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A B S T R A C T   

Despite recent advances in cancer immunotherapy, the efficacy of colorectal cancer (CRC) immunotherapy 
regimens is limited. This study evaluated the combined effect of an anti-PD-1 antibody and a platelet-derived 
growth factor receptor inhibitor (imatinib) on CRC progression using an orthotopic transplanted mouse model 
that reproduced the three histological phenotypes of CRC (inflamed-, excluded-, and desert-type). The frequency 
of each of these phenotypes in 196 human CRC tissue samples was also evaluated. Excluded-type CRC had the 
highest frequency in human tissue samples. In the mouse model, imatinib suppressed stromal reaction and 
increased sensitivity to anti-PD-1 treatment in excluded-type CRC. Antitumor effect was observed in mice with 
excluded-type tumors only after concomitant administration of anti-PD-1 antibody and imatinib. Immunohis-
tological analysis revealed a reduction in stromal volume and an increase in the number of CD8-positive T cells in 
the tumor nest following combination therapy. RNA sequencing revealed significant activation of immune- 
related pathways and suppression of stromal-related pathways in transplanted tumors treated with combina-
tion therapy compared with tumors treated with anti-PD-1 antibody monotherapy. This combination therapy 
may prove effective for CRC cases that are unresponsive to anti-PD-1 antibody monotherapy.   

1. Introduction 

The discovery of immune-checkpoint inhibitors (ICIs), including the 
anti-programmed cell death-1 (PD-1) antibody, dramatically advanced 
immunotherapy in clinical practice [1–4]. However, the benefits of 
cancer immunotherapy for colon cancer have only been observed in 
cases with microsatellite instability (MSI) [5,6]. Although there have 
been attempts to improve treatment efficacy through the concomitant 
administration of immunotherapy and other drugs [7,8], no highly 
efficacious combinations for CRC treatment have been discovered. 

Tumor tissue consists of cancer cells and various stromal cells, 
including immune cells [9–11]. Interactions between cancer cells and 
the stroma are important for our understanding of cancer growth and 

progression. Carcinoma-associated fibroblasts (CAFs) are the primary 
structural components of the stroma. Although secretory factors, 
including various chemokines and cytokines released by CAFs, report-
edly activate antitumor immune responses in various cancers, there are 
few studies on the relationship between CAFs and the immune-related 
tumor microenvironment (TME) [12]. Interactions between CAFs and 
cancer cells facilitate tumor growth and progression; however, the 
detailed molecular mechanisms remain unclear [13,14]. In colon can-
cer, stromal fibroblasts proliferate around the tumor nest when cancer 
cells infiltrate the submucosal tissue in a process known as “stromal 
reaction” [15]. High-grade malignancy in cancers is correlated with 
strong stromal reactions [16–18]. The importance of the interaction 
between stromal cells and cancer cells via the PDGF/PDGFR axis during 
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tumor growth and progression, and that of the high expression of PDGF 
receptors in human colorectal cancer (CRC) stroma have been reported 
[14]. Using a colon cancer orthotopic transplanted mouse model, we 
confirmed in our previous studies that imatinib administration strongly 
suppresses stromal reactions by inhibiting the PDGF/PDGFR axis in the 
tumor stroma [13,14]. However, we could not evaluate tumor immunity 
in these previous studies as we used immunodeficient nude mice. 

Because of the importance of TME histology, the present study 
focused on the histological phenotypes of CRC, namely inflamed-type, 
excluded-type, and desert-type, which have been recently proposed for 
the histological classification of cancer immunity [19–21]. However, 
relatively few studies have classified human CRC according to these 
phenotypic classifications. In excluded-type cancers, possible mecha-
nisms for inhibiting T-cell penetration into the tumor include physical 
barriers offered by abnormal cancer structures or vessels [22,23], lack of 
T-cell-recruiting chemokines [24], and soluble factor inhibitors, such as 
IL-10 and TGFβ [25]. Based on these theories, T-cell recruitment into the 
tumor nest may be key to overcoming ICI resistance, especially in 
excluded-type tumors [26]. Therefore, it may be possible to achieve 
T-cell infiltration into the tumor nest and strengthen the benefits of 
tumor immune activation by concomitantly administering ICIs with 
drugs that inhibit stromal reactions. 

This study aimed to evaluate the effect of anti-PD-1 antibody and 
PDGFR inhibitor combination therapy on the TME with respect to CRC 

progression by employing an orthotopic transplanted mouse model that 
reproduced the three histological phenotypes. 

2. Materials and methods 

2.1. Phenotypic classification of human CRC tissue, focusing on immune 
cell infiltration 

To examine the proportion of the three phenotypes and their asso-
ciation with clinicopathological features, CD8 immunostaining was 
performed for surgically resected CRC specimens. A total of 196 
consecutive patients with colon cancer who underwent surgical resec-
tion for CRC between 2013 and 2015 at the Hiroshima University 
Hospital, Kure Medical Center, and Chugoku Cancer Center (all in 
Japan) were enrolled. This study was approved by the institutional re-
view board and the ethics committees of the aforementioned in-
stitutions. Written informed consent was obtained from the participants. 

This retrospective study was approved by the institutional review 
board and the ethics committees of Hiroshima University. 

(No. E-1237) and was performed in accordance with the Declaration 
of Helsinki and its later amendments. 

This retrospective study was approved by the institutional review 
board and the ethics committees of Hiroshima University. 

Formalin-fixed, paraffin-embedded tumor tissues cut into serial 4-μm 

Fig. 1. Representative colorectal cancer cases according to the CD8 immunohistochemistry-based phenotypic classification. (a) Representative image of the 
inflamed-type tumor; CD8-positive immune cells can be observed in the tumor. (b) Representative image of the excluded-type tumor; CD8-positive immune cells can 
be observed in the stroma, but not infiltrating the tumor. (c) Representative image of the desert-type tumor; CD8-positive immune cells cannot be observed in 
the tumor. 
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sections were examined by immunohistochemistry for CD8 cells as 
described previously [27]. Immunohistochemistry results were catego-
rized into the three phenotype classifications (Fig. 1) [19–21], after 
which clinicopathological features among the three groups were 
compared. 

Formalin-fixed, This retrospective study was approved by the insti-
tutional review board and the ethics committees of Hiroshima 
University. 

(No. E-1237) and was performed in accordance with the Declaration 
of Helsinki and its later amendparaffin-embedded tumor tissues cut into 
serial 4-μm sections were examined by immunohistochemistry for CD8 
cells, as described previously [27]. Immunohistochemistry results were 
categorized into the three phenotypic classifications as described below 
(Fig. 1) [19–21] and clinicopathological features among the three 
groups were compared. 

The phenotype classifications include (i) inflamed-type: cases 
wherein CD8-positive cells infiltrated the cancer cell nest and were in 
direct contact with cancer cells; (ii) excluded-type: cases wherein CD8- 
positive cells in the stroma were adjacent to the cancer cell nest but 
did not directly contact cancer cells; and (iii) desert-type: cases wherein 
less than 10 CD8-positive cells were observed in five randomly selected 
microscopic fields at 200 × magnification. 

2.2. Classification of human colon cancer tissue according to 
microsatellite status 

CRC tissue samples were examined for MSI status either by immu-
nohistochemical staining for mismatch repair protein expression or PCR 
amplification of microsatellite sequences using the resected specimens. 
MSI determination by PCR was carried out using pentaplex PCR, as 
described previously [28,29]. Next, the relationship between MSI clas-
sification and phenotypic classification was analyzed. 

2.3. Culture conditions for mouse colon carcinoma and fibroblast cell 
lines 

CT26, a clonal cell line derived from a BALB/c mouse colon cancer 
cell line (American Type Culture Collection, Manassas, VA, USA), and 
JLS-V9, a clonal cell line derived from a BALB/c mouse fibroblast cell 
line (Riken BRC Cell Bank, Ibaraki, Japan), were used. Cells were 
maintained in Dulbecco’s modified Eagle’s medium supplemented with 
10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA) and a 
penicillin–streptomycin mixture. 

2.4. Cancer cell proliferation assay 

The effects of the interaction between cancer cells and fibroblasts on 
cell proliferation were compared using a time-lapse assay system 
(IncuCyte; Essen BioScience, Ann Arbor, MI, USA) that automatically 
measured cell confluence as a percentage over a 5-day period. CT26 (6 
× 104 cells/well), JLS-V9 (6 × 104 cells/well), and a co-culture of CT26 
cells and JLS-V9 (6 × 104 cells/well) cells were seeded in plates (Essen 
ImageLock; Essen Bioscience). Anti-PD-1 antibody (1, 5, or 10 nM) or 
imatinib (1, 2, or 3 μM) was added to the culture plates. Mouse IgG 
isotype was used as a control. CT26 cells were easily distinguished from 
JLS-V9 cells even in co-culture because of green fluorescent protein 
transfection. 

2.5. Animals and orthotopic implantation of tumor cells 

Female BALB/c and female athymic nude mice were obtained from 
Charles River Japan (Tokyo, Japan) and kept under specific pathogen- 
free conditions. Animal experiments were approved by the Committee 
on Animal Experimentation of Hiroshima University. All experiments 
complied with the ARRIVE guidelines and were conducted in accor-
dance with the UK Animals Act, 1986, and the EU Directive 2010/63/EU 

for animal experimentation. 
To create the inflamed-type CRC mouse model, 1 × 105 CT26 cells in 

50 μL Hank’s balanced salt solution (HBSS) were injected into the cecal 
wall of female BALB/c mice with a zoom stereomicroscope (Carl Zeiss, 
Oberkochen, Germany). To create the excluded-type CRC mouse model, 
1 × 105 CT26 and 1 × 105 JLS-V9 cells in 50 μL HBSS were injected into 
the cecal wall of female BALB/c mice. To create the desert-type CRC 
mouse model, 1 × 105 CT26 cells in 50 μL HBSS were injected into the 
cecal wall of female athymic nude mice. The three mouse models were 
analyzed via immunohistology using αSMA and CD8 to confirm that 
each type was correctly reproduced. 

2.6. Colon cancer treatment of the mouse models 

Orthotopic mouse models for evaluating the immune syngeneic 
response of inflamed-type and excluded-type phenotypes were prepared 
and treated with anti-PD-1 antibody and imatinib according to the 
schedule shown in Supplementary Fig. 1. Six days after implantation, 
the mice were categorized into the following four treatment groups: 
those administered water daily by oral gavage (control group); those 
administered 50 mg/kg imatinib per day by oral gavage; those admin-
istered 20 mg/kg anti-PD-1 antibody the first day and 10 mg/kg every 6 
days by intraperitoneal administration; and those administered a com-
bination of imatinib and anti-PD-1 antibody using the same protocol. 
The experiment continued for 24 days. On day 25, the mice were 
euthanized and necropsied. 

2.7. Necropsy procedures and histological evaluation 

Mice were euthanized, and tumor volume was recorded. Tumor tis-
sues were formalin-fixed, paraffin-embedded, cut into serial 4-mm sec-
tions, and then examined by immunohistochemistry for CD8, Ki-67, 
anti-type I collagen, PD-1, p-PDGFR, and Ki67, as previously reported 
[30]. The stained area was estimated and the positive cells were 
enumerated using ImageJ (imagej.nih.gov). 

2.8. RNA sequencing and gene set enrichment analysis (GSEA) 

Implanted excluded-type tumors treated with anti-PD-1 antibody 
monotherapy or combination therapy were mechanically disassociated 
using a homogenizer, following which a RNeasy Mini kit (Qiagen, Hil-
den, Germany) was used for RNA extraction according to the manu-
facturer’s protocols. Library construction and data processing were 
performed by Beijing Genomics Institute, China. Libraries were 
sequenced on a DNBSEQ-G400RS platform, and high-quality reads were 
aligned to the mouse reference genome (GRCm38). The HOM_Mouse 
Human Sequence downloaded from the Mouse Genome Informatics 
website (http://www.informatics.jax.org/) was used to convert mouse 
genes to human genes. After removing the genes with FPKM = 0 from all 
samples, GSEA was performed as previously described [31] to analyze 
the differential modulation of molecular pathways. 

2.9. Reagents 

The anti-PD-1 antibody, 4H2, was procured from Ono-Pharmacy 
(Osaka, Japan). The primary antibodies used were as follows: mono-
clonal rabbit anti-CD8 antibody from Abcam (Cambridge, UK); mono-
clonal mouse anti-PD-1 from Cell Signaling Technology (Danvers, MA, 
USA); polyclonal rabbit anti-phosphorylated PDGF-Rβ (p–PDGF-Rβ) 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); rabbit anti- 
α-smooth muscle actin (α-SMA) from Abcam (Cambridge, UK); Ki-67- 
equivalent antibody (MIB-1) from Dako (Carpinteria, CA, USA); poly-
clonal rabbit anti-mouse type I collagen from Novotec (Saint Martin La 
Garenne, France); imatinib (Gleevec, PDGFR inhibitor) from Novartis 
Pharma (Basel, Switzerland); and mouse IgG isotype control from bio-
Xcell (Lebanon, NH, USA). 

N. Yorita et al.                                                                                                                                                                                                                                  



Cancer Letters 498 (2021) 111–120

114

2.10. Statistical analysis 

Clinicopathological features were analyzed using the χ2 test or 
Fisher’s exact test to compare categorical data, and Student’s t-test or 
Wilcoxon rank sum test was used to compare continuous data. p < 0.05 
was considered significant. Overall survival rates were calculated using 
the Kaplan–Meier method. All statistical analyses were performed using 
JMP software (SAS International Inc., Cary, NC, USA). 

3. Results 

3.1. Phenotypic classification of human colon cancer tissue 

The ratios of the three histological phenotypes in surgically resected 
human CRC specimens are shown in Table 1. According to phenotypic 
classification, inflamed-type tumors formed the lowest proportion 
(9.7%), while excluded-type tumors formed the highest proportion 
(55.1%). The high frequency of excluded-type tumors suggests that 
there are many cases of human CRC in which the histological micro-
environment makes immunotherapy almost ineffective. Regarding 
clinicopathological characteristics, patients with inflamed-type tumors 
were significantly older than those with the other phenotypes. Sex, TNM 
classification, stage classification, and histological type did not signifi-
cantly differ between phenotypes. Further, inflamed-type tumors 
demonstrated a slightly better prognosis than that of other phenotypes; 
however, the differences were not significant (Fig. 2). 

3.2. Classification of human colon cancer tissue according to MSI 

Assessment of the relationship between histological phenotype and 
MSI status showed that 19 of 196 (9.7%) cases demonstrated high MSI 
(MSI-H). Comparing the proportion of MSI-H CRC cases among the three 
phenotypes showed that inflamed-type tumors formed the highest pro-
portion (26.3%), with statistical significance (Table 2). 

3.3. Effect of an ICI and stromal reaction inhibitor on colon cancer cell 
lines 

Next, the effect of the interaction between cancer cells and stromal 
cells (fibroblasts), as well as the effects of anti-PD-1 antibodies and a 
PDGFR inhibitor on cell growth capacity, was compared using a time- 
lapse system. Comparison of proliferative abilities between cancer 

cells cultured alone and those co-cultured with fibroblasts showed that 
the proliferative ability of cancer cells was significantly augmented in 
the co-culture (Fig. 3a). Imatinib did not affect the proliferative capacity 
of CT26; however, it inhibited JLSV9 proliferative capacity in a dose- 
dependent manner (Fig. 3b, d). Further, in co-culture, imatinib inhibi-
ted the proliferative capacity of CT26 cells in a dose-dependent manner 
(Fig. 3f). The inhibitory effect of imatinib on cell proliferation was not 
affected by the addition of anti-PD-1 antibody. (Supplementary Fig. 2.). 
Anti-PD-1 antibodies did not affect cell proliferation in vitro when im-
mune cells were absent (Fig. 3c, e, g). These results indicate that PDGFR 

Table 1 
Clinicopathological features and survival rate of colorectal cancers according to the phenotype classification. (n = 196).  

variable  Phenotype classification p-value 

Inflamed-type n = 19 (9.7%) Excluded-type n = 108 (55.1%) Desert-type n = 69 (35.2%)  

Age  73.2 ± 10.8 68.1 ± 10.44 66.8 ± 13.6 0.03* 
Sex Male 12 (63%) 66 (61%) 36 (52%) 0.4 

Female 7 (37%) 32 (39%) 33 (48%)  
Location Colon 15 (79%) 83 (78%) 54 (78%) 0.9 

Rectum 4 (21%) 24 (22%) 15 (22%)  
T classification T1,2 8 (42%) 32 (30%) 21 (30%) 0.5 

T3,4 11 (58%) 76 (70%) 48 (70%)  
N classification N0 13 (68%) 56 (52%) 31 (45%) 0.2 

N1~3 6 (32%) 52 (48%) 38 (55%)  
M classification M0 17 (90%) 91 (84%) 53 (77%) 0.3 

M1 2 (11%) 17 (16%) 16 (23%)  
pStage Stage I, II 13 (68%) 52 (48%) 29 (42%) 0.1 

Stage III, Ⅳ 6 (32%) 56 (52%) 40 (58%)  
Lymphatic invasion Ly0, 1 18 (95%) 91 (84%) 55 (80%) 0.3 

Ly2, 3 1 (5%) 17 (16%) 14 (20%)  
Venous invasion V0, 1 18 (95%) 94 (87%) 57 (83%) 0.3 

V2, 3 1 (5%) 14 (13%) 12 (17%)  
Histological type tub1, tub2, pap 17 (89%) 99 (92%) 65 (94%) 0.7 

por, muc 2 (11%) 9 (8%) 4 (6%)  

tub1; well differentiated adenocarcinoma, tub2; moderately differentiated adenocarcinoma, por; poorly differentiated adenocarcinoma, muc; muchinous carcinoma, P 
< 0.05 statistically significant difference, *Inflamed vs Excluded, Inflamed vs Desert. 

Fig. 2. Survival probability according to the phenotype classification (n =
196). For the survival rate, inflamed-type colorectal cancer tended to show a 
better prognosis than the other phenotypes, though this was not statisti-
cally significant. 

Table 2 
The relationship between the phenotype classification and the microsatellite 
status of colorectal cancer cases. (n = 196).   

Phenotype classification p-value 

MSI states Inflamed-type 
N = 19 

Excluded-type 
N = 108 

Desert-type 
N = 69 

MSI high 5 (26.3) 9 (8.3) 5 (7.2) 0.03* 
MSS 14 (73.7) 99 (91.7) 64 (92.8)  

P < 0.05 statistically significant difference, *Inflamed vs Excluded, Inflamed vs 
Desert. 
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inhibitor administration suppresses the cell proliferation-promoting ef-
fect of fibroblasts and indirectly suppresses cancer cell growth. 

3.4. Mouse models of colon cancer according to phenotypic classification 

Tumors from each of the orthotopic transplanted mouse models 
reproducing the three histological phenotypes were analyzed via 
immunohistology and confirmed to be consistent with each phenotype. 
In the inflamed-type model, tumors were composed almost exclusively 
of cancer cells with a sparse stromal reaction and negative immuno-
staining for αSMA (Fig. 4a and b). In the excluded-type mouse model, 
stromal reactions among the cancer cell nests were rich and showed 
strongly positive immunostaining for αSMA. CD8-positive cells were 
found in the stromal area, but infiltration into the tumor nest was not 
observed (Fig. 4d and e). Immune cells were positive for PD-1 in both 
models (Fig. 4c, f). In the desert-type model, histological findings were 
similar to those of the inflamed-type model, but almost no immune cells 
were observed (Supplementary Fig. 3). 

3.5. Combination therapy for colon cancer growing in the cecal wall 

Next, the three orthotopic transplanted mouse models were treated 
with anti-PD-1 antibodies and a PDGFR inhibitor. A significant reduc-
tion in tumor volume was observed with anti-PD-1 antibody mono-
therapy in the inflamed-type model, whereas combination with the 
PDGFR inhibitor did not produce a synergistic effect (Fig. 5a). In the 
excluded-type model, PDGFR and anti-PD-1 antibody combination 
therapy significantly reduced tumor volume; however, no such decrease 
was observed with anti-PD-1 antibody monotherapy (Fig. 5b). PDGFR 

inhibitor monotherapy did not exert a significant antitumor effect in 
either model. In the desert-type model, no significant antitumor effect 
was observed for either monotherapy or combination therapy (Supple-
mentary Fig. 3). 

In summary, anti-PD-1 antibody monotherapy was effective in the 
inflamed-type mouse model, while the synergistic effect of combination 
treatment was remarkable in the excluded-type mouse model. 

3.6. Histopathological analysis of mouse models according to phenotypic 
classification 

To assess the effect of anti-PD-1 antibody and PDGFR inhibitor 
administered alone or in combination in inflamed- and excluded-type 
models, tumor sections were immunohistochemically examined for 
CD8, type I collagen, p-PDGFR, and Ki67. 

In the inflamed-type mouse model, there was no significant differ-
ence in the number of CD8 cells in the tumor, nor was there a significant 
difference in the expression levels of type I collagen or p-PDGFR; this 
was considered to be due to the low stromal reaction in tumors in this 
model. The expression level of Ki67 was significantly reduced in the 
anti-PD-1 antibody treatment group (Fig. 6a). 

In the excluded-type mouse model, the number of CD8-positive cells 
in cancer cell nests was low in the control group but increased in the 
PDGFR inhibitor-administered group. Stromal markers (type I collagen 
and p-PDGFR) indicated that PDGFR inhibitor administration signifi-
cantly reduced the stromal reaction. Only the combination therapy 
group showed a significant decrease in the Ki67 labeling index. These 
findings imply that in the anti-PD-1 antibody monotherapy group, im-
mune cells cannot infiltrate into tumors because of inhibition by 

Fig. 3. In vitro cell proliferation assays. (a) Co-culture with JLS-V9 increased the proliferative ability of CT26 cells. (b) The PDGFR inhibitor did not affect the 
proliferative potential of CT26 cells at clinical concentrations. (c) Anti-PD-1 antibody did not affect the proliferation ability of CT26 cells. (d) PDGFR inhibitor 
suppressed the proliferative capacity of JLS-V9 cells in a dose-dependent manner. (f) In the JLS-V9 co-culture, administration of the PDGFR inhibitor resulted in a 
decrease in the proliferative capacity of CT26 cells. (g) Anti-PD-1 antibody did not affect the growth of CT26 cells in the co-culture with JLS-V9 cells. *p < 0.05; **p 
< 0.01. 
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Fig. 4. Histological evaluation of the orthotopic 
transplanted mouse models reproducing the histo-
logical phenotypes. Left column, inflamed-type; right 
column, excluded-type. (a) The stromal component in 
the cancer cell nest was scarce, and composed, almost 
exclusively, of cancer cells in inflamed-type tumors 
(the region surrounding the arrowhead is the cancer 
cell nest). Immunohistochemistry of anti-αSMA 
revealed few fibroblasts in the cancer cell nests (small 
upper-right window). αSMA: cancer-associated fibro-
blast marker. (b) Immunohistochemistry of anti-CD8 
revealed considerable lymphocyte numbers. (d) Can-
cer cell nests were surrounded by fibroblasts, and the 
peri-carcinoma area was abundant in activated fi-
broblasts in excluded-type tumors (small upper-right 
window). (e) Lymphocytes were observed abun-
dantly in the stromal region, but not in the cancer cell 
nests (dotted line indicating the border between 
cancer cell nests and stroma). (c, f) PD-1 was 
expressed in immune cells in the tumor.   

Fig. 5. Tumor volume of the orthotopically implanted tumor at day 25. (a) The therapeutic effect of single anti-PD-1 antibody administration was observed in the 
inflamed-type model. (b) No antitumor effect was observed with single anti-PD1 antibody administration; only the combination of imatinib and anti-PD1 antibody 
was effective in the excluded-type tumor model. *p < 0.05; **p < 0.01; ***p < 0.001. Pictures of the orthotopically implanted tumors are indicated below the bars in 
each graph. 
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abundant stromal reactions. However, when the PDGFR inhibitor 
reduced stromal volume for immune cells to infiltrate into tumors, the 
antitumor effect of PD-1 was enhanced (Fig. 6b). 

3.7. RNA sequencing and GSEA 

RNA sequencing was used to comprehensively analyze the changes 
in tumor immune response in the excluded-type, orthotopically trans-
planted tumors treated with combination therapy. RNA from implanted 
tumors treated with anti-PD-1 monotherapy and combination therapy 
was analyzed using RNA sequencing, following which GSEA was per-
formed to evaluate gene expression and pathway differences. GSEA 
revealed the enrichment of multiple immune-related pathways, 
including T-cell-, B-cell-, and cytokine-related pathways, in the combi-
nation therapy group compared with the corresponding pathways in the 
anti-PD-1 monotherapy group. Pathways associated with dendritic cells 

in regulating TH1 and TH2 development and the immune checkpoint- 
related pathway were enriched in the combination therapy group. In 
contrast, stroma- and angiogenesis related pathways were enriched in 
the PD-1 monotherapy group. These observations indicate the inhibition 
of tumor-associated stroma via the blockade of PDGFR signaling path-
ways and a strong T-cell presence following current combination ther-
apy (Fig. 7). 

4. Discussion 

Although multiple studies have evaluated various drugs that can be 
administered concomitantly to improve the benefits of ICI, no high- 
efficacy combinations have been identified for CRC [7,8]. Further-
more, there are no studies regarding the in vivo relationship between 
stromal cells and tumor immunity. One reason for this is the difficulty in 
establishing an in vivo model that reproduces the immune-related TME. 

Fig. 6. Immunohistochemical analysis of transplanted tumors. (a) In the inflamed-type transplanted tumor, the positive areas of stromal markers, such as p-PDGFR 
and type I collagen, did not differ between the groups, and the number of CD8-positive cells in the cancer cell nests did not differ between treatments. Ki67 decreased 
after treatment with anti-PD-1 antibody, and in the inflamed-type, the anti-PD-1 antibody alone showed antitumor effects. (b) In the excluded-type transplanted 
tumor, the number of CD8-positive cells in the cancer cell nests was low, and the antitumor effect was not achieved after a single administration of anti-PD-1 
antibody. In the imatinib single administration group, stromal volume decreased, and the number of CD8-positive cells increased in the cancer cell nests, but the 
antitumor effect was not observed. To clarify the localization of PDGFR expression, fluorescent immunostaining was performed (see Supplementary Fig. 4). The 
antitumor effect was observed after co-administration with the anti-PD-1 antibody. *p < 0.05; **p < 0.01. 

Fig. 7. Summarized GSEA results for significantly (FDR < 0.25) up- or down-regulated, immune- and stroma-related gene sets from the canonical pathways (C2.CP. 
v7.0). GSEA, gene set enrichment analysis; NES, normalized enrichment score; FDR, false discovery rate. 
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Understanding how cancer stroma affects antitumor immune response is 
important for the evaluation of animal models in which the TME is 
reproduced. 

Herein, it was revealed that the therapeutic effect of an anti-PD-1 
antibody for excluded-type CRC was improved when it was combined 
with a PDGFR inhibitor. This treatment decreased the stromal reaction 
and enhanced T-cell infiltration into tumors in an orthotopic trans-
planted mouse model. The therapeutic effect of an anti-PD-1 antibody is 
greatly affected by pre-existing T cells, which play an important role in 
the reactivation of the immunosuppression mechanism [32]. In the 
TME, one of the mechanisms that allow cancers to evade T cells involves 
a genetic change to reduce antigenicity and the activation of various 
oncogenic pathways, such as WNT-β-catenin [33] and JAK-STAT3 [34]. 
Another mechanism consists of local adaptive immunosuppression 
caused by checkpoint molecules, such as PD-L1, that are induced by 
IFNγ released by T cells. Moreover, the TME is marked by a great di-
versity attributable to various factors, including specific driver muta-
tions and the deregulation of oncogenes in cancer cells [33,34]. 
Therefore, several complex factors must be assessed to determine their 
association with T-cell distribution in tumors. 

There are currently few studies classifying human CRC according to 
phenotype [21]. The human CRC immunohistochemistry results from 
the present study showed that the proportion of patients with 
inflamed-type CRC was the lowest while that of excluded-type CRC was 
the highest. These results may reflect the low efficacy of single ICI 
administration for CRC in clinical practice. Furthermore, altering the 
characteristics of excluded-type to inflamed-type may be key to 
increasing the number of patients who respond to immunotherapy. The 
relationship between MSI status and phenotypic classification of human 
CRC showed that MSI-H cases were predominant in the inflamed-type 
model. Therefore, treatment may be effective for MSI-H cases for 
which immunotherapy is generally successful from the viewpoint of 
immune cell infiltration [35,36]. Additionally, unstable microsatellite 
CRCs possess an abundance of immunogenic neoantigens that are 
recognized by the immune system and contribute to ICI effectiveness 
[30,37]. 

PDGFR expression in the stroma is associated with poor prognosis in 
various cancers, including CRC [38–40]. Increased PDGFR expression 
levels are reportedly associated with tumor invasion and metastasis in 
CRC [14]; blocking the signaling pathway with a PDGFR inhibitor is 
known to effectively suppress angiogenesis and lymphangiogenesis as 
well as the stromal reaction in mouse models [16,41]. Therefore, the 
present study used imatinib, a PDGFR inhibitor, as a stromal reaction 
inhibitor. In solid tumors, high interstitial fluid pressure in stromal cells 
acts as a barrier to antitumor drugs [42]. Because interstitial fluid 
pressure is controlled by PDGFR signaling, PDGFR inhibitors decrease 
interstitial fluid pressure, enhancing the effect of chemotherapy when 
used in combination [43]. Similarly, imatinib treatment in our study 
reduced interstitial fluid pressure and may have enhanced the penetra-
tion of anti-PD-1 antibodies into the cancer cell nest. Furthermore, these 
mechanisms are considered to enhance the therapeutic effect of the PD-1 
antibody. 

This study employed a novel combination therapy of ICI and imati-
nib to attenuate colon cancer. This research is unique, as it was con-
ducted using orthotopic implanted mouse models with syngeneic 
immune responses that replicated all three histological phenotypes 
associated with tumor immunity. The concomitant administration of an 
ICI and a PDGFR inhibitor resulted in observable antitumor benefits, 
although the antitumor benefits of ICI monotherapy were not observed 
in excluded-type tumors (the type commonly observed in colon cancer). 
PDGFR inhibitor administration suppressed stromal reactions, thereby 
resolving immunosuppression, and tumor immunity activation was 
linked to improved ICI benefits. Histologically, suppressing stromal re-
actions allows immune cells to infiltrate the cancer cell nest, altering the 
phenotype from excluded-type to inflamed-type; our immunostaining 
results supported this hypothesis. The GSEA results also supported this 

outcome. However, the precise molecular mechanisms underlying these 
processes are not clearly understood, and further investigation is 
required. 

This study has some limitations. In our in vitro model, we were un-
able to demonstrate a synergistic effect of the combination of anti-PD1 
antibodies and PDGFR inhibitors in the presence of immune cell 
involvement. Additionally, we used nude mice to express the desert- 
type, although it is not strictly the same as the physiological desert- 
type given that there are no thymus-derived T cells to migrate in the 
nude mouse model. Nevertheless, combination therapy using an ICI and 
a PDGFR inhibitor was effective for inhibiting tumor growth in 
excluded-type CRC. This combination therapy may be effective for CRC 
cases that do not respond to ICI monotherapy. 
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