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Abstract. Microsatellite instability (MSI) and tumor muta‑
tional burden (TMB) are indicators of the tumor mutational 
load, which can lead to immune cell recruitment. By contrast, 
the number of tumor‑infiltrating T cells (TITs) is indicative of 
the host immune response to tumor cells. The present study 
evaluated if the expression of mismatch repair (MMR) proteins 
can be used as a precise tool to assess immunogenicity in the 
tumor microenvironment. A total of 73 colorectal cancer cases 
were enrolled in the present study. MMR protein expression was 
assessed using four‑antibodies immunohistochemistry (IHC) 
targeting MLH1, MSH2, MSH6 and PMS2. TIT was assessed 
through IHC by counting CD3+ and CD8+ cells in tumor. The 
enrolled cases were classified into four groups according to 
MMR and TIT status i) Mismatch repair‑proficient (pMMR) 
and a high number of TITs (pMMR/TIT‑H); ii)  pMMR 
and a low number of TITs (pMMR/TIT‑L); iii) mismatch 
repair‑deficient (dMMR) and TIT‑H (dMMR/TIT‑H); and 
iv) dMMR/TIT‑L]. The present study evaluated the clinico‑
pathological characteristics of the four groups, in addition 
to the difference of TMB. TMB analysis was counted the 
number of the somatic mutations through multi‑genes panel 
using next‑generation sequencing. Clinicopathological char‑
acteristics, including age, sex, pathological depth of invasion 

and lymph node metastasis, were not found to be statistically 
different between dMMR/TIT‑H and dMMR/TIT‑L groups. 
Tumors among pMMR/TIT‑H group were associated with 
poorly differentiation compared with those in pMMR/TIT‑L 
group (P=0.025). The median TMB among the dMMR/TIT‑H 
group was the highest in four groups but the median TMB 
was <10  muts/Mb in dMMR/TIT‑L, pMMR/TIT‑H and 
pMMR/TIT‑L groups, respectively. However, one tumor in the 
pMMR/TIT‑H group showed high TMB. The present findings 
suggest that assessing MMR status alone may not be sufficient 
to precisely evaluate the antitumor immune response in the 
tumor microenvironment.

Introduction

Colorectal cancer (CRC) can be classified into mismatch 
repair‑deficient (dMMR) and mismatch repair‑proficient 
(pMMR) subtypes  (1). dMMR CRC is characterized by a 
high tumor mutational burden (TMB) and high infiltration 
rates of activated CD8+ cytotoxic T lymphocytes (CTLs) (2). 
These features contribute to the generally superior therapeutic 
outcomes of immunotherapy, including immune checkpoint 
inhibitors (ICIs), in patients with dMMR CRC (3). Compared 
with dMMR CRC, pMMR CRC exhibits a low TMB and few 
tumor‑infiltrating lymphocytes, leading to immune tolerance 
and evasion in the tumor microenvironment  (4). However, 
previous studies have shown that immune cell infiltration can 
be used for the subtype classification of CRC regardless of 
MMR protein expression (5,6), since a fraction of pMMR CRCs 
are also relatively immunogenic (2). As pMMR CRCs with 
high TMB can potentially respond to ICIs (7), it is reasonable 
to assess the immune response status based on MMR protein 
expression in combination with other biomarkers capable of 
evaluating immune reactions in the tumor microenvironment, 
such as a scoring system from immunohistochemistry (8).

Although the methods used for assessing MMR protein 
expression, TMB and for determining the number of 
tumor‑infiltrating T cells (TITs) are similar, each one focuses 
on a different aspect of tumor biology. MMR protein expres‑
sion analysis and TMB tests can be used to indicate the tumor 
mutation load, which can lead to immune cell recruitment (9). 
By contrast, TITs are indicative of the host immune response to 
the tumor (10). Therefore, the present study evaluated whether 
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MMR protein expression alone is a viable and precise tool for 
assessing immunogenicity in the tumor microenvironment 
when combined with TIT analysis and TMB testing.

Materials and methods

Patients and samples. All 73  patients (mean age, 
71.4±10.4  years; female, n=33; male, n=40) enrolled into 
this study were diagnosed with CRC and underwent surgical 
treatment at the Kurume University Hospital (Kurume, Japan) 
between January and December 2017. All of the resected tumor 
samples were immersed in a solution of 10% neutral‑buffered 
formalin for about 18‑24 h at room temperature and were 
collected, dehydrated with ethanol, infiltrated with paraffin 
wax, embedded into paraffin at 60˚C and then cooled to become 
formalin fixed, paraffin embedded (FFPE) tissue blocks. 
Patients who underwent preoperative chemotherapy/chemo‑
radiotherapy or had multiple cancers were excluded. Clinical 
data, including age, sex and anatomical tumor location, were 
obtained from the Kurume University Hospital pathology 
databases. Postoperative pathological staging of the resected 
specimens was conducted according to the seventh edition 
of the Tumor, Node, and Metastasis classification scheme 
of the Union for International Cancer Control (UICC) (11). 
The surgeons involved in the study reviewed patient medical 
records for information regarding their clinical outcomes and 
pathology records. Informed consent was obtained from all 
73 patients enrolled in the present study, which was conducted 
in accordance with the provisions of The Declaration of 
Helsinki and approved by the institutional ethical review board 
of Kurume University Hospital (approval no. 388).

Analysis of MMR protein expression. MMR protein expres‑
sion was assessed using a four‑antibody immunohistochemical 
assay targeting MutL homolog 1 (MLH1 clone; ES05; cat. 
no.  M3640), MutS homolog 2 (MSH2 clone; FE11; cat. 
no.  556349), MutS homolog 6 (MSH6 clone; EP49; cat. 
no. 287R) and post‑meiotic segregation 1 homolog 2 (PMS2 
clone; EP51; cat. no.  M3647) and the DAKO EnVision 
system (Dako; Agilent Technologies, Inc.), as previously 
described (12). The Autostainer Link 48 and PT link (Agilent 
Technologies, Inc.) were used for automated immunostaining 
system. Tissue sections (4‑µm‑thick) were deparaffinized 
and pretreated with heat‑induced epitope retrieval at 97˚C 
for 20  min at high pH (Target retrieval solution; diluted 
1:50; cat. no. K8023) using PT link (Agilent Technologies, 
Inc.). The slides were then incubated with blocking reagent 
(Peroxidase‑blocking reagent; ready to use; cat. no. SM801) 
for 5 min at room temperature. The slides were then incubated 
with the following antibodies: MLH1, MSH2, MSH6 and 
PMS2, for 30 min at room temperature, and incubated with 
secondary antibody (EnvisionFLEX+ LINKER kit; ready to 
use; cat. no. K8021; Agilent Technologies, Inc.) for 30 min at 
room temperature using Autostainer Link 48. After washing 
in Tris‑buffered saline, the slides were visualized using 3, 
3'‑diaminobenzidine (DAB) as the nuclear stain. All IHC 
results were evaluated using a light microscope. Loss of MMR 
proteins expression was defined as the absence of nuclear 
expression in tumor cells in five fields of view compared with 
positive nuclear expression in corresponding normal epithelial 

cells. Patients showing loss of expression for ≥ one of MMR 
proteins in the tumor epithelium would be diagnosed as CRC 
with dysfunctional MMR (dMMR CRC).

Analysis of T‑cell densities. FFPE tissue sections (4‑µm 
thick) were prepared and placed on coated glass slides. The 
tissue sections were labeled with antibodies using the fully 
automated Bond‑III autostainer (Leica Microsystems, Ltd.) as 
previously described (12). Primary antibodies against CD3+ 
(clone LN10; diluted 1:300; cat. no. NCL‑L‑CD3‑565; Leica 
Microsystems, Ltd.) and CD8+ (clone 4B11; diluted 1:200; 
cat. no. NCL‑L‑CD8‑4B11; Leica Microsystems, Ltd.) were 
used for immunostaining. Tissue sections were deparaffinized 
using dewax solution (ready to use; cat. no. AR9222; Leica 
Microsystems, Ltd.), and the slides were then incubated with 
blocking reagent (peroxidase‑blocking reagent; 3‑4% hydrogen 
peroxide solution), including a Refine polymer detection 
system (ready to use; cat. no. DS9800; Leica Microsystems, 
Ltd.) for 5 min at room temperature (~25˚C). CD3+ and CD8+ 
antibodies were heat‑treated using epitope retrieval solution 
2 (pH 9.0) for 20 min at 99˚C, and incubated with CD3+ and 
CD8+ as primary antibodies for 15 min at room temperature 
(~25˚C). This automated system used a Refine polymer detec‑
tion system with HRP (Horseradish peroxidase)‑polymer as 
secondary antibody and DAB as the nuclear stain, and incu‑
bated with secondary antibody for 8 min at room temperature 
(~25˚C). The slides were visualized using DAB. Fig. S1 shows 
representative images of immunohistochemical staining of 
CD3+ and CD8+ in the center of the tumor (CT) and the inva‑
sive margin (IM).

All stained slides were scanned and digitized using a 
NanoZoomer 2.0‑HT: C9600‑13 slide scanner (Hamamatsu 
Photonics KK). The scanned images were analyzed using the 
NDP.view2 viewing software (Hamamatsu Photonics KK). In, 
total, five areas in each of the CT and the IM were captured 
(magnification, x200) and stored as JPEG images. The 
captured images were processed using the ImageJ software 
(version 1.50i) (13) to quantify CD3+ and CD8+ cells in the 
tissue specimens, as previously described (12). HUGO Gene 
Nomenclature Committee-approved symbols and root symbols 
are used for genes and gene families, including BRCA, CD3, 
CD8, MLH1, MSH2, MSH6, PDCD1, PMS2, POLD, POLD1, 
POLD2, POLE and RAD; all of which are described at www.
genenames.org. Italicized gene symbols indicate gene names 
and non-italicized gene symbols indicate gene product names 
(14).

Evaluation of the number of TITs. After the quantified values 
of numbers of CD3+ and CD8+ cells in CT and IM were 
obtained, the median values of each marker in CT and IM 
were calculated. According to each CD3+ and CD8+ median 
value, following high‑CD3+, low‑CD3+, high‑CD8+ and 
low‑CD8+ in each CT and IM could be determined. Low‑CD3+ 
or low‑CD8+ was 0 points and 1 point was given to high‑CD3+ 
or high‑CD8+ in each CT and IM. TIT score (from I0 to I4) 
was acquired from the total points of CT and IM that were 
determined with each CD3 and CD8 status (8,12,15).

Analysis of TMB. DNA was extracted from specimens that 
had been cryopreserved following excision using the AllPrep 
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DNA/RNA/Protein Mini kit (Qiagen GmbH) according to the 
manufacturer's protocols. TMB analysis was performed using 
the Oncomine™ Tumor Mutation Load Assay (cat. no. A37909; 
Thermo Fisher Scientific, Inc.), which is a PCR‑based 
next‑generation sequencing (NGS) assay. For each sample's 
quality test, TM Qubit M dsDNA BR Assay kit (Thermo Fisher 
Scientific) was utilized. TaqMan M Universal PCR Master Mix 
(Thermo Fisher Scientific) and TaqMan M RNase P Detection 
Reagents (Thermo Fisher Scientific) were used to confirm 
amplification and fragmentation by quantitative qPCR. Each 
sample was confirmed to have a Qubit quantitative concentra‑
tion/qPCR quantitative concentration value ≥0.5.

Library preparation required 200 ng input DNA extracted 
from frozen specimens. This multi‑gene target sequencing 
panel covers 1.7 megabases (Mb) of 409 genes, which are 
known to be associated with cancer development, including 
1.2  Mb exonic and 0.45  Mb intronic regions. The panel 
consists of 15,513 PCR targets that are evenly distributed in 
two pools. The Agilent SureSelect Human All Exon V5 kit 
(Agilent Technologies, Inc.; with‑50 Mb panel) was used for 
target capture from 200 ng input DNA followed by sequencing 
on HiSeqX (Illumina, Inc.). All single base substitutions with 
allele frequency ≥5% were considered. TMB was defined 
as the number of nonsynonymous somatic mutations per Mb 
(muts/Mb), including missense and nonsense point mutations, in 
the exonic genome regions examined. Germline variants were 
removed using a germline filter chain based on information 
in population databases (1000 Genome Project (https://www.
internationalgenome.org/), NHLBI GO Exome Sequencing 
Project (https://esp.gs.washington.edu/drupal/), and ExAC; 
https://gnomad.broadinstitute.org/). After computational germ‑
line mutation filtering, reads were aligned to hg19 using Torrent 
Suite 5.8 and BAM files were transferred to Ion Reporter 5.1 
for variant calling and secondary analysis, including TMB 
calculation, which is an analysis workflow optimized mapping 
and variant calling parameters. This method was previously 
validated for accuracy in whole‑exome sequencing (16). Patients 
with available TMB data were divided into two groups. Those 
with TMB ≥10 muts/Mb were classified into the TMB‑H group, 
whereas those with TMB <10 muts/Mb were classified in the 
TMB‑L group (17).

TMB analysis was performed on the 12 of the 73 cases 
which had sufficient frozen tumor tissue. TMB analysis was 
performed for 12 cases in total, including three dMMR cases 
with a high number of TITs (dMMR/TIT‑H), two dMMR cases 
with a low number of TITs (dMMR/TIT‑L), four pMMR cases 
with TIT‑H (pMMR/TIT‑H) and three pMMR cases with 
TIT‑L(pMMR/TIT‑L).

Statistical analysis. All statistical analyses were conducted using 
the JMP software (version 13.0; SAS Institute, Inc.). P‑values 
were determined using two‑sided tests, with a two‑sided α level 
of 0.05 used as the threshold for statistical significance. Age was 
analyzed with the Wilcoxon rank sum test. The χ2 test was used 
to evaluate association among MMR protein expression, the 
number of TITs and clinicopathological characteristics. Fisher's 
exact test was used for the analysis of characteristics between 
dMMR and pMMR in Table  I, the analysis of associations 
between MMR protein expression and the number of TITs in 
Table Ⅱ, and the analysis of characteristics for TIT‑H and TIT‑L 

in Table III. Spearman's correlation analysis was used to analyze 
correlations between TMB and T‑cell densities.

Results

Characteristics of patients with CRC according to their MMR 
protein expression and the number of TITs. The present study 
investigated 73 patients with CRC and available clinicopatho‑
logical data, including MMR protein expression and the number 
of TITs. In total, 10/73 patients (13.7%) were diagnosed with 
dMMR CRC, whereas 32/73 patients (43.8%) were assessed 
as having CRC with TIT‑H. Table I summarizes the clinical, 
pathological and molecular characteristics according to MMR 
protein expression and the number of TITs. dMMR was posi‑
tively associated with female sex (P=0.04), a proximal‑sided 
tumor location (P=0.006) and histologically poor differentiation 
(P=0.01). TIT‑H was positively associated with histologically 
poor differentiation (P=0.02) and inversely associated with an 
advanced disease stage according to the UICC staging system 
(P=0.04).

Association between MMR protein expression and the number 
of TITs. Table II and Fig. S2 show the association between 
MMR protein expression and the number of TITs. Although 
the frequency of TIT‑H was higher in the dMMR group (60%) 
compared with that in the pMMR group (41.2%), 40% of the 
patients in the dMMR group were TIT‑L. However, the associa‑
tion between MMR protein expression and the number of TITs 
was not statistically significant (P=0.32).

Table III shows that the clinicopathological characteristics 
tested, namely age, sex, pathological depth of invasion and 
lymph node metastasis, were not statistically different between 
the dMMR/TIT‑H and dMMR/TIT‑L groups. In the pMMR 
group, pMMR/TIT‑H was associated with poor differentiation 
compared with pMMR/TIT‑L (P=0.025; Table III).

Analysis of association of TMB with MMR protein expression 
and the number of TITs. Among the 73 patients, tumor tissues 
were available from 12 patients (Table SI). Therefore, their tumor 
DNA was subjected to NGS analysis to obtain the TMB data. 
The associations of TMB with MMR protein expression and the 
number of TITs were subsequently analyzed (Table IV). TMB 
ranged from 2.51 to 54.7 muts/Mb in all samples. Among the 
four designated groups, the median TMB reached the highest 
value in the dMMR/TIT‑H group but was below <10 muts/Mb 
in the dMMR/TIT‑L, pMMR/TIT‑H and pMMR/TIT‑L groups. 
All cases in the dMMR/TIT‑H group were TMB‑H, whereas 
all the cases in the dMMR/TIT‑L group were TMB‑L. pMMR 
was associated with TMB‑L regardless of the TIT number, 
although one case in the pMMR/TIT‑H group (case ID 6) 
showed TMB‑H. The MMR protein expression and the number 
of TITs in the 12 cases were ranked according to TMB (Fig. 1). 
Regarding MMR protein expression, two cases (case IDs 4 and 
5), which showed both TIT‑L and TMB‑L in the dMMR group, 
showed isolated loss of PMS2 expression (Fig. 1). Among the 
dMMR cases, three cases with both TIT‑H and TMB‑H were 
found. In particular, both MLH1 and PMS2 expression were lost 
in three cases (case IDs 1, 2 and 3; Fig. S3). Correlation analysis 
of TMB and TITs revealed that TMB was associated with 
the densities of CD3+ and CD8+ in the CT (CD3+, r=0.76 and 
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P=0.004; CD8+, r=0.76 and P=0.004), but not in the IM (CD3+, 
r=0.35 and P=0.25; CD8+, r=0.35 and P=0.26; Table V; Fig. S4).

Discussion

The present study evaluated if MMR protein expression alone 
could be a viable measure to assess immunogenicity in the 
tumor microenvironment, using TIT analyses and TMB tests. 
The frequency of TIT‑H was higher in the dMMR group 
compared with that in the pMMR group, but 40% of dMMR 

cases were TIT‑L. Among the dMMR cases, three cases with 
dMMR/TIT‑H were TMB‑H, whereas the dMMR/TIT‑L 
group was TMB‑L. pMMR was found to be associated with 
TMB‑L regardless of the number of TITs, although one case in 
the pMMR/TIT‑H group (case ID 6) showed TMB‑H. In total, 
two cases in the dMMR group showed both TIT‑L and TMB‑L 
cases and isolated loss of PMS2 expression (case IDs 4 and 5). 
These findings suggest that MMR protein expression alone is a 
rather imprecise measure for assessing tumor immunogenicity 
and antitumor immunity in the tumor microenvironment. 

Table I. Characteristics of patients with colorectal cancer according to their MMR protein expression and the number of TITs.

	 MMR‑protein 
	 expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 Number of TITs
	 MMR‑	 MMR‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Total	 proficient	 deficient		  TIT‑low	 TIT‑high
Characteristicsa	 (n=73)	 (n=63)	 (n=10)	 P‑values	 (n=41)	 (n=32)	 P‑values

Sex				    0.036b	 		  0.46c

  Male	 40 (54.8%)	 38 (60.3%)	 2 (20.0%)		  24 (58.8%)	 16 (50.0%)	
  Female	 33 (45.2%)	 25 (39.7%)	 8 (80.0%)		  17 (41.2%)	 16 (50.0%)	
Mean ± SD age, years		  70.9±10.1	 74.7±12.4	 0.32d	 70.4±10.6	 72.6±10.3	 0.42d

Tumor location				    0.006b	 		  0.085c

  Distal (descending colon to rectum)	 51 (69.9%)	 48 (76.2%)	 3 (30.0%)		  32 (78.1%)	 19 (59.4%)
  Proximal (cecum to splenic flexure)	 22 (30.1%)	 15 (23.8%)	 7 (70.0%)		  9 (21.9%)	 13 (40.6%)
pT stage (depth of tumor invasion)				    0.71b	 		  0.38c

  T1‑2 (submucosa or	 21 (29.2%)	 19 (30.6%)	 2 (20.0%)		  10 (25.0%)	 11 (34.4%)	
  muscularis propria)
  T3‑4 (subserosa or serosa or	 51 (70.8%)	 43 (69.4%)	 8 (80.0%)		  30 (75.0%)	 21 (65.6%)
  other organs)
pN stage (number of positive				    0.74b	 		  0.11c

lymph nodes)
  N0 (0)	 38 (52.1%)	 32 (50.8%)	 6 (60.0%)		  18 (43.9%)	 20 (62.5%)	
  N1-3 (≥1)	 35 (47.9%)	 31 (49.2%)	 4 (40.0%)		  23 (56.1%)	 12 (37.5%)	
Union for International Cancer				    0.62c	 		  0.04c

Control disease stage
  Stage I	 15 (20.5%)	 13 (20.6%)	 2 (20.0%)		  7 (17.1%)	 8 (25.0%)	
  Stage II	 20 (27.4%)	 16 (25.4%)	 4 (40.0%)		  8 (19.5%)	 12 (37.5%)	
  Stage III	 27 (37.0%)	 25 (39.7%)	 2 (20.0%)		  16 (39.0%)	 11 (34.4%)	
  Stage IV	 11 (15.1%)	 9 (14.3%)	 2 (20.0%)		  10 (24.4%)	 1 (3.1%)	
Tumor differentiation				    0.01b	 		  0.008c

  Well‑moderate	 65 (89.0%)	 59 (93.7%)	 6 (60.0%)		  40 (97.6%)	 25 (78.2%)	
  Poor	 8 (11.0%)	 4 (6.3%)	 4 (40.0%)		  1 (2.4%)	 7 (21.8%)	
Lymphatic invasion				    1.0b	 		  0.54c

  Negative	 45 (61.6%)	 39 (61.9%)	 6 (60.0%)		  24 (58.5%)	 21 (65.6%)	
  Positive	 28 (38.4%)	 24 (38.1%)	 4 (40.0%)		  17 (41.5%)	 11 (34.4%)	
Venous invasion				    0.71b	 		  0.23c

  Negative	 22 (30.1%)	 20 (31.7%)	 2 (20.0%)		  10 (24.4%)	 12 (37.5%)	
  Positive	 51 (69.9%)	 43 (68.3%)	 8 (80.0%)		  31 (75.6%)	 20 (62.5%)	

aData presented as N (%) patients with a specific clinical, pathological or molecular characteristic among all patients apart from age, which was 
presented as the mean ± SD. bFisher's exact test was conducted to analyze associations among MMR protein expression and clinicopathological 
characteristics. cχ2 tests were conducted to analyze associations among the number of TITs and clinicopathological characteristics. dAge was 
analyzed with the Wilcoxon rank sum test. MMR, mismatch repair; TITs, tumor‑infiltrating T lymphocytes; SD, standard deviation.
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Table II. Association between MMR protein expression and the number of TITs.

	 MMR proteins expressiona

	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-----------‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Number of TITs	 MMR‑proficient (n=63) (%)	 MMR‑deficient (n=10) (%)	 P‑valueb

			   0.32
Low (n=41)	 37 (58.7)	 4 (40.0)	
High (n=32)	 26 (41.2)	 6 (60.0)	

aData presented as the N (%) of patients with the indicated MMR protein expression status and the number of TITs. bFisher's exact test was used 
to analyze associations between MMR protein expression and the number of TITs. MMR, mismatch repair; TITs, tumor‑infiltrating T cells; 
TIT‑H, high number of tumor‑infiltrating T cells; TIT‑L, low number of tumor‑infiltrating T cells.

Table III. Characteristics of patients with colorectal cancer according to MMR protein expression and the number of TITs.

	 MMR‑proficient	 MMR‑deficient
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 TIT‑low	 TIT‑high		  TIT‑low	 TIT‑high	
Characteristicsa	 (n=37)	 (n=26)	 P‑value	 (n=4)	 (n=6)	 P‑value

Sex			   0.72b	 		  1.0c

  Male	 23 (62.2%)	 15 (57.7%)		  1 (25.0%)	 1 (16.7%)	
  Female	 14 (37.8%)	 11 (42.3%)		  3 (75.0%)	 5 (83.3%)	
Mean ± SD age, years	 70.4±10.5	 71.5±9.7	 0.34d	 70.5±12.8	 77.5±12.5	 0.34d

Tumor location			   0.28b	 		  0.5c

  Distal (descending colon to rectum)	 30 (81.1%)	 18 (69.2%)		  2 (50.0%)	 1 (16.7%)	
  Proximal (cecum to splenic flexure)	 7 (18.9%)	 8 (30.8%)		  2 (50.0%)	 5 (83.3%)	
pT stage (depth of tumor invasion)			   0.56b			   0.47c

  T1‑2 (submucosa or muscularis propria)	 10 (27.8%)	 9 (34.6%)		  0 (0%)	 2 (33.3%)	
  T3‑4 (subserosa or serosa or other organs)	 26 (72.2%)	 17 (65.4%)		  4 (100%)	 4 (66.7%)	
pN stage (number of positive lymph nodes)			   0.35b			   0.19c

  N0 (0)	 17 (45.9%)	 15 (57.7%)		  1 (25.0%)	 5 (83.3%)	
  N1‑3 (≥1)	 20 (54.1%)	 11 (42.3%)		  3 (75.0%)	 1 (16.7%)	
Union for International Cancer			   0.17b			   0.18b

Control disease stage
  Stage I	 7 (18.9%)	 6 (23.1%)		  0 (0%)	 2 (33.3%)	
  Stage II	 7 (18.9%)	 9 (34.6%)		  1 (25.0%)	 3 (50.0%)	
  Stage III	 15 (40.6%)	 10 (38.4%)		  1 (25.0%)	 1 (16.7%)	
  Stage IV	 8 (21.6%)	 1 (3.9%)		  2 (50.0%)	 0 (0%)	
Tumor differentiation			   0.025c			   0.57c

  Well‑moderate	 37 (100%)	 22 (84.6%)		  3 (75.0%)	 3 (50.0%)	
  Poor	 0 (0%)	 4 (15.4%)		  1 (25.0%)	 3 (50.0%)	
Lymphatic invasion			   0.63b			   1.0c

  Negative	 22 (59.5%)	 17 (65.4%)		  2 (50.0%)	 4 (66.7%)	
  Positive	 15 (40.5%)	 9 (34.6%)		  2 (50.0%)	 2 (33.3%)	
Venous invasion			   0.34b			   0.47c

  Negative	 10 (27.0%)	 10 (38.5%)		  0 (0%)	 2 (33.3%)	
  Positive	 27 (73.0%)	 16 (61.5%)		  4 (100.0%)	 4 (66.7%)	

aData are presented as N (%), representing the proportions of patients with specific clinical, pathological or molecular characteristics. bχ2 
tests were conducted to analyze associations between MMR‑proficient and the number of TITs. cFisher's exact test was conducted to analyze 
associations between MMR‑deficient and the number of TITs. dAge was analyzed with the Wilcoxon rank sum test. MMR, mismatch repair; 
TITs, tumor‑infiltrating T cells; SD, standard deviation.
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Consideration of parameters other than MMR protein expres‑
sion, such as the number of TITs and TMB, may strengthen the 
assessment of tumor immunogenicity for screening patients 
who may benefit from ICI therapy.

dMMR CRCs are caused by MMR dysfunction, which can 
result in increased TMB and the generation of neoantigens, 
which are antigens resulting from the tumor somatic mutations 
that confer tumor immunogenicity and can elicit an antitumor 
immune response (9). T cells activated in response to abun‑
dant neoantigens in the tumor microenvironment can suppress 
tumor proliferation and progression (4). Therefore, ICIs have 
exerted effective responses among dMMR CRCs because of the 
high immunogenicity in the tumor microenvironment (3,18). 
A large‑scale case study previously reported microsatellite 
instability (MSI)‑high (MSI‑H) and immunoscore‑low cases 
in 2.7% (15/550) of all CRC cases tested  (19), suggesting 
that a fraction of the patients with MSI‑H CRC showing low 
immune reaction might show relatively low TMB levels. 
MMR dysfunction results from a loss of function in any of the 
MMR genes encoding the four MMR proteins, MLH1, MSH2, 
MSH6 and PMS2. Because MLH1 and MSH2 are essential 
for MMR function, their deficiency causes a large decrease 
in MMR function (20). While MLH1 mutation represents loss 
of both MLH1 and PMS2 protein expression, PMS2 muta‑
tion represents isolated loss of PMS2 protein expression not 

loss of MLH1 protein expression. MLH1 and PMS2 proteins 
form a heterodimer, MLH1 protein is a key function of MMR 
compared to PMS2 protein. Therefore, isolated PMS2 loss 
of expression are due to PMS2 mutation, not MLH1 muta‑
tion (21). Moreover, Lynch syndrome patients harboring PMS2 
germline mutation is lower risk of colorectal cancer inci‑
dence (22), which may explain why the isolated loss of PMS2 
results in milder forms of MMR dysfunction and lower TMB 
levels (22,23). Therefore, CRC with isolated loss of PMS2 
expression can show reduced TMB levels (22). In the present 
study, three out of the five cases in the dMMR group had both 
high TMB levels and TIT‑H who also showed the loss of either 
MLH1 or MSH2 expression, whereas the other two showed 
dMMR/TIT‑L with the isolated loss of PMS2 expression. 
Although the number of insertion/deletion variants tend to be 
more strongly correlated with tumor‑infiltrating lymphocyte 
(TIL) densities compared with TMB (24), the MMR protein 
expression status and the number of TIT were not found to 
be significantly associated with the number of insertion/dele‑
tion variants in this study. Given the association between 
MMR protein function and TMB levels (24,25), CRCs with 
isolated loss of PMS2 expression show lower levels of TMB 
and immune cell infiltration compared with those with MLH1 
and MSH2 expression (26). Accordingly, the present findings 
indicated that CRCs with isolated loss of PMS2 expression 
showed a lower TMB level and number of TITs showed loss 
of both MLH1 and PMS2. This suggests that an MMR protein 
expression assay considering the patterns of MMR protein 
expression (isolated loss of PMS2 vs. loss of both MLH1 and 
PMS2) may provide an improved estimation of the degree of 
immunogenicity compared with that of the MSI analysis.

In a number of studies on the ICI treatment of CRCs 
with MSI, 85% of CRCs with MSI and low TMB failed to 
respond to immune checkpoint blockade  (4,28). In CRCs 
with microsatellite stability (MSS), TMB‑L and a lack of 
immune cell infiltration have been posited as mechanisms 
underlying immune resistance (5,27). CRCs with MSS have 
a low mutation load in tumor cells (29,30) and a low number 
of presenting antigens, leading to a lower level of T‑cell 
infiltration in the tumor microenvironment  (4). However, 
previous studies have reported that 21‑50% of CRCs with 
MSS actually showed high T‑cell infiltration (19,31,32). In 
addition, pMMR CRCs with a high number of TILs showed 
therapeutic response to ICIs (30,33), suggesting that pMMR 
CRCs harbor antitumor immunogenic potential and may be 
therapeutically responsive to ICIs. Although MMR protein 

Table IV. Associations of TMB with MMR proteins expressions and the number of TITs.

	 MMR‑proficient	 MMR‑deficient
	 ‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑--‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 TIT‑low (n=3)	 TIT‑high (n=4)	 TIT‑low (n=2)	 TIT‑high (n=3)

TMBa	 4.2 (3.35-5.84)	 3.35 (2.5-42.1)	 9.2 (9.18-9.22)	 22.5 (16.7‑26.3)
  TMB‑low (n=8)b	 3	 3	 2	 0
  TMB‑high (n=4)b	 0	 1	 0	 3

aData are presented as median (interquartile range). bData are presented as N. MMR, mismatch repair; TMB, tumor mutational burden; TIT, 
tumor‑infiltrating T cell.

Table V. Correlations between TMB and number of TITs.

	 TMB
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑
Type of TITs	 ρ(95% CI)	 P‑valuea

CD3+	 	
  CT (n=12)	 0.76 (0.33‑0.93)	 0.036
  IM (n=12)	 0.36 (‑0.27‑0.77)	 0.66
CD8+	 	
  CT (n=12)	 0.76 (0.33‑0.93)	 0.027
  IM (n=12)	 0.35 (‑0.28‑0.77)	 0.47

aCorrelation coefficients between the TMB and number of TITs and 
P‑values were calculated using Spearman's rank correlation coeffi‑
cient analysis. TIT, tumor‑infiltrating T cell; TMB, tumor mutational 
burden; r, correlation coefficient; CT, center of the tumor; IM, inva‑
sive margin.
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expression can predict immunogenicity, it cannot reflect the 
number of TITs. Compared with MMR protein expression, the 
number of TITs, such as Immunoscore (a scoring tool used to 
assess the immune response by counting the densities of infil‑
trating CD3+ and CD8+ T cells at the CT and IM of colorectal 
tumors) (31), can serve as a biomarker for assessing not only 
immunogenicity, but also responsiveness to ICIs (34). In line 
with findings in previous studies, among the seven cases in the 
pMMR group, three cases showed both TIT‑L and TMB‑L, 
whereas the remaining four cases showed TIT‑H. These four 
cases showing both pMMR and TIT‑H may have activated 
antitumor immunity. Therefore, considering not only MMR 
proteins expression, but also additional parameters, such as 
the number of TITs and TMB level, may strengthen the tumor 
immunogenicity assessment.

The present study had several limitations. Due to the 
limited number of CRC tissue samples, only MMR function 
among the DNA‑repair mechanisms was evaluated, without 
considering base‑excision repair, nucleotide‑excision repair 
or homologous recombination (35). Several of the pMMR 
CRCs are highly immunogenic owing to dysfunction in 
the DNA‑repair‑related proteins other than those involved 
in MMR, including ataxia telangiectasia mutated kinase, 
ataxia telangiectasia and Rad3 related kinase, BRCA, DNA 
polymerase ɛ (POLE), DNA polymerase δ 1 (POLD1), DNA 

polymerase δ 2 (POLD2) and RAD  (36). Although these 
CRCs are generally not of the MSI‑H/dMMR subtype, they 
can also be highly immunogenic  (29,30). In a large CRC 
cohort study, 3% of MSS tumors were previously identified 
to be TMB‑H, which harbored somatic POLE, MSH6 and 
MSH2 mutations (37). Additionally, MSS tumors with POLE 
mutation have demonstrated promising clinical responses to 
the anti‑PDCD1(PD-1) ICI, nivolumab (38). In the present 
study, one out of the seven cases of pMMR CRCs were 
TMB‑H. Therefore, this CRC may harbor a POLE or POLD1 
mutation, although any potential mutations in these genes 
were not analyzed. In pMMR CRCs, DNA‑repair dysfunc‑
tions other than those associated with MMR genes can 
increase immunogenicity, leading to TIT‑H (30). Therefore, 
assessing other DNA‑repair genes, as well as MMR genes 
according to MMR protein expression, may be useful for 
designing and monitoring ICI treatment regimens. CD3+ 
and CD8+ were examined to accurately evaluate immu‑
nogenicity in the present study. However, the presence of 
immunosuppressive cells, such as M2 macrophages (M2Ms) 
and myeloid‑derived suppressor cells (MDSCs), were not 
examined in the microenvironment. M2Ms and MDSCs 
can suppress T‑cell infiltration, leading to immunosuppres‑
sion (39). In addition, a previous study reported that pMMR 
CRCs showed high levels of M2Ms and MDSCs in the tumor 

Figure 1. Association analysis of TMB with MMR protein expression and the number of TITs. Colorectal cancer cases were arranged according to TMB levels, 
the MMR protein expression status and the number of TITs. The cases were additionally divided into two groups based on the TMB level, as shown by the 
dotted line. The sections highlighted in gray represent dMMR, loss of MMR protein expression, TIT‑H and the high numbers of CD3+ and 8+ cells in the figure. 
TMB‑L, TMB <10; TMB‑H, TMB ≥10. MMR, mismatch repair; MLH1, MutL homolog 1; MSH, MutS homolog; PMS2, post‑meiotic segregation 1 homolog 
2; dMMR, mismatch repair‑deficient; pMMR, mismatch repair‑proficient; TMB, tumor mutational burden; TIT‑H, high number of tumor‑infiltrating T cells; 
TIT‑L, low number of tumor‑infiltrating T cells; muts/Mb, mutations per megabases.
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microenvironment (4). Therefore, accurate evaluation of the 
tumor immune status, including M2M and MDSC levels, is 
warranted in future studies. Based on the present findings, 
it cannot conclude that ICI treatment would be effective for 
patients with pMMR/TIT‑H CRC because ICI treatment 
was not given to the patients enrolled in the present study. 
Furthermore, a clinical trial was not performed to determine 
if the combined analysis of MMR protein expression and the 
number of TITs would improve the accuracy in estimating 
the ICI response. However, the present study provides 
preliminary data for designing future clinical trials. The 
present study was a single‑center retrospective study with 
a small cohort size. In addition, TMB could not be exam‑
ined in all cases, since the relevant data were available in 
only 12 cases. Therefore, the statistical power of the present 
study was limited, where larger sample sizes are required to 
strengthen the findings. However, the results were similar to 
those of large‑scale trials (40,41), supporting the accuracy of 
the findings.

In conclusion, determining MMR proteins expression 
alone may not be a sufficiently precise assay for tumor 
immunogenicity and antitumor immunity in the tumor 
microenvironment of CRC tumors. Furthermore, the present 
study suggests that considering not only MMR proteins 
expression, but also other parameters, such as the number 
of TITs and TMB, may strengthen the assessment of tumor 
immunogenicity for the screening of patients who may 
benefit from ICI therapy.
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