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Abstract. Immunotherapy has been found to be efficient 
in a variety of cancers and, therefore, may be a promising 
strategy for breast cancer (BC), particularly due to the limited 
therapeutic options currently available for triple‑negative BC 
(TNBC). However, heterogeneity of tumor mutation burden 
(TMB), immune gene expression and mismatch repair (MMR) 
gene activity across BC subtypes has not been well character-
ized. In the present study, a comprehensive analysis of TMB, 
expression levels of immune cell type marker genes, and expres-
sion levels of MMR‑associated genes was performed. A total 
of 5 MMR‑associated genes, including MLH1, MLH3, MSH2, 
MSH6 and PMS2, were analyzed. Patients that harbored at 
least two MMR genes with expression levels in the lower 10% 
percentile across the cohort were considered as potentially 
aberrant (lost expression). Hormone receptor (HR)‑negative 
BC is associated with a higher TMB and immune gene 
expression compared with HR‑positive BC [TMB, estrogen 
receptor (ER)‑negative vs. ER‑negative, 55 vs. 32, respec-
tively; P=4.1x10‑13; progesterone receptor (PR)‑negative vs. 
PR‑positive, 53 vs. 31, respectively; P<2.2x10‑16]. By contrast, 
human epidermal growth factor receptor 2 (HER2)‑negative 
BC tended to have a lower TMB and decreased immune 
gene expression compared with HER2‑positive BC (TMB, 
HER2‑negative vs. HER2‑positive, 36 vs. 48, respectively; 
P=0.02). Furthermore, aberrant expression of MMR genes 

was found to be more common in HR‑negative compared with 
HR‑positive BC (P<0.001). Significantly higher expression 
levels of each immune marker gene of four major immune cell 
types were found in patients who were HR‑negative compared 
with patients who were HR‑positive (P<0.001). The findings of 
the present study suggest that HR‑negative or HER2‑positive 
BC exhibits elevated TMB and immunogenic activity, and 
immunotherapeutic options are recommended.

Introduction

Breast cancer (BC) is the most common malignancy in women 
worldwide, and the majority of BC subtypes are hormone‑asso-
ciated (1). Estrogen receptor (ER), progesterone receptor (PR), 
and human epidermal growth factor receptor 2 (HER2) status, 
routinely available in BC specimens, are reliable and useful 
tools for therapeutic decision‑making (2). Hormone receptor 
(HR)‑positive tumors comprise the majority of the cases and 
have a relatively better outcome (3). By contrast, triple‑negative 
BC (TNBC) is a clinically heterogeneous disease with an aggres-
sive clinical course (4). The lack of targeted therapies and the 
relatively poor prognosis of patients with TNBC have created 
the need to evaluate novel treatment approaches, including 
immunotherapy (5,6). A number of studies have investigated 
the efficacy of checkpoint inhibitor immunotherapy against 
TNBC (5,7‑9). For example, pembrolizumab and atezolizumab 
plus nab‑paclitaxel have demonstrated encouraging clinical 
benefits in patients with advanced TNBC (5,9).

Cancer immunoediting is the process of eliminating highly 
immunogenic tumor cells by somatic evolution and protecting 
the host from tumor development through the host immune 
system (10). Increased burden of somatic mutations has been 
associated with an increased number of pathogenic germline 
mutations in high‑ and moderate‑risk BC genes in patients 
with BC (11). The frequency of somatic mutations or tumor 
mutation burden (TMB) is associated with the immunogenicity 
of BC (10). Assessment of TMB is becoming increasingly 
important for immunotherapy decisions in patients with 
melanoma and lung cancer (12); however, TMB heterogeneity 
across BC subtypes has not been well characterized. The aim 
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of the present study was to examine whether the TMB of 
ER (or PR and HER2)‑negative BC differs from that of the 
corresponding positive subtypes. In addition, the study aimed 
to examine what molecular cues are associated with the differ-
ences in TMB between the negative and positive subtypes and 
whether there is a difference in immunogenic activity between 
ER (or PR and HER2)‑negative and ‑positive BC. The distribu-
tion of TMB, expression of mismatch repair (MMR) genes and 
immune‑associated genes were comprehensively compared 
among BC subtypes. HR‑negative BC was found to have a 
higher TMB and increased expression of major immune cell 
types [B cells, CD4+ and CD8+ T cells, and natural killer (NK) 
cells] compared with HR‑positive BC. Of note, HER2‑positive 
BC tended to have higher TMB and increased immune gene 
expression compared with HER2‑negative BC.

Materials and methods

The Cancer Genome Atlas (TCGA) whole‑exome sequencing 
(WES) and RNA‑seq data. Whole‑exome somatic variants, 
gene expression and clinical data, including ER, PR and HER2 
status, of 974 patients with BC were downloaded from Broad 
TCGA GDAC (v2016_01_28)  (13). In the TCGA clinical 
dataset, ER or PR status is reported as negative or positive. 
HER2 status is reported as a score ranging between 0 and 3. A 
score of 0 or 1 is considered as HER2‑negative, and a score of 
3 as HER2‑positive.

Calculation of TMB. TMB was defined as the total number 
of somatic missense substitutions of the exomes examined. 
Alternatively, TMB may be defined as the total number of 
somatic, coding, base substitution and indel mutations. In this 
case, all base substitutions and indels in the coding region, 
including silent alterations, are counted. Both methods were 
used for calculation of TMB, and the results were essentially 
identical. Only the results based on all base substitutions and 
indels are presented.

Expression analysis of MMR genes. The normalized expres-
sion levels (RNAseqV2, quantile normalized by RSEM) were 
downloaded from Broad TCGA GDAC (v2016_01_28) (13). 
Five MMR‑associated genes (14), including MLH1, MLH3, 
MSH2, MSH6 and PMS2, were analyzed. Patients that 
harbored at least two MMR genes with expression levels in 
the lower 10% percentile across the cohort were considered as 
potentially aberrant (lost expression).

Expression analysis of immune cell types. To investigate the 
difference in the expression levels of immune cell types among 
different BC subtypes, 4 major immune cell types were selected 
for examination, including B cells, CD4+ T cells, CD8+ T cells 
and NK cells. Cell type marker genes were identified based on the 
previous literature (15,16). B‑cell marker genes include CD79A, 
CD79B, BTLA, FCRL1, FCRL3, BANK1, BLK and RALGPS2. 
CD4+ T‑cell marker genes include CTLA4, IL32, FOXP3, GPR15 
and C15orf53. CD8A is considered as a CD8+ T‑cell marker. 
NK‑cell marker genes include KLRF1 and KLRC1.

Statistical analysis. Analyses were performed using SPSS 
(v.20.0, IBM Corporation, Armonk, NY, USA). Data are 

presented as mean  ±  SD. The non‑parametric Wilcoxon's 
rank‑sum test was used to assess the differences in TMB 
between patients with negative and positive hormone receptor 
status (ER, PR or HER2). Differences in the proportion of 
samples with aberrant expression of MMR genes between 
ER‑, PR‑ or HER2‑negative and ‑positive status were assessed 
by the χ2 test. Similar results were observed when the lower 
5% percentile was considered as the cut‑off to define aberrant 
expression. P<0.05 was considered to indicate a statistically 
significant difference.

Results

TMB differs significantly between HR‑negative and HR‑positive 
BC. To investigate the mutation burden heterogeneity across 
BC subtypes, TMB was compared between patients who were 
ER (or PR, HER2)‑negative and patients who were ER (or 
PR, HER2)‑positive. TMB was defined as the total number of 
coding SNVs6 and indels. Across the TCGA cohort of 974 BC 
samples, the number of exome mutations in individual cancers 
varies widely (range, 2‑4,561; median, 38). The TMB and 
ER/PR/HER2 status were analyzed (data not shown). Patients 
who were ER‑negative were found to have a significantly 
higher TMB (P=4.1x10‑13; Wilcoxon's rank‑sum test) compared 
with patients who were ER‑positive (Fig. 1A). The median 
TMB was 55 and 32 for patients ER‑negative and ER‑positive, 
respectively. PR‑negative tumors also had a significantly higher 
TMB (P<2.2x10‑16; Wilcoxon's rank‑sum test) compared with 
PR‑positive tumors (Fig. 1B). The median TMB was 53 and 
30.5 for patients who were PR‑negative and PR‑positive, respec-
tively. By contrast, HER2‑negative tumors had a significantly 
lower TMB (P=0.02; Wilcoxon's rank‑sum test) compared with 
HER2‑positive tumors (Fig. 1C). The median TMB was 38 and 
46 for patients who were HER2‑negative and HER2‑positive, 
respectively. The increased TMB in the HER2‑positive group 
was more evident in patients who were HR‑positive, however 
was not observed in the HR‑negative group (data not shown). 
Patients with TNBC also had a significantly higher TMB 
(P=9.4x10‑06; Wilcoxon's rank‑sum test) compared with patients 
with non‑TNBC (Fig. 1D). The median TMB was 55.5 and 38 
for patients with TNBC and non‑TNBC patients, respectively. 
These results suggest that TMB heterogeneity is common 
among different BC subtypes based on HR and HER2 status. 
In general, HR‑negative BC has a higher TMB compared with 
HR‑positive BC, and HER2‑negative BC tends to have a lower 
TMB compared with HER2‑positive BC.

Aberrant expression of MMR genes is more common in 
HR‑negative BC. In order to investigate the molecular cues 
of increased TMB in ER‑ or PR‑negative BC, statistical 
analysis was performed to test whether the presence of aber-
rant MMR expression was associated with BC subtypes. Five 
MMR‑associated genes, including MLH1, MLH3, MSH2, 
MSH6 and PMS2, were analyzed. Patients that harbored at 
least two MMR genes with expression levels in the lower 10% 
percentile across the TCGA cohort were considered as poten-
tially aberrant (lost expression). The expression levels of each 
MMR gene and ER/PR/HER2 status were analyzed (data not 
shown). Aberrant expression of MMR genes was found to be 
more common (P<0.001; χ2 test) in HR‑negative BC compared 
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with HR‑positive BC (Table I). However, the proportion of 
aberrant MMR gene expression did not differ significantly 
(P=0.1; χ2 test) between patients who were HER2‑positive and 
HER2‑negative (Table I). This pattern is consistent with the 
pattern observed when comparing TMB among BC subtypes. 
The results suggest that aberrant expression of MMR genes is 
more common in HR‑negative patients with BC.

HR‑negative BC exhibits increased expression levels of 
immune cell marker genes. Previous studies have used genomic 
data from TCGA to characterize cytolytic activity estimated 
using the expression of two genes (15,17,18). Recently, marker 
gene expression was used to analyze infiltration of various 
immune cell types (16,19‑21). In the present study, 4 major 
immune cell types, including CD4+ T cells, CD8+ T cells, 
B cells and NK cells, were analyzed. The expression levels of 
the aforementioned marker gene sets for each cell type were 
compared between different BC subtypes. Significantly higher 
expression levels of each immune marker gene were found in 
patients who were HR‑negative compared with patients who 
were HR‑positive (P<0.001; Fig. 2 and Table II). By contrast, 
the HER2‑positive group exhibited significantly increased 
expression of immune marker genes, such as CTLA4, FCRL1, 
C15orf53 and CD79A, compared with the HER2‑negative 
group (P<0.001; Wilcoxon's rank‑sum test). A similar trend 
was observed in gene expression between HER2‑positive and 

HER2‑negative groups only in patients who were HR‑positive. 
The median expression levels for each marker gene in patients 
with different ER/PR/HER2 status are provided in Table II. 
These results suggest that HR‑negative BC may exhibit 
increased immunogenic activity compared with HR‑positive 
BC. Furthermore, HER2‑positive BC may exhibit increased 
immunogenic activity compared with HER2‑negative BC.

Figure 1. TMB distribution in patients with BC with different ER/PR/HER2 status. (A) Patients who were ER‑negative had a higher TMB compared with patients 
who were ER‑positive. (B) Patients who were PR‑negative had a higher TMB compared with patients who were PR‑positive. (C) Patients who were HER2‑negative 
had a lower TMB compared with patients who were HER2‑positive. (D) Patients with TNBC had a higher TMB compared with patients with non‑TNBC. **P<0.05 
vs. ER+ or HER2+; ***P<0.001 vs. PR+ or non‑TNBC. TMB, tumor mutation burden, calculated as the sum of all base substitutions and indels in the coding region; 
BC, breast cancer; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple‑negative breast cancer.

Table I. MMR gene expression in patients with BC with 
different ER/PR/HER2 status.

	 Aberrant	 Normal
Status	 MMR expression	 MMR expression	 P‑valuea

ER‑	 46	 167	 P<0.0001
ER+	 75	 641	
PR‑	 62	 245	 P<0.0001
PR+	 59	 560	
HER2‑	 59	 427	 P=0.091
HER2+	 4	 76	

aχ2 test. BC, breast cancer; MMR, mismatch repair; HR, hormone 
receptor; HER2, human epidermal growth factor receptor 2; ER, 
estrogen receptor; PR, progesterone receptor.
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Discussion

Cancer immunoediting is the process of eliminating highly 
immunogenic tumor cells by somatic evolution, and protecting 
the host from tumor development through the host immune 
system (7). Molecular studies have reported that mutational 
heterogeneity in BC was associated with novel cancer‑associ-
ated genes, such as breast cancer genes 1 and 2 (BRCA1/2) and 
ataxia telangiectasia mutated (ATM) serine/threonine kinase, 
and antigens (CD8+, PD‑L1+) that were produced by mutated 
genes, aberrantly expressed normal genes, or genes encoding 
viral proteins (7‑9,22). The frequency of somatic mutations 
or TMB was associated with the immunogenicity of breast 
cancer. The present study characterized and provided exten-
sive data describing TMB differences between ER (or PR, 
HER2)‑negative and ER (or PR, HER2)‑positive patients with 
BC. It was observed that the HR‑negative group had a higher 
TMB compared with the HR‑positive group. Shaw et al (23) 
demonstrated that the level of TMB calculated by total 
circulating free DNA and the circulating tumor cell count 
(≥5) were both significantly associated with overall survival 
in patients with metastatic BC, unlike the cancer‑associated 
biomarkers, including cancer antigen 15‑3 and alkaline phos-
phatase (23,24). The similar trend of estrogen receptor 1 and 
KRAS proto‑oncogene, GTPase gene mutations was absent 
from primary tumor tissue, and appeared to be acquired with 

disease progression (23,25). This TMB marker may reflect 
the degree of metastatic burden and may serve as a favorable 
predictor for clinical decision‑making. The total mutation 
burden was correlated with response to chemotherapy and poly 
(ADP‑ribose) polymerase inhibitors in patients with ovarian 
cancer with BRCA1/2 mutations (26). Low TMB predicted 
resistance to chemotherapy, whereas high TMB predicted a 
remarkably favorable clinical outcome in mBRCA‑associated 
ovarian cancer in the TCGA cohort (26). Our previous study 
revealed that the TMB value in patients with breast cancer can 
be predicted based on the expression levels of ER, PR, HER‑2 
and Ki‑67 (27). These observations suggest that TMB coupled 
with HR negativity in BC is a genomic marker of prognosis 
and a predictor of response to immunotherapy.

These results revealed that the aberrant expression 
of MMR genes may contribute to the increased TMB in 
HR‑negative patients. BC is a relatively heterogeneous 
disease, and deficiency of major BC‑susceptibility genes in 
DNA repair pathways, including MMR, may be involved 
in familial BC and implicated in higher TMB (28,29). An 
increasing number of studies suggest that triple‑negative, 
luminal B‑like or HER2‑positive tumors harbor a high muta-
tional burden, and these molecular types are considered as 
immunogenic (7,27). An interesting finding of the present 
study is that patients who were HER2‑positive (particular 
in the HR‑positive group) indicated to have higher TMB 

Figure 2. Expression levels of immune cell types in patients with BC with different HR/HER2 status. (A) Patients who were ER‑negative consistently exhibited 
higher expression levels of B‑cell marker genes compared with patients who were ER‑positive. (B) Patients who were ER‑negative consistently exhibited higher 
expression levels of CD4+ T‑cell marker genes compared with patients who were ER‑positive. (C) Patients who were HER2‑negative exhibited lower expression 
levels of B‑cell marker genes compared with patients who were HER2‑positive. (D) Patients who were HER2‑negative exhibited lower expression levels of 
CD4+ T‑cell marker genes compared with patients who were HER2‑positive. BC, breast cancer; HR, hormone receptor; HER2, human epidermal growth factor 
receptor 2; ER, estrogen receptor.
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and increased expression levels of immune cell marker 
genes compared with patients who were HER2‑negative. 
Immunotherapeutic strategies may increase the quality 
or quantity of immune effector cells, reveal additional 
protective tumor antigens, and/or eliminate cancer‑induced 
immunosuppressive mechanisms (7). Large clinical trials of 
multiple immunotherapy approaches in patients with BC are 
ongoing, including therapeutic administration of monoclonal 
antibodies to target and relieve cancer‑induced immuno-
suppression, including CTLA‑4, PD‑1 or Treg cells  (7,9). 
Previous studies have been focused on immunotherapy for 
TNBC instead of other subtypes of BC. In triple‑negative 
breast cancer, Atezolizumab plus nab‑paclitaxel prolonged 
progression‑free survival among patients with metastatic 
triple‑negative breast cancer in both the intention‑to‑treat 

population and the PD‑L1‑positive subgroup; among patients 
with PD‑L1‑positive tumors, the median overall survival 
was prolonged by ~10 months following Atezolizumab plus 
nab‑paclitaxel treatment (9). In HER‑2 positive breast cancer, 
six (15%) of 40 PD‑L1‑positive patients achieved an objective 
response ratio (ORR) with pembrolizumab, a PD‑1 inhibitor 
in the PANACEA study  (30). Similarly, an ORR of only 
12.0% and CBR of 20% with monotherapy of pembrolizumab 
were observed in ER‑positive/HER2‑negative metastatic 
breast cancer (31). Based on gene markers in CD4+ T cells, 
CD8+ T cells, B cells and NK cells in the present study, 
the findings suggested that HER2 status was  correlated to 
a certain extent with immunogenic activity and, therefore, 
HER2 status may also be considered for immune checkpoint 
inhibition, particularly in patients who are HR‑positive.

Table II. Gene expression from B Cell/T Cell/NK Cell in patients with BC with different ER/PR/HER2 status.

A, B cell								     

Gene	 ER_NEG	 ER_POS	 PR_NEG	 PR_POS	 HER2_NEG	 HER2_POS	 TRIPLE_NEG	 NON_TRIPLE

CD79B	 108.6660	 80.5172	 94.0301	 81.7910	 80.8910	 75.8138	 113.5951	 72.3639
BTLA	 24.1280	 16.8827	 21.9850	 16.9827	 16.3043	 20.5051	 31.5309	 16.2235
FCRL3	 6.0477	 4.1124	 4.9558	 4.1163	 3.8578	 4.9408	 6.54325	 4.1272
BANK1	 20.2347	 10.3978	 15.2576	 10.5348	 10.5432	 13.4445	 18.9792	 11.8900
CD79A	 141.0011	 61.8596	 106.4768	 62.0842	 63.7342	 102.0126	 151.2536	 73.3673
BLK	 94.1826	 44.5720	 78.2432	 44.7591	 49.9627	 48.1587	 108.8669	 35.4945
RALGPS2	 3.3266	 1.4465	 2.2954	 1.4508	 1.4550	 1.8520	 3.3051	 1.7174
FCRL1	 13.7678	 7.3211	 10.6117	 7.3071	 7.2333	 12.0030	 12.9948	 11.8360

B, CD4+ T cell								      

Gene	 ER_NEG	 ER_POS	 PR_NEG	 PR_POS	 HER2_NEG	 HER2_POS	 TRIPLE_NEG	 NON_TRIPLE

C15orf53	 0.3477	 0.0000	 0.3127	 0.0000	 0.0000	 0.3605	 0.2955	 0.3269
CTLA4	 49.0202	 17.7471	 39.7454	 17.4976	 20.1526	 32.0127	 56.9741	 32.1545
IL32	 98.8562	 54.1037	 86.7804	 52.8931	 56.4775	 88.3388	 99.1651	 79.2368
FOXP3	 1.3298	 0.9843	 1.2318	 0.9814	 0.8780	 1.2063	 0.9259	 0.7234
GPR15	 1657.1686	 751.7339	 1184.3091	 755.4254	 803.0842	 786.9443	 1861.1596	 848.1356

C, CD8+ T cell								      

Gene	 ER_NEG	 ER_POS	 PR_NEG	 PR_POS	 HER2_NEG	 HER2_POS	 TRIPLE_NEG	 NON_TRIPLE

CD8A	 188.2387	 148.8562	 163.3699	 151.1880	 151.2229	 152.5424	 194.0695	 168.3510

D, NK cell								      

Gene	 ER_NEG	 ER_POS	 PR_NEG	 PR_POS	 HER2_NEG	 HER2_POS	 TRIPLE_NEG	 NON_TRIPLE

KLRF1	 5.4054	 2.9576	 4.39585	 3.01835	 3.1873	 3.6188	 5.0695	 3.3683
KLRC1	 3.6041	 3.0883	 2.9054	 3.22965	 2.9617	 3.2038	 3.1361	 2.5931

BC, breast cancer; MMR, mismatch repair; HR, hormone receptor; HER2, human epidermal growth factor receptor 2; ER, estrogen receptor; 
PR, progesterone receptor; NK, natural killer.
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In conclusion, in the present study, HR‑negative or 
HER2‑positive BC were found to exhibit increased TMB and 
immunogenic activity. The present study presents immuno-
therapeutic options recommended for such patients.
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