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Immune cytolytic activity is associated with reduced  
intra-tumoral genetic heterogeneity and with better  
clinical outcomes in triple negative breast cancer
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Abstract: Evaluation of the functional aspects if the tumor immune microenvironment (TIME), such as the recently 
introduced cytolytic activity score (CYT) index have been under the spotlight in cancer research; however, clinical 
relevance of immune cell killing activity in breast cancer has never been analyzed in large patient cohorts. We 
hypothesized that CYT reflects the immune activity of TIME and can predict patient survival. A total of 7533 breast 
cancer patients were analyzed as both discovery and validation cohorts. We found that high CYT was associated 
with advanced histological grade and triple-negative breast cancer (TNBC). High CYT in tumors was significantly 
associated with better survival in TNBC, but unexpectedly, not in other breast cancer subtypes. High CYT TNBC 
included both favorable immune-related, as well as unfavorable (suppressive) inflammation-related gene sets, and 
characterized by high infiltration with T cells and B cells. High CYT TNBC was associated with high homologous re-
combination deficiency and low somatic copy number alteration score and less mutant allele tumor heterogeneity, 
but not with tumor mutation burden (TMB). Although CYT was not associated with pathological complete response 
after neoadjuvant chemotherapy, it was significantly associated with high expression of multiple immune check-
point molecules. In conclusion, CYT of TNBC is associated with enhanced anti-cancer immunity, less intra-tumoral 
heterogeneity, and with better survival. 

Keywords: Breast cancer, CYT, cytolytic activity, heterogeneity, immune cells, immune checkpoint inhibitor, muta-
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Introduction

Tumor immune microenvironment (TIME) plays 
a critical role in tumor progression, response to 
therapeutics, and prognosis in breast cancer 

[1, 2]. Tumor-infiltrating lymphocytes (TILs) are 
one of the major components of TIME, and the 
density and types of lymphocytes in the TIL 
fraction of a tumor have marked prognostic 
associations in breast cancer [3, 4]. 

http://www.ajcr.us
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Breast cancer has long been considered to be 
a non-immunogenic malignancy, also known as 
“cold” or “immune desert” tumors [5, 6]. How- 
ever, recently TILs were found to have a clinical 
impact on treatment response and patient out-
comes in some types of breast cancer including 
biologically aggressive triple negative breast 
cancer (TNBC) [7, 8]. Immunogenic breast can-
cer with high mutation burden and neoepitope 
load attracts effector CD8+ T cells that induce 
cancer immunoediting [9-11]. Cancer immu-
noediting is the process whereby the immune 
system can both constrain and promote tumor 
development, which proceeds through three 
phases termed elimination, equilibrium, and 
escape [12]. Rare tumor subclones capable of 
surviving elimination can progress into the 
equilibrium phase, in which net tumor mass is 
sustained over time. However, the constant 
pressure from the adaptive immune system 
coupled with the genetic instability of tumor 
cells can select for tumor subclones with re- 
duced immunogenicity that can evade immune 
recognition and destruction [13]. In particular, 
the importance of CD8+ T cells in cancer immu-
noediting has been shown, and more broadly in 
those tumors with an adaptive immune resis-
tance phenotype [14]. TNBC patients with high 
infiltration of TILs are reported to correlate with 
a higher response to neoadjuvant therapy [7, 8, 
15, 16]. Given the mechanism that not only the 
existence of CD8+ T cells, but its immune cell 
killing activity is linked to treatment response, 
we speculated that cytolytic activity may corre-
late with clinical outcomes stronger than the 
number of TILs, which was the measure used in 
previous studies.

A recent study identified that immune cytolytic 
activity (CYT), which reflects the cell killing func-
tion by a geometric mean of gene expressions 
of GZMA and PRF1, can be used to assess 
immune-mediated attack against cancer cells 
[17], providing an attractive, easy to widely 
implement index for prognosis of cancer and 
guide therapeutic decisions. CYT and its relat-
ed genes have been demonstrated to repre-
sent effector function of CD8+ T-cells with the 
resistance or responsiveness to immunothera-
py in melanoma [18]. CYT was also shown to be 
inversely linked to genomic alterations com-
pared to benign tissue suggesting that intrinsic 
oncogenic processes drive immune inactivity in 
pancreatic cancer [19]. In colorectal cancer, 
our group and others determined that CYT is 

associated with the mutational burden and 
immune microenvironment [20, 21]. We also 
reported that CD8+ T cells estimated by xCell 
algorithm from bulk tumor transcriptome was 
highly correlated with CYT in breast cancer 
patients [4]. However, less is known on the clini-
cal impact of CYT and its interaction with can-
cer cells in TIME of breast cancer patients. In 
the present study, we hypothesized that CYT is 
associated with immune-mediated antitumor 
elimination and with alteration of intra-tumor 
genetic heterogeneity, which impacts clinical 
outcomes including survival and treatment 
response in breast cancer. We test this hypoth-
esis using CYT score in multiple large breast 
cancer cohorts; The Cancer Genome Atlas 
(TCGA), Molecular Taxonomy of Breast Cancer 
International Consortium (METABRIC), and mul-
tiple Gene Expression Omnibus (GEO) cohorts.

Materials and methods

Patient cohort and genomic data processing

Transcriptome data was acquired from The 
Cancer Genome Atlas (TCGA) Breast cancer 
cohort through cBioportal [22]. Survival end-
points for TCGA cases were used the Pan-
Cancer Clinical Data Resource [23]. Female 
samples with gene expression data were used 
in this analysis (n = 1069), as we previously 
reported [24, 25]. Regarding sample process-
ing in TCGA project, frozen samples were col-
lected from patients with untreated breast can-
cers and processed by the Biospecimen Core 
Resource [26, 27]. The RNA was processed 
and sent to Genome Characterization Centers 
(GSCs) and Genome Sequencing Centers 
(GSCs) where they were sequenced. These 
results were then sent to the TCGA Research 
network and further analyzed, interpreted, and 
made publicly available [26, 27]. The data set 
derived from Molecular Taxonomy of Breast 
Cancer International Consortium (METABRIC) 
(n = 1904) was utilized to validate survival anal-
ysis [28]. Gene Expression Omnibus (GEO) data 
sets from GSE96058 (n = 3723) studied by 
Brueffer et al. [29] was also utilized as valida-
tion cohort. GEO data sets from studies by Shi 
et al. (GSE20194 (n = 248)) [30], Hatzis et al. 
(GSE25066 (n = 508)) [31], and Massarweh et 
al. (GSE33658 (n = 81)) [32] were utilized to 
correlate pre-treatment CYT with therapeutic 
response to chemotherapy in breast cancer 
patients. This study was deemed exempt from 
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Roswell Park Cancer Institution Institutional 
Review Board evaluation because all genomic 
and clinical information within TCGA is publicly 
accessible and de-identified [33, 34].

Gene expression data and analysis based on 
RNA-Seq

Gene expression data were obtained in RSEM 
format and converted to Transcripts Per Million 
(TPM) by a given gene’s estimated fraction of 
transcripts and multiplying with 10^6. CYT was 
defined as the geometric mean of GZMA and 
PRF1 expression values in TPM [17, 19]. The 
threshold of dichotomization of CYT high and 
low groups was determined by comparing dif-
ferences in the overall survival between the two 
groups and the cutoff point that gave the least 
p-value was chosen. 

Determination of tumor infiltrating immune 
cell composition utilizing xCell

xCell algorithm [35] was used to estimate the 
fraction of sixty-four infiltrating immune cell 
types as well as stromal cells in each tumor tis-
sue to evaluate intra-tumor cell composition. 
The sixty-four cell fractions were calculated via 
their online calculator, as we previously report-
ed [36, 37]. 

Determination of mutant-allele tumor hetero-
geneity (MATH), tumor clonal analysis, T-cell 
receptor (TCR) diversity and inhibitory check-
point molecule (ICM) index 

Mutant-allele tumor heterogeneity (MATH) 
score, a measure of intra-tumor heterogeneity, 
was calculated through R/Bioconductor pack-
age “maftools”; efficient analysis, visualization 
and summarization of (MAF) files from large-
scale cohort-based cancer studies (https://
www.biorxiv.org/content/early/2016/05/11/ 
052662) [38-40]. PyClone was utilized to infer 
tumor clonality by clustering variants of similar 
MAF from tumor samples in TCGA [41, 42]. ICM 
index was created by Balli et al., using six gene 
expression [19].

Homologous Recombination Deficiency (HRD) 
determination

Homologous recombination deficiency (HRD) 
has emerged as a biomarker representing 
genomic scar or genomic instability in cancers 
[43, 44]. In the present study, HRD score is 

defined using large-scale state transitions 
(LST) score based on the previous reports [45].

Gene Set Enrichment Analysis (GSEA) of hall-
mark gene sets

Gene Set Enrichment Analysis (GSEA) was  
performed using software provided by the 
Broad Institute (http://software.broadinstitute.
org/gsea/index.jsp) [46], as we previously re- 
ported [47-51]. A collection of annotated gene 
sets for use with GSEA software can be found 
in the Molecular Signatures Database (MSigDB) 
(http://software.broadinstitute.org/gsea/msig-
db). The result of the GSEA is the enrichment 
score (ES), which reflects the degree to which a 
gene set is overrepresented at the top or bot-
tom of a ranked list of genes. Statistical analy-
ses were performed using R software (http://
www.r-project.org/). Statistical significance 
was defined by false discovery rate (FDR) less 
than 25%, as GSEA software recommended.

Statistical analysis

All statistical analyses were performed using  
R software (https://www.r-project.org/) and 
Bioconductor (https://www.bioconductor.org/). 
Kaplan-Meier method with log-rank test was 
used to compare survival curves between 
groups. For continuous variables, the differ-
ences between two groups were assessed by 
Mann-Whitney test; for discrete variables, 
Fisher’s exact test was used to evaluate the 
association between factors. Spearman corre-
lation was used to describe the relationship 
between gene expressions and CYT. Association 
between variables (e.g. gene expression, muta-
tion load and immune checkpoint molecule 
index) was determined using the Mann-Whitney 
U test. In all analyses, a two-sided P < 0.05 was 
considered statistically significant and this 
“prognostic marker” study is conducted accord-
ing to the REMARK guidelines [52].

Results

High cytolytic activity score (CYT) is signficantly 
associated with Nottingham histologic grade in 
breast cancer

We reported that breast cancer with high muta-
tion load was associated with both aggressive 
phenotype and infiltration of anti-cancer im- 
mune cells [53]. To this end, we expected 
breast cancer with high CYT to associate with a 
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more aggressive phenotype. We used median 
value to divide into low and high CYT groups 
within each cohort. Disease specific survival 
(DSS) in The Cancer Genome Atlas (TCGA; n = 
1069) and the Molecular Taxonomy of Breast 
Cancer International Consortium (METABRIC; n 
= 1904) cohort, as well as overall survival (OS) 

in the GSE96058 (n = 3273) cohort was ana-
lyzed, and high CYT was not associated with 
worse survival in any cohorts (Figure 1A). We 
next examined whether there was an associa-
tion between the CYT and clinical aggressive-
ness in breast cancer. The CYT was significantly 
higher in advanced American Joint Committee 

Figure 1. Association of the cytolytic activity score (CYT) with clinical cancer aggressiveness in the TCGA, METABRIC, 
and GSE96058 cohorts. A. Kaplan-Meier plots of disease-specific survival in the TCGA and METABRIC cohorts, 
and overall survival in the GSE96058 cohort by CYT low (blue line) and high (red line) within whole breast cancer 
samples. Median cut-off was used to divide two groups. Log-rank test was used to calculate p value. B. Boxplots of 
the CYT by AJCC stage in the TCGA and METABRIC cohort, and Nottingham histological grade in the TCGA, META-
BRIC, and GSE96058 cohorts. Kruskal-Wallis test was used to calculate p value. AJCC, American Joint Committee 
on Cancer.
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on Cancer (AJCC) staging in METABRIC, but not 
in the TCGA cohort (Figure 1B). On the other 
hand, CYT was high in advanced Nottingham 
histological grade consistently in all three co- 
horts, TCGA, METABRIC and GSE96058 (Figure 
1B; all P < 0.001). These results suggest that 
CYT is associated with cancer cell proliferation, 
but does not translate to cancer stage or sur-
vival in the whole cohorts.

High CYT in triple-negative breast cancer 
(TNBC) is signficantly associated with better 
survival

Since it is well known that the amount of 
immune cell infiltration differs by each subtype, 
where TNBC is the most abundant, we studied 
the relationship of CYT with patient survival in 
each subtype. We found that CYT was signifi-
cantly higher in TNBC compared to the other 
subtypes consistently in all three cohorts, 
TCGA, METABRIC and GSE96058 (Figure 2A; 
all P < 0.001). High CYT was significantly asso-
ciated with better patient survival in TNBC con-
sistently in all three cohorts (Figure 2B; DSS: P 
= 0.023 and 0.029 in TCGA and METABRIC, 
and OS: P = 0.004 in GSE96058, respectively), 
and in HER2 in TCGA and GSE96058 cohorts 
(Figure 2B; DSS: P = 0.006 in TCGA and OS: P = 
0.031 in GSE96058, respectively). In HER2-
positive breast cancer group, high CYT was sig-
nificantly associated with better survival in two 
cohort (DSS: P = 0.006 in TCGA and p = 0.539 
in METABRIC, and P = 0.031 in GSE96058), but 
there were no significance in ER-positive/HER2-
negative breast cancer cohorts. These findings 
suggest that high CYT was associated with 
favorable patient survival in aggressive immu-
nogenic TNBC.

High CYT TNBC significantly enriched both 
favorable immune-relaated and unfavorable 
inflammation-related gene sets

TNBC with a high CYT was expected to have 
favorable tumor immune microenvironment 
since it was associated with better survival. To 
test whether this is the case, gene set enrich-
ment analyses (GSEA) of the Hallmark gene 
sets was performed in TNBC of TCGA, MET- 
ABRIC, and GSE96058 cohorts. High CYT TNBC 
significantly enriched many favorable immune-
related Hallmark gene sets, such as allograft 
rejection, interferon (IFN)-α response and IFN-γ 
response, IL2/STAT5 signaling, and comple-

ment consistently in all three cohorts (Figure 
3A). Interestingly, high CYT TNBC enriched 
unfavorable inflammation-related gene sets as 
well, such as inflammatory response, TNF-α sig-
naling, and IL6/JAK/STAT3 signaling consis-
tently in all three cohort (Figure 3B). These 
results suggest that CYT is associated with 
both favorable immune reaction and unfavor-
able inflammation which are most likely intri-
cately intertwined and led to context-depen-
dent clinical outcomes in TNBC. 

High CYT TNBC is significantly associated with 
high fraction of favorable anti-cancer immune 
cells 

Since high CYT TNBC enriched immune-related 
gene sets, it was of interest to determine which 
types of immune cells are infiltrated in these 
tumors. xCell algorithm, which estimates im- 
mune cell composition by gene expression data 
of a bulk tumor, was utilized. We found that a 
significantly higher fraction of anti-cancer im- 
mune cells, CD8+ T cells, CD4+ memory T cells, 
M1 macrophages, and dendritic cells, as well 
as B cells, were infiltrated in the high CYT TNBC 
consistently in TCGA, METABRIC, and GSE96- 
058 cohorts (Figure 4A; all P < 0.001). High 
CYT significantly correlated with higher T cell 
receptor (TCR) diversity, which is calculated by 
Thorsson et al. in the TCGA cohort (Figure 4B; P 
< 0.001). Furthermore, high CYT score was sig-
nificantly associated with high TCR Shannon 
score as well as B cell receptor (BCR) Shannon 
score, which represent the TCR and BCR diver-
sity that is thought to enhance their anti-cancer 
potency (Figure 4C; all P < 0.001). On the other 
hand, high CYT TNBC was not associated with 
fraction of pro-cancer immune cells; regulatory 
T cells, T helper type 2 cells (Th2), and M2 mac-
rophages in the TCGA, whereas they did in the 
METABRIC and GSE96058 cohorts (Figure 4D). 
These results suggest that high CYT TNBC was 
associated with enhanced immune response 
and favorable anti-cancer immune cells com-
pared to low CYT. 

High CYT TNBC are significantly associated 
with high homologous recombination defi-
ciency (HRD) but with less intra-tumoral het-
erogeneity

The concept of immunoediting is that the 
immune system can both constrain and pro-
mote tumor development, where the constant 
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Figure 2. CYT levels by subtype and its association with patient survival by subtype in TCGA, METABRIC, and GSE96058 cohorts. A. Boxplots of the CYT by breast 
cancer subtypes; ER+/HER2-, HER2+, and TNBC. Kruskal-Wallis test was used to calculate p value. B. Kaplan-Meier plots of disease-specific survival in the TCGA 
and METABRIC cohorts, and overall survival in the GSE96058 cohort by CYT low (blue line) and high (red line) within each breast cancer subtype groups. Median 
cut-off was used to divide two groups. Log-rank test was used to calculate p value.
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Figure 3. Gene Set Enrichment Assay (GSEA) of high CYT TNBC in the TCGA, METABRIC and GSE96058 cohort. Enrichment plots are shown for (A) favorable immune-
related and (B) unfavorable inflammation-related Hallmark gene sets. CYT was compared from high (left) to low (right), along with normalized enrichment score 
(NES) and false discovery rate (FDR). FDR of 0.25 was used as statistical significance of GSEA. Median cut-off was used to divide two groups.
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Figure 4. Association of CYT with fraction of infiltrating immune cells in the TCGA, METABRIC, and GSE96058 co-
horts. A. Boxplots of the fraction of anti-cancer immune cells; CD8+ T cells, CD4+ memory T cells, T helper type1 cells 
(Th1), M1 macrophages, and dendritic cells, and B cells were compared by low and high CYT group. Mann Whitney 
U test was used to calculate p value. B. Boxplots of the CYT by T cell receptor (TCR) clones score in the TCGA cohort. 
Kruskal-Wallis test was used to calculate p value. C. Boxplots of the comparison of TCR richness and BCR richness 
score between low and high CYT groups in the TCGA cohort. D. Boxplots of the fraction of pro-cancer immune cells; 
regulatory T cells, T helper type 2 (Th2) cells, and M2 macrophages were compared by low and high CYT. Mann 
Whitney U test was used to calculate p value. Median cut-off was used to divide two groups.
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pressure from the adaptive immune system 
coupled with the genetic instability of tumor 
cells can select for aggressive tumor subclones 
that can evade immune recognition and 
destruction [54]. Together with the notion that 
high mutation burden and neoepitope load 
attracts and is attacked by effector CD8+ T 
cells, we expected that high CYT TNBC is asso-
ciated with mechanisms to generate muta-
tions, but highly mutated cells may be eliminat-
ed which results in less intra-tumoral heteroge-
neity. Indeed, high CYT TNBC was associated 
with high homologous recombination deficiency 
(HRD), but with low somatic copy number alter-
ation (SCNA) score and mutant allele tumor het-
erogeneity (MATH) index (Figure 5A and 5B). 
CYT did show the trend to be lower in high num-
ber of clones by Pyclone although there was no 
statistical difference, and there was no trend in 
intratumor heterogeneity score in the TCGA 
cohort (Figure 5C and 5D). CYT was not associ-
ated with mutation-related score, including 

single-nucleotide variants (SNV) and indel neo-
antigens, silent and non-silent mutation rate in 
the TCGA cohort (Figure 5D). These results are 
in alignment with the notion that anti-cancer 
immunity represented by CYT enhances selec-
tion pressure to clonability and less heteroge-
neity which is associated with less aggressive 
biological phenotype of TNBC. 

High CYT was not associated with pathological 
complete response (pCR) after neoadjuvant 
chemotherapy (NAC), but was significanly 
associated with high expression of immune 
checkpoint genes in both ER-positive/HER2-
negative and TNBC

Since TIL has been reported as a predictive bio-
marker for pCR after NAC [55], we expected 
that high cytolytic activity in breast cancer 
would associate with response to NAC particu-
larly in TNBC. However, CYT was not associated 
with pCR after NAC in ER-positive/HER2-

Figure 5. Association of the CYT score with intra-tumor genetic heterogeneity and mutations in the TCGA TNBC co-
hort. (A) Box plots of the homologous recombination deficiency (HRD) and somatic copy number alteration (SCNA), 
and (B) mutant allele tumor heterogeneity (MATH) index by low and high CYT score groups. (C) Box plots of the CYT 
score by number of clones by Pyclone. (D) Box plots of the intratumor heterogeneity and mutation-related score; 
single-nucleotide variants (SNV) and indel neoantigens, silent and non-silent mutation rate, by low and high CYT 
score groups. Mann Whitney U test and Kruskal-Wallis test were used to calculate p value. Median cut-off was used 
to divide two groups.
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negativie breast cancer nor TNBC in any of the 
cohort examined (GSE20194, GSE25066, and 
GSE32646) (Figure 6A). Recently there have 
been number of reports on the use of immune 
checkpoint inhibitors for breast cancer [56]. 
Since high CYT tumors attract effector T cells, 
we expected the immune checkpoint molecule 
expressions to be elevated. We found that high 
CYT was significantly associated with high 
expression of numerous immune checkpoint 
molecules in the TCGA, METABRIC and GSE96- 
058 cohorts. Specif﻿ically, programmed cell 
death 1 (PDCD1 (PD-1)), programmed cell death 
1 ligand 1 (CD274 (PD-L1)), programmed cell 
death 1 ligand 2 (PDCD1LG2 (PD-L2)), cytotoxic 
T-lymphocyte-associated protein 4 (CTLA4), 
indoleamine 1 (IDO1), IDO2, lymphocyte activa-
tion gene 3 (LAG3), and T cell immunoreceptor 
with Ig and ITIM domains (TIGIT) were signifi-
cantly highly expressed in high CYT TNBC, as 
well as ER-positive/HER2-negative, and HER2-

positive breast cancer (Figure S1). Furthermore, 
we found a strong correlation between CYT and 
the inhibitory checkpoint molecule (ICM) index 
using six gene expressions, in the TCGA and 
GSE96058 cohorts (Figure 6B; Spearman’s 
rank correlation (r) = 0.842 and 0.755 in 
ER-positive/HER2-negative, r = 0.848 and 
0.784 in TNBC, respectively, all P < 0.01). These 
results suggest that CYT reflects global expres-
sion of immune checkpoint molecules. 

Discussion

In this study, we found that high CYT was signifi-
cantly associated with advanced histological 
grade and TNBC subtype. High CYT TNBC was 
significantly associated with better survival, but 
the other subtypes were not. High CYT TNBC 
enriched both favorable immune-related and 
unfavorable inflammation-related gene sets. 
High CYT TNBC was associated with high infil-

Figure 6. Association of the CYT score with drug treatment response for breast cancer. A. Bar plots of compari-
son of the pathological complete response (pCR) rate by low and high CYT group in ER+/HER2- and TNBC in the 
GSE20194, GSE25066, and GSE33658 cohorts. Fisher’s exact test was used to calculate p value. Median cut-off 
was used to divide two groups. Fisher’s exact test was used to calculate p value. B. Correlation plots between CYT 
and inhibitory checkpoint molecule (ICM) index in ER+/HER2- and TNBC in the TCGA and GSE96058 cohorts. Spear-
man’s rank correlation was used for the analysis.
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tration of anti-cancer immune cells (CD8+ T 
cells, CD4+ memory T cells, M1 macrophages, 
and dendritic cells, and B cells). High CYT TNBC 
was also associated with high level of T cell 
receptor (TCR) clones and TCR and B cell recep-
tor (BCR) richness. High CYT TNBC was associ-
ated with high HRD and less intra-tumor hetero-
geneity (SCNA and MATH) but not with mutation 
load. Although CYT was not associated with 
NAC response in both ER-positive/HER2-nega- 
tive nor TNBC, high CYT strongly correlated with 
immune checkpoint molecule index and was 
associated with high expression of multiple 
immune checkpoint molecule genes in both 
ER-positive/HER2-negative and TNBC. 

Higher number of infiltrating lymphocytes into 
the tumor microenvironment is known to asso-
ciate with favorable outcomes in several can-
cers [57]. We speculated that improvement in 
patient outcomes with TILs are related to the 
increased anti-tumor CYT rather than the num-
ber of cells. In the present study, using publicly 
available cohorts with total of 7533 primary 
breast cancer patients, we profiled the genomic 
and transcriptional data in the context of the 
tumor immune microenvironment. We utilized 
CYT that is calculated by the gene expression 
signature of granzyme A (GZMA) and perforin-1 
(PRF1) to assess immune cytolytic activity in a 
bulk tumor [17]. GZMA is a tryptase that induc-
es caspase-independent programmed cell 
death and PRF1 is a pore-forming enzyme that 
mediates entry of granzymes into target cells 
through perforin-polymer, both produced by 
activated cytolytic CD8+ T-cells or macrophages 
and upregulated following immune reaction or 
response to immunotherapy [58-60]. Granzyme 
B is also secreted by cytotoxic CD8+ T-cells 
same as granzyme A [58], however it was not 
included in the original paper that established 
CYT by Rooney et al. [17]. Additionally, recent 
data suggest that the relative contributions of 
granzymes A and B depend on properties of the 
target cell [61]. We previously reported that CYT 
was strongly correlated with fraction of CD8+ T 
cell in breast cancer using xCell algorithm [4], 
and is associated with tumor immune microen-
vironment of hepatocellular carcinoma [62] 
and colorectal cancer [21]. In the current study 
GSEA showed that both immune response-
related and inflammation-related gene sets 
were enriched in the high CYT tumors. Of note, 
several immune response-related gene sets 
had higher NES compared to inflammation-

related gene sets consistently in all three 
cohorts. In addition, cytolytic activity has been 
shown to be associated with high infiltration of 
many anti-cancer immune cells, which has 
been linked to its association with better prog-
nosis in TNBC patients. 

Recently, multiregional genome sequencing 
has allowed us to elucidate intra-tumor cancer 
evolution [63]. Some claim that tumors com-
monly show two types of the cancer evolution; 
branched evolution [64-66] and neutral evolu-
tion [67-69], which depend on various selective 
pressure during its evolution, including host 
microenvironment, intra-tumor inter-cellular 
cooperation, therapeutics, and immunoediting 
[63]. Namely, lower selective pressure allows 
tumors to grow heterogeneously (neutral evolu-
tion) and higher selective pressure leads to 
less tumor heterogeneity (branched evolution). 
In the present study, our results, which indicat-
ed that lower CYT is associated with higher 
intra-tumor heterogeneity, is in agreement with 
this concept. 

KEYNOTE-522 is a phase III study which shows 
that achievement of pCR was significantly high-
er among those who received anti-PD-1 anti-
body (pembrolizumab) plus NAC than among 
those who received placebo plus NAC in TNBC 
[70]. Immune checkpoint inhibitors have been 
shown to be effective in metastatic breast can-
cer as well, but the overall response rate 
remains low [71]. Approximately 10% of pa- 
tients receiving anti-PD-1 antibodies report 
more than 3 adverse effects [72]. Although CYT 
did not predict pCR after NAC, we found that 
tumors with high CYT were associated with sig-
nificant increase in expression of multiple 
immune checkpoint genes. We cannot help but 
speculate that CYT may be a useful tool as a 
biomarker of immune checkpoint inhibitors and 
this warrants further prospective studies to 
prove its utility in the future. 

Our study is not without limitations. This is  
a retrospective study that utilized multiple 
cohorts with clinical and genetic data, however, 
data on co-morbidity and therapeutic interven-
tion are missing. The largest limitation of this 
study from its clinical application standpoint is 
that we utilized curated gene expression data 
without any direct quantification of tumoral CYT 
with more affordable measures such as quanti-
tative RT-PCR. We defined immune cells by the 
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transcriptomic profile determined by the xCell 
algorithm, which may or may not capture all the 
cells defined by the gold standard, since not all 
gene expressions are translated to proteins. 
We should also recognize the limitation that the 
present study demonstrated immunogenomic 
landscape utilizing TCGA cohort, thus we dem-
onstrate only association and not causality 
with CYT and the other factors we analyzed. To 
this end, the results of this study should be vali-
dated with a prospective cohort with generaliz-
able methods to translate our result in order to 
have a higher clinical impact. 

To our knowledge, this is the first report to elu-
cidate that cytolytic activity in the bulk tumor is 
associated with enhanced anti-cancer immuni-
ty, less intra-tumoral heterogeneity, and with 
better survival in TNBC patients, suggesting 
that intrinsic oncogenic processes strongly cor-
relate with intra-tumoral immune landscape. 
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Figure S1. Association between the CYT score and expression of immune checkpoint molecules in TNBC, ER+/HER2-, and HER2+ breast cancer in the TCGA and 
GSE96058 cohorts. Box plots of immune checkpoint molecules; PD-1, PD-L1, PD-L2, CTLA4, IDO1, IDO2, LAG3, and TIGIT by low and high CYT score groups in 
(A) TNBC, (B) ER+/HER2-, and (C) HER2+ breast cancer. Mann Whitney U test was used to calculate p value. Median cut-off was used to divide two groups. TNBC, 
triple-negative breast cancer; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; PD-1, programmed cell death 1; PD-L1, programmed cell 
death 1 ligand 1; PD-L2, programmed cell death 1 ligand 2; CTLA4, cytotoxic T-lymphocyte-associated protein 4; IDO1, indoleamine 1; IDO2, indoleamine 2; LAG3, 
lymphocyte activation gene 3; TIGIT, T cell immunoreceptor with Ig and ITIM domains. 


