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Introduction: As psychoneuroimmunology flourishes, there is compelling evidence that depression suppresses the anti-tumor immune response, promotes the progression of cancer, and inhibits the effectiveness of cancer immunotherapy. Recent studies have reported that antidepressants can not only alleviate the depressant condition of cancer patients, but also strengthen the anti-tumor immunity, thus suppressing tumors. Tumor necrosis factor receptor 2 (TNFR2) antagonistic antibodies (Anti-TNFR2) targeting tumor-infiltrating regulatory T cells (Tregs) has achieved great results in preclinical studies, and with a favorable toxicity profile than existing immunotherapies, and is expected to become a new generation of more effective treatment strategies. Understanding the effects of combination therapy with antidepressants and Anti-TNFR2 may help design new strategies for cancer immunotherapy.
Methods: We treated CT26, HCT116, MCA38 and SW620 colon cancer cells with fluoxetine (0–50 µM), ansofaxine hydrochloride (0–50 µM) and amitifadine hydrochloride (0–150 µM) to examine their effects on cell proliferation and apoptosis. We explored the antitumor effects of ansofaxine hydrochloride in combination with or without Anti-TNFR in subcutaneously transplanted CT26 cells in tumor-bearing mouse model. Antitumor effects were evaluated by tumor volume. NK cell, M1 macrophage cell, CD4+ T cell, CD8+ T cell, exhausted CD8+ T and regulatory T cell (Tregs) subtypes were measured by flow cytometry. 5-hydroxytryptamine, dopamine and norepinephrine levels were measured by ELISA.
Results: Oral antidepression, ansofaxine hydrochloride, enhanced peripheral dopamine levels, promoted CD8+T cell proliferation, promoted intratumoral infiltration of M1 and NK cells, decreased the proportion of tumor-infiltrating exhausted CD8+T cells, and strengthened anti-tumor immunity, thereby inhibiting colon cancer growth. In combination therapy, oral administration of ansofaxine hydrochloride enhanced the efficacy of Anti-TNFR2, and produced long-term tumor control in with syngeneic colorectal tumor-bearing mice, which was attributable to the reduction in tumor-infiltrating Treg quantity and the recovery of CD8+ T cells function.
Discussion: In summary, our data reveal the role of ansofaxine hydrochloride in modulating the anti-tumor immunity. Our results support that exhausted CD8+T is an important potential mechanism by which ansofaxine hydrochloride activates anti-tumor immunity and enhances anti-tumor effects of anti-TNFR2.
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1 INTRODUCTION
Colon cancer (CRC) is the fourth deadliest cancer worldwide, killing hundreds of thousands of people each year (Sung et al., 2021). At the same time, the mental health of patients is also attracting more and more attention, with the occurrence of depression in cancer patients being higher than any other disease patients (Yan et al., 2019; Yang et al., 2021a; Endo et al., 2022). There are convincing evidences that Depression promotes the growth of various cancers by regulating the neuroimmune system, and inhibits the efficacy of cancer treatment (Liu et al., 2015; Sommershof et al., 2017; Zhang et al., 2020). Therefore, research into therapies that can treat both cancer and depression at the same time is clinically valuable.
Currently, colon cancer treatment includes surgery, radiation, chemotherapy, targeted therapy, and immunotherapy. In recent years, immune checkpoint inhibitors such as anti-programmed cell death protein 1 (PD-1) and anti-cytotoxic T lymphocyte–associated protein 4 (CTLA-4) have achieved great results in cancer treatment, however, because to low response rates and immune-related adverse events (irAEs), most patients are unable to benefit (Fritz and Lenardo, 2019). Tumor necrosis factor receptor 2 (TNFR2), one of the two receptors that mediate the biological function of TNF, is involved in cancer cell growth (Vanamee and Faustman, 2017; Torrey et al., 2019; Li et al., 2023), and is high expressed in exhausted CD8T cells and tumor-infiltrating regulatory T cells (Tregs) in a variety of cancers (Liao et al., 2023). Now, there are convincing evidences that TNFR2 can serve as a key mediator involved in the activation and proliferation of Tregs, enhancing immunosuppressive function (Chen et al., 2007; Kawano et al., 2022). In addition, Other types of immunosuppressive cells, such as MDSCs, and some tumor cells also express TNFR2 (Vanamee and Faustman, 2017). Knocking down TNFR2 on cancer cells by CRISPR/Cas9 technology significantly impaired the growth of colon cancer, and increased the number of tumor-infiltrating IFN-γ+ CD8 cells (Li et al., 2023). TNFR2 antagonistic antibody (anti-TNFR2) inhibit Tregs by targeting TNFR2 in vitro, and kill TNFR2-expressing tumor cells and Tregs in advanced Sézary syndrome (Torrey et al., 2019; Moatti et al., 2022). Moreover, in mouse models, anti-TNFR2 was less toxic than anti-CTLA-4 (Tam et al., 2019). Therefore, Anti-TNFR2 is considered a very promising new tumor immunotherapy (Vanamee and Faustman, 2017). Currently, preclinical studies of human anti-TNFR2 antibodies have yielded very encouraging results, justifying their clinical development (Tam et al., 2019).
The combination of antidepressant and immune checkpoint inhibitor has also been reported. Fluoxetine and monoamine oxidase inhibitor (MAOI) were common clinical medications for depression, recent studies have shown that they not only suppress the adverse impact of depression, but also enhance the anti-tumor immunity of the body (Di Rosso et al., 2016; Di Rosso et al., 2018; Marcinkute et al., 2019; Wang et al., 2021a; Yang et al., 2021b; Schneider et al., 2021). Fluoxetine combined with anti-PD1 provides long-term tumor control in mouse models (Schneider et al., 2021). MAOI inhibits macrophage immunosuppressive polarization, and synergistically suppresses tumors in combination with anti-PD-1 therapy (Wang et al., 2021b). However, the effect of fluoxetine is slow and long-term use often induces adverse effects such as loss of appetite or sexual dysfunction, and MAOI was associated with an increased incidence of colorectal cancer (Lee et al., 2017). Triple reuptake inhibitors (TRIs) are believed to enhance neurotransmission in all monoamine systems, and have the advantage of acting quickly, and improving symptoms of sexual disorders and disorientation (Tran et al., 2012; Shao et al., 2014; Sharma et al., 2015). Ansofaxine hydrochloride (LY03005) is a new TRI for the treatment of major depressive disorder in adults, which has completed phase III clinical trials and is well tolerated (Mi et al., 2022). However, the role of ansofaxine hydrochloride in cancer immunotherapy is unclear. Therefore, we took the ansofaxine hydrochloride as a breakthrough point to study its effect on colon cancer.
Here, we found that ansofaxine hydrochloride, like fluoxetine, inhibits colon cancer cell growth in vitro by inducing apoptosis. In CT26 colon cancer model, ansofaxine hydrochloride enhanced the proportion of CD8+T cells in spleen, decreased the proportion of tumor infiltration exhausted CD8+T cells, and increased the proportion of natural killer cells (NKs) and M1 macrophages in spleen and tumor, which may be due to the enhancement of peripheral dopamine (DA) and the reduction of peripheral 5-hydroxytryptamine (5-HT), ultimately inhibited tumor growth. In combination therapy, ansofaxine hydrochloride enhanced the efficacy of anti-TNFR2 in colon cancer, enabling eradication of established tumors in 20% of mice, and triggering syngeneic tumor-specific systemic immunity. These results provide a new way of treating colon cancer patients with depression.
2 METHODS AND MATERIALS
2.1 Mice and cell culture
Female wild-type Balb/c mice (6- to 8-week-old) were obtained from Spaefer Biotechnology Co., Ltd. (Beijing, China) (Animal Quality Certificate: SCXK (Beijing) 2019-0008). Mice were housed in a specific pathogen-free (SPF) lab at the Experimental Animal Center of Guizhou University of Traditional Chinese (Animal experiment license: SYXK 2021-0005), and the experiments were started after 7 days of acclimatization to the surrounding environment. This animal experiment was approved by Ethics Committee of Guizhou Provincial People’s Hospital, China. The mouse colon cancer cell lines (CT26, MCA38) and mouse breast cancer cell line (4T1) were supplied by Pricella (Wuhan, China). The human colon cancer cell lines (HCT116, SW620) were gifted by Prof. Jie Ding (Guizhou Province People‘s Hospital, Guizhou, China). The cells were cultured in RPMI-1640 complete medium containing 10% fetal bovine serum (FBS), and supplemented with penicillin (100 units/mL), streptomycin (100 μg/mL) glutamine (2 mM), at 37°C under 5% CO2.
2.2 Chemicals
All chemicals were of analytical grade. Fluoxetine was purchased by Absin (Shanghai, China). Amitifadine hydrochloride (DOV 21947), ansofaxine hydrochloride (LY03005), cell counting kit-8 (CCK-8), and telratolimod (3M-052) were purchased by MedChenExpress (Monmouth Junction, NJ, United States). Anti-mouse TNFR2 (CD120b, clone TR75-54.7) was purchased by BioXCell (W. Lebanon, NH). High mobility group nucleosome binding protein 1 (HMGN1) was purchased by Bio-techne (R&D Systems. United States). ST/5-HT (Serotonin/5-hydroxytryptamine), DA (dopamine), and NA/NE (Noradrenaline/norepinephrine) ELISA Kit, and Annexin-V-FITC/PI were purchased by Elabscience Biotechnology Co., Ltd. (Wuhan, China). Fetal bovine serum (FBS) was purchased by Pricella (Wuhan, China). Penicillin-streptomycin stock solutions was purchased by New Cell and Molecular Biotech Co., Ltd. (Suzhou, China). Trypsin-EDTA (0.25%), EDTA- and phenol red-free trypsin (0.25%) were purchased by Servicebio (Wuhan, China). RPMI-1640 medium was purchased by GIBCO BRL (Grand Island, NY, United States). FITC-anti-mouse CD4 (clone GK1.5) was purchased by Biolegend (California, United States). BV510-anti-mouse CD45 (clone 30-F11), BV605-anti-mouse CD3 (clone 17A2), BV421-anti-mouse CD8 (clone 53-6.7), PerCPcy5.5-anti-mouse CD279 (clone J43), PE-anti-mouse CD223 (clone C9B7W), BV421-anti-mouse CD49b (clone DX5), FITC-anti-mouse CD11b (clone M1/70) and BV650-anti-mouse CD86 (clone GL1) were purchased by BD Biosciences (Franklin Lake, New Jersey, United States). PE-anti-mouse F4/80 (clone BM8) was purchased by eBioscience (California, United States).
2.3 Cell counting Kit-8 (CCK-8) assay
The cells (5,000 cells/well) were inoculated in the 96-well plates. After 24 h of incubation, the cells were treated with fluoxetine, amitifadine hydrochloride or ansofaxine hydrochloride for 24 h. The medium was then replaced to FBS-free RPMI-1640 with 10% CCK8 solution in a dark room. The OD values were collected at 450 nm after incubation at 37°C for 1 h.
2.4 Cell apoptosis analysis
Cells (2 × 105 cells/well) were inoculated into 6-well plates. After 24 h of incubation, the cells were treated with amitifadine hydrochloride or ansofaxine hydrochloride at the appropriate concentration. After 24 h, all cells were collected and then incubated with PI-FITC antibody for 15 min. Detection was performed using a flow cytometer (BD FACSCelestaTM).
2.5 Construction and treatment of mouse model of CT26 colon cancer
CT26 colon cancer cells (2 × 105/100 ul/mouse) were injected subcutaneously into the right abdomen of the subject mice. In rechallenge experiments, tumor-free mice surviving for 80 days were inoculated with CT26 cells (2 × 105) in the left abdomen and 4T1 breast cancer cells (2 × 105) in the right abdomen. “Survival” represents the time it takes for the tumor to progress to 2,000 mm3, which is the humane endpoint for triggering euthanasia. The tumor size was monitored every 3 days, and was calculated as: tumor size = (length × width2)/2.
Treatment was started when tumor volume reached 100 mm3. Ansofaxine hydrochloride was administered by gavage for 5 or 12 days at 300 μg in 0.1 mL of water. Tumors and spleens were taken from mice the day after the last treatment and studied. In combination treatment, ansofaxine hydrochloride (300 ug/100 ul) was administered by gavage, anti-TNFR2 (200 ug/200 ul) was injected intraperitoneally at days 2 and 7, HMGN1 (0.5 ug/50 ul) and 3M-052 (20 ug/50 ul) was injected intratumoral at days 1, 5 and 9.
2.6 Flow cytometry analysis
To analyze the proportions of CD8+T and exhausted CD8+T cells, cells were stained with BV510-CD45, BV605-CD3, BV421-CD8, PerCPcy5.5-CD279 and PE-CD223 antibodies. To analyze the proportions of CD4+T, Tregs and NK cells, cells were stained with BV510-CD45, BV605-CD3, FITC-CD4, BV421-CD49b and PE-Foxp3 antibodies. To analyze the proportions of M1, cells were stained with BV510-CD45, FITC-CD11b, PE-F4/80, and BV650-CD86 antibodies. All cells were assayed with flow cytometry and data analyzed with Flowjo 10 software.
2.7 Detection of neurotransmitters (5-HT, DA and NA/NE)
Cells (2 × 105 cells/well) are inoculated into 6-well plates. After 24 h of incubation, the cells were treated with 40 uM ansofaxine hydrochloride or solvent control. After 48 h, the cell supernatant was collected and then assayed by using ELISA. Mice were executed after ansofaxine hydrochloride treatment for 5 days, peripheral blood was collected, centrifuged at 3,000 rpm for 5 min, and the neurotransmitter levels of serum were measured by ELISA.
2.8 Statistical analysis
Two-tailed Student’s t-test, one-way ANOVA and Log-rank test were used to compare statistical differences between groups. p-value < 0.05 was statistically significant.
3 RESULTS
3.1 Comparison of fluoxetine, ansofaxine hydrochloride and amitifadine hydrochloride for inhibitory effect in various colon cancer cell lines
Here, we chose fluoxetine and two TRIs, ansofaxine hydrochloride and amitifadine hydrochloride, as subjects of study. The inhibitory effect of fluoxetine, ansofaxine hydrochloride and amitifadine hydrochloride on different types of colon cancer cells were assayed by CCK8. For human colon cancer cell lines (HCT116, SW620), the dates suggested that ansofaxine hydrochloride and amitifadine hydrochloride inhibited the cell proliferation in a dose-dependent manner such as fluoxetine (Figures 1B, D, F, H, K, M). We then compared the inhibitory effects of the drugs on mouse colon cancer cell lines (CT26, MCA38). The data showed that all drugs inhibited the growth of CT26 and MCA38 (Figures 1A, C, E, G, J, L). Therefore, we thought that two TRIs have the antitumor activity in vitro such as fluoxetine.
[image: Figure 1]FIGURE 1 | Comparison of fluoxetine, ansofaxine hydrochloride and amitifadine hydrochloride for inhibitory effect in various colon cancer cell lines. (A–D) CT26, MCA38, HCT116 and SW620 were treated for 24 h with fluoxetine (0, 10, 20, 30, 40, and 50 μM). (E–H) CT26, MCA38, HCT116, SW620 were treated for 24 h with Ansofaxine hydrochloride (0, 10, 20, 30, 40, and 50 μM). (J–M) CT26, MCA38, HCT116, SW620 cells were treated for 24 h with Amitifadine hydrochloride (0, 30, 60, 90, 120, and 150 μM). CCK8 for measurement of cell viability. Data are expressed as mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001.
3.2 TRIs induced apoptosis of multiple colon cancer cell lines
To investigate the mechanism by which TRIs inhibit tumor cells, we focused on the cell apoptosis. The proportion of apoptotic cells assessed by flow cytometry. Firstly, we found that ansofaxine hydrochloride and amitifadine hydrochloride could induce apoptosis of CT26 and HCT116 cells in a dose-dependent way (Figures 2A, C), with a significant increase in the proportion of apoptotic cells (Figures 2B, D). In addition, the apoptosis of MCA38 and SW620 cell lines was also induced by ansofaxine hydrochloride and amitifadine hydrochloride in a dose-dependent manner (Supplementary Figure S1). On account of the inhibitory effect of ansofaxine hydrochloride on colon cancer cells was stronger than that of amitifadine hydrochloride, we chose ansofaxine hydrochloride for further study.
[image: Figure 2]FIGURE 2 | (A) CT26 and HCT116 were treated with amitifadine hydrochloride (0–120 μM) for 24 h. (B) The proportion of apoptosis cells was analyzed. (C) CT26 and HCT116 were treated with ansofaxine hydrochloride (0–50 μM) for 24 h. (D) The proportion of apoptosis cells was analyzed.
3.3 Ansofaxine hydrochloride inhibited tumor growth
Here, we focused on the effects of ansofaxine hydrochloride on the body’s immune system, so we choose mouse CT26 colon cancer cells which are more sensitive to it, are selected for further study. Here, we successfully established CT26 colon cancer mouse model (Figure 3A). Treatment was started when the tumor volume reached 100 mm3. Ansofaxine hydrochloride was administered by gavage. Survival analysis showed that ansofaxine hydrochloride improved survival in the CT26 model (Figure 3B). The tumor volume of control group was significantly larger than that of ansofaxine hydrochloride group (Figures 3C–E), there was no change in mouse weight (Figures 3F–H). These results suggest that ansofaxine hydrochloride has anticancer ability in vivo.
[image: Figure 3]FIGURE 3 | (A) Schematic diagram of the experimental program. When tumor volume reached 100 mm3 (day 7), mice were then treated with water or ansofaxine hydrochloride for 9 days (300 ug/100 ul/mouse). (B) Mouse survival curves. (C) Average growth curves of the tumors (n = 8). (D) Growth curves of tumor in each individual mouse (n = 8). (E) Tumor volume in mice on days 19 and 22. (F–H) Weights of mice. (I) Concentrations of 5-HT, DA, and NA/NE in the supernatant of CT26 colon cancer cells treated with or without ansofaxine hydrochloride for 48 h. (J) Concentrations of 5-HT, DA, and NA/NE in the serum of mice with and without ansofaxine hydrochloride treatment for 5 days ns p > 0.05, *p < 0.05, **p < 0.01.
Next, we investigated the effects of ansofaxine hydrochloride on neurotransmitter secretion. First, we investigated whether CT26 cells secrete neurotransmitters in vitro. The results showed that CT26 cells did not secrete dopamine (Below the lower detection line), secreted small amounts of 5-hydroxytryptamine (5-HT) and norepinephrine (NA/NE), which were not affected by treatment with ansofaxine hydrochloride in vitro (Figure 3I). We then investigated the effects of ansofaxine hydrochloride on neurotransmitters in vivo. After 5 days of ansofaxine hydrochloride treatment, DA was significantly elevated, 5-HT decreased but did not reach a statistical difference, and there was no significant difference in NA/NE in the serum of the mice.
3.4 Ansofaxine hydrochloride enhanced the levels of CD8+ T cells, inhibited their dysfunction in vivo
Next, we explored the influence of ansofaxine hydrochloride therapy on the activity and phenotype of T cells. Mice bearing tumors were executed on days 5 and 12 post treatment initiation, and spleens and tumors were extracted for flow cytometry analysis. The results showed a significant increase in the number of CD8+ T cells in spleens on days 5 and 12 after ansofaxine hydrochloride administration (Figures 4A, B), while intra-tumoral CD8+ T cells no significant change on days 5 after treatment, and significant increased on days 12 after treatment (Figures 4C, D). In addition, the exhausted [programmed death receptor 1 (PD-1)/CD279 and lymphocyte activation gene 3 (LAG3)/CD223] markers showed reduced rates in tumors and spleens in the ansofaxine hydrochloride treatment group (Figures 4E–H).
[image: Figure 4]FIGURE 4 | Effects of ansofaxine hydrochloride on CD8+ T and exhausted CD8+ T in Vivo. (A, B) The percentages of CD8+ in CD3+T cells in spleen on days 5 and 12 after ansofaxine hydrochloride administration (n = 4). (C, D) The percentages of CD8+ in CD3+T cells in tumor on days 5 (n = 3) and 12 (n = 4) after ansofaxine hydrochloride administration. (E, F) The percentages of CD223+CD279+ in CD8+T cells in spleen on days 5 and 12 after ansofaxine hydrochloride administration (n = 4). (G, H) The percentages of CD223+CD279+ in CD8+T cells in tumor on days 5 (n = 3) and 12 (n = 5) after ansofaxine hydrochloride administration. Data were expressed as mean ± SD. ns p > 0.05, *p < 0.05.
3.5 Ansofaxine hydrochloride enhanced the levels of M1 and NK cells in vivo
Moreover, there was no change in CD11blow F4/80+ macrophages in spleen (Figure 5A), but there was a significant increase in M1 (CD11blow F4/80+ CD86+) (Figure 5B) in spleen on days 5 after ansofaxine hydrochloride treatment. There was significant increase in CD11bhigh F4/80+ macrophages (Figure 5C) and M1 (CD11bhigh F4/80+ CD86+) (Figure 5D) in tumor. We also found that the percentages of NK (CD49b+ CD3−) cells in spleen and tumor significant increased on days 5 after ansofaxine hydrochloride treatment (Figures 5E–F).
[image: Figure 5]FIGURE 5 | Effects of ansofaxine hydrochloride on M1 and NK cells in Vivo. (A) The percentages of CD11blow F4/80+ M cells in CD45+ cells in the spleens on days 5 after ansofaxine hydrochloride administration (n = 5). (B) The percentages and MFI of CD86+ in M cells in the spleens on days 5 after ansofaxine hydrochloride administration (n = 5). (C) The percentages of CD11bhigh F4/80+ M cells in CD45+ cells in the tumor tissues on days 5 after ansofaxine hydrochloride administration (n = 4). (D) The percentages and MFI of CD86+ M1 cells in M cells in the tumor tissues on days 5 after ansofaxine hydrochloride administration (n = 4). (E) The percentages of CD49b+ CD3− NK cells in CD45+ cells in spleens on days 5 after ansofaxine hydrochloride administration (n = 3). (F) The percentages of CD49b+ CD3− NK cells in CD45+ cells in tumor on days 5 after ansofaxine hydrochloride administration (n = 3). Data were presented as mean ± SD. ns p > 0.05, *p < 0.05, **p < 0.01.
3.6 Combination therapy with ansofaxine hydrochloride and anti-TNFR2 potently inhibits the growth of CT26 tumors
To investigate the effect of ansofaxine hydrochloride on the efficiency of anti-TNFR2 treatment of colon cancer in mice, we treated tumor-bearing mice with anti-TNFR2 and ansofaxine hydrochloride (Figure 6A). Anti-TNFR2 were administered by intraperitoneal injection. The combination of ansofaxine hydrochloride and anti-TNFR2 (As-T) effectively inhibited the growth of colon tumors (Figures 6B, C), 20% of mice were tumor-free and survived for 80 days, which is the end of the experiment (Figure 6D). Although the tumor growth curve of As-T therapy was not significantly different compared with anti-TNFR2 alone, the median survival of tumor-bearing mice was longer after As-T therapy (41.5 days) compared with anti-TNFR2 (37 days) or ansofaxine hydrochloride (32.5 days) monotherapy (Figure 6E).
[image: Figure 6]FIGURE 6 | Combination therapy with ansofaxine hydrochloride and anti-TNFR2 potently inhibits the growth of CT26 tumors. (A) Schematic diagram of the experimental program. When tumor volume reached 100 mm3 (day 7), mice were then treated with water or ansofaxine hydrochloride (8–16, 300 ug/100 ul/mouse), PBS or anti-TNFR2 (9,14, 200 ug/200 ul/mouse). (B) Representative images of mouse on day 19. (C) Average growth curves of the tumors (n = 10). (D) Mouse survival curves (n = 10). (E) Median survival. ns p > 0.05, ***p < 0.001.
3.7 Combination therapy with ansofaxine hydrochloride and anti-TNFR2 increases the proportion of CD8+ and CD4+ T cells in spleen, and reduces the proportion of intra-tumoral Tregs and exhausted CD8+ T cells
To investigate the effects of As-T therapy on mice’s systemic immunity and tumor immune microenvironment, we studied the distribution of immune cells in mouse spleens, draining lymph nodes (DLN), and tumors by flow cytometry. The proportion of CD8+T and CD4+T cells in spleen were significantly increased by treatment with As-T combination therapy, as compared with Anti-TNFR2 alone (Figures 7A, C). However, there was no significant change in DLN. The proportion of tumor-infiltrating CD8 T cells was no significantly change, and tumor-infiltrating CD4+T cells was significantly decrease by treatment with As-T combination therapy (Figures 7A, C). Furthermore, As-T combination therapy also significantly reduced the amount of CD223+ and CD279+ on intra-tumor CD8+T cells (Figure 7B), and CD4+FOXP3+ Treg cells (Figure 7D). Thus, our data suggest that As-T combination therapy enhanced mice’s systemic immunity, and reduced the ratio of intra-tumor exhausted CD8+T cells and Treg cells, thereby enhanced anti-tumor immune responses.
[image: Figure 7]FIGURE 7 | Effects of ansofaxine hydrochloride in combination with anti-TNFR2 on CD8+ and CD4+ T cells. (A) The percentages and MFI of CD8+ T cells in CD3+ cells in spleen, DLN and tumor (n = 3). (B) The percentages and MFI of CD223+ CD279+ cells in CD8+ T cells in tumor (n = 3). (C) The percentages and MFI of CD3+CD4+ in CD45+ cells in spleen, DLN and tumor (n = 3). (D) The percentages and MFI of Tregs in CD3+ cells in tumor (n = 3). Data were presented as mean ± SD. ns p > 0.05, *p < 0.05, **p < 0.01.
3.8 Combination therapy with ansofaxine hydrochloride, HMGN1 and 3M-052 potently inhibits the growth of CT26 tumors
In addition, we also evaluated the efficacy of ansofaxine hydrochloride combination with immunotherapy targeting dendritic cells. Our previous studies have shown that HMGN1 [toll-like receptor (TLR) 4 agonist] and 3M-052 (TLR7/8 agonist) can work synergistically to stimulate dendritic cell activation (Zhu et al., 2023). HMGN1 and 3M-052 by intratumoral injection (Figure 6A). The combination of ansofaxine hydrochloride and HMGN1 and 3M-052 (As-NM) effectively inhibited the growth of colon tumors (Figures 8B, C), and one mouse was tumor-free and survived for 80 days (Figure 8D). Survival of As-NM treatment was significantly longer than that of control (Figure 8E).
[image: Figure 8]FIGURE 8 | (A) Schematic diagram of the experimental program. When tumor volume reached 100 mm3 (day 7), mice were then treated with water or ansofaxine hydrochloride (8–16, 300 ug/100 ul/mouse), PBS or HMGN1 (8,12,16, 0.5 ug/50 ul/mouse) and 3M-052 (8,12,16, 20 ug/50 ul/mouse). (B) Representative images of mouse on day 19. (C) Average growth curves of the tumors (n = 4). (D) Mouse survival curves (n = 4). (E) Median survival. **p < 0.01.
3.9 Re-challenge experiment in tumor-free mice
To determine whether the tumor-free mice produced long-term tumor-specific systemic immunity, CT26 cells were reinoculated subcutaneously into the left abdomen of tumor-free mice, and 4T1 breast cancer cells were inoculated into their right abdomen. Following the same method, CT26 cells were injected subcutaneously into naïve mice as control. And unsurprisingly, on day 28 after inoculation, all naïve mice developed CT26 tumors, all tumor-free mice developed 4T1 tumors, but none of these mice developed CT26 tumors (Figure 9B). These data show that the tumor-free mice after treatment produced long-term development of tumor antigen-specific immunity.
[image: Figure 9]FIGURE 9 | (A) Representative images of tumor-free mice rechallenged. (B, C) Growth curves of the tumors of tumor-free (T-free) and naïve mice (n = 4).
4 DISCUSSION
In this study, we confirmed that ansofaxine hydrochloride had antitumor effects, possibly by enhancing anti-tumor immune response. Ansofaxine hydrochloride enhanced the effect of immunotherapy with Anti-TNFR2 against CT26 tumors, which was attributable to the reduction in Treg quantity and the recovery of intra-tumor CD8+T cells function.
CD8+T cells are key effector cells of anti-tumor immunity, however, immunosuppressive and stromal cells in the tumor microenvironment (TME) may regulate intercellular signaling, and the expression levels of cytokines and receptors, ultimately leading to the development of their “exhausted” state (Dolina et al., 2021). Exhausted CD8+T cells are lowly responsive to tumor cells and may lead to poor response to ICB therapy, characterized by impaired proliferation and viability, and co-expression of various inhibitory receptors (Wherry and Kurachi, 2015). In general, the greater the number of inhibitory receptors, including lymphocyte activation gene 3 (Lag-3), T-cell immunoglobulin domain and mucin domain protein 3 (Tim-3), CD244, CD160, T-cell immunoreceptor with immunoglobulin and ITIM domains (TIGIT), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), co-expressed by exhausted CD8+T cells, the more severe the exhaustion. These co-expression patterns are mechanically correlated, and blocking multiple inhibitory receptors simultaneously synergistically inhibits CD8+T-cell exhaustion. Some researchers have suggested that peripheral cells may be active reservoirs of exhausted CD8+T cells functional precursors prior to physical tumor invasion and chronic exposure to tumor-derived antigens (Dolina et al., 2021). Comparing the tumor with normal neighboring tissue and peripheral blood by scTCR-Seq, it was found that the ICB appeared to primarily mobilize effector CD8+T cells from the periphery into the tumor (Wu et al., 2020). In here, we demonstrated that ansofaxine hydrochloride significantly increased the number of peripheral CD8+T cells, and reducing the percentages of intra-tumor exhausted CD8+T cells. Interestingly, the number of CD8+ T cells in the tumor no significantly change after 5 days of ansofaxine hydrochloride treatment, which may be increased consumption of CD8+ T cells due to the restoration of anti-tumor effects. Moreover, we also found a significantly increased ratio of M1 macrophages and NKs in spleen and tumor after ansofaxine hydrochloride treatment. In summary, we concluded that ansofaxine hydrochloride remodeled the TME and enhanced the anti-tumor immunity in mice. Studies have reported that a variety of neurotransmitters, such as 5-HT, DA and NA/NE, are involved in the regulation of the immune system (Arreola et al., 2015; Arreola et al., 2016; Eduardo et al., 2019). Dopamine expression was positively correlated with CD8+ T-cell infiltration and survival in CRC patients. Dopamine treatment promoted the antitumor activity of CD8+ T cells by the dopamine-DRD5 signaling pathway, and inhibited CRC growth in mice (Chen et al., 2022). 5-HT in peripheral blood impairs the function of effector CD8 T cells in tumors, and 5-HT depletion reduces the growth of pancreatic and colorectal tumors and increases intratumoral infiltration of CD8 T cells in wild-type mice (Schneider et al., 2021). In our study, DA was significantly elevated and 5-HT was decreased in peripheral blood of mice after ansofaxine hydrochloride treatment, which may explain the enhancement of antitumor immunity.
Tregs are a subset of CD4+T cells with significant immunosuppressive effects, characterized by expression of FOXP3(37). A growing body of research suggests that Tregs are key mediators of the tumor immunosuppressive microenvironment (Takeuchi and Nishikawa, 2016). Tregs secrete immunosuppressive cytokines, inhibit the synthesis and secretion of inflammatory factors, downregulate the expression of major histocompatibility complex class II (MHC II) molecules, and inhibit the expression of co-stimulatory molecules (CD80, CD86) on antigen presenting cells (APC), and finally inhibit T-cell response (Zhang et al., 2021). Removal or inactivation of Tregs in TME is considered as a cancer immunotherapy strategy to activate tumor immunity (Govindaraj et al., 2013; Whiteside, 2018). The most inhibitory Tregs express excess TNFR2, which plays a critical role in the activation and expansion of Tregs, on their surfaces in human cancers (Govindaraj et al., 2013; Govindaraj et al., 2014; Liao et al., 2023). Recent studies have demonstrated that anti-TNFR2, as a potential cancer immunotherapy, produces powerful anti-tumor effects and long-lasting protective memory in a variety of mouse tumor models, and that the mechanism of enhancing anti-tumor immunity may be through the disinhibition of Tregs and exhausted CD8+T cells (Torrey et al., 2019; He et al., 2023; Liao et al., 2023). However, other studies have reported that anti-TNFR2 mediates potent co-stimulation of FC-dependent T cells, leading to expansion and improved function of CD8+ T cells, without causing significant depletion of Tregs (Tam et al., 2019). In this study, we found that anti-TNFR2 significantly reduced the abundance of Tregs, while the reduction in exhausted CD8+T was not statistically different compared with control.
In clinical treatment, the combination of anti-cancer drugs has become routine, and an important consideration is that one treatment may regulate the efficacy of the other. Therefore, we further investigated the animal experimental study of ansofaxine hydrochlorid combined with anti-TNFR2 to confirm whether ansofaxine hydrochlorid has a synergistic anti-tumor effect. Our data showed that ansofaxine hydrochloride not only did not impair the inhibition of Tregs by anti-TNFR2, but also enhanced the reduction of intratumoral exhausted CD8+T. In addition, the combination therapy As-T enhanced the number of peripheral CD8+T and CD4+T cells, compared with anti-TNFR2 therapy alone. This provides new theories and therapeutic amplification for cancer treatment. In addition, we explored the effects of a combination therapy of ansofaxine hydrochlorid and dendritic cell-targeting immunotherapy (As-NM), which resulted in complete tumor elimination in one in four mice, and produced long-term development of tumor antigen-specific immunity. Overall, our work suggests that combined ansofaxine hydrochloride may be a promising approach to cancer treatment.
5 CONCLUSION
In summary, our data reveal the role of ansofaxine hydrochloride in modulating the anti-tumor immunity. Our results support that exhausted CD8+T is an important potential mechanism by which ansofaxine hydrochloride activates anti-tumor immunity and enhances anti-tumor effects of anti-TNFR2. In addition, the study presented here suggests that strategic combination with ansofaxine hydrochloride may enhance the efficacy of tumor immunotherapy in colon cancer.
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