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Tumor cells that preferentially enter circulation include the
precursors of metastatic cancer. Previously, we characterized cir-
culating tumor cells (CTC) from patients with breast cancer and
identified a signature of genomic regions with recurrent copy-
number gains. Through FISH, we now show that these CTC-
associated regions are detected within the matched untreated
primary tumors of these patients (21% to 69%, median 55.5%,
n = 19). Furthermore, they are more prevalent in the metastases of
patients who died from breast cancer after multiple rounds of
treatment (70% to 100%, median 93%, samples n = 41). Diversity
indices revealed that higher spatial heterogeneity for these regions
within primary tumors is associated with increased dissemination
and metastasis. An identified subclone with multiple regions gained
(MRG clone) was enriched in a posttreatment primary breast
carcinoma as well as multiple metastatic tumors and local breast
recurrences obtained at autopsy, indicative of a distinct early

Introduction

Intertumor heterogeneity is present in breast cancer on both
morphologic and molecular levels. The METABRIC study analyzed
somatic mutations, copy-number alterations, and gene expression
of 2,509 breast cancers and revealed that they are much more
heterogeneous than was previously known, with 10 clinically
distinct subtypes (1). Tumor heterogeneity develops along two
axes: temporal and spatial. Heterogeneity that occurs within geo-
graphically separate areas of the same tumor is termed intratumor
or spatial heterogeneity. As the tumor mass expands, its compo-
sition at different locations can be quite different (2). This spatial
heterogeneity is likely the reason why tumors fail to respond to
treatments over time. Targetable aberrations in one part of the
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subclone with the capability to resist multiple lines of treatment
and eventually cause death. In addition, multiplex immunoflu-
orescence revealed that tumor heterogeneity is significantly
associated with the degree of infiltration of B lymphocytes in
triple-negative breast cancer, a subtype with a large immune
component. Collectively, these data reveal the functional poten-
tial of genetic subclones that comprise heterogeneous primary
breast carcinomas and are selected for in CTCs and posttreat-
ment breast cancer metastases. In addition, they uncover a
relationship between tumor heterogeneity and host immune
response in the tumor microenvironment.

Significance: As breast cancers progress, they become more
heterogeneous for multiple regions amplified in circulating tumor
cells, and intratumoral spatial heterogeneity is associated with the
immune landscape.

tumor are missed when they are not included in diagnostic
sampling. Temporal heterogeneity refers to the increasing degree
of genetic diversity over time. In breast cancer, this occurs over
three transitions: in situ carcinoma to invasive breast cancer;
evolution of the primary invasive cancer; and progression from
primary to metastatic breast cancer (3). Many studies have
reported a shift in abundance of a major clone from ductal
carcinoma in situ to invasive ductal carcinoma, as well as from
primary to metastatic cancer (4-9). Circulating tumor cells (CTC)
are thought be the earliest detectable cells with metastatic potential;
however, CTCs may not be representative of the whole tumor as a
result of spatial and temporal heterogeneity. Furthermore, systemic
therapy induces a selection pressure on subclonal cell populations
that influences tumor progression (10). Tumors after treatment can
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be significantly different in composition and behavior compared
with the original diagnostic sample (11, 12).

Triple-negative breast cancer (TNBC, negative for expression of
estrogen, progesterone, and HER2 receptors) is one of the most
aggressive subtypes with metastases frequently observed at the time
of diagnosis. TNBC is heterogeneous and can be further divided into
multiple subclasses. TNBCs have significant intratumor heterogeneity,
high mutational burden, and extensive genomic alterations (13-16).
They often have a prominent immune cell infiltrate. Generally, the
presence of tumor-infiltrating lymphocytes (TIL) is linked to good
survival outcomes, although specific subpopulations have been asso-
ciated with poor survival because of their ability to suppress the anti-
tumorigenic functions of other TILs (17).

We previously characterized CTCs from patients with breast cancer
using high-resolution copy-number profiling (18). We identified a
signature of 90 genomic regions that were recurrently gained in CTCs.
A majority of the regions were on chromosome 19. Primary breast
cancer datasets showed that these regions were rarely gained in bulk

A

Figure 1.

Study design and objectives. A, Selection of regions/
genes from CTC signatures. Using three filtering
approaches to select from 90 recurrently gained
minimum common regions in CTCs (1,386 genes),
we compiled a list of eight regions (151 genes) that
may be involved in dissemination of breast cancer
cells. The eight regions were assessed using multi-
spectral FISH for intratumoral heterogeneity. B,
Study objectives. Our goal was to examine the
heterogeneity of the eight regions in pretreated
matched primary breast tumor samples of 11 patients
with CTCs (including 9 patients with two spatially
separate tumor samples, which allowed assessment
of intratumoral heterogeneity). We also examined
57 posttreated metastatic tumor samples from 9
patients who had died of breast cancer (UHN sam-
ples) and one patient with pre- and posttreatment
primary samples (Hungarian samples). Furthermore,
a TMA consisting of 192 sets of tumors from patients
with TNBC was investigated to assess the associa-
tion of heterogeneity with immune response in this
cohort. C, Validation of multispectral FISH to mea-
sure intratumor heterogeneity. Probes labeled with
five nonoverlapping fluorescent spectra were
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extracted samples (3%-4% in The Cancer Genome Atlas database, 3%
in METABRIC database; ref. 18). We hypothesized that these sub-
clonal populations may be the ones that preferentially enter circula-
tion, resist treatments and metastasize. Our objective was to identify
the proportions of tumor cells with CTC gains in patients’ primary
tumors and metastases, pre- and post-treatment; and identify driver
genes within these regions that may be associated with the metastatic
process (Fig. 1A). Furthermore, given the importance of intratumor
heterogeneity in breast cancer, and the increasing importance of
cancer immunotherapy, our second objective was to investigate
whether tumor heterogeneity in TNBC (assessed by multispectral
FISH and multiplex immunofluorescence) is associated with the
degree of TIL infiltration and overall survival. Our results show that
cells with CTC gains are indeed detected subclonally in primary breast
tumors and are enriched in metastases and posttreatment samples.
Furthermore, primary TNBC’s with high intratumor heterogeneity for
our CTC gene signature are more likely to have an increased infiltra-
tion of lymphocytes.
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Materials and Methods

Patient tumor samples

Study populations are outlined in detail in Fig. 1B and Supple-
mentary Table S1. Patient tumor samples included in this study
were from women seen at the Princess Margaret Cancer Centre,
Toronto, Canada (except for the Hungarian patient). Primary
tumors were from 15 patients recruited for a previous study
involving genomic profiling of CTCs. From these, 11 patients had
at least a single tumor block for FISH analysis, and 9 patients had
two geographically separate tumor blocks for analysis, giving 20
pretreatment primary tumors. Metastatic tumors were from a series
of 9 patients who were part of the Rapid Autopsy Program at the
University Health Network, Toronto, Canada (UHN cohort- 9
patients, 57 samples posttreatment recurrent or metastatic) and
the Breast Cancer Translational Research Laboratory, Institut Jules
Bordet, at the Universite Libre de Bruxelles, Brussels, Belgium
(Hungarian cohort- 1 patient, 2 samples pre- and posttreatment
primary tumor). All patients provided informed consent for pro-
spectively collected samples. All samples were used as per the
institutional ethics committee approvals. In the TNBC study, a
total of 192 treatment-naive primary tumors were included. All
these patients had surgery followed by adjuvant chemotherapy
(according to standardized institutional guidelines).

FISH assay

DNA FISH probes were purchased from Cytocell Ltd (United
Kingdom) or from The Center for Applied Genomics facilities,
Cytogenomics and Genomics (Toronto, Ontario). BAC clones were
selected from the RP-11 library from three overlapping areas for each
genomic region of interest using the UCSC Genome Browser (http://
genome.ucsc.edu/cgi-bin/hgGateway, Reference Genome: Human
Feb.2009 GRCh37/hgl9 Assembly). Probes were labeled as per man-
ufacturer’s protocols using nick translation (Abbott Molecular) and
then precipitated. All protocols for slide preparation, denaturation,
hybridization, and washes were followed as per manufacturer’s
instructions for formalin-fixed paraffin-embedded (FFPE) samples.
Five regions of interest were probed simultaneously by preparing a
probe mixture of 2 uL per probe for a total of 10 UL of probe:
hybridization buffer mixture.

Multispectral fluorescent microscopy

A Zeiss Axiolmager Z1 microscope fitted with a Hamamatsu
Flash4 camera and Metamorph software was used for imaging.
Images for each tumor slide were taken at x100 magnification
consecutively for each of the following filter sets: DAPI, Aqua,
FITC, Gold, Texas Red, and Cy5. Each image was captured as a
z-stack of 12 slices (~1 umol/L per slice). Z-stacks were then
collapsed using Image] software. Approximately 10 images were
captured per tumor sample to ensure at least 100 tumor cells with
good-quality probe signals were scored.

FISH scoring and statistical analysis for heterogeneity

A total of 100 cells were scored for each tumor section or core
(Supplementary Table S2; ref. 19). To control for tissue thickness,
normal tissues were scored and a mean chromosome copy number was
obtained for a normal cell for each gene assessed, resulting in thresh-
olds for true single and multiclonal copy gains (Supplementary
Table S3). Heterogeneity (H) was measured using the logarithmic
Shannon diversity index through the equation H=3_ — (P; X In P}),
which takes the number of unique cell species (clones) and their
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proportions within the tumor population into account (20). Briefly,
100 tumor cells were scored for each of the five FISH probes per sample
(Supplementary File SI).

Primary samples

The mean AH was used as a threshold to obtain two groups with
high and low spatial heterogeneity. Fisher exact tests were used to
examine the associations between dichotomized AH and clinical
variables. Bonferroni correction technique was applied to account for
the effect of multiple testing.

Metastatic samples

Statistical analyses were completed using SAS 9.4 (SAS Institute
Inc.). After pooling the data, we calculated the mean, SD and range of
Shannon H in each organ (breast, kidney, liver, and lung). Mean H
scores across these organs were compared using ANOVA tests and
proportions of high H scores across the organs were compared using x°
tests.

Cell line overexpressing single genes and MRG clone genes

293Ta and MCF7 cell lines (ATCC) were maintained in DMEM
(+Pen/Strep) supplemented with 10% FBS (Sigma-Aldrich). 293Ta
cells were transfected using SBI lentiviral vectors with cDNAs for BSG,
NUMBL, TGFBI1, KLK10 and empty control, individually using SBI
packaging plasmids and the EndoFectin Lenti Transfection Reagent
and kit following manufacturer’s protocols. MCF7 cells were trans-
duced with a multiplicity of infection of 2. The clones with multiple
genes were generated by sequential transduction with a gap of 1 week.
Transduced cells were then selected with puromycin (0.5 pg/mL;
Invitrogen) followed by colony picking, and grown individually in a
96-well culture plate. The clones were verified by genomic DNA qPCR
to confirm incorporation of cDNA of each single gene and the multiple
gene profile (MRG-clone).

In vitro functional assays
Anchorage-independent growth assay

A total of 1,000 cells/well were plated in semisolid medium com-
posed of complete growth medium (CGM), 0.6% noble agar (Difco)
over a base composed of 1% noble agar in CGM. Cells were incubated
at 37°C with 5% CO, for 3 to 4 weeks, and CGM (0.5 mL) was added
every 3-4 days. Colonies were counted from 10 fields.

Colony-forming assay

Cells were plated on 24-well tissue culture plates at densities of 200
cells/well. The cells were allowed to adhere to the plates and incubated
at 37°C for 14 days, after which, they were fixed and stained with
crystal violet. Colonies of 10 or more cells were counted.

Migration assays

Cells were plated at a density of 10,000 cells/well in 0.5 mL in the
upper well of 24-well transwell chambers (BD BioCoat Control
Inserts, BD Biosciences) with 8.0-um pore size polycarbonate
membrane and 10% FBS DMEM in lower well. After 24 hours at
37°C, 5% CO, incubator the cells fixed and stained using the
Diff-Quik kit (Dade-Behring). Migration was quantitated by count-
ing cells from five fields.

Each experiment was repeated in triplicate and results averaged.

Measurement of TIL density

A panel of TIL markers was created on the basis of literature review
of their functional roles and prognostic values in breast cancer
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(Supplementary Table S4). All antibodies have been validated on the
platform and experimental protocol was followed (21, 22).

Protein immunofluorescent multiplexing

To assess the density of TILs, protein immunofluorescence multi-
plexing (MxIF; General Electric Research; ref. 21) was performed
(Biomarker Imaging Research Laboratory, Sunnybrook Research
Institute, Toronto, Ontario) to detect and score specific lymphocytic
subtypes in each tissue microarray (TMA) core. Images were merged to
create a composite encompassing all markers for visualizing different
cell types and their spatial localizations.

Fluorophore-conjugated antibodies for CD3, CD4, CD8, CD20,
FoxP3, PD-L1, and pan-cytokeratin AE1/AE3 were sequentially
applied in pairs (Cy3-, Cy5-conjugated) onto a single tissue
section, followed by image acquisition and photo-induced chem-
ical bleaching to inactivate optical signals from antibodies (U.S.
patent 7,741,045; ref. 23). The tissue section is also labeled with
DAPI and imaged during all rounds. Pixel size in this study was
0.293 mm.

Analysis of TILs in MxIF

MxIF images were analyzed to determine the real percentage
occupied by TILs for each tissue core. Only the stromal compart-
ment was evaluated (24). Image regions were first classified between
intratumor epithelium and stroma by detection of the epithelial
pan-cytokeratin marker AE1/AE3. Regions with cytokeratin stain-
ing, nonstromal regions (including artifacts or folded tissue), and
empty space were excluded from further analysis. An algorithm for
cellular and nuclear segmentation was manually optimized for
detecting cells based on adjustments of three parameters: nuclear
region, membrane region, and expected nuclear size. Fragments
were also filtered through another set of features: DAPI nuclear
stain intensity, nuclear density, and nuclear size threshold. Solu-
tions were processed across all images for comparative analysis. To
test the accuracy of the segmentation, sample regions from each
TMA were manually counted using annotation tools in QuPath
software and cellular counts were used as the gold standard for
determining the solution with automated scores closest to the
manual count (24). Manual counts were compared with outputs
from the tested segmentation solutions. The selected solution had
the following parameter values: nuclear region 0.6, membrane
region 2,500, and expected nuclear size of 127.25 um®.

The area occupied by TILs and the total stromal area assessed were
obtained from Definiens Developer. TIL density was calculated as a
percentage by taking the area of each TIL subtype divided by the
stromal area assessed for each tumor core as per the International TIL
Working Group’s recommendations for assessing TILs in breast
cancer (25). Because two cores from distant sites of the tumor were
taken from each case, a global immune density score was calculated by
averaging the two scores.

Ethical approval and consent to participate

Patients provided informed consent to use of prospectively collected
samples soon after death. Archival samples used met the requirements
for waver of consent as determined by the institutional ethics review
board.

Availability of supporting data
All data generated or analyzed during this study are included in this
published article (and its Supplementary Data files).
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Results

Selection of genomic regions for CTC signature

To prioritize regions of interest, we performed three filtering
approaches to select from 90 recurrently gained regions in CTCs, and
1,386 genes within these regions (18). We used the Oncomine gene
expression database to select genes that were overexpressed in tumor
versus normal tissues from 125 breast cancer datasets with a total of
23,364 cases. We also performed a Cancer Outlier Profile Analysis to
select genes that were overexpressed in smaller subsets of tumors
(subsets included histologic subtype, nodal involvement, metastasis,
reduced survival, increased tumor size, and recurrence). We further
selected genes that had higher expression or characterized functions
associated with aggressive tumor behavior (cell motility/invasion,
intravasation, resistance to anoikis, survival, chemoresistance, and
metastasis) based on a review of current literature. We selected eight
chromosomal regions (and 151 genes) that may be more strongly
associated with dissemination (Fig. 1A and C). We utilized multi-
spectral FISH to quantify heterogeneity of tumors. Tumors were
analyzed to assess the copy number of multiple genomic regions in
single cells. Heterogeneity was quantified using the Shannon diversity
index (H) that provides a measure of different species at a given
location on a logarithmic scale (26). Using this approach, we examined
heterogeneity of the eight regions in pretreated matched primary
breast tumors of patients from whom CTCs had been previously
characterized, and also in posttreated metastatic samples.

Heterogeneity of CTC signature in primary breast cancer

Our objective was to determine the proportion of cells within each
tumor with CTC regions gained, and then measure the differences in
clonal distribution between the two spatially separate tumor regions
from two separate FFPE tumor blocks. We observed vast tumor
heterogeneity between patients. Tumors had either high H, where
each cell had an observable different profile of CTC gains; or low H,
where cells showed more homogeneous CTC gains (Fig. 2A). Overall,
among all primary tumors, cells with CTC gains were detected in
proportions of 5%-18% per clonal species within primary breast
tumors, with a range of 21%-69% abnormal cells (average of 57%,
median 55.5%) of the total cells analyzed in a tumor.

Spatial heterogeneity was measured in 9 patients as the absolute
difference AH (H1 — H2) between the two tissue blocks. Cases with low
AH (5), did not have distant metastasis, regardless of having high H in
both blocks (with a corresponding high H,,,). However, cases that
exhibited high AH (4) also had distant metastasis at diagnosis (with a
corresponding lower H,y,, as a result of each block showing remark-
ably different H. Therefore, from our results it appears that high spatial
heterogeneity (AH) was associated with metastasis regardless of the
Hayg score of the whole tumor (Fig. 2C; Supplementary Table S5).
Some dominant clones were maintained between blocks of the same
patient, new dominant clones also emerged (Fig. 2B and C).

We compared the composition of species within individual samples
with high and low H, and observed that the proportion of tumor cells
without CTC gains was higher in low H samples (40.33%) versus high
H samples (19.78%) [Pagjustea = 0.0003; OR = 0.36; 95% confidence
interval (CI) = 0.21-0.63]. We also observed that the dominant clones
in the low H samples were more likely to be single region gains,
compared with the high H samples, which tended to have most or all
region gains (Supplementary Table S6A). It is evident that frequent
alterations present in CTCs are detectable at subclonal levels (21% to
69% range) in the matched primary tumors, with significant intratu-
mor and intertumor heterogeneity. Overall, higher heterogeneity was
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Distant metastasis

Increased heterogeneity is associated with metastasis. A, Heterogeneity in primary breast tumors. Tumors with low H have the same regions gained in most tumor
cells as shown by homogeneity of FISH signals observed in individual tumor cells; tumors with high H have high heterogeneity of the combinations of regions gained
for each tumor cell; some tumor cells show single/few FISH signals while other show multiple FISH signals. B and C, Intratumor or spatial heterogeneity in primary
breast tumors. Two spatially separate areas of a tumor were assessed for H in 9 patients. Overall, the correlation coefficient for spatial heterogeneity was found to be
moderate (r= 0.57, P = 0.048); however, it was quite striking in some patients. As an example, Patient 8 exhibits high intratumor or spatial heterogeneity between
the two geographically separated tumor blocks, Block 1, H1 = 1.52 and Block 2, H2 = 2.53 (AH = 1.01). C, Association of AH and metastasis of primary breast tumors.
Higher intratumor or spatial heterogeneity is associated with distant metastasis regardless of high average H (H,yg) of the tumor.

associated with more complex genomic profiles with multiple regions
gained (MRG).

Heterogeneity of CTC signature in metastatic breast cancer

We analyzed the heterogeneity of CTC regions in 41 metastatic
samples from 8 patients with breast cancer in the UHN cohort. Each
patient had between 3-5 metastatic tumors in various organ sites such
as breast, lung, liver, kidney, lymph node, and bone. Interestingly, the
more regions we included in the CTC signature for H measurements,
the higher the heterogeneity result obtained, suggesting increased
genomic instability if more regions were assessed per cell (mean of
6 region H = 2.56, mean of 9 region H = 3.54; P < 0.0001). This
suggests either that cancers that are more unstable are more capable of
seeding more metastatic sites, or that instability continues to progress
in metastases.

To build upon our results, we sought to determine whether the CTC
gains present at low frequencies in primary tumors were preferentially
selected for in metastatic tumors. Notably, the metastatic samples were
obtained from patients who had died of metastatic disease, which
allowed us to identify specific clones that were present in tumors that
resisted multiple lines of treatment and ultimately led to death. There
was a clear pattern of genomic instability in metastatic samples, where
the proportions of cells with CTC gains was significantly higher than
primary tumors (range, 70%-100%, mean = 83%, median 93% in
metastatic tumors versus range 21%-69%, mean = 57% median =
55.5% in primary tumors; P < 0.0001). We compared the heterogeneity
for CTC gains between primary (n = 21) versus metastatic samples (n
= 41), and found that there was no significant difference in H between
the two groups (mean H of primary = 2.45, mean H of metastases =

Cancer Res; 81(24) December 15, 2021

2.56; P = 0.32; Fig. 3A). The most significant difference was that the
proportion of tumor cells with an absence of CTC gains was higher in
the primary tumor group (mean 43%) versus the metastatic tumor
group (17%; Pygustea < 0.0001; OR = 0.29; 95% CI = 0.17-0.51). We
also observed that the clones that were more likely to be lost in the
metastatic group tended to be single region gains. Conversely, the
clones that were more frequent in the metastatic group tended to have
most or all regions gained (>4 regions gained or “MRG” “MRG”
lone; Fig. 3A and B). A complete list of clones that were most frequent
in each group, is presented in Table 1. Notably, some patients
exhibited similar clonal composition across multiple metastatic sites,
strongly suggestive of fitness and selection of these clones during the
metastatic process (Fig. 3B). From the Hungarian cohort, we com-
pared one pre- and one posttreatment sample from one patient, to
determine whether the MRG clones were also selected for. We indeed
observed that the pretreated primary tumor had a low frequency of
MRG clones compared with the same tumor posttreatment (Fig. 3C).
Overall, these results support a more aggressive tumor clone that exists
at lower frequencies in primary tumors, preferentially enters circula-
tion, resists treatments and ultimately is enriched for in metastasis.

Some clones showed preference for specific organs, suggesting
organ-specific routes for dissemination of tumor cells with these CTC
gains (Supplementary Table S6B). Notably, tumors that recurred in the
breast, had very high proportions of MRG clones (28%, n = 9; Fig. 4A).
This was in contrast to the range of proportions of species/subclones in
distant metastatic sites (1%-15%; Fig. 4B) and even in primary breast
cancers (5%-18%; Fig. 4A).

In metastatic breast cancer, there was a clear trend for selection of
cells with CTC gains, starting from lower frequency clones in primary

CANCER RESEARCH
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observed at higher frequencies in metastatic tumors compared with the primary tumors. Primary tumors were more likely to be comprised of clones with no regions
gained or a single region gained. C, P1, P2 refer to two primary tumors from two different patients, each with two spatially separate areas. M1, M2 refer to multiple
different metastases from the organs of two different patients. There were differences in clonal compositions; primary tumors had larger proportions of clones with
single regions gained versus metastatic tumors that had larger proportions of clones with multiple regions gained (“MRG” clones). MRG clones were also present in
larger proportions in a posttreatment primary tumor compared with pretreatment, the former showed larger proportions of the MRG clones.

tumors to almost completely making up the metastatic tumors. It is
important to note that the degree of H did not change during
progression to metastatic disease however, the clonal composition
evolved and the proportion of cells without CTC gains drastically
diminished. The dominant clones in metastatic tumors, posttreatment

primary tumors, and particularly recurrent tumors in the breast, had
most or all CTC regions gained.

MRG clones show increased anchorage-independent growth
and colony-forming ability in vitro

To provide functional evidence of our MRG clone hypothesis, we
next tested the in vitro behavior of breast cancer cells with and
without MRG clone alterations. We established cell lines with stable
overexpression of single genes from the CTC regions (KLKI0,
NUMBL, TGFBI, BSG), as well as combinations of all genes together
(the MRG clone). Four genes were chosen as this is the minimal
number of genes that defined the MRG clone. These genes were
chosen because of known functions in aggressive tumors (cell
motility/invasion, intravasation, resistance to anoikis, survival,
chemoresistance, and metastasis) based on review of current liter-
ature; therefore a measurable effect of overexpression was antici-
pated. However, it is important to note that these genes are within
larger CTC regions consisting of several other potential drivers of
metastasis. Our results show that breast cancer cells with an MRG
clone expression profile have significant increases in anchorage-
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independent growth, and colony-forming ability (Fig. 4C). Tumor

cells overexpressing single genes, NUMBL and TGFBI, showed
increased levels of migration ability only.

Primary tumors of TNBC reveal high intratumor heterogeneity
through the CTC signature

We then investigated the heterogeneity found within TNBC

tumors and its relationship with other clinical features. We assem-
bled a cohort of n = 192 patients diagnosed with TNBC at UHN
with survival outcome data available, and collected two cores from
spatially separate areas from each tumor to assess the spatial
heterogeneity that exists in TNBC (Fig. 1B). A total of 105 of the
192 cases in the original cohort were assessable with both cores
intact after multispectral FISH and MxIF. The age range is from 27
to 99 years of age; however, the majority (70%) of the study group is
within 40 to 69 years. On the basis of clinical cancer staging, most
(92.7%) patients have tumors with a size of 50 millimeters or less.
High-grade (III) tumors were present in 85%.

The distribution of AH-scores based on the 8-gene CTC signature
reveals most tumors (68/105) have an AH-score equal to or less than
0.50, with very few (14/105) greater than 1.00 (Fig. 5). Tumors were
divided into high and low intratumor heterogeneity using the median
score (AHmedian = 0.32). Our results show a significant difference in
the spatial H score (AH) between the two cohorts (P < 0.001),
indicating distinct differences in heterogeneity across primary tumors.
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Table 1. Clones with MRG or 4-6 regions gained (*) were selected
during tumor progression and compared with clones with single
regions gained that were more likely to be found in primary tumors.

Clone OR P

No regions gained 0.29 (Cl = 0.17-0.51) 0.0001
Primary

o 0.35 (Cl = 0.21-0.57) 0.0001
Primary

r 0.17 (Cl = 0.09-0.31) 0.0001
Primary

ro 0.20 (Cl = 0.08-0.49) 0.0005
Primary

ar 0.35 (Cl = 0.20-0.64) 0.0007
Primary

agrc* 6.89 (Cl = 2.72-17.48) 0.0001
Metastatic

ygco* 10.06 (Cl = 4.17-24.25) 0.0001
Metastatic

ygrco* 6.13 (Cl = 2.80-13.43) 0.0001
Metastatic

aygrco* 4.74 (Cl =1.92-11.69) 0.0007
Metastatic

Note: ANOVA test (x%) of clones that were more likely to be prevalent in
metastatic tumors (n = 41) compared with primary tumors (n = 19).
Abbreviations: a, 19913.2; ¢, 19q12; g, 19 centromere; o, 19p13.3; r, 19013.41;
y, 19p13.2.

Intratumor heterogeneity is positively associated with TIL
infiltration in primary TNBC

We developed a panel of TIL markers to assess the degree of
immune infiltration in primary TNBC using MxIF (Fig. 6A;
refs. 21, 22). Relationships among the TIL subsets were assessed and
several significant colocalizing populations were identified (Fig. 6B).
Among them, cytotoxic (Tc) and helper T cells (Th) cells showed the
strongest correlation (R = 0.72, P < 0.001). Other significant correla-
tions include cytotoxic and regulatory T cells (Tr; R = 0.42, P < 0.001),
helper and regulatory T cells (R = 0.33, P < 0.001), and B and helper
T cells (R =0.24, P = 0.012). In addition, the presence of PD-L17 cells
in the stroma was correlated with helper (R = 0.24, P = 0.012) and
regulatory T cells (R = 0.33, P < 0.001). Overall, there were prominent
colocalizations of specific TIL subtypes, predominantly between sub-
classes of T lymphocytes.

The Pearson correlation test was used to assess the relationship
between AH and TIL density for each primary tumor (n =
105; Fig. 6C). We generated a total TIL density score for the TILs
with significant relationships (B and helper T cells). We found a strong
positive correlation between total TIL population and intratumor
heterogeneity (R = 0.38, P < 0.0001). B-cell density showed a signif-
icant positive correlation with the spatial AH scores (P < 0.001).
Kaplan-Meier survival analysis reveals that B-cell density is signifi-
cantly associated with good outcome (P = 0.0004), with 10-year
survival rates of 78% in tumors with high B-cell density (> median
1.22) and 52% in tumors with low B-cell density (Supplementary
Fig. S1). Assessed tumors were then grouped by degree of B lympho-
cytic infiltrate. Survival analysis showed that those in the high infiltrate
group had better outcomes compared with those in the low infiltrate
group. B-cell density and spatial H-scores of corresponding tumors
were then divided into four cohorts based on the combination of high
and low AH-score and high and low B-cell density. Tumors with a high
AH and low B-cell density had the worst outcome compared with the
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other three groups (P < 0.01; Fig. 6D; Supplementary Table S7). These
findings indicate a role for B lymphocytes in predicting the survival
outcomes when assessed together with intratumor heterogeneity.

Discussion

Although it is recognized that invasive breast cancers exhibit
heterogeneity at a genomic level, the spatial degree and extent has
not been well documented (27-30). Consortia such as TCGA and
International Cancer Genome Consortium, have data describing bulk
or dominant clones, lacking important insights into the subclonal
composition of tumors (31). Single-nucleotide sequencing of 50 breast
cancer nuclei revealed that the subclonal composition of tumors is
underestimated and that no two cancer cells have the same altera-
tions (32). Recent single-cell sequencing studies in breast cancer also
revealed that chromosome 19 amplification involving CCNEI was not
identified from bulk sequencing of the same tumor, and that different
copy-number states could be detected in different cell populations (33).
Therapeutic resistance may be driven by selection of distinct subclonal
alterations. Ideally, both spatial and temporal heterogeneity should be
assessed, by sampling multiple regions from single tumors and sam-
pling over time via liquid biopsies, to capture subclonal events that
occur during tumor evolution.

We observed that although there was no significant difference in the
degree of heterogeneity of CTC signatures between primary and
metastatic tumors, there is a clear selection of clones with specific
CTC gains with progression to metastasis. The clones exist at low
frequencies within primary tumors (mostly between 21%-69%, medi-
an 55%), and expand to comprise most of the metastatic tumors
(mostly between 70%-100%, median 97%). In addition, the clones
have increased genomic imbalances with gain of all measured CTC
regions (MRG clones) and these are more likely to dominate the
metastases. Breast recurrences harbor these MRG clones at signifi-
cantly higher proportions than pretreatment primary tumors and
metastatic tumors at distant sites. The recurrent cancer in the breast
may be more enriched for MRG clones due to preexisting field
cancerization alterations (34). Clones with single region gains are
either lost during progression as they are not functionally required for
future steps, or not selected for dissemination at all. We also showed
that tumor cells with the MRG profile indeed show increased survival
and colony-forming ability in vitro in comparison with tumor cells
with single genes overexpressed.

We assessed spatial heterogeneity by measuring AH between two
geographically separate regions of a tumor. There was high variability
between different tumor areas with maintenance of some clones, as
well as evolution of new, more complex clones. The larger the AH
across the tumor, the more likely the tumor was to metastasise.
Intratumor or spatial heterogeneity, usually overlooked because of
limited sampling, may explain why the number of targetable known
drivers for cancers remains low. Although beyond the scope of this
study, the long-term association of intratumor heterogeneity with
outcome could provide a novel prognostic metric across all cancers.
Notably, for the series of cases studied, regardless of high average H
across a tumor, if the AH was not significantly different between
different areas, distant metastasis was not observed.

Even though the MRG clones were not the dominant proportion in
primary tumors, they were still present. There are many instances of
low-frequency clones that are extremely important therapeutical-
ly (35). In breast cancer, although the most frequently mutated genes
are TP53 and PIK3CA (>10%), there are numerous driver genes
mutated in <3% of tumors that are associated with treatment
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Figure 4.

MRG clones are more frequent in metastatic tumors and increase aggressive tumor behavior. A, Significantly smaller proportions of cells with "MRG" clones were
detected in primary tumors compared with local breast recurrences and metastatic tumors, suggesting selection of these cells after dissemination and posttreatment.
Proportions are presented as averages. B, MRG clones were detected in different proportions in distant metastatic sites posttreatment. Primary tumors had smaller
proportions of cells with MRG clones compared with local breast recurrences and metastatic tumors in other organs posttreatment. Proportions are presented as
averages. C, /n vitro migration, anchorage-independent growth and colony-forming assay validation in stable MCF7 cell lines showed that tumor cells with MRG
overexpression profiles increased anchorage independent growth and colony-forming ability than tumor cells with only single genes overexpressed. In contrast,
most tumor cell lines showed increased migration ability regardless of their overexpression profile.

resistance (36). In terms of identifying lethal clones, a study in multiple
myeloma revealed that a clone that was present in 1% of tumor cells at
the time of diagnosis became the dominant clone, and eventually
resulted in death (37). In chronic lymphocytic leukemia, in some cases,
it is the subclone that holds independent prognostic value for disease

Distribution of spatial H-Scores in primary TNBC

45

n =105

Number of TNBC cases

0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Spatial H-Score (AH)

Figure 5.

High intratumor heterogeneity is a relatively rare event in TNBC. Distribution of
heterogeneity scores (H-Score) of 105 primary TNBCs using the 8-gene CTC
signature. H-scores were calculated using the Shannon diversity index, which
uses a logarithmic scale. The majority of patients had a low H-score between O
and 0.50, with very few over 1.00, resulting in a positive-skew distribution.
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progression (38). Investigation of such observations is required to
determine synergistic and antagonistic behavior of subclonal events
and how they relate to progression and chemoresistance. The issue of
clonal cooperation also raises the question of whether it is sufficient to
target tumors based on dominant clonal events. Combined anticancer
treatment, targeting different drivers or subclonal populations, may be
more effective at eradicating the tumor. Ideally, if the cells with
metastatic potential could be targeted before they leave the primary
tumor, dissemination itself could be blocked.

Over recent years, there has been increasing interest in character-
izing the underlying heterogeneity and immune composition of breast
cancers. Few studies have investigated the relationship between these
two features in detail, and most research on the immune response has
been in other cancer types (39, 40). The high TNBC interpatient
variability in spatial H-score (AH) is in concordance with previous
studies showing a high degree of heterogeneity within TNBCs. Inter-
estingly, we found through survival analyses that high infiltration of B
lymphocytes in primary TNBCs was significantly associated with
better patient outcomes. The density of CD20"-expressing B lym-
phocytes was predictive of pCR in a cohort of 108 patients (41, 42).
Among all assessed TILs, only CD20" B and CD4" Th lymphocytes
showed a significant positive relationship with intratumor heteroge-
neity, with the former having the strongest significance. The positive
linear relationship with these TIL subtypes and intratumor heteroge-
neity suggests that having a highly heterogeneous primary tumor may
have a beneficial effect on patient outcome. It is possible that
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Figure 6.

High intratumor heterogeneity is associated with increased TIL density and improved survival in TNBC patients. A, MxIF of primary TNBC tissue cores stained with a panel
of antibody markers for each TIL subtype and the tumor epithelium. B, Correlation matrix between specific TIL subsets assessed in primary TNBC tumors. Boxes show the
degree of correlation between immune markers. B, B-cell density; Tc, cytotoxic T-cell density; Th, helper T-cell density; Tr, regulatory T-cell density; PD-L1", programmed
death ligand 1 positive cell density. The degree of correlation is represented by the color’s intensity. The Pearson correlation coefficient (R) is indicated in each square, with
Pvalues below each coefficient. Colocalization was determined through counts of eachimmune cell across all tumors examined. C, Correlation between the H-score and all
B lymphocytes or the general TIL population in primary TNBC with R and P values. Regression line with 95% confidence interval is included. D, Kaplan-Meier survival curve
of 105 patients with primary TNBCs assessed on the basis of degree of B lymphocyte density and intratumor heterogeneity. Medians for both the B-cell density and the
H-score were used to evenly distribute patients into four cohorts of high and low intratumor heterogeneity or B-cell density.

neoantigens in a heterogeneous tumor may increase the ability of TILs
to recognize the growing tumors and thus mount a comprehensive
adaptive immune response (43). Notably, studies suggest that high
levels of TILs in breast cancer are strongly associated with good
outcomes (44-50). A highly heterogeneous tumor with a high AH
score may predict a high degree of immune infiltration. In this way,
intratumor heterogeneity may be useful in predicting the likely benefit
of immunotherapeutic treatments.
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Overall, we have found tumor heterogeneity in both primary and
metastatic breast cancer through the CTC signature, and complex
genomic profiles with MRG were observed in highly heterogeneous
tumors. In addition, tumors with high proportions of MRG clones had
increased metastatic activity in multiple cancer cell lines, suggesting a
link with tumor heterogeneity and metastatic potential. Furthermore, a
high degree of intratumor heterogeneity was observed in primary
TNBCs, and was associated with greater infiltration of B lymphocytes,
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suggesting a role in the immune response against tumor cells. It should
be noted that the analysis of primary and metastatic samples were not
from the same patients, so we cannot make definite conclusions about
the general selection of MRG clones. However, in the future an
accurate measure of heterogeneity may be used to better predict an
individual tumor’s prognosis and further enhance personalized
medicine.
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