Oncol (2021) 39:4051. doi: 10.1200/JCO.2021.39.15_suppl.4051

61. Xu, R, Wang, F, Cui, C, Yao, J, Zhang, Y, Wang, G, et al. 1373mo - JUPITER-06: A Randomized, Double-Blind, Phase III Study of Toripalimab Versus Placebo in Combination With First-Line Chemotherapy for Treatment Naive Advanced or Metastatic Esophageal Squamous Cell Carcinoma (ESCC). Ann Oncol (2021) 32:S1040–75. doi: 10.1016/annonc/annonc708

62. Sun, J, Shen, L, Shah, MA, Enzinger, P, Adenis, A, Doi, T, et al. Pembrolizumab Plus Chemotherapy Versus Chemotherapy Alone for First-Line Treatment of Advanced Oesophageal Cancer (KEYNOTE-590): A Randomised, Placebo-Controlled, Phase 3 Study. Lancet (2021) 398:759–71. doi: 10.1016/S0140-6736(21)01234-4

63. Xi, M, Zhu, Y, Li, Q, Zhao, L, Yang, Y, Hu, Y, et al. The Efficacy and Safety of Toripalimab Combined With Definitive Chemoradiotherapy for Patients With Locally Advanced Esophageal Squamous Cell Carcinoma. J Clin Oncol (2021) 39:e16043. doi: 10.1200/JCO.2021.39.15_suppl.e16043

64. Wang, F, Wei, XL, Wang, FH, Xu, N, Shen, L, Dai, GH, et al. Safety, Efficacy and Tumor Mutational Burden as a Biomarker of Overall Survival Benefit in Chemo-Refractory Gastric Cancer Treated With Toripalimab, a PD-1 Antibody in Phase Ib/II Clinical Trial NCT02915432. Ann Oncol (2019) 30:1479–86. doi: 10.1093/annonc/mdz197

65. Fuchs, CS, Doi, T, Jang, RW, Muro, K, Satoh, T, Machado, M, et al. Safety and Efficacy of Pembrolizumab Monotherapy in Patients With Previously Treated Advanced Gastric and Gastroesophageal Junction Cancer. JAMA Oncol (2018) 4:e180013. doi: 10.1001/jamaoncol.2018.0013

66. Muro, K, Chung, HC, Shankaran, V, Geva, R, Catenacci, D, Gupta, S, et al. Pembrolizumab for Patients With PD-L1-Positive Advanced Gastric Cancer (KEYNOTE-012): A Multicentre, Open-Label, Phase 1b Trial. Lancet Oncol (2016) 17:717–26. doi: 10.1016/S1470-2045(16)00175-3

67. Zhang, T, Yu, D, Wang, J, Liu, J, Ma, H, Lin, Z, et al. 1403p - Toripalimab Combined With Nab-Paclitaxel/Docetaxel as Second-Line Treatment in Patients With Advanced Gastric Cancer: Preliminary Results From a Single-Arm, Open-Label Phase II Trial. Ann Oncol (2021) 32:S1040–75. doi: 10.1016/annonc/annonc70

68. Yang, Y, Yan, J, Liu, J, Li, S, Gao, S, Wei, J, et al. Phase II Study of Combining Immunotherapy and Pulsed Low Dose Rate Radiotherapy for Abdominal Metastasis of Gastric Cancer. J Clin Oncol (2021) 39:e16099. doi: 10.1200/JCO.2021.39.15_suppl.e16099

69. Boku, N, Ryu, MH, Kato, K, Chung, HC, Minashi, K, Lee, KW, et al. Safety and Efficacy of Nivolumab in Combination With S-1/Capecitabine Plus Oxaliplatin in Patients With Previously Untreated, Unresectable, Advanced, or Recurrent Gastric/Gastroesophageal Junction Cancer: Interim Results of a Randomized, Phase II Trial (ATTRACTION-4). Ann Oncol (2019) 30:250–8. doi: 10.1093/annonc/mdy540

70. Bang, Y, Kang, Y, Catenacci, DV, Muro, K, Fuchs, CS, Geva, R, et al. Pembrolizumab Alone or in Combination With Chemotherapy as First-Line Therapy for Patients With Advanced Gastric or Gastroesophageal Junction Adenocarcinoma: Results From the Phase II Nonrandomized KEYNOTE-059 Study. Gastric Cancer (2019) 22:828–37. doi: 10.1007/s10120-018-00909-5

71. Shen, L, Lu, M, Chen, Z, Ye, F, Zhang, Y, Li, Z, et al. Phase II Trial of Surufatinib Plus Toripalimab for Disease Progression After First-Line Chemotherapy With Platinum and Fluoropyrimidine in Advanced Gastric or Gastroesophageal Junction Adenocarcinoma. J Clin Oncol (2021) 39:e16040. doi: 10.1200/JCO.2021.39.15_suppl.e16040

72. National Comprehensive Cancer Network. NCCN Guidelines, Esophageal and Esophagogastric Junction Cancers (2021). Available at: https://www.nccn.org/guidelines/guidelines-detail?category=1&id=1433 (Accessed November 30, 2021).

73. Li, H, Deng, J, Ge, S, Zang, F, Zhang, L, Ren, P, et al. Phase II Study of Perioperative Toripalimab in Combination With FLOT in Patients With Locally Advanced Resectable Gastric/Gastroesophageal Junction (GEJ) Adenocarcinoma. J Clin Oncol (2021) 39:4050. doi: 10.1200/JCO.2021.39.15_suppl.4050

74. Lin, X, Xia, Q, Han, T, Zhuo, M, Yang, H, Qiu, X, et al. Efficacy and Safety of Toripalimab Combination With SOX Regimen as a First-Line Treatment in Patients With Unresectable Locally Advanced or Recurrent/Metastatic Gastric/Gastroesophageal Junction Cancer: Preliminary Data From a Single-Armed, Exploratory Study. J Clin Oncol (2021) 39:e16015. doi: 10.1200/JCO.2021.39.15_suppl.e16015

75. Zelenay, S, van der Veen, AG, Böttcher, JP, Snelgrove, KJ, Rogers, N, Acton, SE, et al. Cyclooxygenase-Dependent Tumor Growth Through Evasion of Immunity. Cell (2015) 162:1257–70. doi: 10.1016/j.cell.2015.08.015

76. Pelly, VS, Moeini, A, Roelofsen, LM, Bonavita, E, Bell, CR, Hutton, C, et al. Anti-Inflammatory Drugs Remodel the Tumor Immune Environment to Enhance Immune Checkpoint Blockade Efficacy. Cancer Discovery (2021) 11:2602–19. doi: 10.1158/2159-8290.CD-20-1815

77. Hu, H, Kang, L, Zhang, J, Wu, Z, Wang, H, Huang, M, et al. Neoadjuvant PD-1 Blockade With Toripalimab, With or Without Celecoxib, in Mismatch Repair-Deficient or Microsatellite Instability-High, Locally Advanced, Colorectal Cancer (PICC): A Single-Centre, Parallel-Group, Non-Comparative, Randomised, Phase 2 Trial. Lancet Gastroenterol Hepatol (2022) 7:38–48. doi: 10.1016/S2468-1253(21)00348-4

78. Loupakis, F, Antonuzzo, L, Bachet, J, Kuan, F, Macarulla, T, Pietrantonio, F, et al. Practical Considerations in the Use of Regorafenib in Metastatic Colorectal Cancer. Ther Adv Med Oncol (2020) 12:386357190. doi: 10.1177/1758835920956862

79. Wang, F, He, M, Yao, Y, Zhao, X, Wang, Z, Jin, Y, et al. Regorafenib Plus Toripalimab in Patients With Metastatic Colorectal Cancer: A Phase Ib/II Clinical Trial and Gut Microbiome Analysis. Cell Rep Med (2021) 2:100383. doi: 10.1016/j.xcrm.2021.100383

80. Yu, W, Tao, Q, Zhang, Y, Yi, F, and Feng, L. Efficacy and Safety of Regorafenib Combined With Toripalimab in the Third-Line and Beyond Treatment of Advanced Colorectal Cancer. J Oncol (2021) 2021:1–7. doi: 10.1155/2021/9959946

81. Fukuoka, S, Hara, H, Takahashi, N, Kojima, T, Kawazoe, A, Asayama, M, et al. Regorafenib Plus Nivolumab in Patients With Advanced Gastric or Colorectal Cancer: An Open-Label, Dose-Escalation, and Dose-Expansion Phase Ib Trial (REGONIVO, Epoc1603). J Clin Oncol (2020) 38:2053–61. doi: 10.1200/JCO.19.03296

82. Shi, L, Zhou, C, Long, X, Li, H, Chen, C, Peng, C, et al. 949p - Thermal Ablation Plus Toripalimab in Patients With Advanced Hepatocellular Carcinoma: Phase I Results From a Multicenter, Open-Label, Controlled Phase I/II Trial (IR11330). Ann Oncol (2021) 32:S818–28. doi: 10.1016/j.annonc.2021.08.169

83. Lyu, N, Kong, Y, Li, X, Mu, L, Deng, H, Chen, H, et al. Ablation Reboots the Response in Advanced Hepatocellular Carcinoma With Stable or Atypical Response During PD-1 Therapy: A Proof-Of-Concept Study. Front Oncol (2020) 10:580241. doi: 10.3389/fonc.2020.580241

84. Kudo, M, Finn, RS, Qin, S, Han, KH, Ikeda, K, Piscaglia, F, et al. Lenvatinib Versus Sorafenib in First-Line Treatment of Patients With Unresectable Hepatocellular Carcinoma: A Randomised Phase 3 Non-Inferiority Trial. Lancet (2018) 391:1163–73. doi: 10.1016/S0140-6736(18)30207-1

85. Lyu, N, Kong, Y, Mu, L, Lin, Y, Li, J, Liu, Y, et al. Hepatic Arterial Infusion of Oxaliplatin Plus Fluorouracil/Leucovorin vs. Sorafenib for Advanced Hepatocellular Carcinoma. J Hepatol (2018) 69:60–9. doi: 10.1016/j.jhep.2018.02.008

86. He, M, Liang, R, Zhao, Y, Xu, Y, Chen, H, Zhou, Y, et al. Lenvatinib, Toripalimab, Plus Hepatic Arterial Infusion Chemotherapy Versus Lenvatinib Alone for Advanced Hepatocellular Carcinoma. Ther Adv Med Oncol (2021) 13:386371531. doi: 10.1177/17588359211002720

87. He, M, Ming, S, Lai, Z, and Li, Q. A Phase II Trial of Lenvatinib Plus Toripalimab and Hepatic Arterial Infusion Chemotherapy as a First-Line Treatment for Advanced Hepatocellular Carcinoma (LTHAIC Study). J Clin Oncol (2021) 39:4083. doi: 10.1200/JCO.2021.39.15_suppl.4083

88. Sun, Y, Zhou, A, Zhang, W, Jiang, Z, Chen, B, Zhao, J, et al. Anlotinib in the Treatment of Advanced Hepatocellular Carcinoma: An Open-Label Phase II Study (ALTER-0802 Study). Hepatol Int (2021) 15:621–9. doi: 10.1007/s12072-021-10171-0

89. Lin, H, Ma, J, Zhuo, M, Zhang, C, Luo, J, Zhuang, X, et al. Preliminary Results of the Phase II ALTER-H003 Trial: Anlotinib Plus Toripalimab as a First-Line Treatment for Patients With Unresectable Hepatocellular Carcinoma. J Clin Oncol (2021) 39:314. doi: 10.1200/JCO.2021.39.3_suppl.314

90. Lin, H, Ma, J, Zhuo, M, Zhang, C, Luo, J, Zhuang, X, et al. Updated Results of the Phase II ALTER-H003 Trial: Anlotinib Plus Toripalimab as a First-Line Treatment for Patients With Unresectable Hepatocellular Carcinoma. J Clin Oncol (2021) 39:e16130. doi: 10.1200/JCO.2021.39.15_suppl.e16130

91. Park, K, Kim, K, Park, S, and Chang, H. Comparison of Gemcitabine Plus Cisplatin Versus Capecitabine Plus Cisplatin as First-Line Chemotherapy for Advanced Biliary Tract Cancer. Asia-Pac J Clin Onco (2017) 13:13–20. doi: 10.1111/ajco.12592

92. Liu, L, Li, W, Yu, Y, Guo, X, Xu, X, Wang, Y, et al. 53p - Toripalimab With Chemotherapy as First-Line Treatment for Advanced Biliary Tract Tumors: A Preliminary Analysis of Safety and Efficacy of an Open-Label Phase II Clinical Study. Ann Oncol (2020) 31:S260–73. doi: 10.1016/annonc/annonc259

93. Li, W, Yu, Y, Xu, X, Guo, X, Wang, Y, Li, Q, et al. Toripalimab With Chemotherapy as First-Line Treatment for Advanced Biliary Tract Tumors: Update Analytic Results of an Open-Label Phase II Clinical Study (JS001-ZS-Bc001). J Clin Oncol (2021) 39:e16170. doi: 10.1200/JCO.2021.39.15_suppl.e16170

94. Ueno, M, Ikeda, M, Morizane, C, Kobayashi, S, Ohno, I, Kondo, S, et al. Nivolumab Alone or in Combination With Cisplatin Plus Gemcitabine in Japanese Patients With Unresectable or Recurrent Biliary Tract Cancer: A Non-Randomised, Multicentre, Open-Label, Phase 1 Study. Lancet Gastroenterol Hepatol (2019) 4:611. doi: 10.1016/S2468-1253(19)30086-X

95. Jian, Z, Fan, J, Shi, G, Huang, X, Wu, D, Liang, F, et al. Lenvatinib Plus Toripalimab as First-Line Treatment for Advanced Intrahepatic Cholangiocarcinoma: A Single-Arm, Phase 2 Trial. J Clin Oncol (2021) 39:4099. doi: 10.1200/JCO.2021.39.15_suppl.4099

96. Jian, Z, Fan, J, Shi, G, Huang, X, Wu, D, Yang, G, et al. Gemox Chemotherapy in Combination With Anti-PD1 Antibody Toripalimab and Lenvatinib as First-Line Treatment for Advanced Intrahepatic Cholangiocarcinoma: A Phase 2 Clinical Trial. J Clin Oncol (2021) 39:4094. doi: 10.1200/JCO.2021.39.15_suppl.4094

97. Lu, M, Zhang, P, Zhang, Y, Li, Z, Gong, J, Li, J, et al. Efficacy, Safety and Biomarkers of Toripalimab in Patients With Recurrent or Metastatic Neuroendocrine Neoplasms: A Multiple-Center Phase Ib Trial. Clin Cancer Res (2020) 626(10):2337–45. doi: 10.1158/1078-0432.CCR-19-4000

98. Shen, L, Yu, X, Lu, M, Zhang, X, Cheng, Y, Zhang, Y, et al. Surufatinib in Combination With Toripalimab in Patients With Advanced Neuroendocrine Carcinoma: Results From a Multicenter, Open-Label, Single-Arm, Phase II Trial. J Clin Oncol (2021) 39:e16199. doi: 10.1200/JCO.2021.39.15_suppl.e16199

99. Vijayvergia, N, Dasari, A, Deng, M, Litwin, S, Al-Toubah, T, Alpaugh, RK, et al. Pembrolizumab Monotherapy in Patients With Previously Treated Metastatic High-Grade Neuroendocrine Neoplasms: Joint Analysis of Two Prospective, non-Randomised Trials. Br J Cancer (2020) 122:1309–14. doi: 10.1038/s41416-020-0775-0

100. Oberg, K, Modlin, IM, De Herder, W, Pavel, M, Klimstra, D, Frilling, A, et al. Consensus on Biomarkers for Neuroendocrine Tumour Disease. Lancet Oncol (2015) 16:e435–46. doi: 10.1016/S1470-2045(15)00186-2

101. Wang, F, Wei, X, Feng, J, Li, Q, Xu, N, Hu, X, et al. Efficacy, Safety, and Correlative Biomarkers of Toripalimab in Previously Treated Recurrent or Metastatic Nasopharyngeal Carcinoma: A Phase II Clinical Trial (POLARIS-02). J Clin Oncol (2021) 38:O2002712. doi: 10.1200/JCO.20.02712

102. Ma, B, Lim, WT, Goh, BC, Hui, EP, Lo, KW, Pettinger, A, et al. Antitumor Activity of Nivolumab in Recurrent and Metastatic Nasopharyngeal Carcinoma: An International, Multicenter Study of the Mayo Clinic Phase 2 Consortium (NCI-9742). J Clin Oncol (2018) 36:1412–8. doi: 10.1200/JCO.2017.77.0388

103. Hsu, C, Lee, SH, Ejadi, S, Even, C, Cohen, RB, Le Tourneau, C, et al. Safety and Antitumor Activity of Pembrolizumab in Patients With Programmed Death-Ligand 1-Positive Nasopharyngeal Carcinoma: Results of the KEYNOTE-028 Study. J Clin Oncol (2017) 35:4050–6. doi: 10.1200/JCO.2017.73.3675

104. Chen, YP, Chan, A, Le, QT, Blanchard, P, Sun, Y, and Ma, J. Nasopharyngeal Carcinoma. Lancet (2019) 394:64–80. doi: 10.1016/S0140-6736(19)30956-0

105. Hua, Y, You, R, Wang, Z, Huang, P, Lin, M, Ouyang, Y, et al. Toripalimab Plus Intensity-Modulated Radiotherapy for Recurrent Nasopharyngeal Carcinoma: An Open-Label Single-Arm, Phase II Trial. J Immunother Cancer (2021) 9:e3290. doi: 10.1136/jitc-2021-003290

106. Zhang, L, Huang, Y, Hong, S, Yang, Y, Yu, G, Jia, J, et al. Gemcitabine Plus Cisplatin Versus Fluorouracil Plus Cisplatin in Recurrent or Metastatic Nasopharyngeal Carcinoma: A Multicentre, Randomised, Open-Label, Phase 3 Trial. Lancet (2016) 388:1883–92. doi: 10.1016/S0140-6736(16)31388-5

107. Mai, HQ, Chen, QY, Chen, D, Hu, C, Yang, K, Wen, J, et al. Toripalimab or Placebo Plus Chemotherapy as First-Line Treatment in Advanced Nasopharyngeal Carcinoma: A Multicenter Randomized Phase 3 Trial. Nat Med (2021) 27:1536–43. doi: 10.1038/s41591-021-01444-0

108. Sheng, X, Chen, H, Hu, B, Yao, X, Liu, Z, Yao, X, et al. Safety, Efficacy and Biomarker Analysis of Toripalimab in Patients With Previously Treated Advanced Urothelial Carcinoma: Results From a Multicenter Phase II Trial POLARIS-03. Clin Cancer Res (2021) clincanres.2210.2021. doi: 10.1158/1078-0432.CCR-21-2210

109. Zhou, L, Xu, H, Yan, X, Chi, Z, Cui, C, Si, L, et al. RC48-ADC Combined With Toripalimab, an Anti-PD-1 Monoclonal Antibody (Ab), in Patients With Locally Advanced or Metastatic Urothelial Carcinoma (UC): Preliminary Results of a Phase Ib/II Study. J Clin Oncol (2021) 39:4534. doi: 10.1200/JCO.2021.39.15_suppl.4534

110. Sharma, P, Callahan, MK, Bono, P, Kim, J, Spiliopoulou, P, Calvo, E, et al. Nivolumab Monotherapy in Recurrent Metastatic Urothelial Carcinoma (CheckMate 032): A Multicentre, Open-Label, Two-Stage, Multi-Arm, Phase 1/2 Trial. Lancet Oncol (2016) 17:1590–8. doi: 10.1016/S1470-2045(16)30496-X

111. Balar, AV, Castellano, D, O'Donnell, PH, Grivas, P, Vuky, J, Powles, T, et al. First-Line Pembrolizumab in Cisplatin-Ineligible Patients With Locally Advanced and Unresectable or Metastatic Urothelial Cancer (KEYNOTE-052): A Multicentre, Single-Arm, Phase 2 Study. Lancet Oncol (2017) 18:1483–92. doi: 10.1016/S1470-2045(17)30616-2

112. Armand, P, Engert, A, Younes, A, Fanale, M, Santoro, A, Zinzani, PL, et al. Nivolumab for Relapsed/Refractory Classic Hodgkin Lymphoma After Failure of Autologous Hematopoietic Cell Transplantation: Extended Follow-Up of the Multicohort Single-Arm Phase II CheckMate 205 Trial. J Clin Oncol (2018) 36:1428–39. doi: 10.1200/JCO.2017.76.0793

113. Chen, R, Zinzani, PL, Fanale, MA, Armand, P, Johnson, NA, Brice, P, et al. Phase II Study of the Efficacy and Safety of Pembrolizumab for Relapsed/Refractory Classic Hodgkin Lymphoma. J Clin Oncol (2017) 35:2125–32. doi: 10.1200/JCO.2016.72.1316

114. Han, H, An, X, Yan, R, Guo, S, Xue, C, Liu, T, et al. Immune Checkpoint Inhibitor Plus Anti-EGFR Target Therapy Plus Chemotherapy in Patients With Locally Advanced Penile Squamous Cell Carcinoma. J Clin Oncol (2021) 39:e17016. doi: 10.1200/JCO.2021.39.15_suppl.e17016

115. Xiao, W, Yuan, Y, Wang, S, Cai, P, Chen, B, Zhang, R, et al. Neoadjuvant PD-1 Blockade Combined With Chemotherapy Followed by Concurrent Immunoradiotherapy for Locally Advanced Anal Canal Squamous Carcinoma Patients: Antitumor Efficacy, Safety and Biomarker. J Clin Oncol (2021) 39:e15500. doi: 10.1200/JCO.2021.39.15_suppl.e15500

116. Cheng, K, Lv, W, Li, X, Tian, B, and Cao, D. Toripalimab With Nab-Paclitaxel/Gemcitabine as First-Line Treatment for Advanced Pancreatic Adenocarcinoma: Updated Results of a Single-Arm, Open-Label, Phase Ib/II Clinical Study. J Clin Oncol (2021) 39:e16213. doi: 10.1200/JCO.2021.39.15_suppl.e16213

117. Luo, H, Jian, D, Feng, Y, Zhong, L, Chen, Q, Guan, W, et al. Efficacy and Safety of Toripalimab With Anlotinib and Chemotherapy as First-Line Therapy in Patients With Extensive-Stage Small-Cell Lung Cancer: Preliminary Results of an Open-Label, Single-Arm, Phase II Study. J Clin Oncol (2021) 39:e20570. doi: 10.1200/JCO.2021.39.15_suppl.e20570

118. Coward, J, Abed, A, Nagrial, A, and Markman, B. Phase I Open-Label, Dose Escalation of YH003, an Anti-CD40 Monoclonal Antibody in Combination With Toripalimab (Anti-PD-1 mAb) in Patients With Advanced Solid Tumors. J Clin Oncol (2021) 39:2580. doi: 10.1200/JCO.2021.39.15_suppl.2580

119. Ganju, V, Cooper, A, Gao, B, and Wilkinson, K. A First-in-Human Phase I Dose Escalation of YH001, an Anti-CTLA-4 Monoclonal Antibody (mAb) in Combination With Toripalimab (Anti-PD-1 mAb) in Patients With Advanced Solid Tumors. J Clin Oncol (2021) 39:2577. doi: 10.1200/JCO.2021.39.15_suppl.2577

120. Cheng, Y, Song, Y, Wang, C, Li, X, Li, Y, and Zhang, C. 782p - A Retrospective Study of Toripalimab Combined With Concurrent Chemoradiotherapy in Patients With Recurrent/Advanced Cervical Cancer. Ann Oncol (2021) 32:S725–72. doi: 10.1016/annonc/annonc703

121. Liu, Z, Liu, C, Yao, W, Gao, S, Wang, J, Zhang, P, et al. Efficacy and Safety of Toripalimab Combined With Doxorubicin as First-Line Treatment for Metastatic Soft Tissue Sarcomas. Anti-Cancer Drugs (2021) 32:962–8. doi: 10.1097/CAD.0000000000001088

122. Dou, S, Li, R, Zhang, L, Jiang, W, Ye, L, and Zhu, G. Adjuvant Toripalimab or Combined With S-1 in Recurrent, Previously Irradiated Head and Neck Squamous Cell Carcinoma Treated With Salvage Surgery: A Phase II Clinical Trial (The RePASS Study). J Clin Oncol (2021) 39:6039. doi: 10.1200/JCO.2021.39.15_suppl.6039

123. National Institute of Health. Common Terminology Criteria for Adverse Events (CTCAE) (2020). Available at: https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm (Accessed November 30, 2021).

124. Brown, EG, Wood, L, and Wood, S. The Medical Dictionary for Regulatory Activities (MedDRA). Drug Saf (1999) 20:109–17. doi: 10.2165/00002018-199920020-00002

125. Xu, C, Chen, YP, Du, XJ, Liu, JQ, Huang, CL, Chen, L, et al. Comparative Safety of Immune Checkpoint Inhibitors in Cancer: Systematic Review and Network Meta-Analysis. BMJ (2018) 363:k4226. doi: 10.1136/bmj.k4226

126. Wang, DY, Salem, J, Cohen, JV, Chandra, S, Menzer, C, Ye, F, et al. Fatal Toxic Effects Associated With Immune Checkpoint Inhibitors. JAMA Oncol (2018) 4:1721. doi: 10.1001/jamaoncol.2018.3923

127. Topalian, SL, Hodi, FS, Brahmer, JR, Gettinger, SN, Smith, DC, McDermott, DF, et al. Safety, Activity, and Immune Correlates of Anti-PD-1 Antibody in Cancer. N Engl J Med (2012) 366:2443–54. doi: 10.1056/NEJMoa1200690

128. Angelo SP, D, Larkin, J, Sosman, JA, Lebbé, C, Brady, B, Neyns, B, et al. Efficacy and Safety of Nivolumab Alone or in Combination With Ipilimumab in Patients With Mucosal Melanoma: A Pooled Analysis. J Clin Oncol (2017) 35:226–35. doi: 10.1200/JCO.2016.67.9258

129. Song, F, Xiong, T, Parekh-Bhurke, S, Loke, YK, Sutton, AJ, Eastwood, AJ, et al. Inconsistency Between Direct and Indirect Comparisons of Competing Interventions: Meta-Epidemiological Study. BMJ (2011) 343:d4909. doi: 10.1136/bmj.d4909

130. Bucher, HC, Guyatt, GH, Griffith, LE, and Walter, SD. The Results of Direct and Indirect Treatment Comparisons in Meta-Analysis of Randomized Controlled Trials. J Clin Epidemiol (1997) 50:683–91. doi: 10.1016/s0895-4356(97)00049-8

131. Song, F, Altman, DG, Glenny, AM, and Deeks, JJ. Validity of Indirect Comparison for Estimating Efficacy of Competing Interventions: Empirical Evidence From Published Meta-Analyses. BMJ (2003) 326:472. doi: 10.1136/bmj.326.7387.472

132. National Healthcare Security Administration. Public Consultation of Work Plan for the Adjustment of the National Insurance Drug List in 2020 (Draft for Comments) (2020). Available at: http://www.nhsa.gov.cn/art/2020/8/3/art_48_3394.html?from=timeline (Accessed November 30, 2021).

133. National Heathcare Security Administration. The Notice of Issuing <National Drug Catalogue for Basic Medical Insurance, Work-Related Injury Insurance and Maternity Insurance (2020)>, by National Health Security Administration and Ministry of Human Resouraces and Social Security of the People's Republic of China (2020). Available at: http://www.nhsa.gov.cn/art/2020/12/28/art_37_4220.html (Accessed November 30, 2021).

134. Central People's Government of the People's Republic of China. National Medical Insurance Catalogue (2020). Available at: http://www.gov.cn/zhengce/zhengceku/2020-12/28/5574062/files/4159212adf854117b62d0e91d445a4e2.pdf (Accessed November 30, 2021).




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.


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.

Copyright © 2022 Zhang, Hao, Geng and Geng. 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.




REVIEW

published: 02 May 2022

doi: 10.3389/fimmu.2022.752065

[image: image2]


Small Molecule Agents Targeting PD-1 Checkpoint Pathway for Cancer Immunotherapy: Mechanisms of Action and Other Considerations for Their Advanced Development


Pottayil G. Sasikumar and Murali Ramachandra *


Aurigene Discovery Technologies Limited, Bangalore, India




Edited by: 

Bin Zhang, Northwestern University, United States

Reviewed by: 

Evelien Smits, University of Antwerp, Belgium

Sung Yong Lee, Korea University Guro Hospital, South Korea

*Correspondence: 

Murali Ramachandra
 murali_r@aurigene.com 

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 02 August 2021

Accepted: 29 March 2022

Published: 02 May 2022

Citation:
Sasikumar PG and Ramachandra M (2022) Small Molecule Agents Targeting PD-1 Checkpoint Pathway for Cancer Immunotherapy: Mechanisms of Action and Other Considerations for Their Advanced Development. Front. Immunol. 13:752065. doi: 10.3389/fimmu.2022.752065



Pioneering success of antibodies targeting immune checkpoints such as programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) has changed the outlook of cancer therapy. Although these antibodies show impressive durable clinical activity, low response rates and immune-related adverse events are becoming increasingly evident in antibody-based approaches. For further strides in cancer immunotherapy, novel treatment strategies including combination therapies and alternate therapeutic modalities are highly warranted. Towards this discovery and development of small molecule, checkpoint inhibitors are actively being pursued, and the efforts have culminated in the ongoing clinical testing of orally bioavailable checkpoint inhibitors. This review focuses on the small molecule agents targeting PD-1 checkpoint pathway for cancer immunotherapy and highlights various chemotypes/scaffolds and their characterization including binding and functionality along with reported mechanism of action. The learnings from the ongoing small molecule clinical trials and crucial points to be considered for their clinical development are also discussed.
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Background

Checkpoint inhibitors have transformed cancer therapy by harnessing the power of the immune system to fight cancer, and this breakthrough has now been considered as one of the most exciting discoveries of the twenty-first century (1). Among the various cancer immunotherapies such as checkpoint inhibitors, adoptive T-cell transfer, oncolytic viruses and cancer vaccines, immune checkpoint inhibitors have shown remarkable response in clinical trials and are currently regarded as the most successful class of cancer immunotherapy. Since the Food and Drug Administration (FDA) approval of anti-CTLA-4 antibody ipilimumab in 2011, several antibodies targeting PD-1/programmed death-ligand 1 (PD-L1) immune checkpoint pathway have been approved for cancer therapy in various indications with many more in the pipeline (2). In this review, we have highlighted the progress in the discovery and development of small molecule agents interfering in the PD-1 pathway, with majority of the reported compounds targeting PD-L1, along with their mechanisms of action and specific considerations that are relevant for their advanced development.



Limitations of Immune Checkpoint Blockade Therapy Associated With Antibodies

While these antibody-based therapies show notable clinical activity, they suffer from serious treatment-related toxicities known as immune-related adverse events (irAEs) mostly due to the dysregulation in the immune system balance (3). The wide range of irAEs are reported to involve almost any tissue or organ with most severe complications manifesting as skin rashes, pneumonitis, hypothyroidism, pancreatitis, encephalopathy, hepatitis, myocarditis, and immune cytopenias (4). Antibodies targeting PD-1 pathways are reported to have lower incidence of adverse events than agents targeting CTLA-4 pathway (5), whereas combination therapy with antibodies targeting both CTLA-4 and PD-1 is reported to have higher rate of irAEs with a greater number of grade 3 and 4 treatment‐related adverse events and treatment discontinuations (6, 7). Even though irAEs can be resolved by appropriate management of immunosuppression with corticosteroids or other immunosuppressant agents such as infliximab, it may expose patients to a higher risk of developing infections (8). Sustained target inhibition due to long half-life (>15–20 days) and ~70% target occupancy for months are likely contributing to severe irAEs (9–11). Apart from toxicity, one of the major deficiencies of approved PD-1/PD-L1 targeted antibodies is their response only in a subset of patient population, which could be partly due to the compensatory mechanisms such as upregulation of alternative immune checkpoints such as T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) and V-domain Ig suppressor of T-cell activation (VISTA) (12, 13). Physiological barriers of antibodies (14) limit their tumor exposure, and the large size of these agents warrants their intravenous dosing in a hospital setting. Last but not the least is the low affordability, since the treatment cost for a single agent therapy can reach more than US$100,000 per patient annually. Furthermore, the requirement for the rational combination with other therapeutic agents to achieve greater response is expected to make checkpoint antibody therapy prohibitively expensive (15).



Opportunities for Small Molecule Agents to Address the Limitations

Even though deficiencies of antibody-based PD-1/PD-L1 targeted agents underscore the need for alternate approaches, the development of small molecule inhibitors has been significantly behind despite the great potential. The advantages of small molecule agents over antibodies to target PD-1 and other immune checkpoint pathways are summarized in Table 1. However, small molecule agents also have a few limitations including their shorter half-life, broad drug distribution resulting in on- and off-target toxicity, potential for reduced specificity and selectivity, and species-specific activity in some instances, making it highly challenging to find appropriate preclinical pharmacology models. These shortcomings might have contributed to the initial lack of enthusiasm in the scientific community compared to monoclonal antibody-based inhibitors as reflected in dramatically less preclinical and clinical efforts focused on the small molecule-based approach. Lessons learned from the highly successful development of small molecule therapeutics against specific targets including protein tyrosine kinases, growth factor receptors, and cell cycle regulatory proteins can be adapted to fully exploit the distinct advantages of small molecule approaches (Table 1).


Table 1 | Advantages of small molecule agents over antibodies to target PD-1 and other immune checkpoint pathways.





Considerations for Targeting PD-1 Signaling Pathway Using Small Molecules

The PD-1–PD-L1 receptor–ligand interaction is a classic example of protein–protein interaction (PPI); hence, designing inhibitors for these interactions are highly challenging. Antibodies and fusion proteins are the preferred approach to modulate such PPI dysregulation primarily due to (a) the large interfacial area of the interaction (1,500–3,000 Å), (b) the presence of flat interface without deep and well-defined pockets that are suitable to bind a ligand with high-affinity, (c) the lack of endogenous low molecular ligands that can be considered as reference standards for small molecule chemistry starting points (25, 26)

General perception is that the druggability of an interaction pocket increases logarithmically with total surface area and non-polar contact area, while it decreases logarithmically with polar contact area (27). Efforts to increase the affinity of small molecules to the binding partner often results in increased lipophilicity, which is believed to negatively impact the druggability due to reduced solubility, bioavailability, and increased off-target toxicity. Natural complexes, either protein–protein interactions or protein–peptide ligand interactions, typically engage in more polar contacts than synthetic greasy molecules, with a lot of unmatched hetero atoms bound to proteins. Druggable binding sites are often oversimplified as closed, hydrophobic cavities, but data set analysis reveals that polar groups in druggable binding sites have properties that enable them to play a decisive role in ligand recognition (28). The influence of hotspots, which are small areas of the protein–protein interface contributing most of the binding energy within one hot region, is cooperative to stabilize protein interfaces, and they are networked to provide stability of PPIs, with contributions between various hot regions can be either additive (29) or cooperative (30). Hotspots are also defined as residues that impede protein–protein interactions if mutated (31). Hotspots tend to occur in clusters and are in contact with each other resulting in hot regions, a network of conserved interactions (32). Antibodies are considered widely acceptable approach to target PPIs, since they could target or bind a vast region covering the discontinuos tertiary epitopes. Hence, while designing small molecule agents, the compounds need to be targeted to interact with either in one hot region (either hydrophobic or hydrophilic), which could be a critical contributor to the signaling pathways or need to engage with critical residues in multiple hot regions (both hydrophobic and hydrophilic) if an additive effect on hotspots is required for the desired pharmacological effects. In agreement with the concepts described above, the identification of small molecule PPI inhibitors have been possible because of the presence of PPI hotspots (33, 34).

Advances in solving the crystal structure of PD-1:PD-L1 and PD-1:PD-L2 complexes and mapping of the molecular networks resulted in the identification of several potential hotspots. Three major hot regions identified on PD‐L1 based on PD-1:PD-L1 crystal structure are (1) hydrophobic pocket consisting of the side chains of Tyr56, Glu58, Arg113, Met115, and Tyr123; (2) second pocket nearby hydrophobic cleft composed of Met115, Ala121, and Tyr123; and (3) extended groove made up of the main chain and side chains of Asp122, Tyr123, Lys124, and Arg125 (35). In the PD-1:PD-L1 interface, hot region containing hydrophobic regions are involved in hotspots 1 and 2 and are proposed to be ideal for binding to PD-L1 using conventional small molecules. Hotspots in the PD1:PD-L interaction have also been quantitatively predicted based on the theoretical calculations (36). This analysis has identified six hot spots on PD-L1 (Tyr123, Tyr56, Arg125, Met115, Arg113, and Gln66) and two warm spots on PD-L1 (Ile54 and Lys124) (36). Among various hotspots/hot regions reported, the hydrophilic hot region containing polar residues is reported to be a solvent exposed with extended shallow groove and with multiple hydrogen bond donors and acceptors and is considered to be challenging to target via conventional small molecules abiding the famous rule of five (37).



Two Major Classes of Small Molecules Targeting PD1-PD-L1 Axis

A survey of the literature as highlighted in this section below indicates predominantly two different classes of small molecule inhibitors targeting PD-L1, namely, (a) compounds based on the biphenyl scaffold, originally identified by a conventional approach of screening compounds in a binding assay and (b) amino acids-inspired small molecules mimicking the receptor–ligand interface identified in a functional assay.


Biphenyl Derivatives

Scientists from BMS reported a series of substituted biphenyl derivatives based on their ability in preventing the PD-1:PD-L1 interaction. Extensive characterization and elucidation of the mode of action of these compounds (Figure 1) have been reported in several publications (discussed in detail in the following section). However, further advancement of these interesting but highly hydrophobic small molecules into the clinic has not been reported. The contributions of hotspots for stabilizing PPIs can be either additive or cooperative, and if the targeting of one of the hotspots is not good enough to achieve the desirable activity, design strategies need to be included to cover one or more hotspots. Based on this rationale, the binding mode of Compound 2a (BMS-1001 in Figure 2), which contains the 2,3-dihydro-1,4-benzodioxinyl group and polar groups, is more effective in dimerization of PD-L1 ligands with a network of hydrophobic and polar interactions compared to the first-generation BMS-type compounds, which can bind to only hydrophobic cleft (38). Since the last 6 years, several companies including Incyte Corporation, Arising International Inc., Chemocentryx Inc., Polaris Pharmaceuticals, and Guangzhou Maxinovel Pharmaceuticals Co. have discovered a series of small molecule PD-L1 inhibitors based on the biphenyl core (39–41).




Figure 1 | Compounds based on the biphenyl scaffold, originally identified by a conventional approach of screening compounds in an assay for prevention of the PD-1, PD-L1 interaction.






Figure 2 | Representative structures of first-generation biphenyl derivatives and C2 symmetric compounds targeting PD-L1.



Among the new modified biphenyl scaffolds, compounds with C2 symmetry or pseudosymmetry containing polar groups are gaining a lot of attention than asymmetric structure (Figure 2). The C2−symmetric small molecule inhibitors of PD-1:PD-L1 interaction containing the lipophilic biphenyl core for binding to PD-L1 at its PD-1 binding site to occupy the hydrophobic cleft have been reported (42). NMR and X-ray co-crystal structural studies indicated that symmetric molecules such as LH1306 and LH1307 induce formation of a more symmetrically arranged PD-L1 dimer than previously reported asymmetric inhibitors. The polar groups 2-(acetamido) ethylamine of BMS-202, incorporated into the C2 symmetric molecules, LH1306 and LH1307, are reported to extend out the hydrophobic cleft and occupy the solvent-exposed region sandwiched between the AG and C′C β strands of the respective PD-L1 proteins, further enhancing binding to the two PD-L1 monomers via hydrogen bonds and electrostatic interactions. It was also hypothesized that a symmetric compound would induce a flip of sidechain of Tyr56 protein residue to form a new cavity, leading to increased binding affinity to PD-L1, and PD-1/PD-L1 inhibitory activity in physiological conditions as reported for Compound 4 (43). The improved cellular activity of the PD-L1 inhibitor ARB-272572 further demonstrated the importance of C2-biphenyl skeleton and symmetry with polar (2-hydroxyl ethyl)amino group extended from the hydrophobic cleft (44). Representative structures of compounds disclosed by BMS, Incyte, and C2 symmetric compounds are presented in Figure 2.

A number of reports are also emerging recently from the industry and academia using the privileged structure of biphenyl-containing compounds and their various derivatives to improvise the druggability of the molecules. This includes scaffold based on nicotinyl alcohol ether derivative (45–47), resorcinol dibenzyl ether (48), 4-phenylindoline derivatives (49), combining two privileged scaffolds such as biphenyl backbone structure and 2-amino-pyrimidine structure (50), biphenyl-4-carboxamide derivatives (51), incorporating taurine moieties (52), 1-methyl-1H-pyrazolo[4,3-b] pyridine derivatives (53), replacing the linker connecting aryl group and biaryl core with a novel amine linker (54), a series of novel biphenyl pyridines derivatives lacking linker (55), biphenyl methyl nitrophenyl core unit (56), and terphenyl scaffold derived from the rigidified biphenyl inspired structure (57). Representative structures of the compounds disclosed are presented in Figure 3.




Figure 3 | Representative structures of modified biphenyl analogues without C2 symmetry but with improved druggability.





Amino Acid Inspired Interface Mimics

The presence of distinct interface of PPIs involving the loops/strand sequences can be exploited in identifying peptides that mimic the native interaction interface. Checkpoint proteins are membrane proteins with majority of them from the B7 family (58). Most of the members of the B7 family and their ligands belong to the immunoglobulin superfamily (IgSF). All IgSF proteins have a characteristic Ig-fold structure with an IgG domain consisting of anti-parallel β-strands and loops connecting the β-strands with most strands constituting ~10 amino acids. Receptor–ligand interaction of IgSF proteins is mediated either through loops, strands, or loops and strands. Rational design of peptides based on these interacting interfaces is a proven strategy for design of PPI inhibitors (59). However, due to the inherent limitations of peptides in general, the focus has now shifted to peptide mimics by depeptidizing the short stretch of residues with cyclic linkages, un-natural linkages, retro and retro-inverso amides, urea, and non-amide bonds as peptide bond surrogates.

Proteins are built from a set of only 20 amino acids, and the side chains, which are unique to each amino acid, exhibit different chemistries. The side chains of amino acids involved in hotspots residues are crucial and participate either in polar contacts or hydrophobic interactions in the interface of PPI contributing to stability and specificity of the interaction. In general, a peptidomimetic is referred as bioactive peptide mimicking molecules with the side chain groups of critical amino acids oriented to enable bioactive conformation to yield desirable pharmacological properties (60). The peptidomimetic structure ranges from molecular scaffolds replacing the peptide backbone, to compounds with modified peptide sequences with improved therapeutic properties (61–64).

Utilization of the design principles described above, several peptidomimetics were identified, but none of the peptidomimetics capable of antagonizing the PD-1 signaling exhibit oral bioavailability (65). Therefore, the native interaction pharmacophore first identified by the reductionist approach comprising of three to five amino acids, as in the case of typical peptidomimetic, was radically redesigned (Figure 4). In this design strategy, compounds with side chain functionalities of the amino acids from the native interaction pharmacophore protrude from a heterocyclic template with no amide bonds, in which the side chains are the critical interacting motifs of PPI hotspots, while the metabolically stable heterocyclic template anchors the amino acid side chains presumably in a required geometry (Figure 5). The novel heterocyclic oxadiazole templates were obtained by fusing two amino acids while presenting the desired amino acid side chains to interact with residues on PD-L1, while bringing in the remaining amino acid(s) from the pharmacophore through the use of linkers such as urea bonds resulting in the compound such as CA-170 (19, 66–68).




Figure 4 | Amino-acid-inspired small molecules mimicking the receptor–ligand interface identified in a functional assay.






Figure 5 | Representative structures of amino-acid-inspired interface mimics targeting PD-L1.



Recently, scientists from Guangzhou Medicine Pharmaceutical Biological Co. Ltd. and Nanjing Sanhome Pharmaceutical disclosed in their patent applications the close analogues of the lead PD-L1 inhibitor compound from Aurigene approach: (a) cyclizing oxadiazole head to tail by a short PEG linker (69) and (b) incorporating unnatural amino acids majorly containing cyclobutyl groups for oxadiazole generation instead of α-amino acid reported by Aurigene (70). The detailed profile of these compounds is yet to be published.

As discussed earlier in this article, to improve the clinical response rate, one of the strategies would be to target simultaneously more than one non-redundant checkpoint pathways. It was hypothesized that a substantially reduced native pharmacophore derived from protein–protein interacting interfaces of one of the B7 family protein (such as PD-1) also has the potential to interact with other proteins belonging to IgSF (such as VISTA and TIM3) with structurally similar grooves induced by pockets of sequence similarity (71). A focused library was designed and synthesized using amino acids in the hotspot region including conserved residues in the hotspot regions to identify selective or spectrum-selective inhibitors targeting one or more non-redundant checkpoint signaling pathways such as PD-L1 and VISTA (72), PD-L1 and TIM3 (73, 74), VISTA (75), TIM-3 (76), PD-L1 and T-cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT) (77), TIGIT (78), and cluster of differentiation 47 (CD-47) (79) pathways with desirable physicochemical properties and exposure upon oral administration. It is worth noting that small molecules with dual immune checkpoint inhibition have only been reported from the amino-acids-inspired interface mimic approach.




Characterization of Binding to PD-L1 and Prevention of PD1:PD-L1 Complex Formation

Most reported small molecule inhibitors of PD-L1 have been extensively characterized for binding to PD-L1 in various biophysical and biochemical assays using extracellular domain of PD-L1 from heterologous expression system. Scientists from BMS were the first to report biphenyl compounds identified using a homogenous time-resolved fluorescence (HTRF)-based binding assay in order to screen and rank their ability to inhibit PD-1:PD-L1 complex formation (80). Based on BMS scaffold, several molecules up to sub-nanomolar binding potency in HTRF assays have now been reported both from the industry and academia (39, 41, 79, 81). Direct binding of biphenyl compounds such as BMS compound 37 to PD-L1 has been demonstrated via SPR and ELISA-based assays (82). Using such biophysical techniques, it was observed that the amino-acids-inspired interface mimic CA-170 did not show observable binding to either PD-L1/PD-1 or inhibition of the PD-1:PD-L1 interaction while acknowledging the key differences in the “expressed” proteins and real-life interacting proteins as expressed on the surface of T cells and APCs (82).

The binding of biaryl scaffold-based compounds from BMS using three independent binding assays was demonstrated using DSF, MST, and SPR techniques and the concentration-dependent inhibitory activity in the PD-1/PD-L1-based biochemical ELISA (83). A higher affinity for BMS macrocycle peptide, which contains hydrophobic amino acids as compared to BMS biaryl scaffold compounds, was reported in DSF. However, the results of high affinity for macrocycles in DSF assay are interpreted with a caution due to the different physicochemical properties of macrocyclic peptide. In a similar assay, the binding affinity of BMS compounds has also been established by MST assays using fluorescent-labeled PD-L1 protein instead of label-free PD-L1 protein as used for DSF for incubation with test compounds.

The recent understanding of C2 symmetric compounds targeting both hydrophobic cleft and polar groups in PD-L1 revealed that symmetric compounds have a better binding in HTRF assays as compared to asymmetric compounds. The C2-symmetric inhibitor LH1306 (IC50 = 25 nM) was reported to be 3.8-fold more potent than its asymmetric counterpart (42). In this study, authors also illustrated the importance of 1,1′-1,1′-biphenyl core by comparing the core generated with 1,4- or 1,3-phenylene and 1,4- or 2,6-naphthalenylene analogues (micromolar binding activity). The importance of symmetric architecture for PD-L1 inhibitors was demonstrated with the compound, ARB 272542 (44), which inhibited PD-1/PD-L1 in a cell-free HTRF at 400 pM IC50 compared to 200 pM (anti-PD-L1 antibody, MIH1) and 200 pM (anti-PD-1 antibody, nivolumab). Incyte compounds with asymmetric and symmetric structure were analyzed by Liu et al., and data further confirmed that C2 symmetric compound (Incyte 011, 5.3 nM) was almost twice as potent as its asymmetric form (11 nM) (84).

NMR has been extensively used to characterize the binding of reported PD-L1 inhibitors to PD-L1. Prof. Holak and colleagues initially reported SAR-by-NMR approach to demonstrate the direct binding of BMS compounds to PD-L1. In this method, 15N-labeled PD-L1 was titrated with increasing amount of tested compound, and signals were monitored using 2D 1H-15N heteronuclear multiple quantum coherence (HMQC) NMR experiment. Significant shifts in the correlation NMR signals of PD-L1 upon addition of each tested compound documented their direct binding to PD-L1 (85). The ability of BMS-202 to disrupt PD-1/PD-L1 interaction was further demonstrated in a new antagonist-induced dissociation assay NMR screen, called AIDA-NMR (85, 86). In this method, 15N labeled PD-1 was initially titrated with slight excess of non-labeled PD-L1 so that no further changes in the linewidth of the 1H-15N resonance peaks was observed as monitored by HMQC. The addition of test compounds inhibiting interaction or dissociation of this preformed complex results in the narrowing of 1H-15N signals. The NMR competition assay was further improvised, called weak-AIDA, for the fragment screening of weak binders using a low-affinity mutant of PD-1 (87). The weak-AIDA assay was conceptualized by introducing point mutations in the complex’s protein that is not targeted by the inhibitor resulting in a low-affinity complex, thus allowing for short fragments to dissociate the complex. The method is illustrated using the compounds that block the Mdm2/X-p53 and PD-1/PD-L1 interactions (87). Among the various mutations attempted, Asn66 to Ala mutation was considered as the ideal mutation to generate mutant PD-1 protein due to its thermal stability as compared to native PD-1, retaining the overall structure and minimum interaction with the binding partner. This methodology was further utilized to determine the minimal fragment of BMS-1166 responsible for the PD-L1 binding (88). Although protein has been mutated at the asparagine position distant from the interacting site, considering the importance of asparagine residues in post-translational modifications, these variations may need to be checked with its impact in physiological environment (89). PD-1 is heavily glycosylated at Asn49, Asn 58, Asn 74, and Asn 116 in T cells, and Asn 58 is highly critical for PD-1/PD-L1 interaction (89) underscoring the need for structure analysis using the glycosylated protein. Given that glycosylation of PD-L1 (90) is also critical for binding to PD-1, it would be important to determine the structure of PD-1/PD-L1 binding using the glycosylated forms of these proteins in the future to better understand the interaction between PD-1 and PD-L1. The criticality of using protein with all appropriate post-translational modifications for interaction with reported ligands, especially those identified in cell-based assays, has been elegantly shown for the binding of a small molecule to p53 (91, 92).

Published findings utilizing solution NMR (93) and other biophysical techniques (83) have indicated a lack of binding of the amino-acids-inspired interface mimic, CA-170 to PD-L1. The lack of conclusive binding in these studies may be due to the use of protein expressed in E. coli deficient in appropriate post-translational modifications and devoid of functional activity. To recapitulate the interaction as in the native environment, a cellular NMR spectroscopy using PD-L1-expressed mammalian cells in the native context along with the parental cell line as a negative control was utilized (19). Cell-based NMR spectroscopy is an ideal tool for studying the binding of macromolecules with a ligand under the physiological environment to obtain biologically relevant structural and functional information (94, 95). This is achieved by monitoring the difference in the nuclear-spin relaxation or transverse relaxation (T2) rates of a small molecule ligand in the presence and the absence of the macromolecular targets such as cells (96). There is a huge difference in the rotational and translational motion of small molecule ligands and large molecule receptors. Small, rapidly tumbling molecules have much slower relaxation rates than slowly reorienting cells, and therefore, the T2 of small molecules is generally large compared to the T2 of large macromolecules or cells. This phenomenon is exploited to detect and characterize binding by measuring the T2 values of the ligands in the absence and presence of the macromolecular targets like proteins or cells (96, 97). The ligands associated with macromolecules or cells attain the NMR properties of macromolecules or cells. This is analogous to imagining a small molecule agent as an ant and a cell as an elephant and the ant sitting on top of the elephant moving with a speed of the elephant. Based on the different relaxation rates of small molecules and cells, the interaction of CA-170 to PD-L1 was confirmed in the cellular context using PD-L1 overexpressed CHO-K1 cells in comparison to blank CHO-K1 cells (19). The results from these studies demonstrate that the cellular NMR technique is sensitive in determining the complex binding mechanism in a physiologically relevant environment.



Characterization of Binding to PD-L2

Interestingly, despite a flurry of publications in the recent past, limited information is available regarding the interaction of small molecule agents reported to bind to PD-L1 for their binding to PD-L2. In one of the early publications, BMS compounds were evaluated for their interaction with PD-L2 (85). Data indicated their selective binding to PD-L1 and not to PD-L2. In view of the high degree of homology between PD-L1 and PD-L2, it would be of great interest to characterize newer biphenyl compounds including symmetric compounds with greater potency for their interaction with PD-L2.



Analysis of Functionality

In a simplistic view, because of the presence of domains of PD-L1 interacting with the small molecule agents outside of the cells, a good correlation for potency between binding leading to inhibition of PD-1:PD-L1 complex formation and functional assays is expected. However, it is worth noting that not all molecules with demonstrated binding to PD-L1 and/or capable of preventing PD-1:PD-L1 complex with high affinity have shown good activity in functional assays. Various assays utilized for functional characterization include measurement of impact on signaling components, e.g., the downstream transcription factor such as NFAT, using a luciferase-based reporter assay or signaling intermediate SHP-1 and primary T-cell-based assays in which proliferation or cytokine secretion is monitored in a set-up involving antigen recall or rescue from the inhibitory effect of PD-L1. Details of the most commonly used functional assays are summarized in Table 2.


Table 2 | Most commonly used functional assays to monitor the impact of small molecule agents on PD-1 pathway.




NFAT Reporter Assay

In most of the PD-L1 inhibitor publications, a co-culture assay in which CHO-K1 cells (of Chinese Hamster ovary origin) overexpressing PD-L1 and T-cell receptor activator with the effector Jurkat T cells overexpressing PD-1 and a luciferase gene controlled by the NFAT response  element has been used. In such a reporter assay, BMS-1001 and BMS-1166 restored the activation of Jurkat T cells, represented by an increase in luciferase activity (98). However, the potential of the compounds in restoring the activation of effector cells is significantly lower than that observed for the therapeutic antibodies and with lower maximal cell activation levels. Such drastic reduction in the potency of BMS compounds (83) and other derivatives based on the original BMS compounds (49) in the reporter assay has also been confirmed by several other groups (42, 44, 53, 57, 99). In a similar reporter assay system, CA-170, which rescues T cells from the inhibitory activity of PD-L1, did not show activity (93), while a low activity was observed (<1.5 induction of reporter activity at doses ranging from 0.1 to 10 µM) with the most potent small molecule capable (BMS-1166) of potently disrupting the interaction of PD-1:PD-L1 complex (IC50 7 nM in TR-FRET assay). In comparison, a significant activity was observed for macrocyclic peptide or nivolumab in the same study. Another biphenyl compound, L7, has also been reported to show significantly lower potency compared to its activity in HTRF-based biochemical assay for the disruption of PD-1-PD-L1 interaction (99). Interestingly, the more potent two C2-symmetric inhibitors LH1306 and LH1307, with IC50 value of 25 and 3 nM, respectively, dose dependently released the PD-1-mediated inhibition of PD-1-expressing Jurkat T cells and induced the activity of luciferase with EC50 values of 4.2 and 0.76 µM, respectively, and the asymmetric version of LH1306 was inactive (42). Similarly, ARB-272572, another symmetric molecule with potent activity (400 pM IC50) in PD-1/PD-L1 HTRF showed significantly lower potency (>40-fold less in the reporter assays, whereas anti-PD-L1 and anti-PD-1 antibodies showed comparable potency in binding and reporter assays (44). Taken together, the available data suggest that the reporter assay system, which is far removed from the physiological context, may not be ideally suited for characterizing all classes of small molecule inhibitors.



SHP-1 Signaling Assay

Another heterologous functional assay based on the enzyme fragment complementation technology, the commercial PathHunter cell-based PD-1 (SHP-1) signaling assay, has also been used to investigate the potency of PD-L1 inhibitors. This assay utilizes a stable, engineered cell line with enzyme fragment complementation technology for use in studying drug candidates targeting PD-1/PD-L1 pathway. In this assay format, symmetric compounds LH1306 and LH1307 demonstrated 8.2-fold (EC50, 334 nM) and 2.8-fold (EC50, 79 nM) more activity as compared to their asymmetric analogues in commercial PathHunter cell-based PD-1 (SHP-1) signaling assay underscoring the need for C2-symmetry for optimal functionality (42). However, it is important to note that as in the NFAT reporter assay, the potency of the compounds in the SHP-1 signaling assay was ~10-fold lower compared their potency in PD-1:PD-L1 disruption.



Primary T-Cell-Based Assay

Only a limited number of publications report the characterization of biphenyl compounds in the primary T-cell-based assays. In a peripheral blood mononuclear cell (PBMC)-based assay, BMS-202, one of the early biphenyl compounds with poor cellular activity in the NFAT reporter assay (53), showed significant rescue of interferon gamma (IFN-γ) secretion inhibited by PD-L1 at a lower concentration (100 nM) similar to another biphenyl compound, Compound 58 (54). The biphenyl compound B2 has been shown to induce IFN-γ secretion from the lymph node T cells co-cultured with LLC cells and rescue the inhibition of IFN-γ secretion from PD-L1 of PBMC treated with anti-CD3/anti-CD28, with a potency similar to that observed in biochemical assay for the disruption of PD-1/PD-L1 interaction (56). During the discovery of amino-acid-inspired interface mimic CA-170, a PBMC-based function assay monitoring the rescue of T cells from the inhibitory activity of PD-L1 in inducing proliferation and cytokine secretion was extensively used. In this assay, CA-170 shows the Emax and potency similar to those observed with an anti-PD1 antibody (19). A functional assay in a similar format was recently employed to establish equipotent functional activity as in biochemical assays of modified biphenyl compound, Compound B2, from researchers of Nanjing University and China Pharmaceutical University (56).

It is important to note that not all studies have reported a good correlation between biochemical and PBMC-based functional assays. For example, Compound 24, a biphenyl asymmetric molecule, showed about 30-fold lower activity in PBMC-based tumor cell line (MDA-MB231) killing assay (Wang 2021). In a co-culture assay using 293T-OS8-hPDL1 cells, and CD3 + T cells, Incyte-011, a symmetric compound, increased IFN-γ production in a dose-dependent manner and reached the peak at the maximum dose of 1 μM, indicating a significant attenuation relative to its biochemical activity (IC50 of 5 nM in HTRF assay), whereas the asymmetric compound Incyte-001 and BMS compounds were not active in this assay. In the same assay, the control PD-L1 antibody atezolizumab was highly active, with IFN-γ production reaching up to 350 pg/ml at 5 nM concentration (84).

Based on the observation that PD-1 antibodies have been shown to upregulate T-cell responses in response to superantigens such as staphylococcal enterotoxin B (SEB) or cytomegalovirus (CMV) antigens, these assays have also been utilized for the characterization of PD-L1 agents. In the SEB-induced PBMC assays, to monitor proliferation and secretion of IL-2 or IFN-γ production, BMS small molecule compounds showed activity only at micromolar concentration, while BMS macrocyclic peptide induced high levels of IL-2 at sub-micromolar concentrations (83). In a separate study, a symmetric compound, ARB-272572, that demonstrated activity in an NAFT reporter assay of 17 nM IC50 displayed a potency of 3 nM in CMV antigen recall assay, still a significant drop-off in the potency relative to that observed in biochemical activity (400 pM IC50 in a cell-free HTRF assay) (44).

Among all the functional assays employed, the best correlation with biochemical potency was observed for selected biphenyl compounds using primary T cells with PBMCs as the source and in the presence of PD-L1. Interestingly, CA-170, which failed to exhibit activity in HTRF based PD-1:PD-L1 disruption and NFAT-reporter-based functional assay, was highly active in the PBMC-based assays, which has now translated into immune activation observed in the clinic (100). Taken together, these findings raise the possibility of PBMC/primary T-cell-based assays, which are used to monitor rescue from the inhibitory activity of PD-L1, in which the addition of PD-L1 brings in the specificity, as the most relevant assay to analyze the immune activation potential of small molecule PD-L1 agents. While this possibility needs to be validated further, it may not be entirely surprising considering that PD-1:PD-L1 interaction is studied in a setup that is a lot closer to the physiological and therapeutic context. It is also important to note that in the PBMC-based assay format, the substitution of human PBMCs with monkey PBMCs or mouse splenocytes along with PD-L1 of monkey or mouse origin allows to evaluate the cross-species functional activity (19).

In the cellular pharmacology studies using human T cells and the rescue of inhibition by PD-L1, both CA-170 and anti-PD-1 antibodies showed a bell-shaped T-cell activation response (101). In these assays, optimal T-cell activation occurs between concentrations of 125–500 nM beyond which there is a substantial reduction in the activity. Such inverse dose response has also been observed in vivo in tumor models with a series of novel benzo[c][1,2,5]oxadiazole derivatives with potent PD-L1 binding and functional activity (99). An inverse dose response was observed with PD-L1-humanized MC38 model, in which compound L24 exhibited significant antitumor efficacy in this model, with 25 mg/kg (TGI 44.2%) exhibiting higher efficacy compared to a higher dose of 50 mg/kg (TGI 30.8%). The likely cause for such a bell-shaped response is the hyperactivation of the immune system leading to activation-induced T-cell death (102), which is detrimental to the effect of the drug.



Functional Antagonism of PD-L2

Among the reported small molecule agents binding and interfering in the function of PD-L1, CA-170 has also been shown to functionally antagonize signalling from PD-L2 (19). In human PBMC or mouse splenocyte-based assays, CA-170 has shown dose-dependent rescue of inhibition of proliferation or cytokine secretion in the presence of either PD-L1 or PD-L2. The potency of CA-170 in these assays for functional antagonisms were similar to that observed with commercially available anti-PD1 antibodies (19), which are known to antagonize signaling originated from either PD-L1 and PD-L2. Unlike PD-L1, the expression of PD-L2 is mainly restricted to professional antigen-presenting cells (APCs) like macrophages and dendritic cells (DCs) and more commonly upregulated in lymphoid malignancies (103). Studies have also indicated that the expression of PD-L2 is independently associated with clinical response in pembrolizumab (anti-PD1)-treated patients, supporting that the presence or absence of PD-L2 expression may also play a role in response to PD-1 axis targeted therapies (104). The consequence of selective inhibition of PD-L1 versus dual inhibition of both PD-L1 and PD-L2 needs to be characterized, specifically in view of greater apparent clinical efficacy of anti-PD1 antibodies capable of blocking signals that originated both from PD-L1 and PD-L relative to the efficacy from anti-PD-L1 antibodies.




Mechanism Of Action of the Reported Small Molecule Compounds Targeting PD-L1

Even though the functional antagonism of the PD-1 pathway is anticipated from a compound capable of binding to one of the partner in the PD-1:PD-L1 complex and preventing the interaction, emerging data point to additional complexity with which reported compounds antagonize the PD-1 signaling.


Induction of PD-L1 Dimerization and Inhibiting PD-1:PD-L1 Interaction

The detailed characterization of PD-L1 targeting compounds originally described by the BMS group was carried out by Prof. Holak and colleagues, and they have extensively published on the mechanism of action, binding mode based on X-ray structure determination, confirmation of binding, and functionality by various methods (35). One of their major contributions to the field is in identifying the molecular details of the human PD-1/PD-L1 interaction using X-ray structure of hPD-1:PD-L1 complex, which led to the identification of three hotspot pockets in PD-L1, the binding of which can lead to inhibition of PD-1:PD-L1 interaction (35). Among these pockets, two are rich in hydrophobic amino acids with considerable hydrophobicity and one in hydrophilic amino acids. The direct binding of BMS compounds to PD-L1 via NMR assays and the structural basis for these compounds (BMS-8 and BMS-202) in targeting PD-L1 were delineated (85). Using crystal structure studies, it was demonstrated that these compounds inhibit the PD-1:PD-L1 interaction by inducing PD-L1 dimerization through PD-1 interacting surface. The BMS compounds reported in these studies were targeted to the reported hydrophobic hotspots 1 and 2. In a subsequent publication, the same group also reported that BMS compounds, specifically BMS-200, based on 2,3-dihydro-1,4-benzdioxinyl group induced an enlarged interaction interface that results in the open “face-back” tunnel through the PD-L1 dimer (38). This result indicates that BMS-200 induces conformational changes in PD-L1, and the ligand binding site of PD-L1 to be more flexible than it was previously seen. The crystal structure of the less cytotoxic compounds (BMS-1001 and 1166) from the BMS compounds series indicated that the deep hydrophobic pocket harboring BMS-202 is transformed into a tunnel in the PD-L1/BMS-1166 structure by rotation of the Tyr56 sidechain, which may be responsible for increased potency of the compounds compared to their predecessors (98). Using multiple molecular modeling methods, computational insights into the small molecule induced PD-L1 dimerization, suggesting the tendency of BMS small-molecule inhibitors to interact with one PD-L1 monomer first followed by dimer formation for an advantage of stability has been provided (105).

The more active (in both binding and functional assays) C2-symmetic inhibitor Compound LH1307 was found to extend across the AFGCC’ faces of the PD-L1 proteins, forming an extended hydrophobic tunnel through the PD-L1 homodimer (42). In this molecule, the biphenyl moiety helped in anchoring the compound in the hydrophobic core of the homodimer, while the polar groups in the solvent exposed helped in bringing the two PD-L1 monomers through a network of hydrogen bonds and electrostatic interactions with the polar residues on the AB and CC’ strands of the PD-L1. Greater potency of such symmetrical compound was due to the binding two equivalent sites in the PD-L1 homodimer by virtue of its C2-symmetric nature (42). Incyte and Arbutus have also utilized the inherent C2-symmetry in the PD-L1 dimer by symmetrizing their molecules to achieve greater potency (Figure 6).




Figure 6 | Two distinct mechanisms leading to functional antagonism with reported small molecule PD-L1 inhibitors.



A recent review (106) summarizes the phenomenon of drug-induced protein dimerization, as the mechanism to modulate the target activity is not unique to PD-L1. Other examples of drug-induced protein homodimer stabilization include compounds that stabilize Max and TLR2 homodimers. In these examples, the same dimer sequestration principle occurs with the compounds, which shape an interfacial binding tunnel between two monomeric protein units. Interestingly, compounds used to promote homo-dimerization of matrix metalloproteinases for crystallographic studies also include a biphenyl unit (107).



Blocking of PD-L1 Export From Endoplasmic Reticulum to Golgi

A cellular mechanism for the functional antagonism of the biphenyl compound BMS-1166 based on the role of glycosylation on the critical residues of PD-L1 protein has also been proposed (108). The four N-glycosylation sites (Asn35, Asn192, Asn 200, and Asn 219) present in the extracellular domain of PD-L1 is necessary for the stability of ligand protein, and except Asn 35, all other glycosylation sites are critical for its interaction with receptor (90, 109). BMS-1166 partially and specifically inhibits PD-L1 glycosylation and functionally inactivates PD-L1 by blocking its export from the endoplasmic reticulum to Golgi (108). It is not known if the newer C2 symmetric compounds also have an impact on PD-L1 by this mechanism.



Induction of PD-L1 Dimerization and Internalization

Induction of a two-step internalization process as the mechanism of action for a C2-skeleton biphenyl compounds has recently been published by the Arbutus group (44). In this process, Compound ARB-272572 inhibits the PD-1/PD-L1 axis by inducing cell surface PD-L1 dimerization via cis-interacting homodimers triggering a rapid loss of cell surface PD-L1 by rapid internalization into the cytosol, thereby preventing any further interaction with PD-1-expressing cell types. The formation of homodimer as illustrated by a crystal structure where ARB 272542 (44) bound within a hydrophobic pocket created between two PD-L1 proteins followed by rapid internalization into the cytosol is reported to be the primary mechanism contributing to cellular potency. Similar to the publication by Arbutus, Incyte had previously described inhibitor-induced internalization, but the structure of the specific compound was not revealed (110). Apart from the clinical candidate, Incyte also reported INCB-090244, which binds and internalizes surface PD-L1 in vivo in a dose-dependent manner, and orally dosed INCB-090244 exhibits single agent activity and increases infiltrating T cells in two distinct humanized mouse models (110). Although the induction of PD-L1 internalization has been reported only with C2-symmetric molecules., it is not clear if the C2 symmetry and the resulting interaction are prerequisites for inducing internalization.

In the mechanism of action of PD-L1 inhibitor that induces internalization, PD-L1 is no longer available on the cell surface not only to interact with its cognate receptor PD-1 but also for its other reported binding partner Cluster of Differentiation 24 (CD80) (111). This may have unwanted consequences based on the reported finding indicating that PD-L1 also exerts an immunostimulatory effect by repressing the CTLA-4 pathway (112). The reduced cell surface PD-L1 levels could lead to greater availability of CD80 to its cognate receptor CTLA-4 leading to immune suppression. Hence, the disappearance of PD-L1 on the cell surface because of the internalization and its functional consequence may need to be studied further, as the checkpoint biology is still emerging (113).



Binding to PD-L1 Without Interference in the PD1:PD-L1 Complex Formation

Lack of binding of amino-acids-inspired interface mimic CA-170 to either PD-1 or PD-L1 or disruption of PD-1:PD-L1 complex in various biophysical and biochemical assays has been discussed in the literature along with postulating alternative unknown mechanism of action for these compounds (82, 83, 93). In view of the use of proteins expressed in heterologous expression systems lacking appropriate post-translational modifications, recently, the binding of CA-170 to PD-L1 has been established by cellular NMR spectroscopy using full-length PD-L1 expressed in mammalian cells (19). Compared to the biphenyl-based small molecule inhibitors (38, 98), CA-170 is highly polar and thus likely interacts with PD-L1 at a solvent exposed region. Observed functional antagonism in PD-L1 signaling and direct binding to PD-L1 in the cellular context without the disruption of the PD1:PD-L1 complex support the formation of a defective ternary complex as the mechanism of action of CA-170 (19) (Figure 6). This mode of action of CA-170 is analogous to that of two reported anti-PD1 antibodies that antagonize PD-1 signaling without interfering in PD-1:PD-L1 complex formation (114, 115).




Clinical Development of PD-1 Small Molecule Inhibitors

CA-170 was the first orally available small molecule PD-L1 inhibitor to enter the clinical trials in 2016, and it is currently in Phase 2b/3 trials (co-development by Curis and Aurigene). The clinical trials of Incyte compound INCB-086550 was initiated in 2018, and Phase 1 is expected to be completed by 2022. The details of all small molecule agents in the clinic with most recent findings are consolidated in Table 3.


Table 3 | Details of small molecules in clinical trials.




Considerations in Small Molecule Clinical Development

Several unique features of small molecule agents targeting PD-L1 compared to antibodies against PD-1 and PD-L1 emphasize the potential need to adapt strategies that are different than those that have worked well for approved PD-1 and PD-L1 antibodies. Target engagement analysis in circulation that is widely used for antibody-based therapeutics may not work for small molecule reversible agents because of their distinct binding kinetics including faster off-rate. In the absence of the direct target engagement, dose selection for expansion studies my need to be decided based on the exposure and its correlation with pharmacodynamic effects observed in both preclinical and clinical setting.

Because of the substantially smaller size of small molecule PD-L1 agents, a significantly higher number of molecules (300´ or more) are delivered compared an antibody-based agents at the same dosage level. If the potency of a small molecule PD-L1 agent is similar to anti-PD-1/PD-L1 antibody in primary T-cell-based functional assays, specifically in the rescue of inhibition by PD-L1 (as has been shown for amino-acids-inspired interface mimic CA-170 and several biphenyl derivatives), it is important to think through the consequence of achieving very high molar exposure in the clinic relative to antibodies. As discussed earlier in this article, because of the observed bell-shaped T-cell activation response in preclinical studies, the conventional approach in oncology such as first determining the maximum tolerated dose (MTD), followed by dose expansion at the MTD, may not be ideal and in fact may be highly counterproductive for an immune-activating agent.

Classically, dose–response to drugs is generally considered to be sigmoidal in nature where the biological effect increases linearly with dose until the threshold concentrations whereby inhibition proceeds in a linear fashion until saturation is achieved. However, there are examples in various classes of drugs where the dose–response curve deviates from the sigmoidal curve and exhibits a hormetic (bell-, U-, or J-shaped) dose–response. A classic example of bell-shaped clinical response for an immunomodulating agent was reported for IFN-γ several decades ago with efforts that resulted in identifying optimal immunomodulatory dose (OID) (117). Preclinical and clinical studies have suggested that the OID of may not be the clinical MTD (118–120). Hence, the clinical trials carried out with IFN-γ at MTD resulting in low response rate was attributed to failure in treating the patients at an optimal OID. Such bell-shared clinical response has also been noted with small molecule immunotherapeutic agents such as STING agonists (121) or TLR agonists (122). It is also worth noting that a bell-shaped clinical response has also been reported for anti-PD1 antibody nivolumab (123, 124), a finding that is not widely highlighted.

Clinical exposure-efficacy data of small molecule PD-L1 agents are slowly unfolding, and they indicate an inverse dose relationship in efficacy. Radhakrishnan et al. reported the clinical benefit for CA-170 at a dosage of 400 mg QD compared to 800 mg QD dose (101). Analysis of safety profile of the drug also indicated higher incidence of irAEs at the lower dosage of 400 mg. Additionally, there was a strong overall trend of improved CBR and PFS with 400 mg when compared to the higher dose (800 mg) in both lung cancer and Hodgkin lymphoma. These agree with preclinical findings showing a bell-shaped curve of immune activation likely due to activation-induced cell death with CA-170 (discussed earlier in this article). Observed clinical activity of CA-170 at lower dose is also consistent with the exposure achieved at optimal dose of 10 mg/kg in preclinical models (19). A recent preclinical study also reported potent anticancer efficacy of CA-170 at a dose of 10 mg/kg in carcinogen-induced mouse lung tumorigenesis model (20). Clinical efficacy data are not yet reported for INCB-086550, but peripheral pharmacodynamic activity in Phase 1 studies is reported for a low dose (100, 200 mg QD dosing or 200, 400 mg BID dosing), and Phase 2 dosing is currently ongoing (dosage not disclosed) orally twice a day.

The clinical and preclinical data of CA-170 discussed here highlight the need to adjust the optimal immunomodulatory dose for attaining clinical efficacy. In the absence of any tolerability issues, the recommended Phase 2 dose (RP2D) for a small molecule PD-L1 agent is likely the dose that achieves a reliable immune response/pharmacodynamics (assessed by monitoring T cells or other immune cells in the tumor microenvironment) and hints of clinical efficacy or exposure that shows anti-tumor efficacy in preclinical models. Further studies on the dose−efficacy relationship and the underlying mechanisms need to be understood further to achieve complete benefit of these agents in clinic.

Since most of the reported small molecule inhibitors target PD-L1 as opposed to PD-1, with the exception of limited reports (125), clinical indications in which anti-PD-L1 antibodies have shown good efficacy could be more appropriate for PD-L1 small molecule agents. Unlike PD-1 antibodies that block signaling from both PD-L1 and PD-L2, PD-L1 antibodies do not impact PD-L2 signaling. On the other hand, PD-L1 antibodies also block the interaction of PD-L1 with CD80. Even though there is a significant overlap in the approved clinical indications for PD-1 antibodies versus PD-L1 antibodies, there are specific indications including Hodgkin lymphoma, head and neck cancer, and colorectal cancers in which only PD-1 antibodies are approved. In the absence of head-to-head comparison and the dependence on cross-study comparisons, it is not clear if these differences are due to differential biology expected from PD-1-targeted agents versus those targeting PD-L1. However, these points may need to be taken into consideration during the development of PD-L1-targeted agents.




Conclusions and Future Perspectives

With the realization that small molecule agents targeting PD-1:PD-L1 immune checkpoint pathway offer distinct advantages, there has been a burst of publications describing several agents targeting PD-L1. Interestingly, while most of these agents interact with PD-L1 and result in the desired phenotype, there has been limited report(s) of small molecule agents binding to PD1 or both PD1 and PD-L1. Because of several elegant studies, the mechanisms of action of PD-L1 agents are unravelling, but we still do not know if targeting PD-1 would be more advantageous. While most of the reported agents derived from the biphenyl scaffold perform very well in the binding and PD-1:PD-L1 disruption assays by inducing dimerization of PD-L1, not all of them show potent functionality in cellular systems. Among the functional assays evaluated, PBMC or primary T-cell-based assays, specifically those in which rescue of inhibition by PD-L1 is monitored, show a better correlation with potency in biochemical assays for disruption of PD-1:PD-L1 interaction. Disconnection in several other functional assays is likely contributed by differences in which these molecules encounter the target on immune cells in a physiological context, which emphasizes the need to use appropriate functional assays in the discovery. Functional assays using primary T cells from human and preclinical species provide their cross-species activity and valuable information for clinical translation with respect to exposure that would likely lead to optimal immune activation. While there is substantial progress in identifying PD-L1 targeted small molecule agents, it is intriguing to note that not many have attempted to characterize the interaction of the reported PD-L1 agents with PD-L2. Similarly, the consequences of the binding to PD-L1 on PD-L1’s interaction with CD80 are yet to be characterized for most of the reported PD-L1 agents. Ultimately, the utility of the PD-L1-targeted small molecule agents needs to be delineated by clinical studies, and in this regard, it is encouraging to note that clinical studies are progressing with a few of the molecules. Early clinical data suggest a need for a precise determination of the dose providing optimal immune activation for dose expansion without escalating it to MTD as typically followed for most cytotoxic or targeted oncology drugs. Clinical success with small molecule PD-L1 inhibitors either as a single agent or in combination with current standard of care is eagerly awaited towards fully harnessing this important therapeutic modality.
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Phase 2: Open-label, non-randomized study to evaluate the efficacy
and safety (NCT04629339); INCB-086550 will be administered orally
twice a day.

In February 2021, an implied trial approval was granted for advanced
solid tumor.

Part 1: Dose escalation, MAX-10181 once or twice daily with dose
modifications based on tolerability criteria.

Part 2: Dose expansion, Recommended doses from Part 1
(NCT04122339).

In March 2021, Gilead Sciences terminated a phase Ib/Il trial to
evaluate the safety, tolerability, pharmacokinetics, and efficacy of GS
4224 in patients with advanced solid tumors (NCT04049617).

Trial approved in April 2020 and the study is not yet recruited.

To determine MTD and RP2D and to evaluate the effects of food on
the pharmacokinetic profiles after single dose of IMMH-010 in
patients with advanced solid tumors (NCT04343859).
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Parameter Antibody Small molecule
Route of «  Requirement to dose by intravenous or other parenteral route Potential for oral bioavailability offering the convenience to patients
administration making it inconvenient to patients (16) No need to visit the clinic for dose administration (17)

+  Administration in a clinical setting adds to the cost
Tumor +  Limited tumor distribution because of the larger size (18) Better tumor distribution expected and greater opportunities to fine
distribution tune the physico-chemical properties for improvement

Clinical response

Management of
immune-related
toxicity
Manufacturing
and logistics cost

Regulatory
hurdles

Due to high degree of selectivity, response not expected when
intrinsic and adaptive resistance are due to another immune
checkpoint pathway(s) (12, 13)

Due to long pharmacokinetic half-life, typically in weeks,
aggressive treatment with immunosuppressants needed while
increasing the infection risk (8)

Due to recombinant mode of production, high cost associated
with production, product heterogeneity, and greater regulatory
hurdles (18)

Cold chain transport and storage required because of their thermo
labile nature

High due to recombinant production (23, 24)

Simultaneous targeting of more than one immune checkpoint proteins
with the same agent because of the significant structural homology to
drive greater response possible (19, 20)

Because of the shorter pharmacokinetic half-life, typically in hours,
treatment cessation can be employed for better management of any
emergent adverse events (21)

Synthetic mode of production leading to lower cost of goods, product
homogeneity, and lower regulatory hurdles (22)

Cold chain transport and storage not needed due to their thermo
stability

Low and straight forward due to synthetic production
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Type Source for PD-1 Source for PD-L1 Consequence of interfering in the Detection system Comments
of PD-1:PD-L1 interaction by small
assay molecules

NFAT  Jurkat (immortalized line of human T CHO-K1 (Chinese hamster Activation of TCR signaling leading to  Chemiluminescence Engineered cell line as

reporter cells) overexpressing PD-1 and ovary cells) cell line greater luciferase expression T cells in the assay.
luciferase gene controlled by the overexpressing PD-L1 and T- Assay commercially
NFAT-response element cell receptor activator available

SHP-1  Jurkat cells expressing PD-1 and SHP- U-2 OS osteosarcoma cell line Decrease in SHP-1 recruitment Chemiluminescence Engineered cell line as
1 each fused with different individually ~ expressing PD-L1 leading to lower B-galactosidase T cells in the assay.
inactive fragments of the p- activity due to reduced enzyme Assay commercially
galactosidase fragment complementation available

PBMC T cells activated by anti-CD3/anti- Recombinant protein Activation of TCR signaling leading to  FACS or ELISA Primary T cells in the
CD28 the rescue of proliferation or cytokine assay—closer to

release physiological context

PBMC/ T cells activated by staphylococcal Other cells in PBMCs or Activation of TCR signaling leading to  FACS or ELISA Primary T cells in the

whole  enterotoxin B (SEB) or CMV antigen blood; not controlled likely the rescue of proliferation or cytokine assay—closer to

blood leading to greater variability in  release physiological context

the assay
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Patient races

ORR total
cutaneous
mucosal

DCR total
cutaneous
mucosal

Median PFS total
cutaneous

mucosal
Median OS total
cutaneous

mucosal
Safety profiles

Crade 1-5 TRAEs
Grade >3 TRAEs
Grade 5 TRAEs

Toripalimab[NCT03013101/
POLARIS-01 [(22, 27)]

Chinese
17.3% (22/127)
20.3% (16/79)

0(0/22)
57.5% (73/127)
57.0% (45/79)
40.9% (9/22)

3.6 months
3.2 months for acral,
5.5 months for NC
1.9 months
22.0 months
16.9 months for acral,
46.1 months for NC
10.8 months
90.6% (116/128)
19.5% (25/128)
0

Nivolumab
[NCT00730639 (28)]

Not mentioned
30.8% (33/107)
NA
NA
37.4% (40/107)
NA
NA
3.7 months
NA

NA
16.8 months
NA

NA

54.2% (58/107)

22.4% (24/107)
0

Pembrolizumab
[KEYNOTE-151 (29)]

Chinese

16.7% (17/102)
17.7% (14/79)

13.3% (2/15)
38.2% (39/102)

42.1% (16/38) for acral

20.0% (3/15)

2.8 months

NA

NA
12.1 months
NA

NA

84.5% (87/103)

10.7% (11/108)
1.9% (2/103)

Toripalimab plus axiti
[NCT03086174 (23, 30)]

Chinese

NA

NA
48.3% (14/29)

NA

NA
86.2% (25/29)

NA

NA

7.5 months
NA
NA

20.7 months

97.0% (32/33)

39.4% (13/33)
0

ORR, overall response rate; DCR, disease control rate; PFS, progression-free survival; OS, overall survival; NA, not available/applicable; NC, nonacral cutaneous; TRAE, treatment-related

adverse event.
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CRC, colorectal cancer; GC, gastric cancer; NEN, neuroendocrine neoplasms; NPC, nasopharyngeal carcinoma; NSCLC, non-smal cell lung cancer; ST, sold tumors; TRAE, treatment-related adverse events; CapeOx, capecitabine and
oxaliiatin; IMAT, intensity-modulated radiotherapy; GP, gemcitabing and platinum;: ALT, alanine aminotransferase; AST, aspériate aminotransfarase.
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Model

MCF-7 and
T47D
MCF-7

A549

SW480 and
SW620
HT-29 and
SW480
Caki cell
786-0

LNCaP

C4-2 and
LNCaP
PC3
CEM and
Jurkat
PBMC

Dose
0-30 iM in vitro and
25 mg/kg in vivo
5-50 M
1.5-10uM
25-30 UM
12.5-100 uM

40-80 M
10-40 uM

5uM
10 M

5uM
2uM

5uM

Duration of treatment
20 days in vivo and
0-24 hin vitro
26h
15 min-48 h
48 h in vitro

24-72h

6-24h
24

24h
0-24h

24h
24h

24h

Outcomes

Cellular vacuolation, ROS 1, ubiquitinated proteins T, ER 37 stress-related
ATF438 and CHOP 39 1, and Bim 40 and Noxa proteins 1

ATP/ADP |, DNA damage, ATP synthase subunits |, p53and p21 T, CDK4
and cyclin-D1 |, S-phase cell cycle arrest, Bax/BCI2 T, ROS 1, GSH/GSSG
1, and mitochondrial membrane potential |

Apoptosis T, clonogenicy |, ROS 1, GSH/GSSG |, DNA damage 1, and
TrxR |

Apoptosis T, colon cancer growth |, protein expression of Baxand Cyt ¢ T,
ROS 1, GO/G1 phase arrest, and endoplasmic reticulum expansion
Apoptosis T, survivin |, and caspase-3 and PARP |

Apoptosis T, ROS T, Oyt G 1, and caspase 3 activity |

CDKN1A 1, p21 1, MYC, BBC3, and CASP? 1, caspase 9 and 3/7 1, and
TNF |

Activation of the proteasome-dependent pathway and phosphorylation of
Akt and Mdm2 |

FASN | and PIBK/AKT 1

Phosphorylation of STAT3 |, PIAS3 |, and CCL2].
pi15and cdh-11, DNMT enzyme |, nuclear protein |, and H3K27Ac mark [

Catalase 1, PBMC |, GR |, glutathione |, and lipid peroxidation|

Reference
Yoon et al. (2014)

Kunwar et al.
(2012)

Jayakumar et al.
(2016)
Zheo et al. (2017)

Chen et al. (2016)

Lee et al. (2010)
Zanetti et al.
(2021)

Lai et al. (2013)

Wen et al. (2016)

Lin et al. (2013)
Hassan et .

(2016)
Simonetal. (2018)
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BSA nanoparticles
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Solid dispersions

Polymeric micelles

Stiffness-tunable
nanocarriers

Method of
preparation

Thin film

Thermal
denaturation

Thin-film
hydration

Solvent

evaporation
Thin-fim

hydration

Thin-film
hydration

Outcomes

Via electrostatic or covalent complexation on the surface or
entrapment within the dendrimer architecture; enhanced
bioavailabiity

Mean hydrodynamic diameters ranging from 281062 nm and
corresponding zeta-potential values of ~7.0 to 6.0 mV;
increased cellular uptake and toxicity of DIMC

Cholesterol played a key role in the interaction between DIMC
and lipid bilayers; the DPPC:DODAP:chol:DMC liposomal
formulation (9:1:1:1 molar ratio) was the most effective with
the incorporation eficiency up to 3.84%

Significantly improved drug dissolution rate; the cumulative
dissolution was more than 83% in 5 min

Alow initial burst release followed by a sustained release
in vitro; significantly increased drug exposure and prolonged
it in vivo; improved the biodistribution profile of DIMC and
increased drug accumuiation in tumors

Improved the cellular uptake and anticancer activity of ASC-
J9; enhanced the tumor penetration in HCT 116 3D colorectal
cancer spheroids

Model
Spleen lymphocytes and bone
marrow hematopoietic cells

/A549 human lung cells

A549 human lung cells

HCT 116 human colorectal
adenocarcinoma cells

Reference

Markatou et al. (2007)

Das et al. (2017); Das
etal (2019)

Hadjideme-triou et al.
(2013)
Xu et al. 2019)

Liu et al. 2015)

Tomeh et al. (2021)
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DNA damage 1. TR |
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Phase Number of patients Regimen ORR PFS (months) OS (months) Grade 3-5 AEs
1] 20 Pazopanib+pembrolizumab (14) 20-60% NR NR 90%

33 Sunitinib-+nivolumab (15) 55.0% 12.7 NR 82.0%

20 Pazopanib-+nivolumab (15) 45.0% 72 27.9 70.0%

432 Axitinib+pembrolizumab (16) 59.3% 151 NR 75.8%

442 Axitinib+avelumab (17) 56.0% 13.8 NR 71.2%

454 Bevacizumab+atezolizumab (18) 37.0% 1.2 336 40.0%

355 Lenvatinib+pembrolizumab (19) 71.0% 23.9 NR 82.4%

PD-1/PD-L1, Programmed death-1/programmed death ligand-1; mRCC, metastatic renal cell carcinomas; ORR, overall response rate; PFS, progression-free survival; OS, overall survival;
AEs, adverse events; NR, not reported.
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