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Anlotinib is a new multitarget tyrosine kinase inhibitor for tumor angiogenesis, and its monotherapy exhibits a decent clinical efficacy. However, the process of combining Anlotinib and immune checkpoint therapy to achieve optimal antitumor effects while limiting side effects remains unclear. In this study, we found that effective low-dose Anlotinib was sufficient to inhibit tumor growth while reducing side effects compared with high doses. Effective low-dose Anlotinib treatments induced durable tumor vascular normalization and improved anti-PD-1 therapy in both short- and long-term treatment regimens. Mechanistically, the combination therapy increased the proportions of intratumoral CD4+ T, CD8+ T, and NK cells. Anlotinib-associated antitumor effects were independent of interferon γ; however, the combination therapy required CD8+ T cells to suppress tumor growth. Together, these results suggest that the combination of effective low-dose Anlotinib and PD-1 blockade induces durable antitumor effects with fewer side effects. Our findings indicate that antiangiogenic treatments combined with immune checkpoint therapy at an effective low-dose, rather than a tolerable high dose, would be more efficacious and safer.
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Introduction

Angiogenesis, or the formation of new blood vessels from existing blood vessels, is essential for tumor initiation and progression (1, 2). Antiangiogenic therapy is widely used in the clinical treatment of various solid tumors. However, the development of diverse resistance mechanisms lessens the therapeutic effects of antiangiogenic treatments (3–7). The most common proposed resistant mechanism is related to increased tumor tissue hypoxia caused by antiangiogenic therapy, which elevates hypoxia-inducible factor 1α (HIF1α), thereby inducing or upregulating alternate proangiogenic growth factors (3, 4, 8). Emerging clinical data suggest that patients whose tumor perfusion or oxygenation increases in response to antiangiogenic therapy may actually survive longer (9–13). In addition, tumor hypoxia is also an important impediment to many effective cancer therapies. For example, the primary cytotoxicity of radiotherapy is the creation of reactive oxygen species (ROS), thus hypoxic tumors are usually resistant to radiotherapy. A number of chemotherapeutic drugs have been shown to be less effective when exposed to a hypoxic environment, which can lead to further disease progression (14, 15). Hypoxia is also a potent barrier to effective immunotherapy in cancer treatment (16). Therefore, strategies to utilize antiangiogenic agents to improve tumor blood vessel perfusion and alleviate hypoxia may enhance the therapeutic outcomes of concurrent radiotherapy, chemotherapy, or immunotherapy.

Several lines of evidence have indicated that antiangiogenic therapy can normalize the tumor vasculature and alleviate hypoxia (17, 18). However, the window of vascular normalization induced by antiangiogenic therapy is often transient (9, 19). Antiangiogenic therapy is generally used at a high dose, which may cause excessive pruning of tumor vessels and thus shorten the normalization window, resulting in the induction of resistance and the impairment of concurrent therapeutic agents (9, 20). Moreover, high doses and long-term drug administration can cause more side effects, such as hypertension, proteinuria, thromboembolism, hemorrhage, fistula formation, and bowel perforation (21, 22), which may interrupt treatments and worsen the quality of life of cancer patients. Hence, it is expected that the dosage and frequency of antiangiogenic treatments may influence the normalizing effects and subsequent therapeutic efficacy, especially in combination therapy.

Anlotinib, a multitargeted tyrosine kinase inhibitor mainly targeting vascular endothelial growth factor receptor (VEGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor receptors (PDGFR), and c-kit, has been approved for the third-line treatment of non-small cell lung cancer (NSCLC) and second-line treatment of soft tissue sarcoma in China (23, 24). However, tumor control by Anlotinib alone remains limited. The combination of Anlotinib and anti-PD-1 therapy has been shown to improve antitumor responses (25, 26). A preclinical study indicated that Anlotinib could transiently normalize the tumor vasculature and improve the therapeutic effect of PD-1 blockade (27). The clinical data of anti-PD-1 treatment concomitant with Anlotinib also showed enhanced antitumor activity in patients with various advanced tumors (28–30). However, the process of coordinating Anlotinib and PD‐1 blockade therapy to maximize the beneficial effects while reducing adverse influences remains unclear. Here, we investigated the impacts of the dosage and duration of Anlotinib on the tumor microenvironment and anti-PD-1 therapy in an orthotopic breast tumor model. Our data showed that effective low-dose Anlotinib reconditioned the tumor immune microenvironment and enhanced anti-PD-1 therapy in both short- and long-term treatment regimens while reducing side effects.


  

Materials and methods


Mice

Female C57BL/6 mice were ordered from the Shanghai SLAC Laboratory Animal Center (Shanghai, China). FVB mice were bred and maintained in the specific pathogen-free (SPF) animal facility at Soochow University. Ifnγ−/− C57BL/6 mice were a generous gift from Dr. Jinping Zhang (Soochow University). Female mice (6–8 weeks) were used in all experiments. All mice were bred and housed under SPF conditions in the animal facility at Soochow University.



Cell lines and reagents

The EO771 murine mammary tumor cell line was obtained from the CH3 Biosystems (Amherst, NY, USA). The lung carcinoma cell line LAP0297 is a generous gift from Dr. Peigen Huang (Massachusetts General Hospital, MA, USA). Tumor cells were cultured at 37°C in a humid incubator containing 5% CO2 in Dulbecco’s modified Eagle’s medium (Gibco, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, USA) and 1% penicillin and streptomycin (Gibco, USA). Cells were regularly checked for mycoplasma contamination. Anlotinib, a gift from Jiangsu Chia-Tai Tianqing Pharmaceutical Co. Ltd. (Nanjing, China), was dissolved with sterile ddH2O to a final concentration of 10 mg/ml. The stock solution was kept away from the light and stored at 4°C. Anti-mouse PD-1 antibody (Lot number 190312007) was provided by Innovent Biologics Co. Ltd. (Suzhou, China), and anti-CD8a monoclonal antibody (Clone 53-6.72), anti-CD4 monoclonal antibody (Clone GK1.5), or their isotype-matched control antibody IgG2a (2A3) were purchased from Bio X Cell (New Hampshire, USA).



Tumor growth and treatments

EO771 mammary tumor cells (2 × 105 cells) were orthotopically inoculated into the third mammary fat pad of C56BL/f female mice. Anlotinib or ddH2O was administrated by oral gavage once a day. The anti-PD-1 antibody or isotype-matched IgG2a was intraperitoneally injected at a dose of 5 mg/kg every 3 days for the duration of the experiment. Female FVB mice were subcutaneously injected with 5 × 104 LAP0297 lung tumor cells. When LAP0297 lung tumors reached approximately 3 × 4 mm in diameter, mice were randomly grouped and administered with ddH2O or Anlotinib (4 mg/kg) daily by oral gavage or anti-PD-1 as well as isotype IgG (2.5 mg/kg) via the tail vein every 3 days. The tumor size was monitored closely and measured every 3 days using a caliper, and the tumor volume was estimated by the following formula: (long axis) × (short axis)2× π/6. The tumor weight was measured at the end of the experiments.

In vivo depletion of CD4+ or CD8+ T cells was conducted according to our previously published approach (31). Briefly, on days 5, 7, and 12 following EO771 breast tumor cell inoculation, mice were injected intraperitoneally with 200 µg of anti-CD8a monoclonal antibody and anti-CD4 monoclonal antibody or 200 µg of isotype-matched control antibody IgG2a. Flow cytometry was used to determine the effectiveness of T-cell depletion at the end of the experiments.



Tumor vessel perfusion analysis

Tumor blood perfusion was analyzed based on our previously published procedure (32). Briefly, mice were systemically perfused with PBS after receiving an intravenous injection with 200 µl of PBS solution containing 10 mg/kg of Hoechst 33342 (Sigma, USA) for 5 min. Tumors were then excised and fixed with 4% paraformaldehyde (PFA) for 2–3 h. The perfused blood vessels throughout the tumor tissues were stained with fluorescent nucleus-bound Hoechst 33342 by this approach. To counterstain the slides, nonspecific nuclear staining Sytox Green (Catalog S7020, Molecular Probes, USA) was used. Images were captured using a confocal laser scanning microscope (Olympus, FV3000, Japan). The mean fluorescence intensity of Hoechst 33342 in each field was determined by using Image-Pro Plus software (version 6.0).



Immunohistochemistry and image analysis

Tumor blood vessel staining and analysis were carried out as reported previously (31). Briefly, tumor tissues were fixed in 4% PFA at 4°C for 3 h and then incubated with 30% sucrose overnight at 4°C. After that, the tissues were embedded in the optical coherence tomography (OCT) compound and stored at −80°C. Frozen samples were sectioned at a 20-µm thickness. The tumor tissue slices were incubated overnight with primary antibodies (anti-CD31, 1:200, clone MEC13.3, Catalog 550274, BD Biosciences, USA) at 4°C and subsequently with the secondary antibody (Alexa Fluor 647 Goat Anti-Armenian Hamster, 1:200, Catalog 127-605-160, Jackson ImmunoResearch, USA) for 2 h at room temperature. As to PD-L1 staining, the tumor tissue slices were incubated with Alexa Fluor 488 anti-PD-L1 (1:100, clone MIH5, Catalog 2212830, Invitrogen, USA) for 2 h at room temperature. Incubations were performed in humid chambers in the dark. The slices were counter-stained with Sytox Green. Sections were imaged with an Olympus FV3000 confocal laser-scanning microscope. The tumor vessel density was calculated using Image-Pro Plus software (version 6.0).



Flow cytometric analysis

Flow cytometric analysis was performed as described previously (25). Briefly, tumor tissues were cut into pieces and digested with DMEM containing hyaluronidase (1.5 mg/ml, Sigma-Aldrich, USA), collagenase type 1A (1.5 mg/ml, Sigma-Aldrich, USA), and deoxyribonuclease I (20 U/ml, Sigma-Aldrich, USA) at 37°C for 45 min. The tissue mixture was passed through a 70-µm nylon cell strainer to make single cell suspension, which was then washed and resuspended in cold flow buffer (1% bovine serum albumin and 0.1% NaN3 in PBS). After being blocked with a rat anti-mouse CD16/CD32 antibody (BD Pharmingen, USA), the following fluorochrome-conjugated anti-mouse antibodies were used: CD45-BV421, CD11b-BV510, CD8a-PE-Cy7, CD4-PE, CD25-APC, NK1.1-APC-Cy7, F4/80-FITC, CD206-PE-Cy7, CD11c-APC, and Gr-1-APC-Cy7 (all from BioLegend, USA). 7-Amino-actinomycin D (7AAD) (eBioscience, USA) was used as a viability dye to exclude dead cells. Flow cytometric data were collected using a Gallios flow cytometer (Beckman, USA) and analyzed using the Kaluza software (version 1.3).



Statistical analysis

Statistical analyses were conducted using Prism GraphPad (version 9). Experimental differences were determined by unpaired Student’s t-test (two-tailed) when comparing two independent groups, and one‐way ANOVA was used to compare more than two groups. The quantitative data are presented as the mean ± standard error of the mean (SEM). Differences were considered statistically significant when p < 0.05.




Results


Relatively low-dose Anlotinib monotherapy is sufficient for its antitumor effects and superior to inducing tumor vascular normalization

As a multitargeted tyrosine kinase inhibitor mainly targeting proangiogenic signaling pathways, the dosage of Anlotinib may influence its outcomes. Therefore, the effects of the dosage of Anlotinib treatments on tumor growth were tested in an orthotopic breast tumor model. We treated EO771 tumor-bearing mice with 1, 2, 4, or 8 mg/kg Anlotinib daily for 9 days. All tested dosages of Anlotinib significantly inhibited EO771 tumor growth compared with the vehicle control group (Figure 1A). Anlotinib at a dosage of 2 mg/kg (relatively low-dose) showed significantly better tumor growth inhibition compared with that of 1 mg/kg, while Anlotinib at the dosages of 2, 4 (relatively medium dose), or 8 mg/kg (relatively high dose) had similar antitumor effects (Figure 1A). The data show that a relatively low-dose Anlotinib is sufficient to fulfill its antitumor effects. We then analyzed the effects of Anlotinib treatments on tumor angiogenesis. After 9 days of Anlotinib treatments, we harvested EO771 breast tumor tissues and analyzed their tumor blood vessels. Anlotinib treatments at the dosage of 1 mg/kg/daily significantly reduced tumor blood vessel density compared with the control group (Figures 1B, C). Anlotinib treatments at a higher dosage, from 2 to 8 mg/kg/daily, showed similar blood vessel density reduction, compared with 1 mg/kg/daily (Figures 1B, C). The data suggest that a relatively low-dose Anlotinib is sufficient to accomplish its antiangiogenic effects. Besides tumor blood vessel density, vessel function is another critical parameter to reflect the impacts of Anlotinib treatments on tumor blood vessels. Therefore, we injected Hochest 33342 dye via tail vein 5 min before tumor tissue harvest to label functional tumor blood vessels as well as the vessel’s perfused area. Anlotinib treatments at the dosage of 2 mg/kg/daily, but not other dosages, improved tumor blood vessel perfusion compared with the control group (Figures 1B, C). In addition, Anlotinib treatments reduced vessel tortuosity and branches compared with the control group (Figure 1B). Together, the data suggest that relatively low-dose Anlotinib treatments are sufficient to achieve maximum antitumor effects and superior to inducing tumor vascular normalization in a monotherapy setting. Thus, we named this “relative low-dose” as “effective low-dose” for the rest of the study.




Figure 1 | The dose effects of Anlotinib on tumor growth and vascular normalization in orthotopic EO771 breast tumor model. Female C57BL/6 mice were orthotopically inoculated with 2 × 105 EO771 breast tumor cells. When tumors reached 3–4 mm in diameter, mice were randomly grouped and administered with ddH2O or different doses of Anlotinib daily by oral gavage. Five minutes prior to tumor harvest, mice were intravenously injected with 200 µg/mouse Hoechst 33342 (Ho33342). Tumor size was recorded every 3 days, and tumor weight was measured at the end of the experiments. (A) Tumor growth curves and tumor weight. (B) Representative images of Ho33342 perfusion (blue) and CD31-staining (red). Scale bar = 100 µm. (C) Ho33342 perfused tumor areas and vessel density (CD31). Significance was determined by one-way ANOVA (n = 5 mice per group). Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.





Effective low-dose Anlotinib treatments improve anti-PD-1 therapy in both short- and long-term treatment regimens with reduced side effects

Recent clinical studies suggest that antiangiogenic therapy can improve immune checkpoint therapy (8, 33–36). To investigate the influence of Anlotinib on immune checkpoint therapy, we combined anti-PD-1 therapy with either a low or high dose of Anlotinib in an orthotopic EO771 breast tumor model. Anlotinib at 2 or 8 mg/kg/daily significantly inhibited EO771 breast tumor growth, compared with the vehicle control group (Figure 2A). Although anti-PD-1 therapy alone did not affect EO771 tumor growth, the combination of anti-PD-1 therapy with either 2 or 8 mg/kg Anlotinib treatments significantly enhanced tumor growth inhibition (Figure 2A).




Figure 2 | Effective low-dose Anlotinib improved anti-PD-1 therapy in both short- and long-term treatment regimens. EO771 tumor-bearing mice were prepared, and Anlotinib treatments (2 or 8 mg/kg/daily) were conducted as described in Figure 1. Treatments with anti-PD-1 or isotype IgG (5 mg/kg) were initiated when tumors reached 3–4 mm in diameter and continued every 3 days. Tumor growth curves and tumor weights with short-term (A) or long-term (B) combinations of Anlotinib and anti-PD-1 therapy are shown. The significance was determined by one-way ANOVA (n = 7–15 mice per group). The data are presented as means ± SEM. NS, no significant difference; **p < 0.01; ***p < 0.001.



To test whether the improvement of low-dose Anlotinib treatments on anti-PD1 therapy can be obtained in another tumor model, we conducted similar combination therapy in the LAP0297 lung tumor model. Firstly, we treated LAP0297 lung tumor-bearing mice with different doses of Anlotinib. Anlotinib at the dosages of 4 mg/kg (relatively low-dose), 8 mg/kg (relatively medium dose), or 16 mg/kg (relatively high dose) displayed significant and comparable antitumor effects compared with the vehicle control group, while Anlotinib at 2 mg/kg did not inhibit tumor growth (Supplementary Figure S1A), suggesting that the effective low-dose of Anlotinib for LAP0297 lung tumor model is 4 mg/kg. We then treated LAP0297 tumor-bearing mice with Anlotinib (4 mg/kg), anti-PD-1 therapy, or their combination. Either Anlotinib (4 mg/kg) or anti-PD-1 therapy slightly retarded LAP0297 lung tumor growth, while the combination therapy dramatically inhibited tumor growth compared with all the other groups (Supplementary Figure S1B). The data show that effective low-dose Anlotinib treatments synergistically improve the efficacy of anti-PD-1 therapy in the LAP0297 lung tumor model.

The combination of immune checkpoint therapy and antiangiogenic treatments is commonly administered in a long-term regimen in the clinic. Thus, we conducted a long-term combination of Anlotinib and anti-PD-1 therapy in the orthotopic EO771 breast tumor model. Long-term low-dose Anlotinib (2 mg/kg) treatments combined with anti-PD-1 therapy were more effective in inhibiting tumor growth compared with both the monotherapy (Figure 2B). By contrast, long-term high-dose Anlotinib (8 mg/kg) plus anti-PD-1 therapy did not induce more tumor growth inhibition as compared to high-dose Anlotinib monotherapy (Figure 2B). However, body weight loss was detected in mice treated with long-term high-dose, but not low-dose, Anlotinib (8 mg/kg), compared with the vehicle control group (Figure 3A). Moreover, after 10 days of high-dose Anlotinib (8 mg/kg) treatments, the number of small intestinal villi decreased and the structure was damaged compared with those of vehicle control or long-term low-dose group, which were more severe after 15 days of high-dose Anlotinib treatments (Figure 3B). Together, these results show that effective low-dose Anlotinib treatments improve anti-PD-1 therapy in both short- and long-term regimens with reduced side effects in the EO771 breast tumor model.




Figure 3 | Long-term effective low-dose Anlotinib treatments exhibited fewer side effects compared to high-dose. EO771 tumor-bearing mice were prepared, and Anlotinib treatments were conducted as described in Figure 2. The duration of Anlotinib treatments was 20 days. Prior to colon tissue collection, mice were intravenously injected with 200 µg/mouse Hoechst 33342 (Ho33342). (A) The body weight of mice was monitored every 5 days post-Anlotinib treatments. The significance was determined by one-way ANOVA (n = 8–9 mice per group). The data are presented as means ± SEM. ns, no significant difference; ***p < 0.001. (B) Representative images of colon tissues from vehicle control and mice treated with low- or high-dose Anlotinib. Each group had eight to nine mice. Ho33342 perfusion (blue) indicating blood vessel function and CD31 (red) staining blood vessels. Scale bar=100 µm.





Effective low-dose Anlotinib treatments induce long-term tumor vascular normalization and its combination with anti-PD-1 therapy increases the percentages of intratumoral CD4+ T, CD8+ T, and NK cells

Abnormal tumor vessels and their resulting immunosuppressive tumor microenvironment are major challenges facing immune checkpoint blockade therapy (7, 31). Either low-dose antiangiogenic therapy or immune checkpoint blockade therapy can induce tumor vascular normalization and recondition of the tumor immune microenvironment (31, 32, 37, 38). However, the duration of vascular normalization upon low-dose antiangiogenic therapy is unknown. Thus, we harvested tumor tissues from days 5 to 20 after effective low-dose Anlotinib treatments. Indeed, effective low-dose Anlotinib treatments reduced tumor blood vessel density while elevating vascular perfusion compared with the control group on day 5, suggesting the induction of tumor vascular normalization (Figure 4). Remarkably, the reduction of tumor vessel density and the improvement of vessel perfusion were also significant from days 10 to 20 (Figure 4). These data show that effective low-dose Anlotinib induces long-term tumor vascular normalization. We further analyzed the impacts of Anlotinib and anti-PD-1 combination therapy on the tumor vasculature. Anti-PD-1 therapy or its combination with effective low-dose Anlotinib treatments significantly reduced tumor blood vessel density while elevating vascular perfusion compared with the isotype control group, suggesting the induction of tumor vascular normalization (Figure 5). We then analyzed the impacts of those treatments on the tumor immune microenvironment. The percentages of intratumoral CD4+ T, CD8+ T, and NK cells were significantly increased in the combination group compared with the isotype control and monotherapy groups (Figure 6). The proportions of immunosuppressive CD4+CD25+ T cells were comparable in all groups (Supplementary Figures S2, S3). The proportions of PD1+CD4+/CD4+ T cells were decreased, while the proportions of PD1+CD8+/CD8+ T cells were increased in the anti-PD-1 or combination treatment groups compared with the isotype control group (Supplementary Figure S3). We also analyzed myeloid cell populations in tumor tissues. Effective low-dose Anlotinib treatments, anti-PD-1 therapy, or their combination therapy did not change the proportions of intratumoral M-MDSCs (CD45+CD11b+Gr1medF4/80med) and PMN-MDSCs (CD45+CD11b+Gr1hiF4/80−) (Supplementary Figure S4). Together, these results show that effective low-dose Anlotinib combined with anti-PD-1 therapy induces tumor vascular normalization and increases the proportions of CD4+ T, CD8+ T, and NK cells in EO771 breast tumors, which may, in turn, contribute to enhanced antitumor effects.




Figure 4 | Effective low-dose Anlotinib treatments induced long-term tumor vascular normalization. EO771 breast tumor-bearing mice were prepared and Anlotinib treatments (2 mg/kg/daily) were conducted as described in Figure 2. Tumor tissues were harvested on Days 5, 10, 15, and 20 after vehicle control or Anlotinib treatments. (A) Representative images of Ho33342 perfusion (blue) and CD31-staining (red). Scale bar=100 µm. (B) Ho33342 perfused tumor areas and vessel density (CD31). The significance was determined by unpaired Student’s t-test (n=13-19 tumors per group). The data are presented as means ± SEM. **P < 0.01; ***P < 0.001.






Figure 5 | Either anti-PD-1 therapy or its combination with effective low-dose Anlotinib induced tumor vascular normalization. EO771 breast tumor-bearing mice were prepared, Anlotinib treatments (2 mg/kg/daily), and anti-PD-1 therapy (5 mg/kg, every three days) were conducted as described in Figure 2. Treatment duration was one week. (A) Representative images of Ho33342 perfusion (blue) and CD31-staining (red). Scale bar = 100 µm. (B) Ho33342 perfused tumor areas and vessel density (CD31). The significance was determined by one-way ANOVA (n = 4–7 mice per group). The data are presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.






Figure 6 | The combination of effective low-dose Anlotinib and anti-PD-1 therapy increased the percentages of intratumoral T and NK cells. EO771 breast tumor-bearing mice and the combination of Anlotinib and anti-PD-1 therapy were conducted as described in Figure 4. Tumor tissues were collected and analyzed by flow cytometric analysis. (A, B) Representative flow cytometric plots of intratumoral CD4+, CD8+ T, and NK cells. (C) The percentages of intratumoral CD4+, CD8+ T, and NK cells. The significance was determined by one-way ANOVA (n = 7 mice per group). The data are presented as means ± SEM. **p < 0.01; ***p < 0.001.





CD8+ T cells partially mediate the antitumor effects of the combination therapy, while Anlotinib treatments inhibit tumor growth independent of IFN-γ

It is well-known that CD4+ and CD8+ T cells, as well as IFN-γ are critical for antitumor immunity (31, 39, 40). To investigate the role of IFN-γ in Anlotinib treatments, we used an Ifnγ knockout mouse model. EO771 tumors grew faster in Ifnγ knockout mice compared with wild-type control mice. Meanwhile, Anlotinib treatments still suppressed tumor growth effectively in Ifnγ knockout mice compared with the vehicle control group (Figure 7A). The data suggest that Anlotinib inhibits tumor growth independent of IFN-γ. As the combination therapy increased the proportions of intratumoral CD4+ and CD8+ T cells, we next investigated whether T cells mediate the antitumor effects of the combination therapy. In vivo depletion of CD4+ and CD8+ T cells simultaneously or CD8+ T cells alone partially reversed tumor growth inhibition induced by the combination of effective low-dose Anlotinib and anti-PD-1 therapy in EO771 tumors. Unexpectedly, in vivo depletion of CD4+ T cells alone resulted in complete regression of EO771 tumors, while the combination of Anlotinib and anti-PD-1 therapy only slowed down EO771 tumor growth (Figure 7B). In summary, these results show that the antitumor effects of the combination of effective low-dose Anlotinib and anti-PD-1 therapy are partially mediated by CD8+ T cells while Anlotinib treatments inhibit tumor growth independent of IFN-γ.




Figure 7 | In vivo depletion of CD8+ T cells partially reversed the antitumor effects of the combination therapy, while Anlotinib treatments inhibited tumor growth independent of IFN-γ. WT or IFN-γ−/− mice were orthotopically inoculated with 2 × 105 EO771 breast tumor cells. When EO771 breast tumors reached 3–4 mm in diameter, mice were randomly divided into appropriate groups and treated with ddH2O or Anlotinib (2 mg/kg/daily), IgG, or anti-PD-1 antibodies (5 mg/kg every 3 days). Some groups of mice were also treated with isotype 2A3, anti-CD8, or/and anti-CD4 antibodies (200 µg/mouse) on days 5, 7, and 12 after tumor cell inoculation. (A) The impacts of IFN-γ on tumor growth upon Anlotinib treatments. (B) The influences of T-cell depletion on tumor growth upon Anlotinib and anti-PD-1 combination therapy. The significance was determined by one-way ANOVA (n = 7 mice per group in A, and n = 10–12 mice per group in B). The data are presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.






Discussion

Immune checkpoint blockade therapy has achieved long-term efficacy in a small fraction of cancer patients. Its combination with antiangiogenic treatments, including bevacizumab, axitinib, and lenvatinib, showed promising clinical benefits (34–36, 41). The process of optimizing the combination of antiangiogenic agents and immune checkpoint inhibitors to achieve better efficacy while reducing adverse influences remains not fully understood. In this study, we found that a relatively low-dose of Anlotinib was sufficient to achieve maximum antitumor effects with fewer side effects compared with a high-dose. Notably, effective low-dose Anlotinib induced long-lasting tumor vascular normalization. The combination of effective low-dose Anlotinib and anti-PD-1 therapy increased the proportions of intratumoral CD4+ T, CD8+ T, and NK cells. Moreover, effective low-dose Anlotinib treatments enhanced anti-PD-1 therapy in both short- and long-term treatment regimens, partially depending on CD8+ T cells. Our findings suggest that effective low-dose Anlotinib treatments induced durable tumor vascular normalization and persistently enhanced anti-PD-1 therapy, providing preclinical evidence to develop more effective and safer combinational anti-PD-1therapy by using effective low-dose Anlotinib.

The antitumor effects of an antiangiogenic agent are proposed to attributed to tumor blood vessel pruning, limiting the supply of nutrients to tumor cells (6, 8). Higher dosages of antiangiogenic agents often exhibit better vessel pruning and antitumor effects. Interestingly, relatively low-dose Anlotinib treatments exhibited similar tumor growth inhibition, compared with those of medium and high dosages. Moreover, relatively low-dose Anlotinib treatments dramatically reduced tumor blood vessel density, and increased Anlotinib dosage did not enhance vessel pruning compared with a relatively low-dose. These results indicate that Anlotinib is a very potent antiangiogenic agent; therefore, a relatively low-dose Anlotinib is sufficient to realize its antitumor and antiangiogenic effects.

Previous studies have suggested that low-dose antiangiogenic therapy induces tumor vascular normalization, reduces the compactness of tumors to relieve solid stress, increases the infiltration of immune effector cells, and converts the immunosuppressive tumor microenvironment to improve the efficacy of cancer immunotherapy (8, 32, 38, 42, 43). Here, we further showed that relatively low-dose Anlotinib treatments induced long-lasting tumor vascular normalization and potentiated anti-PD-1 therapy in both short- and long-term treatment regimens. In comparison, relatively high-dose Anlotinib treatments only improved anti-PD-1 therapy in the short-term treatment regimen. This is presumably due to the durable tumor vascular normalization induced by relatively low-dose Anlotinib treatments, while the duration of tumor vascular normalization induced by relatively high-dose Anlotinib treatments is likely transient. A recent report showed that Anlotinib treatments can induce tumor vascular normalization, which disappeared following its long-term treatments (27). Based on these results, we proposed the “effective low-dose” concept for Anlotinib therapy and potentially for other antiangiogenic therapies. An effective low-dose would be an optimal dosage for Anlotinib to significantly inhibit tumor growth and induce tumor vascular normalization while avoiding intolerable side effects.

The formation of a positive feedback loop between tumor vascular normalization and immune cell activation could be a novel mechanism for durable antitumor effects (31, 44). The combination of low-dose Anlotinib and anti-PD-1 therapy elevated the percentages of intratumoral CD4+ T, CD8+ T, and NK cells, and its antitumor effects were partially dependent on CD8+ T cells, indicating the activation of CD8+ T cells by the combination therapy. A recent study suggested that Anlotinib treatments downregulated PD-L1 expression in tumor endothelial cells to alleviate the immunosuppressive barrier and increase CD8+ T-cell tumor infiltration (45). Consistently, we observed that long-term Anlotinib treatments at the dose of 2 mg/kg, but not 8 mg/kg, reduced the levels of PD-L1 expression in tumor endothelial cells compared with control tumor blood vessels (Supplementary Figure S5), which may contribute to the increased tumor infiltration of CD8+ T cells upon Anlotinib treatments. Activated CD8+ T cells may also promote tumor vascular normalization. Hence, it is likely that Anlotinib and activated CD8+ T cells coordinated together to induce tumor vascular normalization. This may explain why low-dose, but not high-dose, Anlotinib treatments induced tumor vascular normalization and improved anti-PD-1 therapy in the long-term treatment regimen.

It is well-known that CD4+ and CD8+ T cells play crucial roles in antitumor immune responses (46–49). In vivo depletion of CD8+ T cells partially reversed the antitumor effects of the combination of low-dose Anlotinib and anti-PD-1 therapy. In addition, Anlotinib treatments inhibited tumor growth independent of IFN-γ. Together, these results indicate that Anlotinib could exert tumor growth inhibition via non-T-cell mechanisms such as tumor blood vessel pruning and direct tumor cell cytotoxicity. Another possibility is that NK cells may involve in the antitumor effects of Anlotinib because Anlotinib monotherapy or its combination with anti-PD-1 antibody increased the percentages of intratumoral NK cells. Interestingly, in vivo depletion of CD4+ T cells potentiated the combination of low-dose Anlotinib and anti-PD-1 therapy, leading to tumor regression. This could be due to the deletion of immunosuppressive CD4+CD25+ T cells, which relieves the suppressive effects on antitumor immunity induced by anti-PD-1 therapy.

In summary, this study provides preclinical evidence that relatively low-dose Anlotinib treatments are sufficient to achieve optimal antitumor effects. Low-dose Anlotinib treatments normalize tumor blood vessels, reprogram the tumor immune microenvironment, and enhance anti-PD-1 therapy in both short- and long-term treatment regimens, while minimizing side effects. Thus, we proposed that Anlotinib, in particular, and antiangiogenic agents, in general, should be treated at an effective low-dose, rather than a tolerable high-dose, because it would be more efficacious, safe, and economic.
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