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ABSTRACT
◥

Animal models are critical for the preclinical validation of cancer
immunotherapies. Unfortunately, mouse breast cancer models do
not faithfully reproduce the molecular subtypes and immune
environment of the human disease. In particular, there are no good
murine models of estrogen receptor–positive (ERþ) breast cancer,
the predominant subtype in patients.Here, we show thatNitroso-N-
methylurea–inducedmammary tumors in outbred Sprague-Dawley
rats recapitulate the heterogeneity for mutational profiles, ER
expression, and immune evasive mechanisms observed in human
breast cancer. We demonstrate the utility of this model for pre-
clinical studies by dissecting mechanisms of response to immuno-
therapy using combination TGFBR inhibition and PD-L1 blockade.
Short-term treatment of early-stage tumors induced durable respon-
ses. Gene expression profiling and spatial mapping classified tumors
as inflammatory and noninflammatory, and identified IFNg , T-cell

receptor (TCR), and B-cell receptor (BCR) signaling, CD74/MHC II,
and epithelium-interacting CD8þ T cells as markers of response,
whereas the complement system, M2 macrophage phenotype, and
translation in mitochondria were associated with resistance. We
found that the expression ofCD74 correlated with leukocyte fraction
and TCR diversity in human breast cancer. We identified a subset of
rat ERþ tumors marked by expression of antigen-processing genes
that had an active immune environment and responded to treatment.
A gene signature characteristic of these tumors predicted disease-free
survival in patients with ERþ Luminal A breast cancer and overall
survival in patients with metastatic breast cancer receiving anti–
PD-L1 therapy. We demonstrate the usefulness of this preclinical
model for immunotherapy and suggest examination to expand
immunotherapy to a subset of patients with ERþ disease.

See related Spotlight by Roussos Torres, p. 672

Introduction
Breast tumors progress through defined stages starting with atypical

ductal hyperplasia then ductal carcinoma in situ (DCIS), invasive
ductal carcinoma (IDC), and culminating inmetastatic disease (1).We
previously reported that immunosuppression progressively increases
during breast tumor progression and identified the DCIS–IDC tran-
sition as a key step of immune escape (2, 3). Multiple mechanisms

contribute to establishing an immunosuppressive environment,
including amplification and overexpression of CD274, which encodes
PD-L1, in a subset of triple-negative breast cancer (TNBC) and an
increased frequency of regulatory T cells and myeloid-derived sup-
pressor cells (MDSC) in IDC, potentially due to increased TGFb
signaling (2, 3).

Immune checkpoint inhibitors (ICI) have shown long-lasting
responses in many metastatic cancers. In breast cancer, however, the
efficacy of single-agent ICIs has been limited (4). Combining ICIs with
chemotherapies and application at earlier stages leads to better results,
predominantly in TNBC. Lower intratumor heterogeneity and more
coordinated antitumor immune responses have been observed in
early-stage cancers (4).

Given the stark immunologic differences between DCIS and
IDC (3), immune escape could drive the eventual progression
of breast tumors. To test this hypothesis, we chose the Nitroso-
N-methylurea (NMU)-induced outbred Sprague-Dawley (SD)
rat model of breast cancer, which is the only preclinical immuno-
competent model of DCIS and hormone-dependent ERþ mammary
tumors (5). In this model, the histology of early-stage mammary
tumors resembles human DCIS, progesterone and estrogen signal-
ing drives high incidence of hormone-dependent mammary
tumors, and the genetic variation of the outbred strain mimics
interpatient variability (5). Mammary tumors are induced by intra-
peritoneal injection of NMU in virgin female rats at peripubertal
age, because age, reproductive status, and estrous cycle impact
tumor incidence (6).

Here, we have characterized the cellular composition andmolecular
profiles of NMU-induced mammary tumors in SD rats, showing
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their remarkable similarity to human breast cancers, and we have
demonstrated that combined PD-L1 and TGFBR inhibition induces
effective regression of these tumors and prevents immune escape.
Response to immunotherapy varied according to hormone receptor
status, which recapitulates clinical data. However, in contrast to
clinical observations, a subset of ERþ tumors responded to immuno-
therapy in this model, enabling us to identify a gene signature that was
predictive of response. This gene signature was found to be prognostic
in patients with ERþ breast cancer and classified tumors into immuno-
logically distinct subgroups.

Materials and Methods
Rat experiments and tissue harvesting

All animals were housed in Dana-Faber Cancer Institute (DFCI,
Boston, MA) Longwood Center Association for Assessment and
Accreditation of Laboratory Animal Care International–approved
animal facility. All animal experiments were performed following
protocol #15-050 approved by the DFCI Institutional Animal Care
andUse Committee. Virgin SD (SD:Hsd) female rats ages 3 to 4 weeks
were purchased from Envigo. To induce tumors, rats were injected 1–
3 times with 50 mg/kg NMU (BOC Sciences, 684-93-5) intraperito-
neally at ages 35, 49, or 53 days. For immunotherapy studies, we
performed one injection of 35-day-old rats. Treatment with
LY2157299 (TGFBR inhibitor), anti–rat PD-L1 or both was initiated
when palpable tumors were detected. Rats were randomly assigned to
treatment groups. Tumor size was tracked by weekly caliper measure-
ments. Researchers measuring tumors were blinded as to the animals’
treatment groups. LY2157299 powder was provided by Eli Lilly and
stored at �20�C. LY2157299 was dissolved in vehicle (1% carboxy-
methylcellulose, 0.5% sodium lauryl sulfate, 0.085% povidone) and
stored at 4�C for up to 1 week. Oral gavage of vehicle or 75 mg/kg of
LY2157299 was performed twice daily (8–16 hours between doses) for
10 consecutive days. Anti–rat PD-L1 (clone 368.A.4H1, mouse IgG1,
kappa) was produced by the Freeman lab by immunization of cd274,
PDCD1LG2-deficient mice with human PD-L1-Fc fusion protein
using a previously reported protocol (7, 8). It contained <2 endotoxin
units/mg protein. Clone 368.A.4H1 (RRID:AB_2910261; ref. 9) was
shown to have high affinity for human and rat PD-L1 by flow
cytometry of 300.19 cells transfected with human or rat PD-L1 and
to block PD-1 binding. Anti–PD-L1 or IgG1 isotype control (BioXcell,
BE0083) were given at 10 mg/kg weekly for 6 consecutive weeks by
intraperitoneal injection. Tumors were harvested and processed for
paraffin embedding or tissue digestion as described previously (3).
Briefly, a slice of the largest cross-section was saved for histologic
analysis, fixed in 10% formalin overnight, stored in 70% ethanol,
then paraffin embedded and processed into histologic slides (3). The
remaining tumor tissue was dissociated to a single-cell suspension
for FACS by digestion in 2 mg/mL collagenase type IV (Worthing-
ton, LS004189) in DMEM/F12 (Thermo Fisher Scientific,
MT10090CV) with constant stirring at 37�C for 1 to 2 hours.

Tumor growth rates
Tumor growth rates were defined as “diametrical growth rate”

computed by linear regression of all collected diameter points over
time. As rats were sacrificed at different times, this parameter stays
relatively constant throughout the growth of the tumor. The top
two thirds of samples were considered “growing,” whereas the
bottom third was considered as “slow growing or stable” with a
growth rate of ≤ 2 mm/week, allowing for errors in measurement of
tumor size.

Slide staining and analysis
Multicolor immunofluorescence, immunohistochemistry (IHC), tri-

chrome, and hematoxylin–eosin (H&E) analyses were performed as
described previously (3). Briefly, after heat-induced antigen retrieval in
sodium citrate (pH ¼ 6) or TRIS-EDTA buffer (pH ¼ 9), the samples
were permeabilized with 0.5% TritonX-100, blocked with 100% goat
serum (Thermo Fisher Scientific, 16210072) and stained with various
antibodies at the indicated dilutions. Supplementary Table S1 includes
information on antigen retrieval conditions, antibody identity, and
antibody dilution. Stained slides were imaged using the Panoramic
MIDI II digital slide scanner (3DHistech), the Yokogawa Spinning disk
confocal, or the Nikon Eclipse Ti2 microscope and quantified using
QuPath (https://qupath.github.io/). For other staining where no quan-
tificationswere shown, four ormore tumors per groupwere stained and
visually inspected to confirm protein expression of hits from RNA
sequencing (RNA-seq) analysis.

Rat organoid culture and growth assays
Rat mammary tumor and autologous healthy kidney tissues were

minced into 1 to 2 mm fragments then digested with 1 mg/mL
collagenase/dispase (Sigma, 11097113001) for 30 minutes. Digestion
was stopped by adding equal volume of 1% BSA in DMEM, then
centrifuged at 1,500 rpm � 5 minutes. Pellets were further digested
with Accutase (Sigma, A6964) for 30 minutes then collected by
centrifugation at 1,500 rpm for 5 minutes. Pellets were then resus-
pended in organoid growthmedium containing Y-27632, 5%matrigel,
and growth factors including B27 (Thermo Fisher Scientific, 1750404),
insulin (Sigma, 12643), cholera toxin (Sigma, C8052), FGF (Peprotech,
AF-100-18B), EGF (Peprotech, AF-100-15), and IL6 (Peprotech,
200-06) The suspension was seeded onto 12-well plates precoated
withmatrigel. Culturemedia was replaced every 4 days. For fulvestrant
experiments, organoids were plated at 5,000 to 10,000 single cells per
well on top of a layer of matrigel in 96-well plates. On day 6, organoids
were treated with fulvestrant (MedChem Express, HY-13636; 100 and
750 nmol/L) or DMSO vehicle control. After 72 hours of treatment,
CellTiter-Glo 3D reagent (Promega, G9682) was added to each well
and luminescence signal was detected after 30minutes using a Synergy
H1 microplate reader.

Generation of rat organoid-primed T cells
Rat T cells were isolated from spleen by EasySepRat T-Cell Isolation

Kit (Stemcell Technologies, 19641). The cells were cultured with rat
complete T-cell medium (RTM): Serum-free medium (CellGernix,
20801-0100), 10% FBS (Glico, 16140071), and Rat IL2 (1,000 IU/mL;
Peprotech, 212-12), Rat IL15 (10 ng/mL; Peprotech, 210-15) and
Rat IL21 (10 ng/mL; Peprotech, 210-21). On day 10, T cells were
stimulated with autologous tumor organoids without matrigel. This
was repeated 7 days later. Stimulation was performed in RTM,
generating organoid-primed T cells (opT). The T cell:Tumor cell
ratios ranged from 1:1 to 10:1.

Three-dimensional killing assay
Rat mammary tumor or autologous kidney was digested into single

cells as described above (see Rat organoid culture and growth assays)
and plated onto matrigel-coated 96-well flat bottom plates. A total of
10,000 cells were plated per well in 100 mL of organoid medium
containing 5% matrigel. Tumor cells were allowed to form three-
dimensional (3D) structures for 4 days and 100 mL per well of
autologous opT cells in RTM were gently added to the top of the
organoid culture at a cell ratio of 1:1, with final media containing 50:50
ratio of organoid media and RTM. The 1:1 T cell:tumor cells ratio was
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estimated by counting tumor cell number in parallel wells cultured for
4 days. No additional factors were added to the coculture. Cells were
incubated at 37�C for 1 to 4 days. Phase-contrast images were acquired
using a 4� objective (Leica). Supernatants were harvested after 1 and
2 days for analysis of IFNg production as described below.

OpT killing after PD-L1 antibody blockade and/or
TGFb inhibition

Day 8 organoid cultures were digested with collagenase/dispase
keeping the 3D structure of the organoids intact. The organoids were
resuspended in RTM and plated in 96-well flat bottom plates with
autologous opT cells at a ratio of 1:1 in the presence of the isotype
control (InVivoMab mouse IgG1, clone MOPC-21, from BioXcell),
anti–PD-L1 (final 10 mg/mL; 368A.4H1), LY2157299 (final 1mmol/L),
or the combination of anti–PD-L1 mAb plus LY2157299. Phase-
contrast images were acquired using a 4� objective (Leica). Super-
natants were harvested after 1 and 2 days for analysis of IFNg
production as described below.

IFNg production
The supernatants from rat opT and tumor cocultures were collected

and measured for IFNg by ELISA as per the manufacturer’s instruc-
tions: rat IFNg ELISA kit (Mabtech, 3220-1H-6).

Flow cytometry and FACS
Single-cell suspensions of dissociated tumors were blocked in

PBE (PBS with 0.5% BSA and 2 mmol/L EDTA) and stained at 4�C
for 30 minutes with antibodies (Supplementary Table S1). Cells
were analyzed and sorted using BD FACSAria II SORP UV (Becton
Dickinson). FlowJo v9 (Becton Dickinson) was used for analysis and
graphing.

RNA-seq
Total RNA was extracted using the RNeasy Mini Kit (Qiagen,

74106) and measured by Agilent 2100 Bioanalyzer. RNA-seq libraries
were prepared using Clontech Low Input mRNA Library (Clontech
SMARTer) v4 kit (Clontech, 634892) using <10 ng of purified total
RNAaccording to themanufacturer’s protocol. Library concentrations
were measured by Qubit Fluorometer and Kapa Biosystems library
quantification kit (Kapa Biosystems, 07960298001), and library frag-
ment size by Agilent TapeStation 2200. Uniquely indexed libraries
were pooled in equimolar ratios and sequenced on an Illumina
NextSeq500 with single-end 75 bp reads, or Illumina NovaSeq6000
with paired-end 100 bp reads by the DFCI Molecular Biology Core
Facilities. RNA-seq datasets were aligned to the rat reference genome
(rn6) and annotated with the UCSC rn6 refSeq annotation file using
STAR2.7.0f.

Whole-genome sequencing
EpCAMþ cells from tumors in the characterization cohort were

isolated by FACS andDNAwas purified (Qiagen, 80284) prior to being
sent to the New York Genome Centre for whole-genome sequencing
(WGS). DNA from the liver of an untreated rat served as a normal
control. Libraries were prepared using the Illumina TruSeq PCR-free
DNAHT sample preparation kit (Illumina, 20015963). A total of 1 mg
of intact genomic DNA was sheared using the Covaris sonicator
(Adaptive Focused Acoustics), followed by end-repair and bead-
based size selection (450 bp). Adenines were added to the 30

ends of fragments, followed by Illumina sequence adaptor ligation
(Illumina, 20022370), PCR amplification and final library QC, where
library fragment size was measured by Agilent BioAnalyzer (Agilent,

DNF-474-0500), total DNA concentration by PicoGreen (Life
Technologies, P7589) and yield and efficiency of adaptor ligation with
a quantitative PCR assay (Roche, KK4873). These steps were per-
formed on the Caliper SciClone NGSx workstation (PerkinElmer), a
robotics system developed and validated for automated library prep-
aration. 2�150 bp sequencingwas performed on the IlluminaHiSeqX-
Ten instrument to a depth of 30�. WGS data were aligned to the
rn6 genome using bwa-mem.

Patient cohorts
We utilized the following external datasets:
The Cancer Genome Atlas (10) from which clinical and gene

expression data were retrieved from firebrowse (http://firebrowse.
org/) and immune-related properties including immune composition
and TCR diversity retrieved from ref. 11. All primary tumor samples
with available RNA-seq data were used (N¼ 1,080), comprising of 410
Luminal A, 172 Luminal B, 64 Her2þ, 136 basal-like, 25 normal-like
tumors, and 273 uncharacterized tumors.

Pembrolizumab trial in ERþ metastatic breast cancer cohort
(12, 13) features a clinical trial of 88 patients treated with eribulin
with or without the addition of pembrolizumab. We assessed a
cohort of 30 patients (N ¼ 16 vehicle, N ¼ 14 treatment) for which
RNA-seq data, clinical information, and plasma proteomics data
were available.

Survival analysis, differential gene expression analysis, single-
sample gene set enrichment analysis (GSEA), and association studies
were performed on both cohorts in R using methods described below
(see Genomic and imaging data analyses).

Genomic and imaging data analyses
Code for downstream analysis and figure generation can be

obtained at https://github.com/polyak-lab/RatDCISbookdown.

Differential gene expression analysis
Raw counts obtained from STAR/HTSeq were processed using the

DESeq2 package (https://bioconductor.org/packages/release/bioc/
html/DESeq2.html). Genes were filtered to retain only those with at
least 60 counts across all samples. Samples used for downstream
analysis passed the following criteria: library size of 4Mþ reads, 11Kþ
genes with nonzero reads, library read SD of 500þ, and clustering by
PCA within the same cell type. This left 108 samples: 31 EpCAMþ,
46 CD45þ, and 31 double negative (DN) cases across 40 rats. Differ-
entially expressed genes (DEGs) were identified with an adjusted
P value of ≤0.05, absolute fold change ≥ 1.5, and base mean number
of counts of 80, using a model that considered batch effects. Gene
expression heat maps were generated using row-scaled variance-
stabilized transformed gene counts, using differentially expressed
genes (limited to the top 50). For treatment-based comparisons,
significant DEGs for each treatment compared with the control were
combined to construct heat maps. The “luminal-growing” signature
refers to the 50 DEGs identified by comparing EpCAMþ profiles from
growing versus noninflammatory stable HRhigh tumors.

GSEA
GSEA was performed using log2 fold changes of all genes

using the hallmark compendium from MSigDB (https://www.
gsea-msigdb.org/gsea/msigdb/collection_details.jsp) and Metacore
Process Network through the HTSAnalyzeR2 package (https://
github.com/CityUHK-CompBio/HTSanalyzeR2). The top 40 sig-
nificant pathways with a FDR < 0.1 were used to create enrichment
network diagrams. The width of lines between two gene sets
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indicates the number of genes in common, and the size of the node
indicates the number of genes.

Inferring immune composition
Gene names were converted to corresponding mouse gene IDs

and TPM counts were used in TIMER cistrome (http://timer.
cistrome.org/), which provides immune cell abundance estimates
from tools including CIBERSORT and TIMER.

Mutation and copy-number analysis
Consensus mutation calling of WGS data was performed using

MuTect1 (https://github.com/broadinstitute/mutect) and Strelka
(https://github.com/Illumina/strelka) by the New York Genome
Centre. Gene annotation was performed using SnpEff (http://pcin
gola.github.io/SnpEff/) using the UCSC rn6 refGene annotation file.
Tumor mutational burden was calculated as the number of coding
mutations (missense, nonsense, nonstop, frameshift insertion/dele-
tion, splice site) per MB of exome (43.2 MB). The corresponding
amino acid in human homologs was obtained by aligning a peptide
containing the mutation site up to 11 amino acids long to the
respective human protein sequence, allowing up to two mismatches.
The corresponding human site was considered a hotspot mutation if
found within a collated list of hotspot mutations in human can-
cer (14). Mappability files for the rn6 genome were prepared using
GEM3 for 75 bp kmers, and copy number was estimated using
BICSeq (ref. 15; smoothness parameter l ¼ 2), using a control liver
as a normal input. Gains and losses were called using log2(fold
change) of �0.3.

Pathway Mapper (https://github.com/iVis-at-Bilkent/pathway-
mapper) was used to overlaymutational and copy-number frequencies
on key cancer pathways.

Single-base substitution mutational signatures (SBSv2: https://
cancer.sanger.ac.uk/signatures/signatures_v2/) were inferred using
SigProfilerSingleSamples using the trinucleotide context for each
single-nucleotide variant mutation (https://github.com/Alexandrov
Lab/SigProfilerSingleSample).

Following marking duplicates, detecting split reads and base recal-
ibration using GATK (https://gatk.broadinstitute.org), mutations
from RNA-seq data were inferred using GATK HaplotypeCaller and
annotated using SnpEff.

Whole-slide image analysis
Computational image analysis was performed firstly by detecting

and segmenting cells using Qupath (https://qupath.github.io/),
using an estimated cell radius of 8.0 mm, area between 10 and
100 mm2, intensity threshold of 2.0. Extracted shape, intensity, and
haralick features were used to train a random forest classifier to
differentiate between CD8þ, EpCAMþ, SMAþ, EpCAMþSMAþ,
and triple-negative cells. SMAþEpCAMþ cells were present in only
a few tissue samples and could not be unambiguously classified into
one group or the other by manual inspection. Classifications were
reviewed by an expert observer and cell classifications and co-
ordinates were exported for downstream analysis. Spatial pattern
analysis was assessed using k-nearest neighbor analysis, which
computes the average distance between a cell type x to its k ¼ 3
nearest neighbors of class y. In addition, the Morisita–Horn index
for spatial overlap between two cell types of interest (16) was used as
a metric for global cooccurrence which accounts for population
frequency and can be interpreted as a correlation coefficient. We
divided the tissue region of interest into S squares of size 100 mm �
100 mm and evaluated the frequency of each cellular population in

each square. The Morisita-Horn index for two cell types x and y are
calculated as:

MH ¼ 2
PS

i ¼ 1 xiyiPS

i ¼ 1
x2i

X2 þ
PS

i ¼ 1
y2i

Y2

� �
XY

where X and Y are the total counts of the populations of interest, and
xi and yi refers to the frequency of these cells in square Si.

BCR and TCR repertoire analysis
BCR and TCR repertoire was inferred from bulk RNA-seq data

using TRUST4. For BCR repertoire, the reference VJC database was
built using the reference genome (rn6UCSC) and known IG sequences
from IMGT (http://www.imgt.org/; ref. 17). Given the lack of refer-
ences for rat TCR repertoire, the VJC database was built using the
mouse reference genome (GRCm38 UCSC) and known TR sequences
from IMGT. All clones with less than two reads or that had a CDR3
sequence with less than six amino acids were excluded from analysis.
Clonality was computed using the Gini index, and diversity was
computed using the Shannon index using the tcR package (https://
github.com/imminfo/tcr).

Survival analysis
Vst-transformed values of single genes (ADAMST10,CD74) or gene

signature scores for the luminal signature, OncotypeDX (18)
and Mammaprint (19) signatures computed using single-sample
GSEA (20) were used as inputs for survival analysis following nor-
malization. Survival outcome was modeled using multivariate Cox
proportional regression models accounting for PAM50 and stage
where applicable. Overall and disease-free survival (DFS)was censored
to 60 months. Outcome was reported as hazard ratio (HR) with 95%
confidence intervals (CI). Model performance was assessed using log-
rank P value. Outcome was plotted using the Kaplan–Meier method.

Statistical tests
Nonparametric Mann–Whitney Wilcoxon test (MWW) was used

to compare differences in two distributions due to small sample size
and possible deviation from normality, using a significance threshold
of 0.05. P values were adjusted using the Benjamini–Hochbergmethod
to correct for multiple hypothesis testing, and false discovery rate
(FDR) <0.1 was used to designate significance.

Data and materials availability
WGSdata have been deposited in SRA (SUB6887244) andRNA-seq

data in NCBI Gene Expression Omnibus (GSE167102). All additional
data associated with this study are available within the article and its
Supplementary Data files or are available on request from the corre-
sponding author.

Results
NMU-induced mammary tumors resemble human breast cancer

We first optimized NMU treatment by testing rats at varying ages
(35–53 days) and after administration of a varying number of injec-
tions (1–3 injections). A total of 100% of rats developed mammary
tumors after a single injection of NMU at ≤49 days of age; both
increased number of NMU injections and younger age (35 days)
increased tumor penetrance (more tumors per rat) and reduced
latency (Supplementary Fig. S1A and S1B). Nomacroscopically visible
tumors were observed in any other organs. We followed mammary
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tumor growth for 60 to 200 days after NMU injection, sacrificing
animals at different timepoints to obtain tumors of different sizes (1–
35 mm) to reflect different stages of progression (Supplementary
Fig. S1C). Most tumors were well-differentiated solid adenocarcino-
mas (55/59) with a small subset offibroadenomas (2/59) andmucinous
carcinomas (2/59; Fig. 1A; Supplementary Fig. S1D; Supplementary
Table S2). All tumors resembled intraductal lesions surrounded by
collagen-rich stroma and a cell layer expressing p63 and smooth
muscle actin (SMA) myoepithelial markers (Fig. 1B–D). We detected
proliferative Ki67þ cells by immunofluorescence in both luminal and
myoepithelial cells in all tumors (Fig. 1D), suggesting that these
tumors may represent human adenomyoepitheliomas (21). All
tumors expressed progesterone receptor (PR) and estrogen receptor
(ER) based on immunofluorescence (Fig. 1E), consistent with the
known ovarian hormone dependence of this model (5), which we
confirmed by fulvestrant treatment of primary tumor organoid
cultures (Supplementary Fig. S1E).

Molecular characteristics of NMU-induced tumors
NMU is an alkylating agent that causes AT:GC mutations (22).

However, the specific mutations in NMU-induced mammary tumors
have not been comprehensively characterized. Thus, we performed
WGS on sorted EpCAMþ tumor epithelial cells (Supplementary
Fig. S1F) and normal liver from one animal as germline control. Most
coding mutations were missense, and tumor mutational burden
ranged from 7.6/Mb to 19.5/Mb per tumor (Fig. 1F). This range is
higher than most human breast cancers (�0.1–10/Mb; Fig. 1F, red
box) but comparable with human cancers with high (�1–100/Mb)
mutational burden such as melanoma (23). The mutational burden
within coding regions did not correlatewith the number ofNMUdoses
nor with tumor size (Supplementary Fig. S1G). Most mutations were
C>T and T>C transitions reflecting aging and alkylation, respectively.
Themost frequent COSMICmutational signature was SBS5, which is a
clock-like signature of an unknown etiology associated with tobacco
smoking (24), but SBS11 (alkylation) and SBS32 (azathioprine) treat-
ment signatures were also observed (Supplementary Fig. S1H). These
results suggest that most mutations were acquired at the time of NMU
administration.

We detected mutations in known breast cancer–driver genes (e.g.,
Pik3ca, Foxa1, and Tp53; Fig. 1G and H; Supplementary Table S3).
Hras, Braf, Pik3ca, and Tp53 variants occurred at mutational hotspots
commonly found in human tumors (Supplementary Fig. S1I and S1J;
Supplementary Table S3) includingHrasG12E, which is characteristic of
this model (25). In addition, we assessed copy-number variations but
found very few changes in regions harboring cancer driver genes
(Supplementary Fig. S1K). We also explored whether these mutations
converged on common breast cancer pathways. A total of 87% of

tumors had genes in the p53 pathway impacted with most having an
Atm mutation; this also impacted cell-cycle pathways, and mutations
in Brca2 were observed in 10% of the cohort. In addition, 16% of
tumors had a mutation in the PIK3 signaling pathway (Fig. 1I) and
NOTCH signaling was affected in 74% of tumors (Supplementary
Fig. S1L).

Next, we performed RNA-seq of CD45þ leukocyte and EpCAMþ

epithelial cells to characterize gene expression profiles. We observed
two distinct tumor profiles in the EpCAMþ cell population based on
the expression of hormone receptors (Ar, Pgr, and Esr1) and luminal
breast cancer–specific transcription factors (Foxa1 and Gata3), reca-
pitulating the “luminal” hormone receptor high (HRhigh) and “basal”
hormone receptor low (HRlow) phenotypes in human breast cancer
(Fig. 1J). Hierarchical clustering of CD45þ leukocyte gene expression
profiles segregated the tumors into two groups (small and large;
Supplementary Fig. S1M) implying the need for substantial
immune-related changes for tumors to grow beyond a certain size.
This threshold of 7 mm was also the median size of measured tumors.
Gene expression profiles of leukocytes from smaller tumors (<7 mm)
were highly similar to each other and to the normal mammary gland,
whereas leukocytes from each larger tumors (≥7 mm) had profiles
different from any other tumor (Supplementary Fig. S1M). In contrast,
neither hierarchical clustering nor principal component analysis
(PCA) could separate the EpCAMþ cells based on tumor size (Sup-
plementary Fig. S1N and S1O). HR status was also not associated with
tumor size (x2 test, P ¼ 0.5).

DEG analysis and GSEA of the EpCAMþ cell population showed
that small tumors were enriched for genes associated with prolifera-
tion, differentiation, protein folding, and transcription (Fig. 1K and L;
Supplementary Table S4). Small tumors were also enriched for
immune-response and inflammation-related gene sets including IL5
and IL2 signaling, inflammasome, and unfolded protein response. In
large tumors, we found greater interactions with the microenviron-
ment, evidenced by GSEA terms related to cell adhesion, matrix
interactions, angiogenesis, and blood coagulation (Fig. 1L).

Similarity of NMU-induced mammary tumor and human breast
cancer immune environment

We next investigated the immune environment of NMU-induced
mammary tumors and found them to be immune-infiltrated with
a mean proportion of CD45þ cells of 37.06% by flow cytometry
(Supplementary Fig. S2A). We analyzed the cellular composition of
the immune infiltrates using a flow cytometry marker panel (26)
adapted for rat (Supplementary Fig. S2B and S2C), and found both
innate and adaptive immune cells, including monocytes and T cells in
the tumors (Fig. 2A). We also collected unaffected mammary glands,
mammary gland–draining lymph nodes, spleen, and bone marrow

Figure 1.
Histology and molecular features of NMU-induced mammary tumors. Virgin SD female mice were injected intraperitoneally with NMU and tumors harvested at
various times after NMU administration herein referred to as the characterization cohort. A–E, Paraffin-embedded tumor sections were analyzed by H&E (A),
trichrome (B), IHC analysis of p63 (C), immunofluorescence for Ki67 and SMA (D), and immunofluorescence for PR and ER (E). Shown are representative images of
well-differentiated adenocarcinomas,whichwere 55of 59 tumors in the cohort. Scale bar, 100mm.F–I,WGSof EpCAMþ tumor epithelial cells harvested from31NMU-
induced tumors from 23 unique rats. Liver from tumor-free animal was used as control. F, Tumor mutational burden and types of mutations. G, Mutations found in
breast cancer–driver genes. H, Frequency of mutations in selected breast cancer–driver genes. I, Population frequency of genetic aberrations in key breast cancer
pathways. J–L, FACS sorted EpCAMþ tumor epithelial cells from NMU-induced tumors harvested from 10 tumors from 8 unique rats were analyzed by RNA-seq. Red
and blue indicates HRlow and HRhigh tumors, respectively. Green and orange marks small and large tumors, respectively. J, Heat map of gene expression Z-scores
depicting the RNA expression of hormone receptors and selected luminal transcription factors. K, Heat map of row-normalized Z-scores of genes differentially
expressed between large (>7mm) and small (≤7mm) tumors. L, Pathways enriched in large and small tumors. Red lines indicate pathways highlighted in text. Node
size indicates the number of geneswithin the pathway, line width indicates the number of shared genes between two gene sets. All tests for significance usedMann–
Whitney–Wilcoxon test using a threshold ofP¼0.05 unless otherwise specified; error bars representative of SD; box-whisker plots indicate 0th, 25th, 50th, 75th, and
100th percentiles.

Preclinical Breast Cancer Model for Immunotherapies

AACRJournals.org Cancer Immunol Res; 10(6) June 2022 685

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/10/6/680/3191375/680.pdf by guest on 01 O

ctober 2023



Gil Del Alcazar et al.

Cancer Immunol Res; 10(6) June 2022 CANCER IMMUNOLOGY RESEARCH686

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/10/6/680/3191375/680.pdf by guest on 01 O

ctober 2023



from tumor-free (noNMU) and tumor-bearing animals.We found no
significant differences between tumor-free and tumor-bearing animals
in these tissues, except for a decrease of bone marrow T cells (MWW P
¼ 0.006), and an increase in mammary gland monocytes (P¼ 0.03) in
tumor-bearing animals (Fig. 2A). In addition, a decrease in B cells (P¼
0.01) was observed in tumors compared with the mammary gland of
tumor-free animals. We also assessed the activation status of cytotoxic
immune cells [natural killer (NK) and CD8þ T cells] in the tumors by
immunofluorescence. Most NK cells expressed granzyme B (Fig. 2B)
and a fraction of CD8þT cells expressed CD44 and/or Ki67, indicating
activation (Fig. 2C).Overall, these results demonstrate the recruitment
and activation of both innate and adaptive immune cells in NMU-
induced mammary tumors.

Given that changes in the composition and spatial localization of
T cells are characteristic of human breast tumor progression (3, 27, 28),
we analyzed the spatial topology of CD3þ T cells by immunofluores-
cence. Similar to normal human breast, normal rat mammary glands
had very few T cells, and any present were commonly intraepithelial
within the ducts (Fig. 2D). In the DCIS-like regions where an intact
layer of SMAþ myoepithelial cells surround the tumor epithelium, T
cells were mostly excluded from the ducts and localized in the stroma.
In IDC-like regions where the myoepithelium was not continuous or
was lacking, the T cells were intermixed with themalignant tumor cells
(Fig. 2D). We also found that smaller tumors had a higher percentage
of Ki67þCD8þ T cells and this decreased with increasing tumor size
(Fig. 2E; Supplementary Fig. S2D).

We performed immune deconvolution using CIBERSORT (29) and
DEG analysis to identify differences in CD45þ profiles between small
and large tumors. We observed an inverse correlation between tumor
size and the frequency of memory activated CD4þ T cells, suggesting
an increasingly immunosuppressive environment as tumors grow
(Fig. 2F). Higher expression of genes involved in adaptive immunity,
including cytotoxic T-cell responses, Th1 lineage differentiation, B-cell
response, and Nkfb1, a transcription factor for inflammation, was
observed in small tumors (Fig. 2G and H; Supplementary Table S4),
which is indicative of an active immune response. Furthermore,
small tumors were enriched for transcription- and lymphocyte
proliferation–related terms, implying clonal expansion. In contrast,
larger tumors were enriched for chemoattractants that support mono-
cyte infiltration/differentiation and lymphocyte activation down the
Th2 lineage, whichmay contribute to the upregulation of complement
that is associated with immunosuppressive environments (30). CD45þ

cells in large tumors were enriched for cell adhesion–related terms,

including interactions with the endothelium or matrix, suggesting
interactions with the extracellular matrix (ECM).

To investigate adaptive immunity further, we first analyzed BCR
and TCR clonotypes fromRNA-seq data. Compared with the B cells of
unaffectedmammary glands from tumor-bearing animals, B cells from
tumors displayed a significantly lower number of unique clonotypes
but lower Gini index, indicating higher diversity (Fig. 2I). This
suggests that there is greater richness of B cells in the mammary
tumors aswell as amore targeted antitumor response.However, we did
not find an association between BCR Gini index and tumor size and
TCRdiversity differenceswere not significant (Supplementary Fig. S2E
and S2F). Next, we assessed the ability of T cells to exert targeted
antitumor responses using 3D organoid killing assays. Organoids
grown from rat tumors retained both an EpCAMþ epithelial and
SMAþ myoepithelial layer (Fig. 2J). We generated opTs by exposing
spleen-derived T cells to autologous tumor cells. The opTs were
subsequently cocultured with autologous tumor or normal kidney
cells. After 4 days of coculture, we observed specific killing of the tumor
cells and not of the autologous kidney cells (Fig. 2K). Finally, we
assessed EpCAMþ cell RNA-seq data for immune checkpoint proteins
and saw heterogeneous expression of inhibitory markers, including
CD274 (PD-L1), the macrophage “don’t eat me” signal CD47, and
CD276 (B7-H3), which is involved in immune regulation and NFkB
signaling (Supplementary Fig. S2G). Altogether, these results suggest
that smaller tumors have a more active immune environment that
becomes muted during tumor progression.

Immunotherapy limits NMU-induced mammary tumor growth
We hypothesized we could prevent tumor progression by targeting

PD-L1 and TGFBR because in large tumors we detected a decrease in
activated CD8þ T cells and an increase in ECM-related genes, includ-
ing many known targets of TGFb. We used an anti–PD-L1 (PD-L1
mAb; see Supplementary Fig. S3 for characterization of the mAb) and
the small-molecule inhibitor of TGFb receptor type I (Galunisertib/
LY2157299, referred to hereafter as LY; ref. 31). We first tested these
agents in opT and tumor cell cocultures and measured cytotoxic
activity by ELISA for IFNg in the supernatant (Fig. 2L). Although
statistically underpowered (MWW P ¼ 0.33), the combination treat-
ment resulted in a higher effect size relative to the isotype control
compared with either of the single treatments.

Subsequently, we tested the efficacy of these agents in preventing
progression of NMU-induced mammary tumors. Following the emer-
gence of palpable tumors induced by a single injection of NMU,

Figure 2.
The immune microenvironment of NMU-induced mammary tumors. A, Leukocyte composition of the indicated tissues from tumor-bearing (TB) or tumor-free (TF)
animals from the characterization cohort (see Fig. 1) determinedby polychromatic flow cytometry. LN,mammary gland-draining lymph node. BM, bonemarrow. MG,
mammary gland. � , P < 0.05 on Mann–Whitney–Wilcoxon test. B, Immunofluorescence analysis for CD244 (NK cells) and granzyme b (GZMB). C, Immunoflu-
orescence analysis for CD8 (cytotoxic T cells), CD44, and Ki67. Yellow arrows, Ki68þCD44þCD8þ cells. D, Immunofluorescence analysis of CD3 T-cell and SMA
myoepithelial markers in normal, DCIS-like, and IDC-like regions. E, Immunofluorescence analysis of Ki67þCD8þ T cells (yellow arrow) and SMAþmyoepithelial cells
in small and large tumors. Graph depicts frequency of Ki67þCD8þ T cells in small and large tumors. Error bars, SD. P value calculated using aMann–WhitneyWilcoxon
test. F, Immune cell type frequency predicted by CIBERSORT based on RNA-seq data of CD45þ cells from 10 NMU-induced tumors. P values calculated by Mann–
WhitneyWilcoxon test anddifference betweenmeans between small and large tumors shown. � ,P <0.05.G,Heatmapof row-normalized Z-scores of DEGs inCD45þ

cells from large and small tumors, defined as having an adjusted p value of ≤ 0.05 and absolute fold change ≥ 1.5. Red and blue indicates HRlow and HRhigh tumors,
respectively. Green and orange marks large and small tumor, respectively. H, Enriched pathways in CD45þ cells from large and small tumors. Green and orange bars
depict pathways enriched in stable andgrowing tumors, respectively. Node size indicates the number of geneswithin the pathway, linewidth indicates the number of
shared genes between two gene sets. I, Gini index measure of BCR heterogeneity in tumor and normal mammary gland (MG) infiltrating B cells and the number of
unique BCR clonotypes. Box and whisker plot, quartiles. P values were calculated using Mann–Whitney Wilcoxon test. J, Immunofluorescence analysis of NMU-
induced tumor organoid culture stained for EpCAM (red) and SMA (green).K, Representative phase-contrast images of rat mammary tumor organoid or autologous
normal kidney organoids incubatedwith or without opT for indicated times. L, INFg levels in themedium of rat tumor organoids cocultured for 2 dayswith opT under
mIgG1mAb, PD-L1mAb, LY, or PD-L1þLY treatmentmeasuredbyELISA.P value calculated usingMann–WhitneyWilcoxon test. Error bars, SD.B–E, J andK, Scale bar,
100 mm. All tests for significance used Mann–Whitney–Wilcoxon test using a threshold of P ¼ 0.05 unless otherwise specified; error bars representative of SD;
box-whisker plots indicate 0th, 25th, 50th, 75th, and 100th percentiles.
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animals were randomly assigned a treatment regimen of LY or vehicle
twice daily for 10 days, PD-L1 or isotype control mAb weekly for
6 weeks, or the combination of PD-L1 mAb and LY (Fig. 3A). Tumor
size wasmonitoredweekly up to 100 days.We observed heterogeneous
growth in all treatment arms, including spontaneously regressing
tumors in vehicle-treated rats (Fig. 3B). Collection of tumors at a
uniform timepoint after treatment was not feasible as we sought to
determine the long-term effects of the treatment and collect sufficient
tissue formolecular profiling, and thuswe used the growth rate inmm/
week rather than final size as a measurement of outcome. Overall,
tumors treated with PD-L1 mAb and its combination with LY had
significantly lower growth rates compared with the control (Fig. 3C;
MWW, PD-L1 P¼ 0.03, LY P¼ 0.07, and PD-L1þLY P¼ 0.002). We
divided tumors into “slow-growing/stable” and “growing” by com-
paring the bottom tercile with the rest of the samples. This threshold of
(2mmgrowth/week) appeared as the nadir in the bimodal distribution
of growth rates (Fig. 3D). There was a significant increase in the
proportion of stable tumors with combination LY and PDL1 mAb
treatment (Fig. 3E, x2 P¼ 0.01), showing that early treatment for even
a short duration has sustained long-term benefit.

Tumor growth is associatedwithfibrosis and spatial topology of
CD8þ T cells

To explore mechanisms of response and resistance, we first assessed
tumor histology and found most tumors (n ¼ 77/84) to be well-
differentiated solid adenocarcinomas regardless of treatment
(Supplementary Table S2; Supplementary Fig. S4A). However, irre-
spective of treatment, growing tumors had an “encapsulated” tissue
architecture where large areas of tumor epithelium were encased by
thick stromal cell layers suggestive of fibrosis, whereas stable tumors
had significantly smaller and more dispersed epithelial patches sur-
rounded by stroma (MWW, P ¼ 9 � 10–5; Fig. 3F; Supplementary
Fig. S4B). Trichrome staining revealed collagen-rich stroma, which
was present in lower amounts in the combination treatment
group compared with vehicle irrespective of growth rate (MWW,
P ¼ 0.03; Fig. 3G). However, stable tumors in general had more
collagen than growing tumors (MWW, P ¼ 0.045; Supplementary
Fig. S4C).We also performed immunofluorescence forCD8, SMA, and
Ki67 to assess whether differences in proliferation could explain
differences in growth rate, but no significant differences were found
in the relative fraction of Ki67þCD8� cancer cells or Ki67þCD8þ T
cells (Fig. 3H and I; Supplementary Fig. S4D).

To quantitatively assess the topologic distribution of CD8þ T cells
and their interaction with tumor cells, we performed whole-slide
immunofluorescence (WSI) imaging for SMA, CD8, and EpCAM on
the largest cross-section of these tumors (Supplementary Fig. S4E and

S4F). Cells were segmented into individual nuclei and classified into
five groups (DAPIþ unclassified cells, CD8þ T cells, and EpCAMþ,
SMAþ, EpCAMþSMAþ tumor cells) using QuPath (32). In several
tissue samples, an EpCAMþSMAþ cell population most likely repre-
sents amixture of EpCAMþ or SMAþ tumor cells in close contact with
one another. The frequencies of CD8þ T cells obtained by WSI
correlated with frequencies obtained by flow cytometry, expression
levels in CD45þ cell RNA-seq data, and manual quantitative scoring
(Supplementary Fig. S4G). The proportion of CD8þ T cells did not
vary according to treatment nor growth rate. However, LY-treated
tumors had a lower fraction of EpCAMþ tumor (MMW P¼ 0.03) and
DAPIþ unclassified cells (P ¼ 0.05), and a higher fraction of SMAþ

tumor cells compared to vehicle (P¼ 0.03; Fig. 3J andK). In addition,
stable tumors had a higher proportion of EpCAMþ tumor cells
compared to growing tumors (P ¼ 0.06).

To assess the spatial localization of CD8þ T cells, we considered
three different spatial metrics: nearest neighbor distances, an inter-
acting fraction defined as the proportion of CD8þ T cells within a
15 mm distance of another cell, and the Morisita-Horn index for
colocalization (16). The average nearest neighbor distance fromCD8þ

T cells to EpCAMþ cells was higher in growing tumors compared with
stable tumors (MWW, P¼ 0.02); however, colocalization associations
were not found with the other cell types (Fig. 3L). Similar results were
obtained using the interacting fraction (P¼ 0.002) andMorisita–Horn
index (P ¼ 0.1) (Supplementary Fig. S4H and S4I). With respect to
treatment, the spatial architecture in LY-treated samples differed the
most from vehicle-treated ones, characterized by shorter distances
between CD8þT and SMAþ cells and higher interacting fractions, and
low colocalization between CD8þ T and DAPIþ unclassified cells
(Supplementary Fig. S4J and S4K). In the combination treatment, there
was higher colocalization of CD8þ T and DAPIþ unclassified cells,
evidenced by shorter nearest neighbor distances and higher interacting
fractions (Supplementary Fig. S4J and S4K). The majority of these
DAPIþ unclassified cells are likely to be CD45þCD8� leukocytes,
suggesting that these direct interactionsmight be required forCD8þT-
cell activation and a coordinated immune response.

In summary, fibrosis and low EpCAMþ–CD8þ T-cell interactions
are associated with tumor growth.

Molecular profiles of cellular subsets
To investigate how immunotherapy affected molecular profiles, we

collected CD45þ, EpCAMþ, and DN cells by FACS and performed
RNA-seq. Although the relative abundance of these cells did not vary
by treatment, growing tumors had a significantly lower proportion
of CD45þ cells (MWW, P ¼ 0.05) compared with stable tumors
(Supplementary Fig. S5A). PCA showed that DN and EpCAMþ cells

Figure 3.
The effect of immunotherapy on tumor progression.A, Schematic experimental outline. Yellow and turquoise lines indicate treatmentwith LY2157299 (LY) and anti–
PD-L1, respectively. Yellow lightning marks NMU injection. Red hexagon, experimental endpoint. B, Graphs depicting changes in diameter of tumors from the
immunotherapy cohort. C, Individual tumor growth rates. Quartiles and range are shown. P value calculated on the basis of comparison of treated versus vehicle
groups using aMann–Whitney–Wilcoxon test.D,Histogram depicting growth rate distribution and the local minimum (red dashed line) between the two peaks used
for growing/stable classification. E, Summary of tumor growth categories in each treatment group. P values were calculated using x2 test. F, Representative images
of H&E and trichrome staining. Scale bar, 100 mm.G, Graph depicting quantification of collagen content in stable and growing tumors and in the indicated treatment
groups. Shown are quartiles and range. P values calculated byMann–WhitneyWilcoxon test.H, Immunofluorescence analysis of SMA, CD8, and Ki67 in 10 stable and
nine growing tumors. Scale bar, 100 mm. White arrows, Ki67þCD8þ cells in direct contact with malignant cells. Blue arrows, stroma-restricted Ki67þCD8þ cells.
I, Graph illustrating quantification of immunofluorescence analysis of SMA, CD8, and Ki67 in stable and growing tumors. Shown are quartiles and range. P values
calculated by Mann–Whitney–Wilcoxon test. Tumor cellular composition analysis by automated cell classification from WSI scans of immunofluorescence images
stratified by treatment arm (J) or growth rate (K). Quartiles and range are shown. P values were calculated using the Mann–Whitney Wilcoxon test against vehicle.
L, Nearest neighbor distance analysis for CD8þ cells to all other cell types from WSI. Quartiles and range are shown. P values were calculated using the Mann–
Whitney–Wilcoxon test. All tests for significance used Mann–Whitney–Wilcoxon test using a threshold of P ¼ 0.05 unless otherwise specified; error bars
representative of SD; box-whisker plots indicate 0th, 25th, 50th, 75th, and 100th percentiles.
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Figure 4.

Tumor stromal characteristics of NMU-induced tumors in the immunotherapy-treated cohort. A, PCA plot of RNA-seq data of 34 CD45þ, double 29 negative (DN),
and 20EpCAMþ cell samples fromNMU-induced tumors harvested from immunotherapy treated rats.B,Heatmapof row-normalized Z-scores of genes differentially
expressed in CD45þ cells between vehicle (N¼ 12) and all immunotherapy-treated tumors (N¼ 22). Red and blue indicates HRlow and HRhigh tumors, respectively.
Green and orange marks stable and growing tumors, respectively. (Continued on the following page.)
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(Continued.)C, Immunecell type frequency estimationbasedonRNA-seqofCD45þ cells usingCIBERSORT.P values calculatedbyMann–Whitney–Wilcoxon test and
difference betweenmeans shown

�
, P <0.05.D,Volcano plot of genes differentially expressed in CD45þ cells between growing and stable tumors. Red points have a

(log2 fold change)>1.5 and adjusted P < 0.05, and named genes are known to be immune related. E, GSEA normalized enrichment scores of pathways enriched in
CD45þ cells from growing and stable tumors (FDR < 0.1). Gini index and number of unique clonotypes describing BCR (F) and TCR (G) repertoire heterogeneity in
growing versus stable tumors.P values calculatedusingMann–Whitney–Wilcoxon test. Immunofluorescence analysis of SMA,CD163, and complement factorD (CFD)
(H) and CD11b, CD3, and MHCII (I) in growing and stable tumors. Scale bar, 100 mm. All tests for significance used Mann–Whitney–Wilcoxon test using a threshold of
P ¼ 0.05 unless otherwise specified; error bars representative of SD; box-whisker plots indicate 0th, 25th, 50th, 75th, and 100th percentiles.

Figure 5.

Molecular profiles of inflammatory tumor epithelial cells from immunotherapy-treated cohort of NMU-induced tumors. A, GSEA between growing versus stable
tumors in CD45þ, DN (double negative), and EpCAMþ cells using the MSigDB Hallmark compendium. Red and blue indicates stable and growing enriched,
respectively, FDR < 0.05. B,Normalized single-sample gene set enrichment scores (ssGSEANES) of significant pathways in EpCAMþ cells of each tumor. Inset, gene
expression row z-scores of genes in the IL6–JAK–STAT3 signaling pathway. Hyperinflammatory tumors indicated in purple C, Immunofluorescence analysis of
inflammatory andnoninflammatory tumors for CD8, SMA, andCD74. Scale bar, 50 mm.D,Comparison ofCD8þT-cell frequency and intermixingwith EpCAMþ cells in
hyperinflammatory and noninflammatory tumors in WSI. Quartiles and range are shown. P values were calculated using Wilcoxon rank-sum test. E, Spearman
correlation of CD74 expressionwith leukocyte infiltration and TCR diversity in TCGA breast cancer cohort (N¼ 1,054 complete observations). F, Forest plot showing
HRswith 95%CIs frommultivariable Cox regression analysis usingCD74gene expression z-score, PAM50 subtype and tumor stage in TCGAbreast cancer cases. Log-
rank test P value: 3 � 10�9. All tests for significance used Mann–Whitney–Wilcoxon test using a threshold of P ¼ 0.05 unless otherwise specified; error bars
representative of SD; box-whisker plots indicate 0th, 25th, 50th, 75th, and 100th percentiles.
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Figure 6.

Molecular profiles of HRhigh tumor epithelial cells. A, Heat map of row-normalized Z-scores of DEGs between HRhigh growing and stable tumors in the EpCAMþ

fraction. B, Trichrome staining quantification comparing inflammatory with noninflammatory growing and noninflammatory stable tumors. Quartiles and range are
shown. P valueswere calculated usingWilcoxon rank-sum test between growing and all other tumors. C, Immunofluorescence analysis of HRhigh tumors for SMA and
ADAMTS10. Scale bar, 50mm.D,Spearman correlation ofADAMTS10 expressionwith inferred stromal content in TCGA luminal breast cancer cases (N¼ 564complete
observations). E, Forest plot showing HRs with 95% CIs from multivariable Cox regression analysis using ADAMTS10 gene expression z-score, PAM50 subtype and
tumor stage in TCGA luminal breast cancer cases HR ¼ 1.37 (0.97–1.95), log-rank P value ¼ 1 � 10�6. (Continued on the following page.)
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were more similar to each other than to CD45þ cells (Supplementary
Fig. S5B). Key immune-related genes, including Cd3, Cd8, Cd4,
showed CD45þ cell-specific expression, confirming sample purity
(Supplementary Fig. S5C). The EpCAMþ and DN populations shared
expression of epithelial-specific genes, including Krt8 and Epcam, but
the EpCAMþ cells had higher expression of Esr1 and Pgr, consistent
with their luminal features (Supplementary Fig. S5C). Genes specific to
DN cells included myoepithelial (Tp63), fibroblast (Fap), and endo-
thelial (Cdh5) cell markers, suggesting that this fraction was a mixture
of these cell types. Both EpCAMþ and DN cells expressed Mki67,
implying proliferation.

When comparing vehicle versus immunotherapy-treated samples
(all treatments pooled), the biggest separation was observed in the
CD45þ cell population, whereas EpCAMþ and DN cells overlapped
regardless of treatment (Fig. 4A). DEG analysis between vehicle-
and immunotherapy-treated tumors showed treatment-induced
downregulation of inflammatory genes in the CD45þ fraction, includ-
ing cytokines (Cxcl13) and complement factors (C1qc; Fig. 4B;
Supplementary Table S3). Very few genes were consistently upregu-
lated following immunotherapy except for B cell–related gene (Cd79b)
and Spp1 (osteopontin). Polychromatic flow cytometry did not show
significant differences in relative frequencies of specific immune cells
across treatments or growth rates (Supplementary Fig. S5D and S5E).

Analysis of the immunotherapy-treated DN fraction showed two
major phenotypes: inflammatory with higher expression of Il6, Cxcl2,
and Il13ra1, and metabolically active with activated replication and
heat shock signaling (Supplementary Fig. S5F). The vehicle-treated
DN fraction lay between these two extremes. Treatment-specific
comparisons revealed minimal differences in the LY and PD-L1 mAb
treated–tumors compared with the vehicle-treated ones, suggesting
that stromal composition and activity are relatively similar (Supple-
mentary Table S4). However, the combination treatment showed
significant differences in ECM remodeling and collagen genes, includ-
ing the downregulation of Mmp2, collagen, and fibrillin, consistent
with the difference observed with trichrome staining (Supplementary
Fig. S5G; Supplementary Table S3). The EpCAMþ cell population did
not show major differences upon immunotherapy, however, HRhigh

samples were transcriptionally more similar to each other compared
with the HRlow samples (Supplementary Fig. S5H and S5I; Supple-
mentary Table S3).

To assess whether cancer-driver gene mutations contributed to
treatment response or growth rate, we searched for these mutations
in our RNA-seq data (Supplementary Fig. S5J).We detectedmutations
in Foxa1, Tp53, Pten, Esr1, and Brca1, often in both EpCAMþ and DN
fractions. Setd2 (7/20 vs. 1/9, Fisher test P ¼ 0.4), Pms2 (10/20 vs. 1/9,
P ¼ 0.1), Casp3 (7/20 vs. 1/9 P ¼ 0.4), and Hras (5/20 vs. 1/9 P ¼ 0.7)
were more frequently mutated in growing tumors, although the differ-
encewas not significant due to small sample size.Hence, tumor stromal
and immune features may have a larger role in tumor progression.

Overall, we found that immunotherapies decreased tumor
growth mainly by affecting CD45þ cells. However, both “growing”

and “stable” responses were noted in all treatment arms, reflecting the
heterogeneity in response often observed in patients.

Myeloid cells and a complement-rich immune environment are
associated with tumor growth

To further explore changes in immune populations during tumor
growth, we analyzed differences in CD45þ cells of growing and stable
tumors from all treatment groups. CIBERSORT deconvolution of
CD45þ cell RNA-seq data revealed higher activated CD4þ T-cell
frequencies and lower frequencies of myeloid dendritic cells in stable
tumors (Fig. 4C). Genes enriched in stable tumors include Il21r, a
receptor involved in the differentiation of B, T, and NK cells (Fig. 4D).
GSEA showed an enrichment of terms associated with BCR, TCR, IL2,
and IFNg signaling, and NK-cell cytotoxicity in stable tumors
reflective of an antitumor immune response (Fig. 4E; Supplementary
Table S4). Consistent with this, stable tumors had significantly
higher BCR and TCR Gini index and higher numbers of unique BCR
clonotypes, whichmay reflect antitumor immune response–associated
clonal expansion (Fig. 4F and G).

In contrast, proportions of M2 macrophages, myeloid dendritic
cells, and monocytes correlated positively with tumor growth rate
(Fig. 4C). Growing tumors also had higher expression of Cd163 (33),
an M2-polarized macrophage marker, complement-related genes
(C1qa-c), and chemokines (e.g., Ccl12) commonly induced in macro-
phages (Fig. 4D; Supplementary Table S4). Immunofluorescence for
CD163 and complement factor D (CFD, aka adipsin) showed a higher
fraction of CD163þCFDþ macrophages in growing tumors (Fig. 4H).
Furthermore, CD11bþCD3�MHCII� myeloid-derived suppressor
cells (MDSC) were frequently found in growing tumors but only
rarely in stable tumors (Fig. 4I). These results suggest that recruitment
of MDSC and cells with a protumor M2-polarized macrophage
phenotype in growing tumors helps to establish an immunosuppres-
sive microenvironment (34), and that immunotherapies could inhibit
tumor growth by reversing this effect.

Stable HRlow tumors are characterized by an inflammatory
phenotype

Tumor immune microenvironments are modulated by both extrin-
sic and tumor-cell intrinsic factors that enable immune escape. GSEA
demonstrated an upregulation of NFkB-mediated TNFa signaling in
stable tumors across all cell populations (CD45þ, DN, EpCAMþ), and
IFN signaling was upregulated in EpCAMþ and DN but not in CD45þ

cells (Fig. 5A). The EpCAMþ fraction of stable tumors showed
enrichment for IL6–JAK–STAT3, IFNg , IFNa, and IL2–STAT5
signaling pathways, reflecting an inflamed immune environment
(Fig. 5B). This inflammatory phenotype was largely driven by a few,
mostly HRlow (4/5) stable (4/5) tumors with high expression of
inflammatory cytokine receptors, including Il6r and Tnsfr1a. The only
tumor in this group (P17T1) that was classified as “growing” had
started regressing before the animal was sacrificed (Supplementary
Fig. S6A).

(Continued.) F, Kaplan–Meier plot of DFS of patients with TCGA Lum A breast cancer segregated by “Luminal-growing” signature expression. Dark, medium, and
light blue curves represent terciles with high, medium, and low expression of the signature, respectively. HR, 95%CI, and log-rank P value from aCoxmodel using the
signature score as a continuous variable and accounting for stage are shown.G,Forest plot of showingHRand95%CIsmodeling contributions of the luminal-growing
signature, OncotypeDx, and Mammaprint to DFS in a Cox proportional hazards regression accounting for tumor stage in TCGA Lum A breast cancers. HR ¼ 1.78
(1.16–2.72), log-rank P ¼ 0.03. H, Spearman correlation of “Luminal-growing” gene signature with leukocyte infiltration and TCR diversity in TCGA Luminal breast
cancer cases (N¼ 553 complete observations) I, Spearman correlation between Luminal-growing signature score and plasmaMICA protein levels in ERþmetastatic
breast cancer cohort (N ¼ 19). J, Boxplot of luminal-growing signature score in PD-L1–positive and PD-L1–negative metastatic breast cancer samples. All tests for
significance usedMann–Whitney–Wilcoxon test using a threshold of P¼ 0.05 unless otherwise specified; error bars representative of SD; box-whisker plots indicate
0th, 25th, 50th, 75th, and 100th percentiles.
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Across these inflammatory samples we observed an upregulation of
many genes with immune ontologies, including MHCII genes (RT1-
Ba, RT1-DR, Cd74), neutrophil and macrophage stimulants (Csf3,
Cxcl3), and regulators of TCR signaling (Lck) as well as RAS (Rac2)
signaling (Supplementary Fig. S6B). By immunofluorescence, the
antigen presentation protein CD74 (35) was highly expressed in
inflammatory stable tumors in both tumor epithelial and SMAþ

cells (Fig. 5C). These inflammatory samples also had a higher fraction
of infiltrating CD8þ T cells (MWW, P ¼ 0.006), and higher
CD8þ-EpCAMþ intermixing measured by the Morisita-Horn
index (P ¼ 0.04) from WSI (Fig. 5D).

To confirm the clinical relevance of our findings, we analyzed The
Cancer Genome Atlas (TCGA) human breast cancer cohort (11) and
found thatCD74 expression correlated with leukocyte recruitment and
a more diverse TCR clonotype (Fig. 5E). Moreover, CD74 expression
was associated with longer overall survival after adjusting for patient
PAM50 subtype and tumor stage [HR¼ 0.73 (95%CI, 0.55–1.00), log-
rank P ¼ 3 � 10–9] (Fig. 5F). This inflammatory, high MHCII
phenotype has been observed in human cancers and is associated
with basal subtypes, high CD4þ and CD8þ T-cell infiltration and
longer progression-free survival (35, 36), which underscores the
fidelity with which this rat model recapitulates human breast tumor
biology and immunotherapy responses.

Adamst10 expression and fibrosis is associated with HRhigh

growing tumors
Next, we explored differences between stable and growing tumors in

the noninflammatory subgroup. As the noninflammatory subgroup
was enriched for HRhigh tumors compared with the inflammatory
subgroup (10/16 vs. 1/5, X2 test, P¼ 0.055), we focused specifically on
comparing stable versus growing HRhigh tumors to avoid subtype-
specific confounders. We derived a “luminal-growing” signature,
which featured upregulated genes involved in immune regulation
(Ikbke, Lmbr1L, Leng8); ECM remodeling and interaction with other
cells (Col5a1, Cdc42bpg, Adamst10); RNA processing and epigenetic
regulation (Pnisr, Setd7, Kmt5c; Fig 6A; Supplementary Table S4). In
contrast, immune pathways enriched in stable tumors included leu-
kocyte chemotaxis, IFN, IL, as well as BCR and TCR signaling
(Supplementary Fig. S6C; Supplementary Table S4).

As we observed greater encapsulation and lower collagen content in
growing tumors (Fig. 6B), we exploredwhether differences in immune
environments could be explained by fibrosis. ADAMST10, a protease
predicted to cleave fibrillins (37), was highly expressed in HRhigh

growing tumors, which we confirmed by immunofluorescence in both
SMAþ myoepithelial and tumor epithelial cells (Fig. 6C). In contrast,
inHRhigh stable tumors, ADAMTS10 expressionwas only detected in a
fraction of SMAþmyoepithelial cells and was absent in the epithelium.
In TCGA cohort, ADAMTS10 expression correlated with stromal
content (r ¼ 0.36, P ¼ 7 � 10�9; Fig. 6D) and was associated
with poor prognosis in ERþ tumors [HR ¼ 1.37(0.97–1.95), P ¼ 1
� 10�6; Fig. 6E), indicating the clinical relevance of our findings.
The high expression of Adamts10, Mgp (Matrix Gla protein), and
Spp1 (osteopontin) in luminal-growing tumors in combination with
high levels ofPlg (plasminogen) and Slpi (secretory leukocyte peptidase
inhibitor) in luminal-stable samples highlight the importance of ECM
remodeling and angiogenesis in tumor growth and immune responses.

Relatedness of immunotherapy-responsive HRhigh rat tumors to
human LumA immune-hot breast cancer

To determine the human relevance of our “luminal-growing” gene
signature, we computed signature scores in ERþ tumors in TCGA

cohort using single-sample GSEA (Supplementary Table S4). This
“luminal-growing” signature was associated with shorter DFS specif-
ically in Luminal A samples [HR¼ 1.7 (1.15–2.52), P¼ 0.02] (Fig. 6F)
and not in other subtypes (Supplementary Fig. S6D). It was also
associated with poor DFS in a Cox proportional hazards model
including Mammaprint (19) and OncotypeDx (18), indicating that
the signature captures prognostic information orthogonal to these
existing signatures [HR ¼ 1.78 (1.16–2.72), P ¼ 0.03] (Fig. 6G;
Supplementary Table S4). In addition, the signature negatively cor-
related with inferred leukocyte fraction (r ¼ �0.11, P ¼ 0.025) and
TCR diversity (r ¼ �0.28, P ¼ 7 � 10�9; Fig. 6H) indicating that
tumors with high expression of the “luminal-growing” signature could
be more immune cold. Consistent with this, TCGA Luminal A tumors
enriched for the “luminal-growing” signature showed lower activity of
antitumor immune pathways including leukocyte chemotaxis, phago-
some in antigen presentation, Th cell differentiation, IFNg signaling,
TCR and BCR signaling, and NK-cell cytotoxicity (Supplementary
Fig. S6E and S6F; Supplementary Table S4).

Finally, to specifically test if our “luminal-growing” signature was
able to predict response to immunotherapy in patients with ERþ breast
cancer, we applied it to RNA-seq data of primary tumors in an ERþ

metastatic breast cancer cohort treated with eribulin with or without
pembrolizumab (anti-PD-1; refs. 12, 13). Patients whose tumors had
high expression of the “luminal-growing” signature showed a trend for
longer overall survival only in the pembrolizumab-treated group
(Supplementary Fig. S6G). The “luminal-growing” signature was also
inversely correlated with plasma MHC class I chain-related gene A
(MICA) protein levels (Fig. 6I) and was enriched in tumors lacking
PD-L1 expression (Fig. 6J). MICA is a ligand for NKG2Dpresent on T
cells and NK cells (38). Tumor-cell shedding of MICA leading to
higher plasma levels has been associated with lower NKG2D expres-
sion on intratumoral T cells promoting immune evasion (38, 39).
These data imply that downregulation ofNKG2Dmaybe amechanism
of immune escape in a subset of luminal tumors and upregulation of
PD-L1 may not confer additional advantage explaining their lack of
response to pembrolizumab. However, due to the small size of this
cohort, validation in larger studies is necessary.

Discussion
Carcinogen-induced rat models of breast cancer were first devel-

oped over 50 years ago, but lost popularity following the advent of
genetically engineeredmouse and transplantablemodels (5).However,
rat models are regaining popularity as CRISPR–Cas9 enables genome
editing of any organism, and the higher similarity of rat mammary
tumors to human disease makes them especially useful as immuno-
competent preclinical models of breast cancer. Here, we describe what
we believe to be the first comprehensive genomic and immune
characterization of the NMU-induced SD rat mammary tumormodel,
and we demonstrate its similarity to human breast cancer. Although
this model holds great potential for preclinical testing of novel targeted
and immunotherapies, it is important to note differences from human
breast cancers, including the biphasic nature of these tumors, which
potentially reflects human adenomyoepitheliomas; their mutational
burden, which aligns more closely to human melanoma; and their
limited invasiveness and metastatic spread.

However, gene expression patterns clearly show resemblance to a
spectrum of luminal and TNBC. Moreover, the NMU-induced
mutations and the evolution of these tumors in their endogenous
microenvironment under immune selection mimics the immunoe-
diting that occurs in human breast cancer, making this model useful
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for immunotherapy studies. A subset of the NMU-induced mam-
mary tumors were luminal ERþ, which is the most common form of
human breast cancer but is not well represented by most murine
models. ERþmouse mammary tumors driven by PIK3CAH1047R (40)
or deletion of STAT1 (41) do not reproduce the genetic and
phenotypic heterogeneity of NMU-induced mammary tumors in
outbred SD rats. Furthermore, the mutation and neoantigen rep-
ertoire of those mouse tumors are more limited, which impacts their
immune environment and response to immunotherapies. Given
that immunotherapy response and mechanisms of immune evasion
are tightly associated with tumor-intrinsic subtype, intratumor
heterogeneity, and interindividual differences, the ability to reca-
pitulate these key aspects of the human disease makes this rat model
particularly relevant.

As a proof of principle, we tested the response of NMU-induced
mammary tumors to combined PD-L1 and TGFb inhibition given that
our gene expression data showed high activity of TGFb-regulated
processes, including ECM remodeling and MDSC accumulation in
large tumors. Combined PD-L1 and TGFb inhibition has also shown
promise in urothelial cancer (42), and in mouse models of breast and
colon cancer (43). We found durable responses after a single cycle of
combination treatment in early tumors. Our data suggest that immune
exclusion could be due to high expression of complement proteins
leading to macrophage recruitment and M2 polarization. The com-
plement system plays an important role in cell–cell interactions and
has been implicated in protumor inflammation in human cancers (30).
An inflammatory microenvironment has been reported to promote
the recruitment of MDSCs via C5a (44) and M2-polarized
macrophages via CCL2 (45), and to inhibit activation of CD8þ T cell
via C3-mediated IL10 blocking of T cells (46). Consistent with this,
we saw an enrichment of CFDþCD163þ macrophages and
CD11bþCD3�MHCII�MDSCs in growing tumors, both features that
have been associated with resistance to immunotherapy (47). These
data support the targeting of complement, macrophages, and MDSCs
to improve the efficacy of immune therapies; indeed, for macrophages
there is already promising preclinical data along these lines (48).
However, systemic inhibition of TGFb is not a feasible approach due
to cardiovascular and skin toxicities and induction of secondary
tumors in animal models (49). Nonetheless, localized, cell type–
specific targeting of TGFb has been achieved along the integrin
aVb6–TGFb axis (50), which was shown to sensitize PD-L1–resistant
TNBC murine models to PD-L1 blockade (51).

Another key challenge for immunotherapies is the lack of effective
predictive biomarkers to identify the patients most likely to respond.
PD-L1 expression has been commonly used for patient enrollment but
does not necessarily predict patient response to treatment (52). Here,
we show that intratumoral spatial distribution of immune cells and
ECM are associated with tumor growth. Although recruitment of
CD8þ T cells was not significantly different between stable and
growing tumors, the mean distance between these and cancer cells
was significantly smaller in stable tumors. Intrinsic tumor character-
istics might modulate the ECM and stromal cells resulting in immune
exclusion. In line with this, resistance mechanisms include fibrosis,
cancer-associated fibroblast-mediated upregulation of immune check-
point proteins in T cells (53), and downregulation ofMHCmachinery.
We found CD74, a protein involved in antigen processing, as an
alternate biomarker for hyperinflammatory HRlow tumors that may
benefit from immunotherapy. Furthermore, contrary to the current
literature advising against immunotherapy for ERþ patients due to low
HLA expression and T-cell recruitment (54), we demonstrated that
some HRhigh tumors respond to immunotherapy. Characterization of

the nonresponding HRhigh tumors revealed an immune-cold pheno-
type, higher expression of epigenetic regulators and ECM modulators
including ADAMTS10. Inhibition of epigenetic enzymes (55) and
microenvironmental reprogramming by antiangiogenic agents or
angiotensin receptor blockers have been shown to enhance the efficacy
of immunotherapies in preclinical models (56). Although further
validation is warranted, the NMU-induced mammary tumor model
provides an effective starting point to identify potential biomarkers,
mechanisms of resistance, and novel therapeutic strategies that may
synergize with immunotherapy, including endocrine therapies and
CDK4/6 inhibitors, which are the current standard of care in ERþ

breast cancer.
It is important to note that our observations were made in pre-

invasive tumors that are distinctive to this rat model. However, the
predictive power of our gene signatures in advanced human breast
tumors suggests that immune evasion is an early step of tumor
evolution and that the underlying mechanisms are maintained in
late-stage disease. Our observation that short-term treatment with
immunotherapy, especially combined TGFb and PD-L1 inhibition, of
early-stage tumors results in durable responses underscores the
importance of tumor stage for immunotherapy. Clinical trial results
showing improved responses in neoadjuvant and adjuvant setting
compared with metastatic disease also confirm this (57).

In summary, we characterized a carcinogen-induced model of
breast cancer in rats that is amenable to preclinical testing and
elucidated mechanisms of response and resistance to immunother-
apy. Our results using this model warrant the evaluation of PD-1/
PD-L1 immunotherapy in combination with TGFb inhibition in
early-stage breast cancer and identified a subset of ERþ patients that
may benefit from immunotherapy. This is an important first step
toward the larger goal of widening patient eligibility and patient
response to immunotherapy, in particular by preventing progres-
sion of disease at an earlier stage.
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