Int J Clin Exp Pathol 2020;13(9):2259-2269
www.ijcep.com /ISSN:1936-2625/1JCEP0115653

Original Article

Low mutation burden and differential tumor-infiltrating
immune cells correlate with lymph node

metastasis in colorectal cancer

Xiao Huang?, Wei Cai?3, Li Liu*, Wenliang Yuan*

1College of Mathematics and Computer Science, Chizhou University, China; ?Key Laboratory of Exploration and
Utilization of Aquatic Genetic Resources (Shanghai Ocean University), Ministry of Education, Shanghai, China;
SInternational Research Center for Marine Biosciences at Shanghai Ocean University, Ministry of Science and
Technology, Shanghai, China; “College of Mathematics and Information Engineering, Jiaxing University, China

Received June 4, 2020; Accepted July 20, 2020; Epub September 1, 2020; Published September 15, 2020

Abstract: Background: Tumor immunotherapy has become an important means of cancer treatment. A response
depends on the interaction of tumor cells with immune regulators in the tumor microenvironment, which plays an
important role in inhibiting or enhancing the immune response. However, lymph node (LN) metastasis leads to ma-
jor changes in the tumor microenvironment of patients with colorectal cancer, directly affecting prognosis. Methods:
Using data downloaded from the Cancer Genome Atlas (TCGA) database, we studied the microenvironmental differ-
ences between LN-negative and positive populations by bioinformatic methods. Results: Patients in the LN-positive
group had significantly lower immune scores, cytolytic activity scores, and overall survival than the LN-negative
group. In addition, a high mutation burden and a new antigen burden could inhibit lymph node metastasis of CRC.
In particular, in the LN positive group, the ratio of monocytes to M1 macrophages was significantly downregulated.
After the differentially expressed mRNAs between the LN positive and negative groups were determined, a new CRC
model was constructed based on multivariate Cox proportional hazard regression analysis to examine the prognosis
of patients. The analyses showed that the model was stable and robust. Conclusions: We used multiple scores and
details of immune cell infiltration as indicators to assess changes in the tumor microenvironment of CRC patients
before and after lymph node metastasis, and quantify and model the immune cells in the microenvironment to
predict the overall survival of CRC patients.
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Introduction

Colorectal cancer (CRC) has the second highest
mortality rate among all cancers, with mortality
ranking fourth (9.0%) and third (9.5%) among
male and female cancer patients, respectively
[1]. Surgical resection is a common treatment
in clinical practice [2]. However, due to the
absence of a national colorectal cancer screen-
ing program, most CRC patients in China
already have metastasized tumors at the time
of treatment, and chemotherapy sensitivity has
also led to poor therapeutic efficacy.

In recent years, tumor immunotherapy has
become an important means for cancer treat-
ment [3], and it is an important topic in cancer

research. For example, blocking the binding of
PD-L1 to PD-1 can enhance the cellularimmune
response by increasing T cell apoptosis, indicat-
ing that this is a highly promising therapy [4].
However, a study showed that the expression of
PD-L1 was independent of lymph node (LN)
metastasis, leading to limited or no response to
this treatment in some patients [5]. This is
because the occurrence of metastasis involves
the interaction of many factors, including
molecular factors triggered by changes in tumor
microenvironment [6]. Tumor immunotherapy
positive reactions depend on the interaction of
tumor cells with immune regulators in the tumor
microenvironment. Tumor-infiltrating immune
cells (TIICs) are a major non-tumor component
of the tumor microenvironment and are of great
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value in the diagnosis and prognosis assess-
ment of glioblastoma [7], breast cancer [8], and
CRC [9]. Pan-immunochemical analysis shows
that many adaptive immune-related TIICs,
such as activated CD8+ T cells, resting memory
CD4+ T cells, and effector memory CD4+ T
cells, are associated with improved patient
prognosis [10]. In addition, changes in charac-
teristics such as immunosuppression of the
tumor microenvironment can cause lymph
node metastasis in patients with colorectal
cancer, which directly affects prognosis. The
metastasis incidence and tumor invasion depth
in lymph nodes are prognostic factors of CRC
metastasis [11, 12]. To achieve a precise
immunotherapy, studies have defined tumor
mutation burden (TMB) by the number of
mutations per megabase of DNA, which is used
as a predictive biomarker for the evaluation
[13]. The higher the TMB is, the more likely the
tumor is to be effective for immunotherapy
[14]. Therefore, studying TMB and TIIC in
patients with metastatic CRC can help slow
tumor progression and improve patient prog-
nosis.

Taking advantage of CRC cohorts from the
TCGA database, we assessed some character-
istics of the tumor microenvironment, which
include immune scores, TMB, neoantigen bur-
dens, TIICs, and gene expression. We hypothe-
sized that significant changes in these charac-
teristics were associated with lymph node
metastasis in CRC patients.

Materials and methods
Data sources and preprocessing

All the genomic, clinical, and mutation annota-
tion format (MAF) data were obtained from the
TCGA CRC cohort in February 2019. We first
discarded the clinical information with a sur-
vival time less than 30 days or with unknown
lymph node metastasis information; then, we
removed the samples without complete clinical
information or MAF data, and all normal sam-
ples. In total, we obtained 426 tumor samples.
Gene expression data in the FPKM format were
also acquired from the TCGA and converted to
transcripts per million (TPM). Immune scores
were calculated by using the ESTIMATE algo-
rithm based on the expression values in TPM
[15].

2260

Functional analysis in silico

The immune cytolysis activity score of each
sample was obtained by the geometric mean of
the TPM type expression values of GZMA and
PRF1 [16]. After filtering out variants occurring
in intergenic or noncoding regions and in syn-
onymous variants, the maftools package [17]
was used for mutation burden analysis and
mutational spectral visualization. We then ana-
lyzed the new neoantigens and their derived
proteins between the LN-negative and posi-
tive groups based on data downloaded from
the TCIA database (https://tcia.at/home). To
evaluate the composition of TIICs in CRC, a
CIBERSORT deconvolution algorithm [18] was
used to estimate the fraction of 22 immune cell
types in the LN-negative and positive groups
based on the gene profile.

Differentially expressed mRNAs were screened
using edgeR [19] with the criterion of |log,fold
change| > 1.5 and a false discovery rate (FDR)
< 0.01. The TIMER online database [20] was
used to analyze and visualize the abundance of
TlICs of differentially expressed genes. Two
plugins for Cytoscape software, ClueGO and
CluePedia [21], were used for the Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
analysis.

To obtain and analyze mRNAs that are signifi-
cantly related to the overall survival (OS) of CRC
patients, we first performed univariate Cox pro-
portional hazards regression on differentially
expressed mRNAs, removed factors that were
not statistically significant, and then performed
a multiple Cox regression model analysis.

Statistical analyses

All statistical analyses were conducted using
R software (version 3.5.0) and Bioconductor
(https://www.bioconductor.org/). A chi-squared
test was used to compare the differences in
various values (such as cytolytic activity scores)
and the sample mutation rates. Kaplan-Meier
(KM) analysis using the survival package was
performed to analyze the correlation between
the mRNA and OS. P-values less than 0.05
were considered significant. In the comparison
study, receiver operating curve (ROC) was exe-
cuted using SPSS 24.0.
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Table 1. Clinicopathologic features of 426 patients with

colorectal cancer

Characteristic analyses between
the LN-negative and positive

LN-negative LN-positive p groups
N 253 173 .
Immune scores represent the in-
Age (years) (%) 0.021 filtration of immune cells in tumor
> 60 186 (73.5) 109 (63.0) tissue. We found that the LN-
<60 67 (26.5) 64 (37.0) negative group had a higher im-
Gender (%) 0.285 mune score than the LN-positive
Male 142 (56.1) 88 (50.9) group (P < 0.018) (Figure 1A). We
Female 111 (43.9) 85 (49.1) further examined the association
Race (%) 0.057 between grouping and cytolytic
WHITE 113 (44.7) 89 (51.4) aptivity scon"es. in ' CRC. Intere;-
ASIAN 10 (4.0) 2(1.2) t|ngI¥, the distribution of cytolytic
BLACK OR AFRICAN AMERICAN 28 (11.0) 27 (15.6) activity SF:OI’eS was the sa.me as
that of immune scores in the
Unknown 102(40.3) 55(31.8) LN-negative and positive groups
Pathologic stage (%) <0.001 (Figure 1B).
Stage | 75 (29.6) 0(0.0)
Stage I 163 (64.4)  0(0.0) To explore the association of
Stage Ill 0(0.0) 118 (68.2) TMB with lymph node metastasis
Stage IV 8(3.2) 51 (29.4) in CRC, we compgred TMB .b.et-
Unknown 7(27.8) 4(2.3) ween the LN-negative and positive
) groups. We found that the perfor-
Pathologic T (%) <0.001 mance of TMB in both groups was
T, 10(4.0) 0(0.0) consistent with the performance
T, 67(26.3)  9(3.2) of immune and cytolytic activity
T, 162 (64.0) 127 (73.4) scores (P = 0.0002) (Figure 1C). To
T, 14 (5.5) 37 (21.4) determine the correlation of over-
Pathologic M (%) <0.001 all survival with lymph node metas-
M, 220 (87.0) 98 (56.6) tasis, we performed KM survival
M, 8(32)  51(29.5) curve analysis and found that the
overall survival of samples in the
. My 298 24(13.9) LN-negative group was longer than
Vital status (%) <0.001 -
Alive 225 (88.9) 120 (69.3) that of the LN-positive group.(P <
0.0001 in log-rank test) (Figure
Dead 28 (11.1) 53(30.7) 1D).
The landscape of immune infiltra-
Results tion in the LN-negative and positive groups

Sample demographic statistics

Our analysis is mainly derived from the se-
quencing data and clinical information of 426
CRC patients published in the TCGA database.
After pretreatment as described in the materi-
als and methods section, we obtained data
including 253 LN negative samples and 173 LN
positive samples. The detailed clinical and
pathologic characteristics in these samples,
including age, gender, race, pathologic stage,
tumor (T), and metastasis (M), are summarized
in Table 1.
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During tumor progression, TIICs respond to
anticancer therapies and change dynamically,
and their presence is often associated with
improved clinical outcomes. To further analyze
the differences in immune cell invasion be-
tween the LN-negative and positive groups, we
used the CIBERSORT algorithm to study the dif-
ference in the proportion of 22 immune cell
subsets (Figure 2A, 2B). We found that gamma
delta T cells did not exist in any sample. We
also assessed the difference in the proportion
of TIICs between these two groups. The number
of monocytes and M1 macrophages in the
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Figure 1. Characteristic analysis between lymph node metastasis negative and positive groups. A. Distribution of
immune scores. B. Distribution of cytolytic scores in the lymph node metastasis negative and positive groups. C.
Distribution of tumor mutation burden. D. Survival analysis of CRC patients in the LN-negative and positive groups.

LN-negative group was significantly greater
than that of the other group (Figure 2C).

Mutation burden and neoantigen burden
related to lymph node metastasis

A high mutation burden is a part of the charac-
teristics of malignant tumors. To obtain the
burden of nonsynonymous mutations in the
LN-negative and positive groups, we analyzed
somatic mutations in these two groups based
on the results of Mutct2 software. The median
nonsynonymous mutation burden is 111.5 in
the LN-negative group and 101.5 in the other
group. Our study validates that CRC is accom-
panied by a high mutation load when lymph
node metastasis occurs, and there are signifi-
cant differences in the mutation patterns of
highly mutated genes before and after metas-
tasis. As shown in Figure 3A, 3B, APC, TTN,
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TP53, KRAS, MUC16, and PIK3CA are in the
top 10 mutated genes in these two groups. We
also found that most of the mutations were
single base substitutions.

We also investigated whether the mutational
and neoantigen pattern were modified with
respect to immune scores. The neoantigen
counts and neoantigen origin protein counts for
each CRC sample were available from the TCIA
database. The LN-positive groups had signifi-
cantly lower neoantigen burden (Figure 3C) and
neoantigen origin protein burden (Figure 3D)
than those in the other group, which suggested
that the LN-negative group has a higher num-
ber of mutations accumulated in the tumor cell
genome, resulting in a corresponding increase
in neoantigen burden, and thereby activating
more T cells and producing a stronger immune
response.
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Figure 2. Landscape and prognostic analysis of immune infiltration. A. Bar chart summarizing the immune cell
subset proportions in the lymph node metastasis negative group. B. Bar chart summarizing the immune cell subset
proportions in the lymph node metastasis positive group. C. Difference in tumor infiltrating immune cell (TIIC) pro-
portion between the lymph node metastasis negative and positive groups.

Comparison of gene expression profiles before
and after metastasis

To reveal the correlation between gene expres-
sion profiles and lymph node metastasis, a
differential analysis of count data of genes
in the samples of the LN-negative and positive
groups was performed. Volcano plots in Figure
4A show that in high score group, 68 mRNAs
are upregulated and 261 mRNAs are downreg-
ulated compared with those in the low score
group. To outline the function of differentially
expressed genes, functional enrichment an-
alysis of the 329 mRNAs (Figure 4B) was
performed.

We first performed univariate Cox proportional
hazards regression analysis and found that 27
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differentially expressed mRNAs were signifi-
cantly correlated with OS (P < 0.01). Then step-
wise multivariate Cox proportional hazard
regression analysis was used to find that 9 of
these candidate mRNAs were significantly and
independently related to prognosis. Finally, we
constructed a prognostic signature based on
the expression levels and regression coeffi-
cients of these best prognostic mRNAs. The
formula is as follows: risk score = (0.24783 x
the expression level of NLGN1) + (0.12994 x
the expression level of CDK5R2) + (0.13208 x
the expression level of NTF4) + (0.14851 x the
expression level of TMEM213) + (-0.13580 x
the expression level of SLC6A15) + (0.34611 %
the expression level of IRX4) + (-0.34510 x the
expression level of COLEC10) + (0.25542 x the
expression level of CT45A1) + (0.10484 x the

Int J Clin Exp Pathol 2020;13(9):2259-2269
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Figure 3. Landscape of mutations in CRC and neoantigen comparison between the lymph node metastasis nega-
tive and positive groups. Individual mutations for the top 10 most mutated genes for the lymph node metastasis
negative group (A) and lymph node metastasis positive group (B). (C) The graph shows that neoantigen burdens are
significantly different between the lymph node metastasis negative and positive groups (P<0.05). (D) Graph shows

the number of neoantigen-related proteins.

expression level of XAGE2). Among these 9
mRNAs, SLC6A15 and COLEC10 showed nega-
tive coefficients, suggesting they are protective
factors, as their high expressions predicted low
risk. The other 7 mRNAs with positive coeffi-
cients, seemed to be risk factors, as their high
expressions predicted high risk. Studies have
shown that NTF4 is involved in the metastasis
of colon cancer [22]. Interestingly, factors
such as NLGN1, CDK5R2, TMEM213, IRX4, and
CT45A1 have been shown to trigger the tumori-
genesis and metastasis of tumors, including
leiomyosarcoma, lung cancer, and others
[23-25].
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KM analysis showed that the prognosis of the
low-risk group was significantly improved com-
pared with the high-risk group (P < 0.001,
Figure 4C). Subsequent time-dependent ROC
analysis showed that the area under the ROC
curve (AUC) of the 9 mRNAs was 0.763, indicat-
ing that the signature performed well in predict-
ing the prognosis of CRC patients (Figure 4D).

Discussion

To investigate changes in tumor microenviron-
ment before and after lymph node metastasis
in colorectal cancer, we analyzed RNA sequenc-
ing data of 426 samples published in the TCGA

Int J Clin Exp Pathol 2020;13(9):2259-2269
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Figure 4. Gene expression spectrum. A. Volcano plots of differentially expressed genes between the lymph node
metastasis negative and positive groups. The three colored dots represent different types of mRNAs, among which
green represents a significant down-regulation, red represents a significant up-regulation, and black represents no
significant differential expression. B. GO analysis of 329 differentially expressed genes. C. Kaplan-Meier analysis
of patients’ overall survival in the high-risk (n = 210) and low-risk (n = 211) subgroups. D. The receiver operating
characteristic (ROC) analysis of the risk scores for the prediction of the overall survival. The area under the curve

was calculated for the ROC curves.

database. Our results reveal many associations
between the occurrence of metastases and
changes in tumor microenvironment-related
factors.

In this study, we found that the LN-negative
group had higher immune scores, cytolytic
activity scores, tumor m burden (TMB), neoanti-
gen burden, and neoantigen origin proteins
compared to those in the LN-positive group.
Previous studies indicated that immunization
scores can determine the high risk of recur-
rence and metastasis in cancer patients [15],
and the cytolytic activity was involved in
immune response and improved prognosis
[26]. Therefore, we believe that the LN-negative
group has a good prognosis and a low risk of
recurrence. Furthermore, lymphocyte infiltra-
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tion will be prominent due to increased neoan-
tigen burden, and more stromal cells and cytol-
ysis activity can be found in tumor tissue [27].
This means that the samples in the LN-negative
group have a good cytolytic immune response
and relatively abundant stromal cells because
of the higher levels of the tumor-infiltrating
immune cells (TIICs). In metastatic melanoma,
features of the immune microenvironment such
as tumor mutation burden (TMB), neoantigen
negativity, and cytolytic activity have been
demonstrated to be related to CTLA4 blockade
[28]. In addition, in the LN-negative group, CRC
patients survived longer than those in the
LN-positive group. These results were in agree-
ment with the corresponding findings of Wang
et al., which state that patients with higher TMB
are more likely to have improved survival [29].

Int J Clin Exp Pathol 2020;13(9):2259-2269
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However, whether patients with high TMB and
increased effector immune infiltration are more
susceptible to the blocking of immune check-
points requires further research.

Recently, immunotherapy has aimed to acti-
vate the immune system and has shown high
efficacy in the treatment of some cancers [30].
Using CIBERSORT, we analyzed the proportion
changes in 22 immune cell subsets in the
LN-negative and positive groups. Tumor-asso-
ciated microenvironments, including immune
cells, can inhibit malignant cells. Numerous
studies have shown that factors such as the
degree of infiltration of immune cells and tissue
localization are significantly related to the pro-
gression and survival rate of CRC in certain
stages. For example, among patients with
stage lll CRC, the ones with lower TIIC values
had significantly lower 5-year OS than those in
the high TIIC group [31]. Our study also showed
that in the LN-negative group TIIC was signifi-
cant, and the OS of CRC patients also improved
significantly. In addition, our data reveal the
details of the infiltration of 22 TIIC subsets in
CRC. The proportion of macrophages and rest-
ing memory CD4+ T cells was the highest, and
gamma delta T cells did not even exist in all
samples. Resting memory CD4+ T cells can
help CD8+ T cells inhibit tumors, and block
CD8+ T cell activation, and NK cell killing [32].
We found that the number of monocytes and
M1 macrophage changed significantly after
lymph node metastasis. Our results show
that tumor metastasis comes from these differ-
ent internal mechanisms such as changes in
the content of TIIC cells in the tumor
microenvironment.

Neoantigen burden is an effective biomarker in
cancer immunotherapy, which stimulates the
development of new therapeutic approaches to
T cell reactivity against this class of antigens
[33]. Tumors with a high mutation burden are
often accompanied by a high number of CD8+
T cells [34]. T cell reactivity against neoanti-
gens is widespread in melanoma [35]. In CRC,
we found that the neoantigen peptide burden
in the samples before lymph node metastasis
was significantly higher than in the samples
after metastasis. In the LN-negative group, the
proportion of T cells such as CD4 memory acti-
vation was significantly increased, possibly due
to the higher neoantigen burden on HIM sam-
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ples. Considering their higher nonsynonymous
mutation burden, we believe that the non-
synonymous mutation burden in tumors will
form more neoantigens, resulting in higher
immunogenicity.

We also found that some genes are highly
mutated before and after lymph node metasta-
sis. The tumor suppressor gene TP53 showed
a discontinuous mutation distribution in both
groups. TP53 plays a regulatory role in cell pro-
liferation and apoptosis [36]. The loss of TP53
may lead to the development and progression
of CRC through a multistep process [37].
Some authors showed an association between
TP53 mutations and the worst outcomes in
stage Ill CRC [38]. We found that TP53 muta-
tions occurred in approximately 47% (213) of
the samples in the LN negative group, rising to
65% (154) in the LN positive group. We also
noticed that APC has a mutation frequency
ranking first in these two groups (72% and 77%
respectively).

Deregulation of expression of genes is vital for
extensive investigation into the initiation and
progression of colorectal carcinogenesis. We
identified 329 lymph node metastasis-related
genes. Functional enrichment analysis showed
that these genes are mainly involved in immu-
ne response and cell adhesion. TNM staging,
which can reflect the invasion and metastasis
capacity and degree of tumor, has been used to
determine the progression and prognosis of
colorectal cancer [39]. However, CRC is a highly
heterogeneous malignant tumor with a unique
genetic and epigenetic background that deter-
mines the complex clinical biologic behavior
and prognosis of CRC [40]. We thus construct-
ed a new CRC prognostic analysis model
consisting of 9 mRNAs based on Cox regres-
sion analyses. Several factors, such as NTF4,
NLGN1, CDK5R2, TMEM213, IRX4,and CT45A1
are associated with metastasis in multiple
cancers. The consequences of Kaplan-Meier
survival analysis showed that low-risk groups
showed significant advantages in 0S. Subse-
quently, the value of AUC demonstrated that
the risk models were robust and reliable for
predicting the survival of CRC patients. In short,
the model we built is a good complement to
TNM staging. However, this study has some
limitations because all the conclusions were
obtained in silico. Further in vivo studies will

Int J Clin Exp Pathol 2020;13(9):2259-2269
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contribute to fully understanding the molecular
characteristics of CRC before and after lymph
node metastasis.

In conclusion, we demonstrate that some
immune-related features change significantly
after lymph node metastasis in CRC patients.
When metastasis occurs, the immune score,
TMB, neoantigen burden, OS of CRC patients,
and the proportions of monocytes and M1 mac-
rophage are all significantly reduced. Given the
low TMB and the significant changes in effector
immune infiltrates in the LN-positive group,
whether or not it would be more difficult to
block the immune checkpoint needs further
study.
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