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ABSTRACT

Background. Intratumor heterogeneity implies that sub-

populations of cancer cells that differ in genetic,

phenotypic, or behavioral characteristics coexist in a single

tumor (Ma in Breast Cancer Res Treat 162(1):39–48, 2017;

Martelotto in Breast Cancer Res 16(3):210, 2014). Tumor

heterogeneity drives progression, metastasis and treatment

resistance, but its relationship with tumor infiltrating

immune cells is a matter of debate, where some argue that

tumors with high heterogeneity may generate neoantigens

that attract immune cells, and others claim that immune

cells provide selection pressure that shapes tumor hetero-

geneity (McGranahan et al. in Science 351(6280):

1463–1469, 2016; McGranahan and Swanton in Cell

168(4):613–628, 2017). We sought to study the association

between tumor heterogeneity and immune cells in a real-

world cohort utilizing The Cancer Genome Atlas.

Methods. Mutant allele tumor heterogeneity (MATH) was

calculated to estimate intratumoral heterogeneity, and

immune cell compositions were estimated using CIBER-

SORT. Survival analyses were demonstrated using

Kaplan–Meir curves.

Results. Tumors with high heterogeneity (high MATH)

were associated with worse overall survival (p = 0.049), as

well as estrogen receptor-positive (p = 0.011) and non-

triple-negative tumors (p = 0.01). High MATH tumors

were also associated with less infiltration of anti-tumor

CD8 (p\ 0.013) and CD4 T cells (p\ 0.00024), more

tumor-promoting regulatory T cells (p\ 4e-04), lower

expression of T-cell exhaustion markers, specifically PDL-

1 (p = 0.0031), IDO2 (p = 0.34), ADORA2A

(p = 0.018), VISTA (p = 0.00013), and CCR4

(p\ 0.00001), lower expression of cytolytic enzymes

granzyme A (p = 0.0056) and perforin 1 (p = 0.053), and

low cytolytic activity score (p = 0.0028).

Conclusions. High heterogeneity tumors are associated

with less immune cell infiltration, less activation of the

immune response, and worse survival in breast cancer. Our

results support the notion that tumor heterogeneity is

shaped by selection pressure of tumor-infiltrating immune

cells.
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Breast cancer is a heterogeneous disease with genetic

and phenotypic variability. Two breast cancers that appear

to be similar based on clinical, pathologic, and biomarker

signatures can behave differently because of differences in

underlying biology. It has recently been suggested that

tumor biology, at least in part, may be determined by

intratumor heterogeneity.3 Intratumor heterogeneity

implies that subpopulations of cancer cells that differ in

their genetic, phenotypic, or behavioral characteristics

coexist within the same tumor.1,2 Tumor heterogeneity has

been linked to cancer progression and therapeutic resis-

tance.1,2,4–6 Evaluation of intratumor heterogeneity of

individual tumors, which impacts disease progression and

efficacy of therapies, is essential to overcome treatment

challenges of the primary tumors and subsequent metas-

tasis in breast cancer.

Mutant-allele tumor heterogeneity (MATH) is a bioin-

formatic algorithm that provides a measurable and

quantitative assessment of intratumor heterogeneity, which

was generated from whole-exome sequencing of tumors

and their matched normal DNA.1 The prognostic impact of

MATH has been studied in a variety of cancers, such as

head and neck, colorectal, and breast cancer cohorts.1,7,8

Mroz and Rocco analyzed next-generation sequencing

results for 74 head and neck squamous cell cancers and

found that MATH was higher in tumors with a mutated

TP53 gene.7 In a retrospective analysis of head and neck

squamous cancers in The Cancer Genome Atlas (TCGA), a

relationship was found between high MATH and worse

overall survival (OS).9 Rajput et al. used the next-genera-

tion sequencing approach to analyze mutations in samples

of stage II and III colon cancer patients and found a strong

correlation between higher MATH and the risk of metas-

tases.8 In addition, Ma et al. found that higher stage, triple-

negative breast cancer (TNBC), and p53 mutations were

associated with higher MATH in breast cancer patients.1

Taken together, these studies suggest that intratumor

heterogeneity is associated with worse cancer outcomes

and has prognostic relevance.

Immune surveillance of cancer is important to suppress

tumor growth, progression, and metastasis. Tumors evolve

as a result of genomic instability leading to dominant

mutations, which can drive cancer progression.3,10 Genetic

heterogeneity is suggested to generate neoantigens that

attract immune cells. It has been shown that clonal

neoantigens elicit T-cell immunoreactivity and sensitivity

to immune checkpoint blockade.3 PDL-1, the programmed

death ligand, is an immune checkpoint protein for T cells.

Specifically, CD8? tumor-infiltrating lymphocytes (TILs)

reactive to clonal neoantigens were identified in early-stage

non-small cell lung cancer, expressed high levels of PD-1,

and tumors that expressed more clonal neoantigens were

more sensitive to PD-1 blockade.3 Alternatively, there is

evidence that TILs themselves function as a selective

pressure, resulting in tumor clonality and intratumor

heterogeneity.3 In the first model, high heterogeneity

tumors should attract a high number of TILs with high

cytolytic activity, as opposed to the latter model, which

should have less TILs with low cytolytic activity because

high heterogeneity should be the consequence.

To our knowledge, the relationship between intratumor

heterogeneity and the immunogenic landscape in breast

cancer has not been fully studied in a large cohort of

patients. The current study sought to identify the associa-

tion of tumor heterogeneity and infiltrating immune cell

compositions, as well as its cytolytic activity, immune

response genes, and survival in breast cancer. We

hypothesized that high intratumor heterogeneity calculated

by the MATH algorithm was associated with low infil-

trating immune cells, low cytolytic activity, and worse

survival.

METHODS

Patient Cohort

TCGA, a project supervised by the National Cancer

Institute and the National Human Genome Research

Institute, is a publicly available database that includes

clinical and genomic data on breast cancer patient samples

collected worldwide.11 Many data parameters are included

in the TCGA dataset; however, grade is not included.

Therefore, we discovered that a majority of the grade data

of the patient tumors used in TCGA are available in the

TIES database. We reviewed all pathology reports in TIES

and associated the grade data with the tumor in TCGA. The

primary endpoint was OS, defined as the time from the date

of diagnosis to death by any cause. Overall, 1093 patients

with messenger RNA (mRNA) expression from RNA

sequencing were included in the breast cancer cohort

(BRCA) of TCGA Provisional cohort, of whom OS data

were available in 959 patients. The gene expression level

quantification data (mRNA expression z-score from the

RNA sequence) for TCGA cohort was downloaded through

cBioPortal12,13 and used as previously described.14–22

Mutant-Allele Tumor Heterogeneity (MATH)

The MATH level was calculated from the median

absolute deviation (MAD) and the median of its mutant-

allele fractions at tumor-specific mutated loci as previously

described.7,23
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Survival Analysis

The OS between MATH high and low tumors were

analyzed using Kaplan–Meier curves with the log-rank test.

Patients were divided based on the degree of heterogeneity

as calculated by the MATH algorithm. The threshold of

dichotomization of the MATH high and low groups was

determined by comparing differences in the OS between

the two groups at multiple candidate cut-off points within

the range of MATH, which is similar to the method pre-

viously published.24–27

CIBERSORT

CIBERSORT, a bioinformatic algorithm to calculate

immune cell composition from their gene expression pro-

files, was used to estimate tumor-infiltrating cell

composition in tumors.28 Immune cell fraction data were

downloaded through TCIA (https://tcia.at/home).29 Each

immune cell fraction was compared between the MATH

high and low tumors in TCGA cohort using the same cut-

off of OS analysis.

Statistical Analysis

All statistical analyses were performed using R software

(http://www.r-project.org/) and Bioconductor (http://bioco

nductor.org/). The Kaplan–Meier method with log-rank

tests and Cox proportional hazard models were used to

compare the MATH high and low groups. Pearson corre-

lations were calculated based on expression levels of each

interested gene, and then plotted. Gene expression com-

parison was analyzed using Student’s t test, and immune

cell fraction comparison was analyzed using the Wilcoxon

signed-rank test. In all analyses, a two-sided p value\0.05

was considered statistically significant.

RESULTS

Patient and Tumor Characteristics

Tumor characteristics of the low and high MATH

groups were similar overall. The majority of patients in

both groups were \ 60 years of age, and had stage II,

estrogen receptor (ER)-positive, progesterone receptor

(PR)-positive, human epidermal growth factor receptor 2

(HER-2)-negative breast cancers. Factors found to be sta-

tistically significant included ER, PR, and TNBC status

(p B 0.0002, p\ 0.0001, and p\ 0.0003, respectively),

stage (p = 0.0354), tumor size (p = 0.0001), and grade

(p = 0.0002). Specifically, ER-negative, PR-negative, and

TNBCs were more associated with high tumor

heterogeneity (Table 1). High MATH tumors were asso-

ciated with T2 status and N2 nodal positivity, and were

also found to have higher grades. The grade of breast

carcinoma is a prognostic factor, and different grades have

different profiles by proteomic and genomic analysis.30

TABLE 1 Patient demographics characterized by MATH level in

TCGA breast cancer cohort

Factor MATH p value

Low (n) High (n)

Age

\ 60 222 288

[ 60 184 253 0.658

ER

Negative 66 140

Positive 325 376 0.0002

PR

Negative 99 195

Positive 291 319 \ 0.0001

HER2

Negative 340 432

Positive 58 92 0.2239

TNBC

No 361 435

Yes 46 108 0.0003

Stage

I 86 76

II 218 330

III 94 122

IV 6 8 0.0354

T-Stage

1 134 118

2 215 338

3 54 65

4 8 27 0.0001

N-stage

Negative 187 268

Positive 218 272 0.3238

Grade

1 41 27

2 116 113 0.0002 (Chi square test)\ 0.0001

3 69 128 (Cochran–Armitage trend test)

Statistically significant values are highlighted in bold

MATH mutant allele tumor heterogeneity, TCGA The Cancer Genome

Atlas, ER estrogen receptor, PR progesterone receptor, HER2 human

epidermal growth factor receptor, TNBC triple-negative breast cancer
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High Tumor Heterogeneity is Associated with Worse

Survival in Hormone-Positive Breast Cancer

Previous studies demonstrated that patients with highly

heterogeneous cancers have worse survival.31 We sought to

explore this association further in TCGA breast cancer

cohort. We found that high MATH tumors had a higher

mutation burden, higher KI-67 gene expression, and more

intratumor heterogeneity (Fig. 1a). This correlated to high

MATH tumors having worse OS compared with low

MATH tumors (MATH high, n = 548; MATH low,

n = 411; p = 0.0499) (Fig. 1b). Subgroup analysis

revealed that this survival disadvantage in the high MATH

group was statistically significant for ER-positive (MATH

high, n = 376; MATH low, n = 325; p = 0.011), PR-

positive (MATH high, n = 319; MATH low, n = 291;

p = 0.024), and non-TNBCs (MATH high, n = 435;

MATH low, n = 361; p = 0.01) (Fig. 1c). This result is in

agreement with previous reports and validates that TCGA

cohort is similar to previous cohorts.

Tumors with High Heterogeneity are Associated

with Less Immune Cell Infiltration

We assessed immune cell composition in TCGA cohort

and studied its association with tumor heterogeneity. Each

immune cell fraction was compared between MATH high

and low tumors using CIBERSORT. High MATH tumor

was associated with significantly lower fractions of acti-

vated CD8? T cells (p = 0.013), B cells (p = 0.0016),

dendritic cells (p = 0.0019), activated memory CD4? T

cells (p = 0.0002), and mast cells (p = 0.0007), all of

which play anti-tumor roles in breast cancer (Fig. 2).

Interestingly, high MATH tumor was also associated with

significantly higher fractions of immunosuppressive regu-

latory T cells (Tregs; p B 0.0001) compared with tumors
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FIG. 1 MATH level and patient survival in TCGA breast cancer

cohort. a Box plots correlating MATH to mutation burden, KI-67

gene expression, and intratumor heterogeneity. b MATH level and
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survival for ER-positive, PR-positive, and non-TNBCs. MATH
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with low MATH (Fig. 2). Our finding that tumors with

high heterogeneity have not only less antitumor immune

cells but also more immunosuppressive Tregs is in agree-

ment with the notion that tumor heterogeneity is

multifactorial, with immune cells being an important

component.

Tumors with High Heterogeneity are Associated

with Decreased Immune Response Genes

Immune checkpoint molecules are also known as T-cell

exhaustion markers and reflect immunogenicity, i.e. their

expression levels reflect the existence of humoral or cell-

mediated immune responses. We found that high MATH

tumor was associated with significantly lower mRNA

expression of T-cell exhaustion markers, specifically PDL-

1 (p = 0.0031), IDO2 (indoleamine 2,3-dioxygenase 2;

p = 0.34), ADORA2A (adenosine A2a receptor; p =

0.018), VISTA [V-domain immunoglobulin (Ig)-contain-

ing suppressor of T-cell activation; p = 0.00013], and

CCR4 (C–C chemokine receptor type 4; p\ 0.00001)

(Fig. 3). This result is consistent with the previous finding

that tumors with high heterogeneity are associated with

lower numbers of active immune cell infiltrations.

Tumors with High Heterogeneity are Associated

with Decreased Immune Cytolytic Activity

The interplay of immune system activation and hetero-

geneity was further investigated by analyzing the

expression of immune cytolysis genes, as well as measur-

ing the cytolytic activity score (CYT). High MATH tumors

were associated with significantly lower expression of

GZMA (granzyme A; p = 0.0056) and PRF-1 (perforin 1;

p = 0.053) in TCGA breast cancer cohort, both of which

are key genes of immune cytolysis. Indeed, CYT was also

significantly lower in high MATH tumors consistent with

less cytolytic immune activity (p = 0.0028) (Fig. 4). This

finding further supports the notion that when there are

fewer active immune cell infiltrations and less cytolytic

activity, the tumor is allowed to clonally evolve, and thus

develops heterogeneity.

DISCUSSION

Tumor heterogeneity accounts for differences in tumor

behavior among individual patients, and even within an

individual tumor that may not be explained by clinical and

pathologic features alone. Currently, the relationship

between tumor heterogeneity and immune cells is a matter

of debate, where some argue that tumor heterogeneity

generates neoantigens that attract immune cells,10 while

others claim that immune cells function as a selective

0.2

0.05
0.1

CD8+ T-cells B cells Dendritic cells
p=0.013 p=0.0016 p=0.0019

0.3 0.3 0.20

0.15
0.2

0.10

0.1 0.1 0.05

0.0 0.0 0.00

Low High Low High
MATH

Low High
MATH MATH

Memory CD4+ T-cells Mast cells Treg cells
p=0.0002 p=0.0007 p<0.0001

0.3
0.10

0.2
0.2

0.4

0.0 0.0 0.00

Low High Low High Low High
MATHMATHMATH

C
el

l c
om

po
si

tio
n

C
el

l c
om

po
si

tio
n

C
el

l c
om

po
si

tio
n

C
el

l c
om

po
si

tio
n

C
el

l c
om

po
si

tio
n

C
el

l c
om

po
si

tio
n

FIG. 2 MATH level and

immune cell composition by

CIBERSORT. Cell composition

fraction comparison of activated

memory CD8 T cells, B cells,

dendritic cells, memory CD4

cells, mast cells, and Treg cells

between MATH high and low

expression in TCGA breast

cancer cohort. MATH mutant
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pressure that controls tumor heterogeneity.3,4 To this end,

the current study was aimed at studying the association

between tumor heterogeneity and immune cells and its

impact on survival. Evaluation of breast tumor hetero-

geneity has advanced from whole-tumor analysis to single-

cell analysis, allowing examination of more than 90% of

the genome in a single cell.32,33 MATH served to stratify

patients into low- and high-risk groups based on a quan-

titative assessment of their tumor heterogeneity. Based on

this study, high MATH tumors are synonymous with high

heterogeneity. We showed that high heterogeneity corre-

lates with worse prognosis, and that data suggesting that

immune system interaction with the tumors plays an

important role in shaping the cellular make-up of the

tumors.

This study demonstrates that high MATH tumors are

more mutation laden, have the ability to be more prolif-

erative, and are more heterogeneous overall (Fig. 1a). The

survival analysis in this study is similar to that reported by

Ma et al., where hormone receptor-positive patients with

high MATH showed a tendency toward worse OS.1 In

general, patients with ER-positive breast cancer are con-

sidered to have a better prognosis, confounded by the risk

of recurrence occurring long after initial treatment.
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Lindström et al. explored heterogeneity among hormone-

positive tumors by examining the ER intensity level among

1780 postmenopausal lymph node-negative breast cancer

patients with and without endocrine therapy.34 They found

that patients with low tumor heterogeneity of ER in the

tamoxifen-treated arm had an excellent 25-year breast

cancer-specific survival of 88.3%, while patients with high

heterogeneity of ER had a 79.6% survival independent of

other known tumor markers.34 We have shown that high

heterogeneity in ER-positive cancers correlates with worse

prognosis.

We further explored tumor heterogeneity among HER2-

positive and -negative breast cancers, because a subset of

HER2-positive cancers may also have HER2-negative

regions, and the subpopulations of cancer cells in these

tumors may differ depending on many factors. For

instance, tumors tend to lose biomarker expression as they

become more poorly differentiated, but it may retain a mix

of clones with positive or negative expression depending

on distinct genetic alterations. We were unable to find a

correlation between heterogeneity and prognosis, either in

tumors that were HER2-positive or -negative by pathology

or in the prediction analysis of microarray 50 (PAM50)

subgroup (electronic supplementary Fig. S1).

However, cancer mutation calls may vary depending on

the algorithm used for the determination. PyClone is one

such algorithm that determines clonal populations in

tumors.35 Another statistical model, known as PhyloSub,

has the ability to infer the clonal evolution of tumors from

single nucleotide somatic mutations.36 THetA (Tumor

Heterogeneity Analysis) infers not only the number of

clones and clonal alterations but also the most likely col-

lection of genes in those clonal populations using high-

throughput DNA sequencing data.37 ABSOLUTE is a

method that quantifies tumor heterogeneity directly from

analysis of somatic DNA alterations.38 Heterogeneity, as

measured by MATH, can be affected by the accuracy of the

mutation calls. Together, all of these individual algorithms

can determine cellular clonality using genetic information.

The application of more than one algorithm in this study

may have yielded additional data supporting the associa-

tion between MATH and survival. Ascertaining detailed

information on subpopulations of clones can provide

insight into a tumor metastatic potential and possible

therapeutic resistance.

We have also shown that tumors with high heterogeneity

associate with fewer numbers of immune cell infiltrations.

Immune cells may serve as a selective pressure, and shape

tumor heterogeneity. TILs in ER-positive, HER2-negative

cancers are rare. Gu-Trantien et al. found that 75% of the

leukocyte infiltration in breast cancer were T cells, 20%

were B cells, \ 10% were monocytes, and \ 5% were

natural killer cells.39 Given its amount, the association

between TILs and tumor heterogeneity was of interest

because it could be driving the observed survival differ-

ences. Our finding is consistent with those of Morris et al.,

where breast cancers with high heterogeneity tended to

have lower levels of immune cell infiltration.31 We found

that high MATH tumor was associated with increased

tumor-promoting Tregs, and with less anti-tumor CD4?

and CD8? T cells, as well as mast cells, B cells, and

dendritic cells. This result is in agreement with the previ-

ous report that mast cells are associated with favorable

prognosis in invasive breast cancer.40 Since neoantigens

are detected by immune cells such as dendritic cells and B

cells that form the antibodies against those antigens,3 our

result does not support the notion that tumors with high

heterogeneity provide high levels of neoantigens that

attract immune cells. In fact, TILs have not been shown to

be prognostic in other studies. Our data are different

because tumors with high heterogeneity are associated with

less infiltration of immune cells, less activation of the

immune response, and worse OS in breast cancer, thus

supporting the notion that tumor heterogeneity may be

shaped by the selection pressure of tumor-infiltrating

immune cells, which can ultimately influence survival.

Other authors have explored the correlation between

heterogeneity and immune cells in TNBC. Some TNBCs

have T-cell-related immune signature that is associated

with less likelihood to have distant metastasis, and more

likely to achieve a pathologic complete response to

neoadjuvant chemotherapy.39,41 We were unable to identify

any other reports that demonstrated a direct correlation

between TILs and heterogeneity in TNBCs. Several

potentially actionable mutations have been found in TNBC,

such as P13k/mTOR, RAS/REF/MEK, however none have

been shown to definitively result in the TNBC phenotype.39

We have also found that tumors with high heterogeneity

have less immune response genes. PDL-1 is an immune

checkpoint protein for T cells; IDO2 is an enzyme that

breaks down tryptophan, which results in immunosup-

pression;42 and ADORA2A suppresses CD8? T cells in an

in vitro model of melanoma.43 VISTA and CCR4 also play

a role in immunosuppression in cancer.44 Furthermore, the

notion that tumor heterogeneity is shaped by selection

pressure of immune cells was further supported by the

demonstration of less cytolytic activity. Per-

forin/granzyme-induced apoptosis is the main pathway

used by cytotoxic lymphocytes to eliminate cancer cells.45

High MATH tumors were associated with decreased

expression of GZMA and PRF-1, both cytolysis-related

proteins, as well as less CYT and more cell death.
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CONCLUSIONS

High MATH tumors have lower levels of effector T

cells, lower expression of exhaustion markers, and lower

levels of gene expression associated with T-cell cytolytic

activity. These data are suggestive that high MATH tumors

are associated with a lower, active anti-tumor response and

worse OS in breast cancer. Our results are consistent with

the notion that tumor heterogeneity is at least partially

shaped by selection pressure of immune response to the

tumor. Further understanding of the molecular, genetic, and

cellular changes that influence tumor heterogeneity will

allow us to better understand the changes leading to high

heterogeneity, and develop methods to prevent it with

resulting improvement of prognosis of patients with breast

cancer.
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