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Abstract: Trifluridine/tipiracil (FTD/TPI) is a combination of FTD, an antineoplastic thymidine-based nucleoside ana-
log, and TPI, which acts to enhance the bioavailability of FTD in vivo. It is used to treat patients with unresectable 
advanced or recurrent colorectal cancer that is refractory to standard therapies. We investigated the anticancer 
activity of FTD/TPI combined with anti-mouse programed cell death 1 (PD-1) monoclonal antibody (mAb) against 
CMT-93 cells, which are microsatellite stable (MSS)-type murine colorectal cancer cells. Tumor growth inhibition 
(TGI) after treatment with anti-mouse PD-1 mAb monotherapy (0.1 mg, i.p., days 1, 5, 9) and FTD/TPI monotherapy 
(150 mg/kg/day, p.o., days 1-14) were 86.7% and 52.7%, respectively, and that of the combination was 98.4%. The 
TGI of the combination therapy was significantly greater than that of each monotherapy (P<0.05). The combination 
therapy caused complete tumor regression in four out of five mice without body-weight reduction, but neither of 
the monotherapies resulted in complete tumor regression. Low dose FTD/TPI (75 and 100 mg/kg) combined with 
anti-mouse PD-1 mAb also showed significant antitumor activity against CMT-93 tumors. Flow cytometric analysis 
revealed that a higher CD8+ T cell ratio among total lymphocytes and a lower regulatory T cells (Tregs) ratio in CD4+ 
T cells in the combination group compared with that in the control group. These results suggested that the combina-
tion therapy induced a cytotoxic response from infiltrated cytotoxic CD8+ T cells and reduced immunosuppressive 
activity as indicated by decreased Tregs. In this study, the combination therapy was found to have synergistically 
greater antitumor activity against CMT-93 cells. These preclinical findings indicated that FTD/TPI and anti-mouse 
PD-1 mAb combination therapy may be a promising treatment option, even for MSS-type colorectal cancer.
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Introduction

Trifluridine/tipiracil (FTD/TPI or TFTD), also kn- 
own as TAS-102, is a combination drug used for 
the treatment of metastatic colorectal cancer 
[1]. It comprises a mixture of two distinct chem-
icals, FTD and TPI, at a molar ratio of 1:0.5. 
FTD, an analog of thymidine, exhibits two mech-
anisms of antitumor action. It inhibits thymi-
dylate synthase [2] and is also incorporated 
into DNA, thereby inducing DNA dysfunction  
[3]. TPI enhances the bioavailability of FTD by 
inhibiting its enzymatic degradation by thymi-
dine phosphorylase. TPI is therefore beneficial 
for producing a more durable and sustained 

response to FTD [4]. The primary cytotoxic 
mechanism of FTD/TPI in the preclinical colon 
cancer model or in patients with colorectal can-
cer is thought to be incorporation of FTD into 
DNA [5]. FTD/TPI significantly improved overall 
survival and has a favorable safety profile in 
patients with metastatic colorectal cancer re- 
fractory to standard chemotherapies in the ph- 
ase III study (RECOURSE) [6]. Recent studies 
indicated that tumor cells have acquired sever-
al methods of escaping from host immunity in 
the tumor microenvironment [7]. One of the 
most important components of the mechan- 
ism is an immunosuppressive co-signal (immu- 
ne checkpoint) mediated by programmed cell 
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death 1 (PD-1)/PD-1 ligand 1 (PD-L1) in the 
tumor microenvironment. Several clinical trials 
of PD-1/PD-L1 signal-blockade agents have 
exhibited dramatic antitumor efficacy in pa- 
tients with certain types of cancers. In a phase 
II clinical trial of pembrolizumab in 50 patients 
with colon cancer, RR was higher in the mis-
match repair (MMR)-deficient group than in the 
MMR-proficient group, 40% versus 0% in the 
initial report [8]. Recently, pembrolizumab was 
approved for the treatment of adult and pediat-
ric patients with unresectable or metastatic 
solid tumors that have been identified as micro-
satellite instability (MSI)-high or MMR-deficient. 
MMR deletion has become an important indica-
tor of therapeutic efficacy of anti-PD-1 anti-
body. However, only 4% to 6% of metastatic 
colorectal cancers are associated with MSI-H 
[9, 10]. There is room for treatment develop-
ment for MSS, which account for the majority.

To enhance the antitumor effect, many clinical 
trials have sought to determine the PD-1 inhibi-
tors combination with other antitumor therapy, 
such as chemotherapy, targeted therapy, radio-
therapy, or other immunotherapy [11]. Most 
clinical studies in colorectal cancer patients 
were performed with MSI-type cancer [12]. 
Therefore, new developments in the treatment 
of MSS-type colorectal cancer were thought to 
be a crucial clinical issue related to PD-1 
inhibitors.

We previously reported that FTD/TPI in combi-
nation with irinotecan hydrochloride [13], oxali-
platin [14], bevacizumab, cetuximab, or panitu-
mumab [15], and nintedanib [16] had superior 
in vivo activity against human colorectal cancer 
xenografts, including 5FU (5-fluorouracil)-resis-
tant tumors, compared with any of these drugs 
alone. In this study, we aimed to evaluate the 
effects of FTD/TPI in combination with anti-
PD-1 monoclonal antibody (mAb) in an MSS-
type syngeneic mouse colorectal cancer model. 
We also investigated tumor infiltrating lympho-
cytes (TILs) and regulatory T cells (Tregs) after 
the same drug treatment used in the antican-
cer evaluations to examine the enhancement of 
antitumor efficacy by the combination therapy. 

Materials and methods

Reagents 

FTD and TPI were obtained from Taiho Pharma- 
ceutical Co., Ltd. (Tokyo, Japan). Purified anti-

mouse PD-1 mAb (clone RMP1-14) was purch- 
ased from BioXCell (West Lebanon, NH, USA). 
Hydroxypropyl methylcellulose (HPMC) was ob- 
tained from Shin-Etsu Chemical Co., Ltd (Tokyo, 
Japan).

Cancer cell lines

The murine male rectal CMT-93 cells were ob- 
tained from the American Type Culture Col- 
lection (ATCC, Rockville, MD, USA). The cells 
were cultured in Dulbecco’s modified Eagle’s 
cell culture media supplemented with 10% fetal 
bovine serum at 37°C in a humidified atmo-
sphere of 5% CO2 in air. The culture media and 
fetal bovine serum were obtained from Sigma-
Aldrich Co., LLC (Tokyo, Japan).

MSI genotyping. The D1Mit15, D1Mit36, D3Mit- 
22, D9Mit2, D10Mit2, D15Mit16, D16Mit10, 
and D19Mit33 repeats were amplified using 
fluorescent dye-labeled primer pairs flanking 
the (CA)n microsatellites, then the PCR frag-
ments were analyzed using a 3130XL Genetic 
Analyzer (Applied Biosystems, Foster City, CA, 
USA) [17].

Next generation sequencing (NGS) and data 
processing

Exome capture from murine cell lines was car-
ried out using the Agilent SureSelect Mouse All 
Exon kit. Libraries (Agilent Technologies Inter- 
national Japan, Ltd., Tokyo, Japan) were pre-
pared using the SureSelect XT Target Enri- 
chment System, sequenced on an Illumina 
HiSeq2500 (Illumina, Inc., San Diego, CA, USA). 
DNA-derived sequence reads were aligned to 
the mm9 genome.

Animals

Five-week-old male mice (C57BL/6J) were pur-
chased from CLEA Japan (Tokyo, Japan) and 
housed under specific pathogen-free condi-
tions, with food and water provided ad libitum. 
All animal studies were performed according  
to the protocol and guidelines of the Institu- 
tional Animal Care and Use Committee of  
Taiho Pharmaceutical Co. Ltd and with their 
approval.

Antitumor activity in vivo

CMT-93 tumor cells (approximately 5 × 106 
cells/mouse) were transplanted subcutane- 
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ously into the dorsal region of each mouse. 
Approximately 9 days later, the animals were 
grouped so that the mean and standard devia-
tion of the tumor volume (calculated using the 
equation below) would be as uniform as possi-
ble in all groups. Each group consisted of 6 
mice on day 0.

FTD/TPI was prepared by mixing FTD and TPI at 
a molar ratio of 1:0.5 in 0.5% HPMC solution. 
The dose of FTD/TPI was expressed based on 
FTD content. FTD/TPI was administered orally 
from day 1 to 14 at the reported optimal effec-
tive dose (150 mg/kg/day) [5] or at a decreased 
dose (100 or 75 mg/kg/day). Anti-mouse PD-1 
mAb was injected intraperitoneally at a dose of 
0.1, 0.2, or 0.5 mg on days 1, 5, and 9 [18]. For 
the control group, 10 mL/kg of vehicle (0.5% 
HPMC solution) was administered orally from 
days 1 to 14 and 0.1 mL of saline was injected 
intraperitoneally on days 1, 5, and 9.

Tumor diameters were measured twice a week 
and the tumor volume was estimated as fol-
lows: 0.5 × length × width2. The tumor growth 
inhibition ratio (TGI, %) was calculated using 
the following formula: TGI (%) = [1 - (TV of the 
treated group)/(TV of the control group)] × 100. 
The antitumor effect of the drugs was evaluat-
ed 14 days after the final drug administration 
(day 28).

To evaluate toxicity, body weight change (BWC) 
was calculated using the following formula: 
BWC (%) = [(body weight on measured day) - 
(body weight on day 0)]/(body weight on day 0) 
× 100. Toxicity was defined as a BWC indicating 
weight loss of >20% or toxic death. The experi-
mental endpoint was defined as the day on 
which the average tumor volume in the average 
body weight within each group reached more 
than 10%.

Flow cytometry analysis of tumor-infiltrating T 
cells 

The separated tumor tissues were cut into 
small pieces and digested at 37°C for at least 
20 min in RPMI 1640 supplemented with 
0.05% collagenase Type IV (Worthington Bio- 
chemical Corporation, NJ, USA), 0.002% DNase 
I (Sigma-Aldrich Japan, Cat 10104159001 
grade II), and 20% fetal calf serum (Sigma-
Aldrich Japan). Dissociated cells were then fil-
tered through 100, 70, and 40-μm mesh using 
10 mL of RPMI 1640 supplemented with 20% 
fetal bovine serum (Sigma-Aldrich Japan), then 

washed twice with PBS for 10 min at 360 × g 
and 4°C.

To define the percentage of tumor-infiltrating 
CD4+ T cells and Tregs, we obtained a mouse 
regulatory T cell staining kit (Cat. 130-094-164, 
Miltenyi Biotec, Bergisch-Gladbach, Germany) 
[19]. To immunostain CD8+ T cells, we obtained 
PE/Cy7 anti-mouse CD8 (BioLegend, San Di- 
ego, CA, USA). Briefly, 90 μL of the prepared 
cells (containing 1 × 106 cells) in BSA-EDTA buf-
fer (0.5% bovine serum albumin, 2 mM EDTA in 
PBS, pH 7.2) was added to each tube (test or 
control). To stain surface molecules, 10 μL of 
CD4 antibody and CD25 antibody and 1 μL of 
PE/Cy7 anti-mouse CD8 antibody were added 
to each tube and the tubes were incubated for 
30 min on ice. After washing twice using 1 mL 
BSA-EDTA buffer, the cells were resuspended 
and 1 mL of fixation buffer was added. The mix-
ture was kept for 30 min on ice in the dark. The 
cells were then washed twice using BSA-EDTA 
buffer and 80 μL of permeabilization buffer 
was added. Ten microliters of anti-mouse Foxp3 
antibody was added and the cells were incu-
bated for 30 min on ice. Thereafter, they were 
washed with permeabilization buffer and resus-
pended in flow cytometry staining buffer. The 
samples were analyzed using a BD Accuri C6 
flow cytometer (BD, San Jose, CAUSA). A total of 
5 × 105 events was read for each sample and 
the results were analyzed using the BD Accuri 
C6 software (ver.1.0.264.21) software.

Statistical analysis 

Differences in the mean TV between the treat-
ed and control groups on day 28 were assessed 
with a closed testing procedure using the Aspin-
Welch two-sided t-test [20]. The combinatorial 
antitumor effect of FTD/TPI and anti-mouse 
PD-1 mAb was analyzed with a closed testing 
procedure using the Aspin-Welch two-tailed 
t-test. Statistical significance was assigned at 
P<0.05. P-values were calculated using EXSUS, 
ver. 8.1 (CAC Exicare Corp., Osaka, Japan). 
Differences in TILs in the drug treated group 
and the control group were assessed using the 
Student’s one-sided t-test.

Results 

Genomic characterization of the CMT-93 cell 
line

First, we performed genotyping on the CMT-93 
mouse tumor cell line using eight microsatellite 
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markers (Supplementary Figure 1) [17]. All eight 
microsatellite markers were found to be stable 
in CMT-93 cells. We then performed whole-
exome sequencing on CMT-93 cells to identify 
tumor-specific point mutations. Coding variants 
were measured relative to the reference mouse 
genome to identify 2108 and 1979 with non-
synonymous and synonymous variants, respec-
tively. DNA repair-related genes, such as Mlh1, 
Mlh3, Msh2, Msh6, and Pms, were found to be 
wild-type. Therefore, the genomic characteriza-

tion of the CRC cell line CMT-93 demonstrated 
its validity as a model for MSS colorectal 
cancer.

Dose determination for anti-mouse PD-1 mAb 
alone in CMT-93 cells

We first performed a preliminary study to con-
firm the antitumor activity and toxicity of FTD/
TPI monotherapy and anti-mouse PD-1-mAb 
monotherapy in CMT-93 cells (Figure 1A and 

Figure 1. Effect of anti-mouse PD-1 mAb alone and FTD/TPI alone in mouse colorectal CMT-93 tumors. Change in 
tumor volume (A) and body weight in CMT-93 tumor-bearing mice (B). Mice were treated with vehicle (x), anti-mouse 
PD-1 mAb (0.1 mg, intraperitoneal administration on days 1, 5, and 9, ○), anti-mouse PD-1 mAb (0.2 mg, intraperi-
toneal administration on days 1, 5, and 9, Δ), anti-mouse PD-1 mAb (0.5 mg, intraperitoneal administration at days 
1, 5, and 9, □), or FTD/TPI (150 mg/kg, orally daily from days 1 to 14, ♦). Values indicate means ± SD (n = 6). Tumor 
volume and body weight were measured twice weekly.

Figure 2. Effect of anti-mouse PD-1 mAb and FTD/TPI combination therapy in mouse colorectal CMT-93 tumors. 
Change in tumor volume (A) and body weight in CMT-93 tumor-bearing mice (B). Anti-mouse PD-1 mAb was admin-
istered intraperitoneally on days 1, 5, and 9. FTD/TPI was administered orally daily from days 1 to 14. Mice were 
treated with vehicle (x), anti-mouse PD-1 mAb (0.1 mg, ○), FTD/TPI (150 mg/kg, ♦), or anti-mouse PD-1 mAb (0.1 
mg) plus FTD/TPI (150 mg/kg) (●). Values indicate means ± SD (n = 6). Tumor volume and body weight were mea-
sured twice weekly.
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1B). We treated C57BL/6J mice bearing CMT-
93 tumors with FTD/TPI and anti-mouse PD-1 
mAb. On day 28, both FTD/TPI alone and anti-
mouse PD-1 mAb alone exhibited significant 
antitumor activity (P<0.01). TGI on day 28 was 
53.3% for FTD/TPI at 150 mg/kg and 86.4, 
90.1, and 90.7% for anti-mouse PD-1 mAb at 

52.7% for FTD/TPI alone, and 98.4% for anti-
mouse PD-1 mAb plus FTD/TPI. On day 28,  
suppression of tumor growth was signifi- 
cantly greater after the combination therapy 
compared to that with each monotherapy 
(P<0.01). No signs of toxicity were observed in 
the mice.

Figure 3. Effect of anti-mouse PD-1 mAb and low-dose FTD/TPI combination therapy in mouse colorectal CMT-93 
tumors. Change in tumor volume (A) and body weight in CMT-93 tumor-bearing mice (B). Anti-mouse PD-1 mAb was 
administered intraperitoneally on days 1, 5, and 9. FTD/TPI was administered orally daily from days 1 to 14. Mice 
were treated with vehicle (x), anti-mouse PD-1 mAb (0.1 mg, ♦), FTD/TPI (75 mg/kg, ○), FTD/TPI (100 mg/kg, Δ), 
FTD/TPI (150 mg/kg, □), anti-mouse PD-1 mAb (0.1 mg) plus FTD/TPI (75 mg/kg) (●), anti-mouse PD-1 mAb (0.1 
mg) plus FTD/TPI (100 mg/kg) (▲), or anti-mouse PD-1 mAb (0.1 mg) plus FTD/TPI (150 mg/kg) (■). Values indicate 
means ± SD (n = 6). Tumor volume and body weight were measured twice weekly.

Table 1. Antitumor activity in mice implanted with mouse 
colorectal tumor CMT-93 after treatment with FTD/TPI and 
anti-mouse PD-1 mAb

Group Dose (mg/body 
or mg/kg)3 TV1 (mean ± SD) TGI2 (%)

Control - 705.2±63.0 -
Anti-PD-1 mAb 0.1 129.2±51.9** 81.7
FTD/TPI 75 469.3±92.6** 33.5
FTD/TPI 100 374.8±43.8** 46.9
FTD/TPI 150 282.8±53.8** 59.9
Anti-PD-1 mAb+FTD/TPI 0.1+75 56.0±12.7**,##,$ 92.1
Anti-PD-1 mAb+FTD/TPI 0.1+100 29.2±10.8**,##,$$ 95.9
Anti-PD-1 mAb+FTD/TPI 0.1+150 11.1±2.4**,##,$$ 98.4
1: Tumor volume on day 28. 2: Tumor growth inhibition ratio on day 28. 3: 
Anti-PD-1 = mg/body, FTD/TPI = mg/kg. **: p<0.01 with Aspin-Welch’s t-test 
as compared with the Control group. ##: p<0.01 with Aspin-Welch’s t-test as 
compared with the Anti-mouse PD-1 mAb group. $, $$: p<0.05, p<0.01 with 
Aspin-Welch’s t-test as compared with the FTD/TPI group.

0.1, 0.2, and 0.5 mg, respectively. 
There were no changes in body 
weight. From these results, the 0.1 
mg dose of anti-mouse PD-1 on 
days 1, 5, and 9 was further used 
to evaluate combination therapy 
with FTD/TPI.

Antitumor efficacy of FTD/TPI and 
anti-mouse PD-1 mAb combination 
therapy in vivo

We next assessed TGI and ch- 
anges in body weight after treat- 
ment with anti-mouse PD-1 mAb 
monotherapy, FTD/TPI monothera-
py, and the combination in the 
CMT-93 cancer model (Figure 2A 
and 2B). TGI on day 28 was 87.0% 
for anti-mouse PD-1 mAb alone, 
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Furthermore, we evaluated efficacy and body 
weight changes after treatment with anti-
mouse PD-1 mAb combined with low-dose FTD/
TPI (75 and 100 mg/kg) or the optimal effec-
tive dose of FTD/TPI (150 mg/kg) in the CMT-
93 cancer model (Figure 3A and 3B). FTD/TPI 
had significant and dose-dependent antitumor 
activity against CMT-93 tumors (Table 1). The 
synergistic antitumor effect of anti-mouse PD-1 
mAb (0.1 mg) plus FTD/TPI (150 mg/kg) combi-
nation therapy was consistent with that of the 
previous study (Figure 2A). Furthermore, when 
the observation period in this combination 
treatment group was prolonged from day 28 to 
39, macroscopic examination indicated that 
four out of five mice were cured. No weight loss 
was observed. 

We also evaluated the antitumor activity of the 
anti-mouse PD-1 mAb combined with TPI, which 
prevents degradation of FTD as a thymidine 
phosphorylase inhibitor (Supplementary Figure 

2). TPI alone had no antitumor activity and 
there was no enhancement of the antitumor 
activity of anti-mouse PD-1 mAb when com-
bined with TPI in CMT-93 cells in vivo.

Change in tumor infiltrating lymphocytes (TILs) 
population after combination treatment with 
FTD/TPI and anti-mouse PD-1 mAb 

We investigated, using flow cytometry, whether 
the FTD/TPI and anti-mouse PD-1 mAb combi-
nation therapy influenced the TIL population. 
Twenty-four tumor-bearing mice (four groups, 
each containing six mice) were used (Figure 
4A-D). Using single cell suspensions prepared 
from the tumor tissues of the animals, three-
color staining and flow cytometry analysis were 
performed. The CD8+ T cell ratio among total 
lymphocytes in the FTD/TPI and anti-mouse 
PD-1 mAb combination-treated group was sig-
nificantly higher than that of the untreated con-
trol group. Although CD4+ T cells in the lympho-

Figure 4. The proportion of each T cell subpopulation in the CMT-93 cells was determined by flow cytometry. FTD/TPI 
was administered orally from days 1 to 14 at the reported effective dose (150 mg/kg/day). Anti-mouse PD-1 mAb 
was injected intraperitoneally at a dose of 0.1 mg on days 1, 5, and 9. Combination therapy with FTD (150 mg/kg/
day) and anti-mouse PD-1 mAb (0.1 mg/body) was administered on the same schedule as that of each monothera-
py. CMT-93 tumors were collected 24 h after the final administration of the drugs (day 15). Values indicate means ± 
SD (n = 6). **P<0.01 by the Student’s one-sided t-test compared to the untreated control group.
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cytes of the combination group tended to 
increase compared to that in the control group, 
Tregs in the CD4+ T cells of the combination 
group were significantly reduced compared to 
those of the control group (P<0.01).

Discussion

In the present study, we investigated the anti-
cancer activity of FTD/TPI combined with anti-
mouse PD-1 mAb in CMT-93 cancer cells. These 
cells are MSS-type colorectal cancer cells 
resulting from MSI typing and NGS sequencing 
of mismatch repair genes. The in vivo results 
indicated that the antitumor effect of FTD/TPI 
and anti-mouse PD-1 mAb combination therapy 
was synergistically greater than that of mono-
therapy with either FTD/TPI or anti-mouse PD-1 
mAb. Furthermore, flow cytometric analysis 
suggested that the combination of both drugs 
enhanced antitumor activity by the infiltration 
of cytotoxic CD8+ T cells and reduction of immu-
nosuppressive activity by reducing the Tregs in 
CMT-93 cells. 

Interestingly, the greater anti-tumor activity of 
the combination therapy occurred without any 
increased toxicity in C57BL/6J mice bearing 
CMT-93 tumors. These results suggested that 
the combination of FTD/TPI and anti-mouse 
PD-1 mAb might be effective for MSS-type 
colorectal patients. Furthermore, in the present 
study, anti-mouse PD-1 mAb combined with 
low-dose FTD/TPI (half the optimal effective 
dose) exhibited potent antitumor activity (TGI 
>90%). TPI alone or combined with anti-mouse 
PD-1 mAb was not effective (Supplementary 
Figure 2), indicating this synergistic effect was 
primarily derived from FTD. FTD is more resis-
tant to DNA glycosylase than 5FU [21] and its 
incorporation into DNA induces instability of 
the DNA [22]. The persistence of FTD in the 
DNA of tumor cells treated with FTD/TPI may 
underlie the anticancer activity in several pre-
clinical cancer models or prolong survival in 
cancer patients [6, 23]. Therefore, even at a 
low dose, the long-term presence of FTD in DNA 
might have initiated the anti-tumor activity.

Combination treatment with FTD/TPI and anti-
mouse PD-1 mAb for 2 weeks resulted in a 
higher CD8+ T cell ratio among total lympho-
cytes and a lower Tregs ratio in CD4+ T cells 
compared with the control group. However, 
under the same conditions, FTD/TPI alone or 

anti-mouse PD-1 mAb alone did not significant-
ly change the number of CD8+ T cells or Tregs 
compared with the control group. We previously 
demonstrated that FTD incorporation into DNA 
induces single-strand breaks followed by dou-
ble strand breaks during the G2/M-phase of 
the cell cycle [24]. Recently, it was reported 
that FTD incorporation into DNA might induce 
double strand breaks followed by DNA repair, 
mainly through the homologous recombination 
pathway, after analysis of genomic DNA extract-
ed from 233 colorectal cancer patients [25]. 
Although the precise mechanism for FTD/TPI-
induced immunogenic activity in CMT-93 cells 
remains to be elucidated, it is possible that the 
increased antitumor efficacy of FTD/TPI is due 
to the DNA-instability and DNA-dysfunction 
caused by FTD. The efficacy of anti-mouse PD-1 
blockade was reported to be correlated with 
neo-antigen count and mutations in the DNA-
repair pathway, all of which are linked to the 
mutation level [26, 27].

In this study, the growth of mouse MSS-type 
colorectal cancer CMT-93 cells treated with 
anti-mouse PD-1 mAb monotherapy was signifi-
cantly suppressed compared to that of untreat-
ed control cells (P<0.01). The degree of TGI 
caused by anti-mouse PD-1 mAb (clone RMP1-
14) monotherapy in CMT-93 cells was similar  
to that in colon cancer MC38 cells [18]. The 
publicly available genomic data from the MC38 
cells submitted by Efemova M. et al. (GSE930- 
18, SRP095725) revealed that MC38 cells had 
a mutation in the DNA mismatch repair genes, 
Msh3 and Msh6, and in Pold1. This result indi-
cated that the MC38 cells were MSI-type tumor 
cells, unlike CMT-93 cells. However, the rate  
for non-synonymous mutations in CMT-93 and 
MC38 cells was 41 and 87 per 1 Mb, respec-
tively. Therefore, both CMT-93 cells and MC38 
cells had a higher mutation rate than the aver-
age human spontaneous mutation rate (more 
than 12 mutations per 1 Mb) [28]. Conversely, 
CT-26, which is another murine colorectal tu- 
mor cell line that was reported to be less sensi-
tive to immune checkpoint blockade, had no 
mismatch repair genes [29, 30], indicating that 
CT-26 cells were an MSS-type. Moreover, we 
confirmed that the CMT-93 mouse colorectal 
cancer model used in the present study yield- 
ed highly reproducible results. Therefore, this 
model along with the MC38 and CT-26 models 
can be used to predict the potential clinical 
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benefits of anti-mouse PD-1 mAb combination 
therapy. However, the effects of the combina-
tion therapy were evaluated using a single cell 
line in MSS-type mouse colorectal cancer. 
Further studies are needed to investigate the 
other MSS-type mouse colorectal cancer cell 
lines.

Our preclinical findings indicated that combina-
tion therapy with FTD/TPI and PD-1/PD-L1 sig-
nal-blockade agents was a promising treatment 
option for a range of colorectal cancers. Alth- 
ough further research is needed to fully eluci-
date this promising combination in colorectal 
cancer therapy, the concept of combining FTD/
TPI and anti-PD-1 mAb drugs seems to present 
a potential strategy in the field of immunothera-
peutic drugs and antimetabolites combination 
therapeutics.
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Supplementary Figure 1. Genotyping 
on the CMT-93 mouse tumor cell line 
using eight microsatellite markers. 
PCR reactions were performed with 
fluorescent dye-labeled primers, and 
products were analyzed using a cap-
illary electrophoresisas described in 
Materials and methods.

Supplementary Figure 2. Effect of anti-mouse PD-1 mAb and TPI combination therapy in mouse colorectal CMT-93 
tumors. Anti-mouse PD-1 mAb was administered intraperitoneally on days 1, 5, and 9. TPI was administered orally 
daily from days 1 to 14. Mice were treated with vehicle (x), anti-mouse PD-1 mAb (0.1 mg, ○), TPI (100 mg/kg, Δ), 
anti-mouse PD-1 mAb (0.1 mg) plus TPI (100 mg/kg) (▲) Values indicate means ± SD (n = 6). Tumor volume was 
measured twice weekly.


