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Modulation of tumor immune 
microenvironment by TAS‑115, 
a multi‑receptor tyrosine kinase 
inhibitor, promotes antitumor 
immunity and contributes 
anti‑PD‑1 antibody therapy
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TAS‑115 is an oral multi‑receptor tyrosine kinase inhibitor that strongly inhibits kinases implicated 
in antitumor immunity, such as colony stimulating factor 1 receptor and vascular endothelial growth 
factor receptor. Because these kinases are associated with the modulation of immune pathways, we 
investigated the immunomodulatory activity of TAS‑115. An in vitro cytokine assay revealed that 
TAS‑115 upregulated interferon γ (IFNγ) and interleukin‑2 secretion by T cells, suggesting that TAS‑
115 activated T cells. Gene expression analysis suggested that TAS‑115 promoted M1 macrophage 
differentiation. In in vivo experiments, although TAS‑115 exerted a moderate antitumor effect in the 
MC38 mouse colorectal cancer model under immunodeficient conditions, this effect was enhanced 
under immunocompetent conditions. Furthermore, combination of TAS‑115 and anti‑PD‑1 antibody 
exhibited greater antitumor activity than either treatment alone. Flow cytometry analysis showed the 
increase in IFNγ‑ and granzyme B (Gzmb)‑secreting tumor‑infiltrating T cells by TAS‑115 treatment. 
The combination treatment further increased the percentage of  Gzmb+CD8+ T cells and decreased 
the percentage of macrophages compared with either treatment alone. These results highlight the 
potential therapeutic effect of TAS‑115 in combination with PD‑1 blockade, mediated via activation of 
antitumor immunity by TAS‑115.

Therapy with blocking programmed cell death 1 (PD-1), PD-1 ligand 1 (PD-L1), and cytotoxic T lymphocyte 
antigen-4 (CTLA-4) becomes promising approach for cancer  treatment1–3. Despite recent immunotherapies 
exhibiting dramatic benefits in cancer therapy, their efficacy is limited in certain populations due to the immu-
nosuppressive tumor microenvironment (TME)4–6. To address this issue, combination of immunotherapies with 
immunomodulatory reagents is considered a useful therapeutic strategy. Indeed, lenvatinib and the anti-PD-1 
antibody, pembrolizumab combination therapy showed effective antitumor activity; subsequently, it was approved 
for endometrial  cancer7 and renal cell carcinoma (RCC)8.

TAS-115 is a small-molecule inhibitor that inhibits several kinases, including colony stimulating factor 1 
receptor (CSF1R), vascular endothelial growth factor receptor (VEGFR), MET, and platelet-derived growth 
factor receptor (PDGFR). The half-maximal inhibitory concentration  (IC50) values of TAS-115 against CSF1R, 
MET, VEGFR2, PDGFRα, and PDGFRβ enzymatic activities have been reported to be 15, 32, 30, 0.81, and 
7.1 nmol/L, respectively. Additionally, TAS-115 treatment has been confirmed to inhibit downstream signals 
of these molecules in tumor  cells9–11. TAS-115 has shown antitumor activity against tumors harboring MET 
abnormalities, osteosarcoma, and bone metastatic tumors. Mechanisms of its antitumor activity are considered 
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via anti-angiogenesis and/or direct inhibition of kinase signals associated with tumor growth, including CSF1R, 
MET, and  PDGFRs9,10,12. Currently, phase 3 clinical trial against osteosarcoma is ongoing (JapicCTI-205335).

CSF1R is an important molecule modulating macrophage, and CSF1R inhibition depletes macrophages in 
 tumor13,14. Macrophages are a major component of TME, and mainly, tumor-infiltrating macrophages are divided 
into two types. One is immune activating phenotype, M1 macrophages and another is immunosuppressive 
phenotype, M2 macrophages, and the existence of these macrophages influences antitumor  immunity15. Other 
reports showed that M2 macrophages are more dependent on CSF1R signal than M1  macrophages16.

VEGF is a key TME modulatory molecule secreted from tumor cells, cancer-associated fibroblasts, myeloid-
derived suppressor cells (MDSCs), and macrophages; it suppresses antitumor  immunity6,17,18. VEGF/VEGFR 
signal inhibition mediated anti-angiogenesis is considered an ideal approach for improving immunosuppressive 
TME, and several anti-angiogenesis reagents and immune checkpoint inhibitors (ICIs) have been approved as 
part of combination therapies for non-small cell lung cancer, hepatocellular carcinoma, and RCC 19–22.

Therefore, dual inhibition of CSF1R and VEGFR might be expected to activate antitumor immunity better 
than single kinase inhibition, either CSF1R or VEGFR, by modulating  TME23–25. The specific features of TAS-
115 motivated us to investigate the immunomodulatory effects of TAS-115 and the combined effect of TAS-115 
with ICIs.

In this study, we investigated the effects of TAS-115 on macrophages and T cell activation in vitro and in vivo. 
We additionally evaluated the in vivo antitumor efficacy and tumor-infiltrating immune cell population following 
combination of TAS-115 and anti-PD-1 antibody. Our data suggested that TAS-115 could boost the antitumor 
efficacy of anti-PD-1/PD-L1 antibodies by enhancing antitumor immunity.

Results
TAS‑115 inhibits CSF1R signal in macrophages and modulates its phenotype
To address the immunomodulatory activity of TAS-115, we investigated whether TAS-115 could inhibit mac-
rophage-colony stimulating factor (M-CSF)-dependent macrophage survival based on the inhibitory activity of 
TAS-115 against CSF1R signaling in bone marrow-derived macrophages (BMDMs). Mouse bone marrow cells 
were stimulated with M-CSF to differentiate into BMDMs under M-CSF stimulation and the generated BMDMs 
were maintained in culture medium containing M-CSF. TAS-115 inhibited cell survival of BMDMs with an  IC50 
value of 0.20 µmol/L (Fig. 1A). By western blot analysis, TAS-115 inhibited M-CSF-induced phospho-AKT and 
phospho-ERK in BMDMs at concentration more than 0.1 µmol/L (Fig. 1B). These results demonstrate that TAS-
115 inhibits M-CSF-dependent macrophage survival.

Next, the effects of TAS-115 on M1 and M2 macrophage polarization were evaluated by mRNA quantifica-
tion. BMDMs were treated with interleukin (IL) -4 alone or both interferon γ (IFNγ) and lipopolysaccharide 
(LPS) to induce M2 or M1 macrophages, respectively. To avoid the influence of inhibition on M-CSF dependent 
survival by TAS-115 treatment, this assay was performed in the absence of M-CSF. The differentiation to M2 or 
M1 macrophages was confirmed by RT-PCR analysis detecting upregulation of M2 macrophage-related gene 
(i.e., Arg1, Mrc1, Irf4, and Tgfb) expression in IL-4-treated BMDMs or M1 macrophage-related gene (i.e., Il-1b 
and Il-12b) expression in both IFNγ- and LPS-treated BMDMs compared with those in non-treated BMDMs 
(M0 macrophages). Concurrent treatment with a high dose of TAS-115 suppressed the M2 macrophage-related 
gene expression under an M2 polarizing condition. In contrast, the M1 macrophage-related gene expression was 
upregulated by TAS-115 at concentration more than 0.01 µmol/L under an M1 polarizing condition (Fig. 1C). 
These data indicate that TAS-115 promotes the differentiation of M1 macrophages.

TAS‑115 directly promotes T cell activation
To investigate the effects of TAS-115 on T cells, we evaluated IFNγ and IL-2 secretion by splenocytes isolated from 
OT-1 mouse spleens. OT-1 splenocytes can be activated by ovalbumin (OVA) peptide, enabling the evaluation of 
the effects of inhibitors on antigen-specific T cell activation. Splenocytes were exposed to several concentrations 
of TAS-115 under OVA peptide stimulation, and the secreted IFNγ and IL-2 were evaluated. IFNγ secretion 
by OT-1 splenocytes was enhanced by 0.3 and 1 µmol/L TAS-115 and IL-2 secretion was enhanced by 0.1 and 
0.3 µmol/L TAS-115. TAS-115 reduced IL-2 secretion at concentration of 1 µmol/L (Fig. 2A). In this assay system, 
increase in IFNγ and IL-2 secretion might be also observed in the case which TAS-115 promoted dendritic cell 
(DC) maturation. To exclude this possibility, the effects of TAS-115 on DC maturation were investigated. CD11c-
positive cells, isolated from OT-1 mouse splenocytes, were cultured in a medium containing OVA peptide and 
TAS-115; subsequently, we evaluated the expression of DC maturation markers CD80, CD86, and MHC class II 
(I-A/I-E). However, the levels of these maturation markers were not enhanced by TAS-115 (Fig. 2B). Addition-
ally, TAS-115 did not enhance the expression of these markers on CD11c-positive cells cultured in a medium 
containing LPS, used as DC maturation reagents (Supplementary Fig. 2). These results indicated that TAS-115 
upregulated antigen-induced T cell activation but did not activate DCs.

Furthermore, to confirm that TAS-115 treatment activates human T cells, we investigated IFNγ and IL-2 
secretion by human peripheral blood mononuclear cells (hPBMCs). hPBMCs were exposed to TAS-115 under 
agonistic anti-CD3 and CD28 antibodies stimulation condition; subsequently, the secreted IFNγ and IL-2 were 
evaluated. Consistent with the results from studies with mouse splenocytes, TAS-115 treatment increased the 
secretion of IFNγ and IL-2 by hPBMCs (Fig. 2C). The increase in both IFNγ and IL-2 secretion by hPBMCs 
occurred with TAS-115 concentrations that were lower than that used in the study with mouse splenocytes. But, 
IFNγ secretion tended to be decreased by TAS-115 at concentration more than 0.3 µmol/L and IL-2 secretion 
was decreased by TAS-115 at concentration more than 0.03 µmol/L. These data indicate that TAS-115 directly 
affect T cells and enhance its activation-induced IFNγ and IL-2 secretion at certain concentrations.
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TAS‑115 activates tumor‑infiltrating T cells and inhibits tumor growth in syngeneic mouse 
model
Since TAS-115 promoted M1 macrophage differentiation and cytokine secretion by T cells in vitro, we hypoth-
esized that TAS-115 could enhance antitumor immunity in vivo. To test this hypothesis, we investigated the 
in vivo antitumor efficacy of TAS-115 in a syngeneic MC38 colorectal cancer model. In the in vitro cell viability 
assay, TAS-115 did not show the potent cell growth inhibition against MC38 cells (Fig. 3A). Nevertheless, in the 
in vivo study, TAS-115 significantly inhibited tumor growth in a dose-dependent manner (TGI% values were 
62%, 73%, and 87% at doses of 12.5, 25, and 50 mg/kg, respectively) (Fig. 3B). Interestingly, TAS-115 was less 
active against MC38 tumors in severe combined immunodeficiency (SCID) mice (TGI% values were 32%, 44%, 

Figure 1.  TAS-115 inhibits immune-suppressive macrophages. (A) The survival rate (%) of BMDMs treated 
with the indicated concentrations of TAS-115 for 4 days under M-CSF stimulation. Values indicate the ratio 
of TAS-115 treated versus DMSO control. Error bars indicate the S.D. (N = 3). (B) Western blot analysis of 
phospho-AKT and ERK in BMDMs stimulated with M-CSF for 5 min at the indicated concentrations of 
TAS-115. The original gel images are shown in Supplementary Fig. 6. (C) The mRNA expression levels of M2 
macrophage markers (Mrc1, Inf4, Arg1 and Tgfb) in IL-4 treatment-induced M2-polarized BMDMs and M1 
macrophage markers (IL-12b and IL-1b) in both IFNγ and LPS treatment-induced M1-polarized BMDMs 
following treatment with TAS-115. M0 indicates BMDMs not treated with IL-4 or IFNγ and LPS. Error bars 
indicate the S.D. (N = 3). Statistical significance was determined by Dunnett test vs. 0 µmol/L TAS-115 (*p < 0.05, 
**p < 0.01, ***p < 0.001).
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and 60% at doses of 12.5, 25, and 50 mg/kg, respectively) (Fig. 3C). These results indicate that the antitumor 
efficacy of TAS-115 is partially mediated by adaptive immunity.

Next, we evaluated tumor-infiltrating immune cell populations in the MC38 syngeneic model. The tumors 
were collected after 9 days of daily administration of TAS-115, and tumor-infiltrating immune cells were ana-
lyzed by flow cytometry (Fig. 3D–F and Supplementary Fig. 3). In myeloid populations, macrophages tended 
to decrease in a TAS-115 dose-dependent manner at this time point (Fig. 3D). This macrophage reduction was 

Figure 2.  TAS-115 upregulated IFNγ and IL-2 secretion by T cells. (A) IFNγ and IL-2 secretion by OT-1 mouce 
splenocytes stimulated with OVA peptide under treatment with indicated concentrations of TAS-115. IFNγ and 
IL-2 levels were determined 2 days and 1 day after initiation of stimulation, respectively. Error bars indicate the 
S.D. (N = 3). (B) The expression levels of CD80, CD86, and MHC class II on CD11c-positive cells stimulated 
with OVA peptide and indicated concentration of TAS-115. Error bars indicate the S.D. (N = 3). (C) IFNγ and 
IL-2 secretion from hPBMCs stimulated with anti-CD3/CD28 cocktail and indicated concentrations of TAS-115 
for 2 days. Statistical significance was determined by Dunnett test vs. 0 µmol/L TAS-115 (*p < 0.05, **p < 0.01, 
***p < 0.001).
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significant at a later time point (Supplementary Fig. 4). TAS-115 treatment did not increase the percentage of 
 CD8+ T cells and  CD4+ T cells (Fig. 3E); however, TAS-115 treatment significantly increased IFNγ+CD8+ T cells 
and granzyme B (Gzmb)+CD8+ T cells in a dose-dependent manner (Fig. 3F). These results suggested that the 
decrease in macrophage population and the increase in IFNγ+ or  Gzmb+CD8+ T cell population by TAS-115 
contribute to the increased antitumor efficacy of TAS-115 in the MC38 syngeneic model.

Figure 3.  TAS-115 showed strong antitumor effect in immunocompetent condition and activated tumor-
infiltrating  CD8+ T cells. (A) The effects of TAS-115 against in vitro proliferation of MC38 cells. (B,C) Mean 
tumor volume values 21 days after initiation of TAS-115 treatment in MC38 tumor-bearing B6 mouse model 
(B) and SCID mouse model (C). The bar indicates the mean tumor volume in each group, and each error 
bar indicates the standard error (S.E.) (N = 7–10). Each plotted dot indicates the tumor volume of individual 
mice. Values under each graph indicate TGI% of mean tumor volume in each group. (D–F) Percentage 
of macrophage, T cell, and cytokine-secreting T cell populations in MC38 tumor on day 10. Macrophage 
populations are macrophages of  CD45+ cells (D). T cell populations are  CD8+ T cells and  CD4+ T cells of  CD45+ 
cells (E). Cytokine-secreting T cell populations are IFNγ+CD4+ T cells of  CD4+ T cells, IFNγ+CD8+ T cells of 
 CD8+ T cells, and  Gzmb+CD8+ T cells of  CD8+ T cells (F). The bar indicates the mean in each group, and each 
error bar indicates the S.E. (N = 5). Each plotted dot indicates the individual value. Statistical significance was 
determined by Dunnett’s test vs. control (*p < 0.05, **p < 0.01, ***p < 0.001).
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TAS‑115 does not affect expression of immunomodulatory molecules on tumor cells
Some studies have suggested that the modulation of the expression of PD-L1 on tumor cells affects antitumor 
immunity and that MET signaling is associated with the expression of PD-L1 on tumor  cells26. Because MET 
is a target of TAS-115, we evaluated PD-L1 expression on MC38 cells treated with TAS-115 by flow cytometry 
analysis. TAS-115 did not alter IFNγ-induced PD-L1 expression levels (Fig. 4). Another possible mechanism that 
activates antitumor immunity is the upregulation of antigen-MHC class I complex on tumor cell surface. Since 
this complex formation is dependent on MHC class I expression, we evaluated MHC class I (H2-Kb) expression 
on MC38 cells under TAS-115 treatment. TAS-115 did not alter IFNγ-induced MHC class I expression levels 
of MC38 cells (Fig. 4). These data suggested that TAS-115 does not enhance antitumor immunity by affecting 
PD-L1 and MHC class I expression on tumor cells.

Combined treatment of TAS‑115 and anti‑PD‑1 antibody enhances antitumor immunity
Thus far, the data indicated that TAS-115 exhibited immunomodulatory effects and that the antitumor efficacy 
of TAS-115 was enhanced under immunocompetent conditions. Next, we examined the antitumor efficacy of 
combination of TAS-115 and anti-PD-1 antibody in the MC38 syngeneic model. Although single treatment with 
TAS-115 or anti-PD-1 antibody moderately suppressed tumor growth, combined treatment with TAS-115 and 
anti-PD-1 antibody exhibited greater tumor growth inhibition than either treatment alone (Fig. 5A). The com-
bination treatment did not cause body weight loss during the study. These results suggested that the antitumor 
efficacy of anti-PD-1 antibody was enhanced by TAS-115.

We analyzed tumor-infiltrating immune cells to investigate the mechanisms underlying the enhanced anti-
tumor activity of combination treatment with TAS-115 and anti-PD-1 antibody (Fig. 5B–E). The macrophage 
population was significantly decreased by single treatment with TAS-115 or anti-PD-1 antibody compared 
with the control treatment. In the combination treatment group, the reduction in the macrophage population 
was greater than either treatment alone. In other myeloid cells, although TAS-115 upregulated granulocytic 
MDSC (gMDSC) and monocytic MDSC (mMDSC) populations, these effects were weakened by combined with 
anti-PD-1 antibody (Fig. 5B). Both TAS-115 alone and anti-PD-1 antibody alone increased the  Gzmb+CD8+ T 
cell population; importantly, the combination treatment further increased this population compared with the 
individual treatments. The IFNγ+CD8+ T cell population was increased by TAS-115 alone or in combination 
with anti-PD-1 antibody. In contrast to  CD8+ T cells, the IFNγ+CD4+ T cell population did not change in any 
treatment group (Fig. 5C).

Furthermore, we investigated whether TAS-115 influenced antigen-specific cytotoxic T cell (CTL) induction. 
Because MuLV is a well-known antigen of MC38 cells, MuLV-specific CTLs in MC38 tumors were detected 
using fluorescent-labeled  tetramers27. Single treatment with anti-PD-1 antibody, but not TAS-115, increased the 
percentage of antigen-specific CTLs relative to total lymphocytes compared with the control treatment (Fig. 5D). 
Interestingly, treatment with TAS-115 alone increased the percentage of antigen-specific CTLs relative to  CD8+ 
T cells to the same extent as anti-PD-1 antibody treatment alone or combination treatment (Fig. 5E). These 
results indicate that TAS-115 could upregulate the percentage of tumor-reactive CTLs relative to  CD8+ T cells. 
In summary, combination of TAS-115 and anti-PD-1 antibody might enhance tumor-infiltrating tumor-reactive 
CTLs and exhibit better antitumor activity than either treatment alone.

Figure 4.  The expression levels of IFNγ-induced PD-L1 and MHC class I on MC38 cells treated with TAS-115. 
Indicated concentrations of TAS-115 represent the final concentrations used in this assay. Error bars indicate the 
S.D. (N = 3).
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Figure 5.  Combination of TAS-115 and anti-PD-1 antibody showed strong antitumor efficacy and activated 
cytotoxicity of tumor-infiltrating  CD8+ T cells. (A) Mean tumor volume values of vehicle, TAS-115 (25 mg/kg), 
anti-PD-1 antibody (0.05 mg) or combination of TAS-115 and anti-PD-1 antibody in MC38 tumor-bearing B6 
mouse model. Each plotted dot indicates the mean tumor volume, and each error bar indicates the S.E. (N = 10). 
(B–E) Percentage of myeloid, T cell, cytokine-secreting T cell and MuLV specific  CD8+ T cell in MC38 tumor 
on day 10. Myeloid populations are total myeloid cells, gMDSCs, mMDSCs, and macrophages of  CD45+ cells 
(B). T cell populations are total T cells,  CD8+ T cells, and  CD4+ T cells of  CD45+ cells, and cytokine-secreting T 
cell populations are IFNγ+CD4+ T cells of  CD4+ T cells, IFNγ+CD8+ T cells of  CD8+ T cells and  Gzmb+CD8+ T 
cells of  CD8+ T cells (C). MuLV specific  CD8+ T cell populations are MuLV specific  CD8+ T cells of  CD45+ cells 
(D) and MuLV specific  CD8+ T cells of  CD8+ T cells (E). The bar indicates the mean in each group, and each 
error bar indicates the S.E. (N = 8). Each plotted dot indicates the individual value. Statistical significance was 
determined by Tukey’s test vs. control (*p < 0.05, **p < 0.01, ***p < 0.001) and vs. TAS-115 + Anti-PD-1 (#p < 0.05, 
##p < 0.01, ###p < 0.001).
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Discussion
Macrophages present in tumor tissue produce immunosuppressive effects in the TME, and several drugs targeting 
macrophages have been  developed6. M-CSF/CSF1R signaling is associated with the survival and development of 
macrophages; therefore, CSF1R inhibition could improve antitumor  immunity13,14. Recently, combination thera-
pies with CSF1R inhibitors and anti-PD-1/PD-L1 antibodies have been examined in clinical  trials6,28. TAS-115, a 
novel multikinase inhibitor with a distinct target profile, has shown strong inhibitory activity against CSF1R. It 
has been reported to inhibit the M-CSF/CSF1R signaling pathway and M-CSF-dependent macrophage differenti-
ation into  osteoclasts10,11,29. In accordance with the previous report, TAS-115 inhibited M-CSF-induced phospho-
AKT and phospho-ERK in BMDMs, subsequently affecting M-CSF dependent BMDM survival. Interestingly, 
TAS-115 inhibited M2 macrophages at high concentrations but promoted M1 macrophages at low concentrations. 
One possible explanation for the effects of TAS-115 on macrophages is the specific kinase inhibitory profile of 
TAS-115. First, compared with M1 macrophages, M2 macrophages have been reported to be more sensitive 
to M-CSF16, suggesting that CSF1R signal inhibition by TAS-115 may contribute to blocking M2 macrophage 
differentiation and promoting M1 macrophage differentiation. Second, TAM family kinases TYRO3, AXL, and 
MER play roles in promoting M2 macrophage differentiation and inhibiting M1 macrophage differentiation. 
Indeed, several TAM family kinase inhibitors have been reported to decrease the M2 macrophage population 
and increase M1 macrophage population in  tumors30,31. TAS-115 showed significant inhibitory activity against 
TYRO3, AXL, and MER in the enzyme assay (Supplementary Table 1). Therefore, in addition to CSF1R inhibi-
tion, inhibition of TAM family kinases by TAS-115 might contribute to blocking M2 macrophage differentiation 
and promoting M1 macrophage differentiation, and these effects of TAS-115 could improve immune suppressive 
TME. Further analysis of tumor-infiltrating immune cells focusing on the detection of macrophage subtypes 
is required to clarify the effects of TAS-115 on macrophage differentiation in tumors. These findings show that 
TAS-115 has the potential to inhibit M2 macrophage differentiation and promote M1 macrophage differentiation 
in the TME, and these effects on macrophages could improve antitumor immunity.

IL-2 and IFNγ are associated with antitumor immunity of T  cells32, and enhancement of either IL-2 or IFNγ 
secretion by T cells or splenocytes is expected to promote T cell-mediated antitumor efficacy. Because TAS-115 
upregulated IL-2 and IFNγ secretion in stimulated mouse splenocytes and hPBMCs in vitro, it was suggested that 
TAS-115 promoted T cell activation. In mouse splenocytes, treatment with 1 µmol/L TAS-115 slightly decreased 
IL-2 secretion but did not inhibit IFNγ secretion, suggesting that 1 µmol/L TAS-115 did not directly damage 
mouse T cells. However, upregulation of IL-2 or IFNγ secretion by hPBMCs was observed at lower concentrations 
of TAS-115 than those observed in mouse splenocytes, and displayed a bell-shaped dose-response. Although the 
reason behind obtaining the bell-shaped dose-response in hPBMCs is unclear, it is suggested that human T cells 
are more sensitive to TAS-115 than mouse T cells, and species differences exist in the concentration promoting 
maximum secretion of IFNγ or IL-2 by TAS-115. As both IFNγ and IL-2 secretion by hPBMCs were decreased 
at concentrations above 0.3 µmol/L TAS-115, it may need to investigate the effects of high concentration of TAS-
115 on human T cells. Consistent with these data, TAS-115 treatment increased IFNγ+CD8+ T cells in MC38 
tumors. It was previously reported that DCs, but not T cells, express MET, and inhibition of MET signaling 
pathway promotes DC  activation33,34. In addition to MET, VEGFR2 and CSF1R expression was detected in DCs 
(Supplementary Fig. 5). Because these molecules are targets of TAS-115, it is plausible that the inhibition of their 
signaling by TAS-115 treatment modulates the phenotypes of DCs and subsequently affects T cell activation. 
TAS-115 did not promote the expression of the DC maturation markers MHC class II, CD80, and CD86 under 
antigen or LPS stimulation (Fig. 2B and Supplementary Fig. 2), indicating that DCs were not activated by TAS-
115 under our in vitro assay conditions. Consistent with these results, TAS-115 did not inhibit the downstream 
signalings of CSF1R and VEGFR2. Therefore, we concluded that TAS-115 exhibited potent effects by directly 
promoting T cell activation. However, the contribution of CSF1R and VEGFR2 to DCs remain unclear. The effects 
of TAS-115 on DCs may differ in the TME, where the ligands for these molecules are abundant.

Another specific feature of TAS-115 is its anti-angiogenic activity mediated by inhibition of VEGFR and 
 MET9, suggesting the potential involvement of TAS-115 in antitumor immunity. The benefits of the combination 
treatment of anti-angiogenesis inhibitors such as bevacizumab, axitinib, and lenvatinib and anti-PD-1/PD-L1 
antibodies have been reported in pre-clinical and even in clinical settings, and some combination therapies 
have already been approved as cancer  treatments19. VEGF not only directly inhibits T cell  function23,35 but also 
works as major factor promoting the formation of tumor vessels, which induces Fas-FasL interaction-mediated 
T cell  apoptosis36. Additionally, MET expression is induced by inhibition of VEGF/VEGFR signaling, and MET 
signaling promotes angiogenesis in VEGFR inhibitor-resistant tumors, implying that dual inhibition of MET 
and VEGFR coordinately inhibits tumor  angiogenesis37,38. Therefore, the antitumor effect of TAS-115 on MC38 
in an immunodeficient mouse model may be due to its anti-angiogenic activity through the dual inhibition of 
MET/VEGER. Additionally, the inhibition of macrophages by TAS-115 is expected to decrease VEGF in the 
TME because macrophages are a source of  VEGF35. Thus, it is plausible that TAS-115 might exert antitumor 
immunity by inhibiting angiogenesis more potently through two actions: direct inhibition of MET and VEGFR 
and indirect inhibition of VEGF production by macrophages.

To clarify whether the immunomodulatory activity of TAS-115 contribute to its antitumor activity, we com-
pared the antitumor efficacy of TAS-115 against MC38 tumors in immunocompetent and immunodeficient 
mice. TAS-115 exhibited more potent antitumor efficacy in an immunocompetent background, implying the 
importance of the adaptive immunity for its antitumor activity. In MC38 tumors, TAS-115 did not increase the 
tumor-infiltrating  CD8+ T cells population, but increased IFNγ+CD8+ T cells and  Gzmb+CD8+ T cells. Since 
increasing IFNγ+ or  Gzmb+CD8+ T cells is reported to be associated with antitumor  immunity39, the antitumor 
efficacy of TAS-115 may be partially mediated by activated T cells. TAS-115 monotherapy showed greater antitu-
mor efficacy than anti-PD-1 antibody monotherapy; however, the  CD8+ T cell ratio in tumors was low. TAS-115 
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is expected to exhibit both anti-angiogenesis activity and increase the percentage of active T cell populations, 
 Gzmb+CD8+ T cells, IFNγ+CD8+ T cells, and  MuLV+CD8+ T cells, relative to  CD8+ T cells in tumor. These effects 
may contribute to the superior efficacy of TAS-115 against anti-PD-1 antibody. TAS-115 monotherapy did not 
increase in IFNγ+CD4+ T cells relative to  CD4+ T cells, indicating that TAS-115 showed the antitumor efficacy 
against MC38 tumors without enhancing  CD4+ T cell function.

Furthermore, combination of TAS-115 and anti-PD-1 antibody showed greater antitumor efficacy than either 
treatment alone in the mouse syngeneic model. Combined treatment resulted in a more significant increase in 
granzyme B-secreting  CD8+ T cells and a decrease in macrophages than either individual treatment, suggest-
ing that these additional effects might enhance antitumor efficacy. In addition, combination with an anti-PD-1 
antibody suppressed the negative effects of TAS-115 on MDSCs. The inhibition of CSF1R and VEGFR2 report-
edly increases gMDSC and mMDSC,  respectively40,41. However, anti-PD-1 antibody decreased these MDSC 
 populations42. Therefore, the suppression of the increase in MDSC populations by anti-PD-1 antibody may 
partially contribute to the activation of antitumor immunity by the combination treatment.

We considered upregulation of IFNγ+CD8+ T cells by TAS-115 contributed to increase antigen-specific T 
cells in  CD8+ T cells and enhance the antitumor efficacy of anti-PD-1 antibody. It has been reported that IFNγ 
secreted from T cells induces MHC class I expression on tumor cells and upregulates antigen presentation on 
tumor cells in the  TME43; in turn, T cell expansion occurs through recognition of the antigen-MHC class I 
complex on tumor cells. IFNγ secreted from T cells also induces PD-L1 expression on tumor  cells44,45. However, 
combined treatment with TAS-115 and anti-PD-1 antibody could suppress this negative aspect of upregulation 
of IFNγ+CD8+ T cells by TAS-115. Indeed, although VEGFR inhibitors induce the expression of PD-L1 on tumor 
cells, combination of anti-PD-1/PD-L1 antibody and VEGFR inhibitor exhibited greater antitumor activity 
than either treatment  alone24. Additionally, loss of IFNγ signaling via JAK1 or JAK2 loss-of-function mutation 
is one of mechanisms of resistance to anti-PD-1/PD-L1 antibody treatment, implying the importance of IFNγ 
for antitumor  immunity46–48. In summary, it is possible that induction of IFNγ+CD8+ T cells by TAS-115 results 
in an increase in antigen-specific CTLs and combination efficacy. However, we cannot rule out the possibility 
that the involvement of macrophages or other component cells in the TME in the increase in IFNγ+CD8+ T cells 
in tumors.

Although the combination treatment of multi-receptor tyrosine kinase inhibitors with PD-1 blockade has 
shown potent antitumor effects, the effect is likely to be different for each inhibitor because of the variation in 
the inhibitory effects of kinases. For example, since lenvatinib strongly inhibits VEGF and fibroblast growth 
factor receptor (FGFR), VEGFR and FGFR dual inhibition would contribute to increasing antitumor immunity 
by reduction of the tumor-associated macrophages and anti-angiogenesis39. In contrast, TAS-115 has a unique 
kinase inhibitory profile that is involved in immunomodulation, such as CSF1R and VEGFR. Further investiga-
tions are needed to confirm the levels of contribution of individual kinase inhibition by TAS-115 on activation 
of antitumor immunity. We have shown that TAS-115 activated antitumor immunity via unique mechanisms 
(Fig. 6), activating T cells and regulating macrophage phenotypes probably mainly through CSF1R and VEGFR 
inhibition. These findings indicate novel immunomodulatory effects of TAS-115 and its potential efficacy in 
combination with ICIs, especially in patients exhibiting insufficient response to ICI alone.

Methods
Mice, cell lines and reagent
C57BL/6NCrl mice (B6 mice) and CB17/Icr-Prkdc[scid]/CrlCrlj mice (SCID mice) were obtained from 
CHARLES RIVER LABORATORIES JAPAN, INC. (Kanagawa, Japan). C57BL/6-Tg(TcraTcrb)1100Mjb/J mice 

Figure 6.  Graphical summary of putative effects of TAS-115 in tumor microenvironment. Multikinase 
inhibition of TAS-115 influences macrophage phenotype and function, T cell activation and function, and 
tumor growth.
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(OT-1 mice), which express a transgenic TCR that is specific for  OVA257–264 (SIINFEKL) peptide (OVA peptide) 
bound to H-2Kb were obtained from The Jackson Laboratory (Bar Harbor, ME), and were bred and maintained 
in Taiho pharmaceutical Co., Ltd. (Tokyo, Japan). All animal experiments were approval by the Institutional 
Animal Care and Use Committee at Taiho Pharmaceutical Co., Ltd. and were performed in accordance with 
guidelines of Taiho Pharmaceutical Co., Ltd.. All animal procedures were compliance with ARRIVE guidelines. 
MC38 cells were provided by Toyama University. TAS-115 [4-[2-fluoro-4-[[[(2-phenylacetyl)amino]thioxome-
thyl]amino]-phenoxy]-7-methoxy-N-methyl-6-quinolinecarboxamide] was prepared by Taiho Pharmaceutical 
Co., Ltd.. Anti-PD-1 antibody (clone RMP1-14) was purchased from Thermo Fisher Scientific (Waltham, MA).

In vivo mouse model
Suspensions of 1 ×  106 MC38 cells were implanted subcutaneously into the right abdomen of male mice. When 
the mean tumor volume (TV) reached 80–200  mm3, tumor-bearing mice were randomly allocated into groups 
on the basis of their TVs, and treatments were initiated. TAS-115 (12.5, 25, or 50 mg/kg) was administered orally 
once daily. Anti-PD-1 antibody was dosed intraperitoneally on the initial day and day 8. For analysis of tumor-
infiltrating immune cells, anti-PD-1 antibody was dosed only initial day. TV and body weight were measured 
twice per week. TV was calculated as follows: TV = [long  (mm2)] × [short  (mm2)]2/2, where [long] is the long 
diameter and [short] is the short diameter of the tumor. Tumor growth inhibition (TGI, %) was calculated as 
follows: 100 × {1 − [(TVfinal −  TVinitial for the treatment group)]/[(TVfinal −  TVinitial for the control group)]}.  TVinitial 
and  TVfinal were the TV on the allocation day and final assessment day, respectively.

Cytokine assay
Plated mouse splenocytes (2 ×  105 cells/well) were exposed to TAS-115 1 h before stimulation with OVA peptide 
(1 µg/mL) in a complete medium (RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum, 
1% penicillin and streptomycin and 2-mercaptoethanol) and incubated for 1 or 2 days. The concentrations 
of IFNγ and IL-2 in culture supernatants were determined using Duo Set ELISA kit (R&D Systems Inc. Min-
neapolis, MN). ELISA was performed according to the kit protocol. For evaluation of IFNγ and IL-2 secretion 
from hPBMCs, cryopreserved hPBMCs were plated (2 ×  105 cells/well) and stimulated with anti-CD3 antibody 
and anti-CD28 antibody cocktail. Cryopreserved hPBMCs were obtained from Cellular Technology Limited 
(Shaker Heights, OH).

Generation of BMDMs and M2 or M1 macrophage polarization
Bone marrow cells, collected from the femurs of mice, plated in a complete medium containing M-CSF (20 ng/
mL). After 7 days of culture, BMDMs were harvested and used for further experiments. For M2 or M1 mac-
rophage polarization, BMDMs were further cultured in a complete medium containing IL-4 (20 ng/mL) or both 
IFNγ (200 ng/mL) and LPS (400 ng/mL), respectively, in the absence of M-CSF.

Cell signaling detection
BMDMs were lysed using Cell Extraction Buffer (Invitrogen, Waltham, MA), and the lysates were analyzed by 
western blot with antibodies against AKT (Cell Signaling Technology; CST, Danvers, MA), pAKT (CST), ERK 
(CST), pERK (CST), and β-actin (Abcam, Cambridge, UK).

RT‑qPCR analysis
BMDMs were harvested and seeded in 12-well plates. The cells were further cultured overnight under M2 or M1 
macrophage polarization condition with or without TAS-115 treatment. Treated cells were harvested, and mRNA 
was extracted using the RNeasy mini kit (QIAGEN, Hilden, Germany). cDNA was synthesized using SuperScript 
IV VILO Master Mix (Invitrogen). Reaction mixture was prepared by mixing synthesized cDNA, TaqMan Fast 
Advanced Master Mix (Applied Biosystems, Waltham, MA), and commercially available pre-designed TaqMan 
probe. Gene expression was measured using the  ViiTM7 (Applied Biosystems). Gene expression levels were 
determined using the ΔΔCt method.

Quantification of cell survival and proliferation
BMDMs were treated with TAS-115 in a complete medium containing M-CSF. After 4 days, cell survival was 
evaluated using CellTiter-Glo® (Promega, Madison, WI). MC38 cells were plated in a 96-well plate and cultured 
overnight. Subsequently, TAS-115 was added, and the cells were incubated for 3 days. Cellular proliferation was 
evaluated using CellTiter-Glo®.

Flow cytometry analysis
For analysis of tumor-infiltrating immune cells, single cell suspensions were prepared from tumors using tumor 
dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The cells were magnetically isolated using a 
CD45 isolation kit (Miltenyi Biotec) from suspension, and the isolated cells were stained with fluorochrome-
labeled antibodies against CD45 (Thermo Fisher Scientific), CD90.2 (Thermo Fisher Scientific), CD8 (Thermo 
Fisher Scientific), CD4 (Thermo Fisher Scientific), CD11b (Thermo Fisher Scientific), Ly6G (Miltenyi Bio-
tec), Ly6C (Miltenyi Biotec), and F4/80 (Miltenyi Biotec). For analysis of MC38-reactive T cells, the cells were 
stained with fluorochrome-labeled MuLV tetramer (MBL, Tokyo, Japan). The gating strategy is presented in 
Supplementary Fig. 1. For analysis of cytokine secretion in tumor-infiltrating immune cells, isolated cells were 
plated and cultured in a medium containing Cell stimulation cocktail (Thermo Fisher Scientific) and Protein 
transport inhibitor, Golgi STOP (BD, Franklin Lakes, NJ) for 4 h. Cultured cells were collected and stained with 
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fluorochrome-labeled antibodies against CD45, CD90.2, CD8, and CD4. Subsequently, the cells were fixed and 
permeabilized using the Foxp3/Transcription permeabilization kit (Thermo Fisher Scientific) and stained with 
fluorochrome-labeled antibodies against IFNγ (Biolegend, San Diego, CA) and Granzyme B (Biolegend).

For analysis of cell surface protein expression on CD11c-positive cells and MC38 cells, CD11c-positive cells, 
isolated from C57BL/6Jj OT-1 mice using CD11c MicroBeads UltraPure, mouse (Miltenyi Biotec), were stained 
with fluorochrome-labeled antibodies against I-A/I-E (Thermo Fisher Scientific), CD80 (Thermo Fisher Scien-
tific), and CD86 (Thermo Fisher Scientific). Plated MC38 cells were exposed to TAS-115 1 day before stimulation 
with IFNγ (50 ng/mL) and incubated overnight. The treated cells were harvested and stained with fluorochrome-
labeled antibodies against PD-L1 (Thermo Fisher Scientific) and H2-Kb (Thermo Fisher Scientific).

Cell populations or mean fluorescence intensity (MFI) were evaluated using FACS verse (BD) and analyzed 
using the FlowJo software (BD).

Statistical analysis
Statistical significance was analyzed using the Dunnett’s test and Tukey’s test with SAS version 9.2 (SAS Institute 
Japan, Tokyo, Japan). Statistical significance was set at p < 0.05.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 8 April 2022; Accepted: 26 May 2023

References
 1. Hodi, F. S. et al. Improved survival with ipilimumab in patients with metastatic melanoma. N. Engl. J. Med. 363, 711–723. https:// 

doi. org/ 10. 1056/ NEJMo a1003 466 (2010).
 2. Robert, C. et al. Anti-programmed-death-receptor-1 treatment with pembrolizumab in ipilimumab-refractory advanced melanoma: 

A randomised dose-comparison cohort of a phase 1 trial. Lancet 384, 1109–1117. https:// doi. org/ 10. 1016/ S0140- 6736(14) 60958-2 
(2014).

 3. Rittmeyer, A. et al. Atezolizumab versus docetaxel in patients with previously treated non-small-cell lung cancer (OAK): A phase 
3, open-label, multicentre randomised controlled trial. Lancet 389, 255–265. https:// doi. org/ 10. 1016/ S0140- 6736(16) 32517-X 
(2017).

 4. Kamada, T. et al. PD-1(+) regulatory T cells amplified by PD-1 blockade promote hyperprogression of cancer. Proc. Natl. Acad. 
Sci. U.S.A. 116, 9999–10008. https:// doi. org/ 10. 1073/ pnas. 18220 01116 (2019).

 5. Mariathasan, S. et al. TGFbeta attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells. Nature 554, 
544–548. https:// doi. org/ 10. 1038/ natur e25501 (2018).

 6. Duan, Z. & Luo, Y. Targeting macrophages in cancer immunotherapy. Signal Transduct. Target. Ther. 6, 127. https:// doi. org/ 10. 
1038/ s41392- 021- 00506-6 (2021).

 7. Makker, V. et al. Lenvatinib plus pembrolizumab for advanced endometrial cancer. N. Engl. J. Med. 386, 437–448. https:// doi. org/ 
10. 1056/ NEJMo a2108 330 (2022).

 8. Motzer, R. et al. Lenvatinib plus pembrolizumab or everolimus for advanced renal cell carcinoma. N. Engl. J. Med. 384, 1289–1300. 
https:// doi. org/ 10. 1056/ NEJMo a2035 716 (2021).

 9. Fujita, H. et al. The novel VEGF receptor/MET-targeted kinase inhibitor TAS-115 has marked in vivo antitumor properties and a 
favorable tolerability profile. Mol. Cancer Ther. 12, 2685–2696. https:// doi. org/ 10. 1158/ 1535- 7163. MCT- 13- 0459 (2013).

 10. Fujita, H. et al. High potency VEGFRs/MET/FMS triple blockade by TAS-115 concomitantly suppresses tumor progression and 
bone destruction in tumor-induced bone disease model with lung carcinoma cells. PLoS One 11, e0164830. https:// doi. org/ 10. 
1371/ journ al. pone. 01648 30 (2016).

 11. Koyama, K. et al. The tyrosine kinase inhibitor TAS-115 attenuates bleomycin-induced lung fibrosis in mice. Am. J. Respir. Cell 
Mol. Biol. 60, 478–487. https:// doi. org/ 10. 1165/ rcmb. 2018- 0098OC (2019).

 12. Yasuda, N. et al. TAS-115 inhibits PDGFRalpha/AXL/FLT-3 signaling and suppresses lung metastasis of osteosarcoma. FEBS Open 
Bio 10, 767–779. https:// doi. org/ 10. 1002/ 2211- 5463. 12827 (2020).

 13. Ries, C. H. et al. Targeting tumor-associated macrophages with anti-CSF-1R antibody reveals a strategy for cancer therapy. Cancer 
Cell 25, 846–859. https:// doi. org/ 10. 1016/j. ccr. 2014. 05. 016 (2014).

 14. DeNardo, D. G. et al. Leukocyte complexity predicts breast cancer survival and functionally regulates response to chemotherapy. 
Cancer Discov. 1, 54–67. https:// doi. org/ 10. 1158/ 2159- 8274. CD- 10- 0028 (2011).

 15. Rao, G. et al. Anti-PD-1 induces M1 polarization in the glioma microenvironment and exerts therapeutic efficacy in the absence 
of CD8 cytotoxic T cells. Clin. Cancer Res. 26, 4699–4712. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 19- 4110 (2020).

 16. Fujiwara, T. et al. CSF1/CSF1R signaling inhibitor pexidartinib (PLX3397) reprograms tumor-associated macrophages and stimu-
lates T-cell infiltration in the sarcoma microenvironment. Mol. Cancer Ther. 20, 1388–1399. https:// doi. org/ 10. 1158/ 1535- 7163. 
MCT- 20- 0591 (2021).

 17. Sewell-Loftin, M. K. et al. Cancer-associated fibroblasts support vascular growth through mechanical force. Sci. Rep. 7, 12574. 
https:// doi. org/ 10. 1038/ s41598- 017- 13006-x (2017).

 18. Yang, L. et al. Expansion of myeloid immune suppressor Gr+CD11b+ cells in tumor-bearing host directly promotes tumor angio-
genesis. Cancer Cell 6, 409–421. https:// doi. org/ 10. 1016/j. ccr. 2004. 08. 031 (2004).

 19. Lee, W. S., Yang, H., Chon, H. J. & Kim, C. Combination of anti-angiogenic therapy and immune checkpoint blockade normalizes 
vascular-immune crosstalk to potentiate cancer immunity. Exp. Mol. Med. 52, 1475–1485. https:// doi. org/ 10. 1038/ s12276- 020- 
00500-y (2020).

 20. Rini, B. I. et al. Pembrolizumab plus axitinib versus sunitinib for advanced renal-cell carcinoma. N. Engl. J. Med. 380, 1116–1127. 
https:// doi. org/ 10. 1056/ NEJMo a1816 714 (2019).

 21. Motzer, R. J. et al. Avelumab plus axitinib versus sunitinib for advanced renal-cell carcinoma. N. Engl. J. Med. 380, 1103–1115. 
https:// doi. org/ 10. 1056/ NEJMo a1816 047 (2019).

 22. Socinski, M. A. et al. Atezolizumab for first-line treatment of metastatic nonsquamous NSCLC. N. Engl. J. Med. 378, 2288–2301. 
https:// doi. org/ 10. 1056/ NEJMo a1716 948 (2018).

 23. Voron, T. et al. VEGF-A modulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J. Exp. Med. 212, 139–148. 
https:// doi. org/ 10. 1084/ jem. 20140 559 (2015).

https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1016/S0140-6736(14)60958-2
https://doi.org/10.1016/S0140-6736(16)32517-X
https://doi.org/10.1073/pnas.1822001116
https://doi.org/10.1038/nature25501
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1038/s41392-021-00506-6
https://doi.org/10.1056/NEJMoa2108330
https://doi.org/10.1056/NEJMoa2108330
https://doi.org/10.1056/NEJMoa2035716
https://doi.org/10.1158/1535-7163.MCT-13-0459
https://doi.org/10.1371/journal.pone.0164830
https://doi.org/10.1371/journal.pone.0164830
https://doi.org/10.1165/rcmb.2018-0098OC
https://doi.org/10.1002/2211-5463.12827
https://doi.org/10.1016/j.ccr.2014.05.016
https://doi.org/10.1158/2159-8274.CD-10-0028
https://doi.org/10.1158/1078-0432.CCR-19-4110
https://doi.org/10.1158/1535-7163.MCT-20-0591
https://doi.org/10.1158/1535-7163.MCT-20-0591
https://doi.org/10.1038/s41598-017-13006-x
https://doi.org/10.1016/j.ccr.2004.08.031
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1038/s12276-020-00500-y
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816047
https://doi.org/10.1056/NEJMoa1716948
https://doi.org/10.1084/jem.20140559


12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:8821  | https://doi.org/10.1038/s41598-023-35985-w

www.nature.com/scientificreports/

 24. Allen, E. et al. Combined antiangiogenic and anti-PD-L1 therapy stimulates tumor immunity through HEV formation. Sci. Transl. 
Med. 9, eaak9679. https:// doi. org/ 10. 1126/ scitr anslm ed. aak96 79 (2017).

 25. Peranzoni, E. et al. Macrophages impede CD8 T cells from reaching tumor cells and limit the efficacy of anti-PD-1 treatment. Proc. 
Natl. Acad. Sci. U.S.A. 115, E4041–E4050. https:// doi. org/ 10. 1073/ pnas. 17209 48115 (2018).

 26. Peng, S. et al. EGFR-TKI resistance promotes immune escape in lung cancer via increased PD-L1 expression. Mol. Cancer 18, 165. 
https:// doi. org/ 10. 1186/ s12943- 019- 1073-4 (2019).

 27. Yu, J. et al. Liver metastasis restrains immunotherapy efficacy via macrophage-mediated T cell elimination. Nat. Med. 27, 152–164. 
https:// doi. org/ 10. 1038/ s41591- 020- 1131-x (2021).

 28. Razak, A. R. et al. Safety and efficacy of AMG 820, an anti-colony-stimulating factor 1 receptor antibody, in combination with 
pembrolizumab in adults with advanced solid tumors. J. Immunother. Cancer https:// doi. org/ 10. 1136/ jitc- 2020- 001006 (2020).

 29. Watanabe, K. et al. The MET/vascular endothelial growth factor receptor (VEGFR)-targeted tyrosine kinase inhibitor also attenu-
ates FMS-dependent osteoclast differentiation and bone destruction induced by prostate cancer. J. Biol. Chem. 291, 20891–20899. 
https:// doi. org/ 10. 1074/ jbc. M116. 727875 (2016).

 30. Yokoyama, Y. et al. Immuno-oncological efficacy of RXDX-106, a novel TAM (TYRO3, AXL, MER) family small-molecule kinase 
inhibitor. Cancer Res. 79, 1996–2008. https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 18- 2022 (2019).

 31. Myers, K. V., Amend, S. R. & Pienta, K. J. Targeting Tyro3, Axl and MerTK (TAM receptors): Implications for macrophages in the 
tumor microenvironment. Mol. Cancer 18, 94. https:// doi. org/ 10. 1186/ s12943- 019- 1022-2 (2019).

 32. Tahtinen, S. et al. Favorable alteration of tumor microenvironment by immunomodulatory cytokines for efficient T-cell therapy 
in solid tumors. PLoS One 10, e0131242. https:// doi. org/ 10. 1371/ journ al. pone. 01312 42 (2015).

 33. Benkhoucha, M., Molnarfi, N., Schneiter, G., Walker, P. R. & Lalive, P. H. The neurotrophic hepatocyte growth factor attenuates 
CD8+ cytotoxic T-lymphocyte activity. J. Neuroinflamm. 10, 154. https:// doi. org/ 10. 1186/ 1742- 2094- 10- 154 (2013).

 34. Molnarfi, N., Benkhoucha, M., Juillard, C., Bjarnadottir, K. & Lalive, P. H. The neurotrophic hepatocyte growth factor induces 
protolerogenic human dendritic cells. J. Neuroimmunol. 267, 105–110. https:// doi. org/ 10. 1016/j. jneur oim. 2013. 12. 004 (2014).

 35. Fukumura, D., Kloepper, J., Amoozgar, Z., Duda, D. G. & Jain, R. K. Enhancing cancer immunotherapy using antiangiogenics: 
Opportunities and challenges. Nat. Rev. Clin. Oncol. 15, 325–340. https:// doi. org/ 10. 1038/ nrcli nonc. 2018. 29 (2018).

 36. Motz, G. T. et al. Tumor endothelium FasL establishes a selective immune barrier promoting tolerance in tumors. Nat. Med. 20, 
607–615. https:// doi. org/ 10. 1038/ nm. 3541 (2014).

 37. Zhang, Y. et al. The dual blockade of MET and VEGFR2 signaling demonstrates pronounced inhibition on tumor growth and 
metastasis of hepatocellular carcinoma. J. Exp. Clin. Cancer Res. 37, 93. https:// doi. org/ 10. 1186/ s13046- 018- 0750-2 (2018).

 38. Shojaei, F. et al. HGF/c-Met acts as an alternative angiogenic pathway in sunitinib-resistant tumors. Cancer Res. 70, 10090–10100. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 10- 0489 (2010).

 39. Kato, Y. et al. Lenvatinib plus anti-PD-1 antibody combination treatment activates CD8+ T cells through reduction of tumor-
associated macrophage and activation of the interferon pathway. PLoS One 14, e0212513. https:// doi. org/ 10. 1371/ journ al. pone. 
02125 13 (2019).

 40. Kumar, V. et al. Cancer-associated fibroblasts neutralize the anti-tumor effect of CSF1 receptor blockade by inducing PMN-MDSC 
infiltration of tumors. Cancer Cell 32, 654-668 e655. https:// doi. org/ 10. 1016/j. ccell. 2017. 10. 005 (2017).

 41. Horikawa, N. et al. Anti-VEGF therapy resistance in ovarian cancer is caused by GM-CSF-induced myeloid-derived suppressor 
cell recruitment. Br. J. Cancer 122, 778–788. https:// doi. org/ 10. 1038/ s41416- 019- 0725-x (2020).

 42. Chen, J. et al. Reprogramming immunosuppressive myeloid cells by activated T cells promotes the response to anti-PD-1 therapy 
in colorectal cancer. Signal Transduct. Target. Ther. 6, 4. https:// doi. org/ 10. 1038/ s41392- 020- 00377-3 (2021).

 43. Shankaran, V. et al. IFNgamma and lymphocytes prevent primary tumour development and shape tumour immunogenicity. Nature 
410, 1107–1111. https:// doi. org/ 10. 1038/ 35074 122 (2001).

 44. Abiko, K. et al. IFN-gamma from lymphocytes induces PD-L1 expression and promotes progression of ovarian cancer. Br. J. Cancer 
112, 1501–1509. https:// doi. org/ 10. 1038/ bjc. 2015. 101 (2015).

 45. Spranger, S. et al. Up-regulation of PD-L1, IDO, and T(regs) in the melanoma tumor microenvironment is driven by CD8(+) T 
cells. Sci. Transl. Med. 5, 200ra116. https:// doi. org/ 10. 1126/ scitr anslm ed. 30065 04 (2013).

 46. Torrejon, D. Y. et al. Overcoming genetically based resistance mechanisms to PD-1 blockade. Cancer Discov. 10, 1140–1157. https:// 
doi. org/ 10. 1158/ 2159- 8290. CD- 19- 1409 (2020).

 47. Zaretsky, J. M. et al. Mutations associated with acquired resistance to PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819–829. 
https:// doi. org/ 10. 1056/ NEJMo a1604 958 (2016).

 48. Shin, D. S. et al. Primary resistance to PD-1 blockade mediated by JAK1/2 mutations. Cancer Discov. 7, 188–201. https:// doi. org/ 
10. 1158/ 2159- 8290. CD- 16- 1223 (2017).

Author contributions
T.S. designed the study, performed in vitro experiments, analyzed the data, and drafted the manuscript. I.M. 
managed the project, co-designed the experiments, and made substantial contributions to the revision of the 
manuscript. R.G., A.H., T.S., K.I. and T.H. co-designed the experiments, performed the experiments, and ana-
lyzed the data. T.O., T.H., and H.F. co-designed the experiments and revised the manuscript. S.O. co-managed 
the project and approved the final manuscript. All authors critically reviewed and approved the final manuscript.

Competing interests 
All authors are employees of Taiho Pharmaceutical Co., Ltd.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 35985-w.

Correspondence and requests for materials should be addressed to T.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1126/scitranslmed.aak9679
https://doi.org/10.1073/pnas.1720948115
https://doi.org/10.1186/s12943-019-1073-4
https://doi.org/10.1038/s41591-020-1131-x
https://doi.org/10.1136/jitc-2020-001006
https://doi.org/10.1074/jbc.M116.727875
https://doi.org/10.1158/0008-5472.CAN-18-2022
https://doi.org/10.1186/s12943-019-1022-2
https://doi.org/10.1371/journal.pone.0131242
https://doi.org/10.1186/1742-2094-10-154
https://doi.org/10.1016/j.jneuroim.2013.12.004
https://doi.org/10.1038/nrclinonc.2018.29
https://doi.org/10.1038/nm.3541
https://doi.org/10.1186/s13046-018-0750-2
https://doi.org/10.1158/0008-5472.CAN-10-0489
https://doi.org/10.1371/journal.pone.0212513
https://doi.org/10.1371/journal.pone.0212513
https://doi.org/10.1016/j.ccell.2017.10.005
https://doi.org/10.1038/s41416-019-0725-x
https://doi.org/10.1038/s41392-020-00377-3
https://doi.org/10.1038/35074122
https://doi.org/10.1038/bjc.2015.101
https://doi.org/10.1126/scitranslmed.3006504
https://doi.org/10.1158/2159-8290.CD-19-1409
https://doi.org/10.1158/2159-8290.CD-19-1409
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1158/2159-8290.CD-16-1223
https://doi.org/10.1158/2159-8290.CD-16-1223
https://doi.org/10.1038/s41598-023-35985-w
https://doi.org/10.1038/s41598-023-35985-w
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:8821  | https://doi.org/10.1038/s41598-023-35985-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023, corrected publication 2024

http://creativecommons.org/licenses/by/4.0/

	Modulation of tumor immune microenvironment by TAS-115, a multi-receptor tyrosine kinase inhibitor, promotes antitumor immunity and contributes anti-PD-1 antibody therapy
	Results
	TAS-115 inhibits CSF1R signal in macrophages and modulates its phenotype
	TAS-115 directly promotes T cell activation
	TAS-115 activates tumor-infiltrating T cells and inhibits tumor growth in syngeneic mouse model
	TAS-115 does not affect expression of immunomodulatory molecules on tumor cells
	Combined treatment of TAS-115 and anti-PD-1 antibody enhances antitumor immunity

	Discussion
	Methods
	Mice, cell lines and reagent
	In vivo mouse model
	Cytokine assay
	Generation of BMDMs and M2 or M1 macrophage polarization
	Cell signaling detection
	RT-qPCR analysis
	Quantification of cell survival and proliferation
	Flow cytometry analysis
	Statistical analysis

	References


