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ABSTRACT

Background Progress in breast cancer (BC) research
relies on the availability of suitable cell lines that can be
implanted in immunocompetent laboratory mice. The best
studied mouse strain, C57BL/6, is also the only one for
which multiple genetic variants are available to facilitate
the exploration of the cancer-immunity dialog. Driven by
the fact that no hormone receptor-positive (HR*) C57BL/6-
derived mammary carcinoma cell lines are available, we
decided to establish such cell lines.

Methods BC was induced in female C57BL/6 mice using
a synthetic progesterone analog (medroxyprogesterone
acetate, MPA) combined with a DNA damaging agent
(7,12-dimethylbenz[a]anthracene, DMBA). Cell lines were
established from these tumors and selected for dual
(estrogen+progesterone) receptor positivity, as well as
transplantability into C57BL/6 immunocompetent females.
Results One cell line, which we called B6BC, fulfilled
these criteria and allowed for the establishment of invasive
estrogen receptor-positive (ER*) tumors with features of
epithelial to mesenchymal transition that were abundantly
infiltrated by myeloid immune populations but scarcely

by T lymphocytes, as determined by single-nucleus RNA
sequencing and high-dimensional leukocyte profiling.
Such tumors failed to respond to programmed cell death-1
(PD-1) blockade, but reduced their growth on treatment
with ER antagonists, as well as with anthracycline-

based chemotherapy, which was not influenced by T-cell
depletion. Moreover, B6BC-derived tumors reduced their
growth on CD11b blockade, indicating tumor sustainment
by myeloid cells. The immune environment and treatment
responses recapitulated by B6BC-derived tumors diverged
from those of ER* TS/A cell-derived tumors in BALB/C
mice, and of ER™ E0771 cell-derived and MPA/DMBA-
induced tumors in C57BL/6 mice.

Conclusions B6BC is the first transplantable HR* BC

cell line derived from C57BL/6 mice and B6BC-derived
tumors recapitulate the complex tumor microenvironment
of locally advanced HR* BC naturally resistant to PD-1
immunotherapy.

2% Guido Kroemer

"2 Carlos Lopez-Otin,®
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Hormone receptor-positive (HR+) breast cancer
(BC) is the most commonly diagnosed and lethal
neoplasm affecting women and remains so far
resistant to immune checkpoint blockers such as
programmed cell death-1 (PD-1). Preclinical mouse
models accurately modeling the complex immune-
context of advanced HR+BC are limited, explaining
the lack of HR+BCcell lines transplantable into the
most commonly used mouse strain (C57BL/6).

WHAT THIS STUDY ADDS

= In our study we generated the first transplantable
HR* BC cell line derived from C57BL/6 mice, named
B6BC. On inoculation in syngeneic counterparts
B6BC-derived tumors recapitulate the complex tu-
mor microenvironment of HR* BC naturally resistant
to PD-1 immunotherapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study provides a promising preclinical tool to
better understand HR+BC (immuno)mechanisms
and favor the development of (immuno)therapies,
especially in the context of PD-1 resistance.

INTRODUCTION

Breast cancer (BC), the most prevalent
malignancy developing in women (currently
affecting one in eight to nine women), is diag-
nosed every year more frequently.' This is in
part explained by the improvement in diag-
nostic tools and population screenings,” but
also by the increasing exposure of women to
BC risk factors including early menarche, low
fertility, obesity, poor lifestyle and advanced
age.”
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At diagnosis, the degree of tumor invasiveness distin-
guishing early, locally advanced and metastatic disease
(with the so-called ‘Tumor - lymph Node - Metastasis’
or TNM stage) and of positivity for the hormone recep-
tors (HR) estrogen receptor (ER) and/or progesterone
receptor (PR), as well as for ERBB2/HER?2 receptor, will
determine BC therapeutic choices.” HR-positive (HR'
ERBB2") tumors represent almost 70% of all diagnosed
BC cases.! HR" and HER2-positive (HR' or HR” ERBB2")
BCs in early-stage disease are generally managed with
local therapy (such as surgery) together or not with
systemic (neo-)adjuvant therapies targeting HR and
ERBB2, respectively, accompanied in some cases by
chemotherapy. Such systemic therapies and others (like
CDK4/6 inhibitors for HR" BC) are frequently the sole
therapeutic option for locally-advanced and metastatic
HR' and HER2" BC, as well as for triple-negative breast
cancer (TNBC or HR” ERBB2") carcinomas.”

Despite these treatment differences among BC subtypes,
in all of them the clinical efficacy of chemotherapy
invariably relies on antitumor immune responses.*”
Anthracycline-based neoadjuvant chemotherapy stim-
ulates the invasion of BCs by tumor-infiltrating lympho-
cytes (TILs) in those patients who exhibit complete
pathological responses, and prior infiltration by T cells
predicts the long-term outcome of adjuvant chemo-
therapy.” ® Immunotherapies targeting programmed cell
death-1 receptor (PD-1) on T lymphocytes have recently
been incorporated into the clinical management of
TNBC in combination with chemotherapy.”™ However,
similar immunotherapy combinations have failed against
HR' BC,"” " which still represents the BC subtype with
the highest number of patients that relapse and die.' > Of
note, HR" BC is considered the less infiltrated BC subtype
regarding TIL density, indicative of a particular
‘lymphocyte-cold’ tumor microenvironment.'” However,
HR" BC are also infiltrated by the heterogeneous myeloid
immune cell compartment, which comprises, among
others, neutrophils, macrophages and dendritic cells with
context-dependent protumorigenic and antitumorigenic
effects.’”” ¥ Immunotherapies targeting these cells are
nowadays underdeveloped compared with T cell-targeted
therapies. However, current efforts to decipher tumor
myeloid heterogeneity promise futures advances in this
field."

The limited availability of suitable preclinical
models that accurately model the complex immune-
context of HR" BC may also contribute to the current
‘immunotherapeutic-desert’.'* Such immunocompetent
mouse models are essential for the present and future
development of efficient long-lasting (immuno-) ther-
apeutic strategies.15 In immunocompetent mice, BC
can be induced by transgenic expression of oncogenes
in mammary epithelial cells'® or by chemical carcino-
genesis, which typically involves the combination of PR
agonists, such as medroxyprogesterone acetate (MPA)
for inducing the proliferation of mammary epithelia,
and DNA damaging agents, such as 7,12-dimethylbenz[a]

anthracene (DMBA) to drive mutagenesis.”_19 MPA/
DMBA-induced tumors are mostly HR" and under natural-
and chemotherapy-induced antitumor immunosurveil-
lance, but are resistant to single agent immunotherapy
targeting PD-1, rendering this model a suitable tool for
the exploration of primary immunotherapy resistant HR"
BC."” Unfortunately, MPA/DMBA-induced tumorigenesis
requires up to 9 months,'”” ' making it time-consuming
and less affordable than cell-line derived models, which
rely on the orthotopic injection of transplantable BC cells
into the mammary fat pad of syngeneic recipient mice."”
In this context, it is noteworthy that HR" BC cell lines
transplantable into C57BL/6 mice are not available."
C57BL/6 is the most widely used inbred mouse strain and
the only one for which thousands of genetically modified
substrains are available.?’ For this reason, we decided to
establish an HR" BC cell line that would be transplantable
to syngeneic C57BL/6 mice. Here, we report a strategy
for establishing such cells and detail the molecular and
immunological properties of the first transplantable,
HR" BC cell line derived from C57BL/6 mice, that we
named B6BC. We compared these cells with the MPA/
DMBA-induced tumor from which they derived and with
commonly used syngeneic transplantable BC cell lines
including TS/A (HR" ERBB2™ from the BALB/C mouse
strain?), E0771 (also known as EO771) and AT-3 (both
HR™ ERBB2™ from C57BL/6 mice'? %2 23). Tumors arising
from the newly generated B6BC cells mimic features of
the tumor immune microenvironment of human HR'
BC, in particular, with respect to anti-PD-1 resistance.

MATERIALS AND METHODS

Cell culture and chemicals

Murine BC primary culture cell lines were established
in-house as later specified, TS/A cells were a kindly gift
of Dr Clothilde Thery (Institut Curie, Paris, France) and
E0771 and AT-3 cells of Dr Laurence Zitvogel (Institut
Gustave Roussy, Villejuif, France). Human BC cell lines
MCF-7, BT-474 and BT-549 were kindly provided by the
cell culture facility of CEINGE-Biotecnologie Avanzate
s.c.aarl. (Naples, Italy). All cell lines were cultured as
indicated in online supplemental materials. Unless spec-
ified otherwise, all reagents were purchased from Sigma-
Aldrich, cell culture and tissue processing media and
supplements were purchased from Gibco-Life Technolo-
gies and plasticware from Corning.

Cell treatments and proliferation assay

BC cells were seeded at 2—7><103/we11 in 96-well plates,
allowed to adhere for at least 24 hours and treated with
fulvestrant (Ref: S1191), RU-486 (Ref: S2606), lapatinib
(Ref: S2111), ribociclib (Ref: S7440) (all from Selleck
Chemicals), abemaciclib (Ref: T2381) and BLZ945
(Ref: T6119) (from TargetMol), 4-hydroxytamoxifen
(4-OHT; Ref: H7904) and mitoxantrone (MTX, Ref:
M6545) (from Sigma-Aldrich) or corresponding vehicles
at the concentrations indicated in the figure legends.
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Hormone-depleted medium was used for 4-OHT, fulves-
trant and RU-486. Four hours before time point accom-
plishment, 10pL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-dip
henyl-2H-tetrazolium bromide (MTT) (5mg/mL) was
added to all wells. To dissolve formed formazan crystals,
then medium was replaced by 100pL of dimethylsulf-
oxide, incubated for 15 min with cells and absorbance was
measured at 570 nm. Data were analyzed as specified in
online supplemental materials.

RNA extraction and RT-qPCR

Total RNAs were extracted from snap-frozen microdis-
sected tissues and cultured cells using RNeasy Mini Plus
Kit (Qiagen) following the manufacturer’s protocol. To
perform real-time quantitative reverse transcriptase poly-
merase chain reaction (RT-qPCR), first 1 pg of total RNA
was reverse transcribed using SuperScript III Reverse
Transcriptase (Thermo Fisher Scientific) with deoxyribo-
nucleotide triphosphate (dNTPs) and random primers
(Promega) and, second, 40ng of complementary DNA
(cDNA) were amplified with specific TagMan probes
(Thermo Fisher Scientific) (see online supplemental
materials for details) on a StepOne Real-Time PCR
System (Applied Biosystems) with the following running
conditions: 50°C for 2min, 95°C for 2min followed by 40
cycles of target gene amplification (95°C for 1s and 58°C
for 20s). Data were analyzed as specified in online supple-
mental materials.

Protein extraction and western blot

Thirty micrograms of total cell protein from snap-frozen
microdissected tissues and cultured cells were loaded
onto 4-12% polyacrylamide gel (Invitrogen) and trans-
ferred to a 0.2pM polyvinylidene fluoride membrane
(Bio-Rad) as further detailed in online supplemental
materials. Membranes were blocked for unspecific anti-
body binding and incubated with suitable primary and
secondary antibodies (see online supplemental mate-
rials) before development by chemiluminescence-based
detection with Amersham ECL Prime (GE HealthCare)
following manufacturer’s instructions. Images were
acquired using the ImageQuant LAS 4000 software-
assisted imager (GE HealthCare).

Animals

Six to nineweeks old female C57BL/6 or BALB/C mice
were purchased from Envigo (UK) and housed in a
pathogen-free, temperature-controlled environment
with 12-hour day and night cycles. The animals received
water and food ad libitum and were allowed to acclimate
for at least 1week. Animal experiments were conducted
in compliance with the EU Directive 63/2010 and with
protocol #22678 by the local Ethical Committee (‘C.
Darwin’ registered at the French Ministry of Research).

MPA/DMBA tumor induction and monitoring

MPA/DMBA tumors were induced as previously
described' (see also online supplemental materials).
Mice were routinely examined for tumor development

by palpation and established tumors were monitored by
caliper measurement. Tumor surface was calculated with
the formula = ((lengthxwidth)xn) /4. When total tumor
mass (which may comprise several tumors) reached a
size >1.8cm” or if the animals showed signs of distress,
mice were euthanized by cervical dislocation and tumors
were harvested for posterior analyses and processed to
generate cancer cell lines.

Generation of cancer cell lines

MPA/DMBA tumors were mechanically and enzymati-
cally dissociated using mouse tumor dissociation kit and
gentleMACS Octo Dissociator with heaters (Miltenyi
Biotec) following the manufacturer’s instructions under
sterile conditions. Tumor cell suspensions were washed
in cold HF solution (consisting of phenol red-free Hank’s
Balanced Salt Solution supplemented with 10 mM 4-(2-h
ydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
and 2% fetal bovine serum (FBS)) and erythrocytes
removed using red blood cell lysis buffer (BioLegend).
Remaining cells were further dissociated with trypsin-
EDTA (0.25%) and pre-warmed dispase solution (5U/
mL dispase (Worthington Biochemical) in DMEM/F12
media), before filtration through 70pM strainers and
further wash with HF solution. All centrifugation steps
were performed at 400xg for 5min. Single cell suspen-
sions were plated on pre-warmed serum/fetuin-coated
flasks (prepared by incubation of 2mg/mL fetuin
in DMEM/F12 with 20% FBS media for 1hour) and
cultured as specified in online supplemental materials.
Medium was replaced after 24 or 48 hours from seeding.
When first cell confluence was achieved, primary cultures
were (partially) depleted in fibroblasts by differential
resistance to trypsinization with TrypLE. Cell cultures
were routinely checked and passed when cell confluence
was of 70-80%.

Tumor growth of transplantable syngeneic mouse cell lines
Female mice were injected with 5x10° cells (for all primary
cultures shown in figure 1C except B6BC cell lines (CL)
cells), 2x10° B6BC CL, 7.5x10*TS/A CL, 1x10° E0771
CL, 5x10° AT3 CL cells in 150 pL of phosphate buffered
saline subcutaneously (s.c.) into the right mammary fat
pad. Tumor growth and animal survival were monitored
as abovementioned for MPA/DMBA tumors and mice
were sacrificed by cervical dislocation when total tumor
mass reached an average size of 0.5-1 cm? (for cytofluoro-
metric, histological and single-nucleus RNA sequencing
(snRNAseq) analyses for B6BC TT) or >1.8 cm? (for treat-
ment response assessment and snRNAseq analyses of
B6BC OT) or if depicting signs of discomfort.

Treatment of established mouse tumors

When tumors reached a surface of approximately
20-30 mm?, mice were randomized based on tumor size
and treated with tamoxifen (10 pg/mL in drinking water;
Ref: T5648, Sigma-Aldrich), fulvestrant (5mg/mouse;
Ref: S1191, Selleck Chemicals), MTX (5.17mg/kg;
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Figure 1 Generation and selection of a hormone receptor positive cell line from C57BL/6 mice transplantable to syngeneic
immunocompetent counterparts. (A) Schematic representation of the schedule for mouse tumor induction by MPA/DMBA
administration and for the subsequent generation of primary culture cell lines (CL) in three different media (medium 1-3) from
the original MPA/DMBA tumors (OT) collected at the endpoint. Established cell lines were then injected subcutaneously (s.c)

in the mammary fat pad of immunocompetent tumor-naive C57BL/6 female mice generating transplanted tumors (TT). (B)
Tumor-free survival (TFS) of the five C57BL/6 female mice developing the six original MPA/DMBA tumors (named OT1 to OT6)
from which eight primary culture cell lines (called B1BC CL to B8BC CL) were established and give rise to eight transplanted
tumors (named TT) when inoculated in syngeneic mice. (C) Tumor growth of original MPA/DMBA tumors (OT1 to OT6, n=1;
black lines) compared with their cell line-derived tumors (B1BC TT to B8BC TT) once orthotopically transplanted in C57BL/6
female mice (n=2-5). The graphs show tumor size average+SEM pooled for graphical purposes. (D) RT-gPCR quantification of
estrogen receptor o, (ER o, Esr1) and progesterone receptor (PR, Pgr) gene expression levels on established cell lines (B1BC
CL to B8BC CL) and the commonly used murine BC cell lines TS/A, E0771 and AT-3. Column graph shows average of 2%
values+SEM. Dots depict n=3 frozen cell pellets, each one assessed in one individual experiment out of three. Selected B6BC
CL is highlighted in red. (E) Immunoblotting assessment of ERo and PR for TS/A, AT-3, B6BC and E0771 cell lines and original
or transplanted tumors, as well as appropriate controls. Representative image of one membrane out of three. (F) Histological
and molecular characterization of B6BC OT and its cell-line derived B6BC TT by hematoxylin-eosin-saffron staining (HES,

first left panel) and immunochromogenic-staining of ERa, PR and the proliferation marker Ki-67. Scale bars: 100 um. (G)
Quantification of the percentage of positive nuclei among total nuclei for the stainings shown in figure 1F for B6BC OT (n=1) and
TT and on TS/A, E0771 and AT-3 cell line-derived tumors (from online supplemental figure 1G) (n=4-10). Column graph shows
average+SEM. Dots depict individual mice analyzed. Stats were calculated using ordinary one-way analysis of variance with
multiple comparisons corrected with Dunnett’s post hoc test. Exact p values for the comparisons performed are indicated in the
graph. BC, breast cancer; DMBA, 7,12-dimethylbenz[alanthracene: ERa, estrogen receptor alpha; MPA, medroxyprogesterone
acetate.
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Ref: M6545, Sigma-Aldrich) or corresponding vehicles
as well as with the following antibodies (all from Bio X
Cell): anti-PD-1 (200 pg/mouse; Ref: BE0273), anti-CD4
(100 pg/mouse; Ref: BE0003-1) and anti-CD8 (100pg/
mouse; Ref: BE0061) or anti-CD11b (200pg/mouse;
Ref: BX-BE0007) or with corresponding matched-isotype
controls (Ref: BE0089, BE0090). Treatment frequen-
cies appeared on figure legends and detailed on online
supplemental materials. Researchers were not blinded to
treatment arms.

Immunofluorescence cytofluorometric analyses

Freshly harvested tumors were dissociated to single cell
suspensions and stained with fluorochrome-conjugated
immune phenotyping antibodies for lymphocyte and
myeloid populations for flow cytometry purposes as previ-
ously described'” and detailed in online supplemental
materials. Fully stained samples were run through a BD
LSRFortessa X-20 Cell Analyzer using BD FACSDiva
software (BD Biosciences). Post-acquisition analyses
were performed using Omiq.ai (https://app.omiq.ai/)
following the recommended pipeline (see also online
supplemental materials).

Histological analyses of mouse tumors

Dissected tumors were fixed in 4% paraformaldehyde
before paraffin embedding. Freshly cut 5-6 pm sections
were dewaxed before: (i) staining with Mayer’s hematox-
ylin, eosin and saffron (HES), (ii) chromogenic immu-
nohistochemistry of estrogen receptor alpha (ERa), PR,
Ki67, pan-cytokeratin, 0-SMA, p63 and vimentin with
3,3’-diaminobenzidine or (iii) multiplex immunofluo-
rescence labeling of lymphocytes (using CD3, CD4, CD8
and FoxP3 antibodies) with Akoya Opal (Opal 520, 570,
690 and 780, Akoya Biosciences) tyramid signal amplifica-
tion, as detailed in online supplemental materials. Whole
slides were imaged and analyzed as specified in online
supplemental materials.

snRNAseq of frozen tumors

Total nuclei were extracted from snap-frozen microdis-
sected tumors following the protocol described in** and
detailed in online supplemental materials, and loaded
in the Chromium Controller with a targeted recovery of
8000 nuclei. snRNAseq libraries were generated using
the 10x Genomics Chromium Single Cell 3" kit V.3.1
and the 10x Chromium Controller (10x Genomics),
according to the 10x Single Cell 3" V.2 protocol. cDNA
was purified with Dynabeads and amplified by 16 cycles
of PCR (98°C for 45s, (98°C for 20s, 67°C for 30s, 72°C
for 1 min) x 16, 72°C for 1 min). The amplified cDNA was
fragmented, end repaired, ligated with index adaptors
and size selected with cleanups between each step using
the SPRIselect reagent kit (Beckman Coulter) before
barcoded library quality control with the Agilent Bioana-
lyzer. Libraries were sequenced by IntegraGen (https://
integragen.com/) on an Illumina NovaSeq 6000 as a 100
base paired-end reads. Full FASTQ files were aligned to

the reference mouse genome GRCm38 using STAR in the
Cell Ranger pipeline from 10x Genomics.

snRNAseq analyses

All snRNAseq analyses were conducted with Seurat V.4.3
R package on R V.4.2.2 (https://www.r-project.org).”
Individual sample data were filtrated and nuclei with
more than 15% of mitochondrial genes were excluded.
Nuclei with more than 1.000 RNA counts and 500
expressed genes in B6BC original tumor (OT) and more
than 500 RNA counts and 300 expressed genes in B6BC
transplanted tumors (TT) were retained for subsequent
analyses. Filtered data were normalized and the 5.000
more variable features were identified using ‘vst’ method
to select features and anchors for data integration of
individual data sets. The merge data set was then used
to perform classical Seurat analysis pipeline with data
scaling and scanning for actual most variable features
on principal component analysis (PCA) (explained by
20 first principal components) before dimensionality
reduction by uniform manifold approximation and
projection (UMAP). To segregate single cells in clusters,
we performed clustering by ‘Shared Nearest Neighbors’
algorithm on the PCA dimensional-reduced integrated
data with a resolution value=0.05 to retrieve the five main
cell clusters within all cells and a resolution value=0.6
for the eleven leukocyte subclusters within the immune
cell cluster. Cell clusters were analyzed using ‘MAST’
method®® for differential expressed genes (DEG) among
other cell clusters and among tumors with a threshold
of (adj) p value<0.05; log, fold change >1, corrected by
Bonferroni. This gene list was used for Gene Ontology
(GO) analysis with g:Profiler website tool (https://biit.
cs.ut.ee/gprofiler/gost) with a significance threshold of
(adj) p value<0.05 adjusted by the Benjamini-Hochberg
procedure (false discovery rate).?’” GO terms for graph-
ical representation were selected taking into account the
number of genes of interest contained in that GO term
normalized by the number of total genes constituting
the GO term (called % term size) with different thresh-
olds for each cluster adapted to the number of genes of
interest. Volcano plot representation of DEG was done
with EnhancedVolcano V.1.14 (https://github.com/
kevinblighe /EnhancedVolcano) while gene density plots
on UMAPs were generated with plot_density function
from the Nebulosa R package V.1.6.® The heatmap was
done using ComplexHeatmap package V.2.12.1% with
gene expression converted by the score:

-1 Gene; expression + 50
score = 1082 \ Gene; total expression + 50

Statistical analyses

All in vitro data are presented as average+SEM of at least
two technical replicates from at least three different
samples of at least three independent experiments while
all ex vivo data is presented as average+SEM of the total
number of samples. For most in vitro and ex vivo data,
statistical significance was calculated using GraphPad
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Prism software V.6 and V.9.5 and the tests indicated in
the figure legends. For MTT cell proliferation assays,
p values were extracted from the coefficients that are
specific to a given treatment at a given time compared
with time-matched vehicle-treated controls according
to the function ‘lm(CellProliferation~time/treatment+-
experiment)’ of R (see online supplemental materials).
Heatmap of online supplemental figure 1C was done
using https://software.broadinstitute.org/morpheus/.

In vivo data representation and mouse numbers are
indicated in the figure legends. Statistical analyses for
tumor growth (TG) and survival curves were performed
on the raw data (tumor area over time for each mouse)
of individual or pooled experiments considering all
measured days until the following day the first mouse in
either group compared was sacrificed (for TG) or until
all mice achieved tumor endpoint (for survival) and were
calculated using TumGrowth web tool (https://kroe-
merlab.shinyapps.io/TumGrowth/) (see online supple-
mental materials for further details).

RESULTS

Generation and selection of a transplantable ER* BC cell line
Induction of orthotopic mammary tumors in C57BL/6
female mice with MPA/DMBA'" ® (figure 1A), led to
the development of six OT, dubbed OTI to OT6, in
mammary glands from five animals (two tumors, OT2
and OTS3, developed in the same mouse). Tumors
appeared with variable intervals of latency (figure 1B)
and showed distinct growth kinetics (figure 1C). At the
indicated time points (figure 1C), OT were harvested
and processed to establish primary cultures that were
passaged to generate eight CL called BIBC CL to B8BC
CL (figure 1A,B) (see Materials and Methods). On rein-
jection into the mammary fat pads of tumor-naive female
C57BL/6 mice, all CL led to the generation of TT named
BIBC TT to BS8BC TT (figure 1A,C), overcoming the
previously reported immunological rejection of MPA/
DMBA-derived CL in C57BL/6 mice.'” This may be in
part explained by the injection of 10 times more cancer
cells, leading to variable growth rates of TT, not always
resembling those observed for OT (figure 1C, online
supplemental figure 1A).

Next, to select an HR" cell line, we quantified the expres-
sion of Esrl (encoding ERa, the clinically relevant subunit
of ER) and Pgr (for PR) by RT-PCR on the eight generated
tumor CL and in three commonly employed mouse BC
CL (TNBC AT-3% and E0771% cells from C57BL/6 mice
and ER" TS/A cells from BALB/C mice®"). Although the
generated tumor CL derived from Esrl-expressing and/
or Pgrexpressing OT (online supplemental figure 1B),
only B6BC CL cells continued to express high levels of
both Esrl and Pgrmessenger RNAs (mRNAs), thus exhib-
iting dual HR positivity (figure 1D). The expression of
ERo and PR by B6BC CL cells was also confirmed at the
protein level by immunoblot analysis (figure 1E). Using
RT-PCR, we also evaluated the expression of Erbb2 and

other epithelial markers in all CL (online supplemental
figure 1C). mRNA and protein levels of Erbb2 were
concordant and low in B6BC CL cells (online supple-
mental figure 1D) as well as in other mouse CL. Accord-
ingly, we selected the transplantable ER" PR" B6BC CL for
further characterization.

In the first step, we compared cell line-derived B6BC
TT to the original B6BC tumor (B6BC OT) and to refer-
ence cell line-derived tumors (TS/A TT, AT-3 TT and
E0771 TT). Histologically, B6BC OT appeared as a multi-
focally invasive solid mammary adenocarcinoma mainly
composed of numerous cords and islands (CI) of closely
packed neoplastic epithelial cells with minimal glandular
differentiation, embedded within a moderately abun-
dant fibrovascular-mucinous stroma (figure 1F HES,
online supplemental figure 1E,I). In contrast, B6BC TT
were poorly delineated, densely cellular invasive malig-
nant tumors composed of monomorphic spindle-shaped
neoplastic cells within an inconspicuous connective tissue
stroma (figure 1 HES, online supplemental figure 1I),
resembling in some aspects more to TS/A than to AT-3
or E0771 TT (online supplemental figure 1G HES, I).
Immunohistochemical analyses confirmed nuclear ERo
expression in B6BC OT (although restricted to epithelial
CI) and B6BC TT, with a lower proportion of ERo posi-
tive cells and ERo all-red score in the latter (figure 1E-G,
online supplemental figure 1F,H left panel). In contrast,
nuclear PR was totally absent in B6BC TT and only
expressed by epithelial CI within B6BC OT, indicating PR
downregulation on transplantation (figure 1E-G, online
supplemental figure 1F,H right panel). As expected, TS/A
TT were ER" PR while AT-3 and E0771 TT were ER” PR
(figure 1E and G, online supplemental figure 1G,H). The
percentage of proliferating (nuclear Ki67") cells seemed
to increase in B6BC TT compared with the neoplastic
epithelial CI of OT, however both tumors exhibited much
lower proliferative indices than TS/A, AT-3 and E0771 TT
(figure 1G, online supplemental figure 1G,I).

Altogether these results identified B6BC CL as a synge-
neic ER" PR" BC cell line able to generate transplantable
ER" malignant mammary tumors on inoculation into the
mammary fat pad from C57BL/6 mice.

B6BC CL and TT are sensitive to HR-targeting therapies

To evaluate HR functionality in B6BC CL we antag-
onized ER activity with the selective ER modulator
4-hydroxytamoxifen (4-OHT) and the ER downregulator
fulvestrant, while we blocked PR with the mixed proges-
terone/glucocorticoid receptor antagonist RU-486 (mife-
pristone). B6BC CL proliferated less on treatment with
4-OHT, fulvestrant and RU-486 already after 24hours
post-treatment (figure 2A, red bars). This response
was comparable to that observed in the human ER"
PR" MCF-7 BC cell line (figure 2A, green bars), which
is notoriously estrogen-dependent.” Consistent with
their low Erbb2 expression (online supplemental figure
1C,D), B6BC, TS/A and E0771 CL did not respond to
the Erbb2 inhibitor lapatinib (figure 2A), contrasting
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Figure 2 Hormone-sensitivity of B6BC CL cells and B6BC TT cell line-derived tumors. (A). Evaluation of cell proliferation by
MTT assay on treatment of B6BC CL mouse cells and ER* MCF7 human cells with ER antagonists 4-hydroxytamoxifen (4-OHT,
5uM) and fulvestrant (100 uM) and the progesterone receptor antagonist mifepristone or RU-486 (40 uM) overtime (24-96 hours).
Data represent the average fold-change compared with vehicle from at least three experiments+SEM. (B) Schedule for the
subcutaneous (s.c.) mammary orthotopic implantation and treatment of established B6BC TT with orally-available tamoxifen
(10pg/mL in drinking water) and weekly s.c. injection of fulvestrant (5 mg per week) or appropriate matched vehicles. (C, D)
Tumor growth (left panel) and percentage of overall animal survival (OS, right panel) of B6BC TT-bearing mice treated with
tamoxifen (n=6-8 mice) (C) or fulvestrant (n=6-8 mice) (D). For tumor growth, the graphs show tumor size average+SEM.

(E) Immunohistochemical analyses of ERa. in vehicle-treated and fulvestrant-treated tumors (n=3-4 tumors) collected at

the end of the survival curves in (D). One representative image per treatment is shown. Bar scales: 100 pm. Column graphs
show average+SEM. Dots depict individual mice analyzed. Statistical analyses were performed as follows: (A) p values were
estimated using the linear model described in Materials and Methods; (C, D) using TumGrowth website (https://kroemerlab.
shinyapps.io/ TumGrowth/) and (E) by unpaired t-test with Welch’s correction. Exact p values for the comparisons performed are
indicated in the graph. (Adj) p value=*<0.05; **p<0.01; ***p<0.001. BC, breast cancer; CL, cell lines; ER, estrogen receptor; ERa,
estrogen receptor alpha; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; TT, transplanted tumors.

with sensitive human ER® ERBB2" BT-474 cells (online
supplemental figure 1D, figure 2A). Moreover, B6BC CL
cells were more susceptible to growth inhibition by MTX
than BT-474 cells (online supplemental figure 2B) and
responded to CDK4/6 inhibitors ribociclib, abemaciclib

and palbociclib with a similar pattern as BT-474 cells for
the latter one (figure 2C).

Accordingly, treatment of B6BC TT established
in female C57BL/6 mice with these ER antagonists
(figure 2B) resulted in significant tumor growth inhibition
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and increased animal survival, both in response to oral
tamoxifen (figure 2C) and to weekly s.c. injections of
fulvestrant (figure 2D). Immunohistochemical staining
of ERo in vehicle-treated and fulvestrant-treated B6BC
TT demonstrated a significant reduction of nuclear
ERo" cells in the latter (figure 2E), despite the presence
of some ER0" normal mammary gland acini within the
tumor mass (online supplemental figure 2D). In contrast,
the percentage of proliferating (Ki67") cells remained
unchanged on fulvestrant treatment (online supple-
mental figure 2E). Overall, these results confirmed the
partial HR dependency of B6BC CL cells and B6BC TT
derived from them.

SnRNAseq reveals signs of epithelial-to-mesenchymal
transition in B6BC TT compared with epithelial-like B6BC OT
To better characterize B6BC OT and TT at the multicel-
lular level, we performed snRNAseq on 8.000 nuclei from
two frozen tumors (one OT and one TT). After a quality
control filter of individual tumors, both data sets were
integrated to perform shared cell clustering and inter-
sample differential analyses (see Materials and Methods).
Dimensionality reduction by UMAP revealed five clus-
ters (1-5) (figure 3A), with four of them (1, 2, 3 and 5)
composed of cells belonging to both tumors (figure 3B).
Only cluster 4 was almost exclusively composed of B6BC
OT cells (figure 3B). Non-cancer cell populations that
appeared in clusters 2, 3 and 5 exhibited upregulation
of genes associated with immune cells (such as Ptprec for
CD45), endothelial cells and vessels (like Pecaml) and
BC associated fibroblasts (like Pdgfib),”! respectively
(figure 3C, online supplemental table 1). In contrast,
clusters 1 and 4 exhibited features of mammary epithelial
cells and murine BC cells and stem cells, such as Epcam,
Cd44 or Csn3** (figure 3C, online supplemental table
1).

To further characterize the differences between B6BC
OT and TT at the level of BC cells, we focused on the
tumor-shared cluster 1. We performed differential gene
expression analysis between tumors to select upregulated
genesin each (as depicted in the volcano plot by blue dots)
for subsequent GO analyses (figure 3D). B6BC OT genes
were associated to GO biological process (GO:BP) terms
related to cancer cell-intrinsic features such as translation,
female gland epithelium development and cell adhesion
but also to microenvironment cues like myeloid leuko-
cyte migration (figure 3D, left and central panel, online
supplemental table 1). Conversely, B6BC TT-specific
GO:BP terms were related to epithelial-to-mesenchymal
transition (EMT), stem cell differentiation, response to
transforming growth factor beta, cell-substrate adhesion
and epithelial cell migration (figure 3D, right and central
panel, (online supplemental table 1). These results indi-
cate the acquisition of an EMTlike phenotype' ** % by
B6BC TT compared with more epithelial-like B6BC OT
cancer cells.

To examine this hypothesis, we selected a series of rele-

32-34 . .
vant mammary genes’> ' and analyzed their expression

levels and the percentage of cancer cells expressing them
in B6BC OT and TT (figure 3E). Luminal epithelial
(Krt8, Krtl8), BC cytoskeleton (Epcam, Krt19, Krt7) and
cell-cell adhesion (Cdhl, Cldn3, Cldn4, Cldn7) factors
were present and enriched in more than 60% of B6BC
OT cancer cells in contrast to their minimal presence
(<8% cells) in B6BC TT. Of note, claudins were almost
completely absent (0-0.1% cells) in B6BC TT cancers,
which is a characteristic feature of the so-called clau-
din-low BC phenotype.'? **?® Both OT and TT presented
a variety of basal/myoepithelial markers (such as Trp63
and Acta2 coding for p63 and o-SMA, respectively) at
different cell proportions. However, EMT-related factors,
such as the mesenchymal marker vimentin (Vim) were
upregulated and more present in B6BC TT cancer cells
(1-50% cells) than B6BC OT (0-20%) (figure 3E).

To corroborate these findings, we performed immuno-
histochemistry of cytokeratins (using a pan-cytokeratin
cocktail), p63, o-SMA and Vim (figure 3F) in B6BC
OT and TT. While these markers showed a clear cell
type-specific spatial distribution in B6BC OT, there was
no obvious topography in B6BC TT (figure 3F, online
supplemental figure 2F). As expected, cytokeratins
were expressed at a higher level in B6BC OT, especially
in OT epithelial CI, than in TT, which showed a strong
diffuse cytoplasmic staining. In contrast, nuclear p63 was
completely absent from B6BC TT and restricted to lining
squamous and interstitial myoepithelial cells in B6BC OT.
Both tumors expressed high levels of cytoplasmic a-SMA,
with a cell distribution pattern similar to p63 for B6BC
OT. In contrast, Vim was abundant in the cytoplasm of
B6BC TT cancer cells but mostly restricted to connective-
tissue stromal cells in B6BC OT (figure 3F, online supple-
mental figure 2F).

Altogether, these results suggest that, compared with
B6BC OT, B6BC TT cancer cells have reduced their
mammary epithelial characteristics and acquired EMT-
like features.

B6BC TT are poorly infiltrated by lymphocytes and are not
under T-cell immunosurveillance

Tumor infiltrating immune cells were present in all
studied tumors figure 1I) and were the second most
abundant population recovered by snRNAseq in B6BC
OT and TT (figure 3A—C). To better characterize these
cells, we examined different panels of phenotypic leuko-
cyte markers on freshly dissociated bulk B6BC, TS/A and
E0771 TT by immunofluorescence-based multiparameter
flow cytometry.

We first analyzed these data by manually super-
vised analysis (figure 3), normalizing cell counts by
the number of total living cells to minimize the impact
of structural tumor differences (online supplemental
figure 1I; see online supplemental figure 4A for cell
per tumor weight counts). Tumor-infiltrating leukocytes
(CD45") represented more than 60% of living dissociated
cells in TS/A and E0771 TT, but less than 3% in B6BC
TT. Regarding TILs, NK (CD3™ Nkp46) and T (CD3"
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Figure 3 B6BC TT exhibit features of epithelial to mesenchymal transition compared with the original B6BC OT they derived
from. (A). UMAP projecting the clusters with main cell identities (clusters 1-5) identified within all filtered merged cell nuclei
subjected to single-nucleus RNA sequencing analysis and derived from a piece of frozen tissue of B6BC OT and B6BC TT (n=1
for each). (B) Same UMAP as in (A) color-coded by tumor type (B6BC OT in gray and B6BC TT in red) (left panel) and bar graphs
showing the percentage of cells in each cluster belonging to each tumor type (right panel). (C) Density plots for the expression
of lineage marker genes belonging to the five clusters identified on (A), for which UMAP projection is recovered. (D) Volcano
plot of main differentially expressed genes (DEG) (log, fold change >1, (adj) p value<1 07%) in cancer cells of cluster 1 between
B6BC OT and B6BC TT (central panel). GO biological process (BP) term analysis of the selected DEG of B6BC OT (left panel)
and B6BC TT (right panel) using g:Profiler website (https://biit.cs.ut.ee/gprofiler/). The bar graphs show the percentage of
term size and are color-coded by term (adj) p value provided by g:Profiler. (E) Bubble-plot exhibiting the percentage of cancer
cells of cluster 1 in B6BC OT and B6BC TT (bubble size) expressing the indicated genes as well as the fold change (bubble
color) comparison between tumors. (F) Molecular characterization of B6BC OT and B6BC TT with chromogenic-staining of
cytokeratins (here named Pan-CK), p63 (corresponding to the gene Tip63), a-SMA (Acta2 gene) and vimentin (gene). Tumor
zonal differentiation marker expression can be repaired with aid of the hematoxylin-eosin-saffron staining (HES, first left
panel, according to the regions defined in supplemental figure 1E (E, Epithelial cords and islands; L, Lining squamous cells;
M, Myoepithelial cells -interstitial; S, Stromal cells).). Scale bars: 100 um. BC, breast cancer; GO, Gene Ontology; OT, original
tumor; TT, transplanted tumors.
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Nkp46~) cells were significantly more abundant in TS/A
than in E0771 and B6BC TT (figure 4A, online supple-
mental figure 4B), while B cells constituted a minority in
all TT (online supplemental figure 4C). Among T cell
subsets, CD4'CD8", CD4 CD8" and TCRY3" T lympho-
cytes were also significantly more abundant in TS/A TT
than in E0771 and B6BC TT. Only regulatory T lympho-
cytes (CD4" CD8™ FoxP3" CD25") were similarly present
in TS/A and E0771 TT, and less abundant in B6BC TT
(figure 4A). As such, the ratio of CD8'/FoxP3" cells, asso-
ciated with good prognosis,* was significantly higher in
TS/A than in E0771 TT (figure 4B). Similar trends in
T lymphocyte composition were observed by multiplex
immunofluorescence on histological tumor sections
(online supplemental figure 4D,E).

To further dissect the heterogeneity of tumor-infiltrating
T cells we analyzed by semi-supervised clustering CD3" T
cells of all TT together. We performed dimensionality
reduction by opt-SNE and clustering using FlowSOM to
retrieve 12 clusters (numbered L1 to L12) (figure 4C).
This analysis confirmed predominance of regulatory T
lymphocytes (L3 and L8) over CD4" helper T cells (L5)
in total CD3" T cells in E0771, especially compared with
TS/A TT (figure 4D). Interestingly, aside from minority
cell clusters (L2 and L6), PD-1 expression was especially
elevated among these T regulatory clusters (figure 4C).
Furthermore, we found that a cluster of CD3" CD8"“"
CD4™ FoxP3"" (L4), likely corresponding to poorly
differentiated immunosuppressor CD8'T cells,” was over-
represented in B6BC compared with TS/A and E0771
TT (figure 4D). Taken together, these results indicate a
characteristically high T-cell tumor infiltration of TS/A
TT compared with B6BC and E0771 TT, which present an
overall similar lymphocyte composition, mostly differing
by the abundance of likely immunosuppressive FoxP3-
expressing CD8'" T cells and CD4" T cells.

Next, to evaluate T-cell contribution to antitumor
responses of B6BC and TS/A TT, we depleted CD4" and
CD8" T lymphocytes using suitable monoclonal anti-
bodies in two different settings (figure 4EF). In the first
setting, CD4" and CD8" T cells were eliminated before the
inoculation of B6BC and TS/A cells (figure 4E). While
this depletion had no impact on B6BC progression, TS/A
TT grew faster in CD4" and CD8" T cell-depleted animals
than in matched isotype-treated counterparts (figure 4H
left panel). Second, CD4" and CD8" T cells were elimi-
nated at the moment that the tumors reached a surface
of 20-80mm? (figure 4F), with no impact on the growth
of neither B6BC nor TS/A TT (figure 4H central panel).
In some animals, this depletion was concomitant with the
administration of a single dose of MTX, an anthracycline-
based chemotherapy which induces immunogenic cell
death (ICD)*® (figure 4F, online supplemental figure 4F).
Both B6BC and TS/A TT reduced their tumor growth on
MTX treatment. However, the depletion of T cells only
compromised MTX efficacy against TS/A TT, not against
B6BC (figure 4H central panel). Finally, we performed
a three-dose treatment with the immune checkpoint

blocker anti-PD-1 to target PD-1" cells in established
tumors (figure 4G). These cells represented a bigger
proportion of CD3" T cells in E0771 than in B6BC and
TS/ATT (online supplemental figure 4G). Of note, anti-
PD-1 treatment significantly reduced E0771 TT growth
(online supplemental figure 4H) but could not control
B6BC or TS/A TT progression (figure 4H right panel).
Altogether these results demonstrate that, in contrast
to TS/A TT, B6BC TT progress independently of natural
and therapeutically-induced antitumor T-cell responses.
However, none of these ER" BC tumors respond to immu-
notherapy targeting PD-1, as opposed to ER” E0771 TT.

CD11b* myeloid cells dominate the immune landscape and
provide tumor sustainment to B6BC cancers

Lymphocytes only represented 15-35% of all leukocytes
infiltrating B6BC, E0771 and TS/A TT, which mostly
contained myeloid cells (figure 4A, online supplemental
figure 4B,C). Thus, we performed high-dimensional cyto-
fluorometric analyses of tumor-infiltrating myeloid cells,
first focusing on the pan-myeloid marker CD11b. CD45"
CD11b" myeloid cells constituted >65% of all tumor-
infiltrating leukocytes (figure 5A, online supplemental
figure 5A). To dissect the heterogeneity of these CD11b"
myeloid cells, we performed semi-supervised clustering of
CD11b" cells of all TT together as above (figure 4) and
retrieved 10 CD11b" cell subsets (M1 to M10 CD11b*
clusters) (figure 5B). TS/A TT mostly contained CD11b"
macrophages expressing low levels of major histocompati-
bility complex (MHC)-II and high levels of M1/M2 polar-
ization markers CD38 and CD206 (M9 CDI11b" cluster
with a CD11c¢” F4/80" MHC-II CD38" CD206" pheno-
type), while E0771 TT mostly contained CD11b" mono-
cytes (M2 CD11b" cluster with a CD11c F4/80 Ly6C"
phenotype). BGBC TT exhibited a more heterogeneous
CD11b" myeloid composition (figure 5C), splitamong M9
macrophages (35% of all CD11b" cells) and a mixture of
cells composed of MHC-II" antigen presenting dendritic
cells (M3 cells with a CD11c" F4/80° MHC-I' phenotype
and M10 cells with a CD11c"™ F4/80° MHC-II" pheno-
type) and monocyte-like (M2 and M7 cells, the latter with
aCD115/Csflr™ Arglint phenotype) and granulocyte-like
cells (M5 cells with an Ly6C™ Ly6G™ CD38" phenotype),
indicative of a greater myeloid cell diversity (figure 5C).
This cell dominancy of TS/A and E0771 TT and co-domi-
nancy of B6BC TT was also found in the minority myeloid
population of CD11b™ cells (online supplemental figure
5B-D). We also inspected the expression of CDI115/
Csflr in leukocyte (CD45%) and non-leukocyte (CD457)
cell populations of B6BC, TS/A and E0771 TT (online
supplemental figure 3). For all tumors, more than 50%
of leukocytes were CD115/Csflr", while these cells only
represented a minority (less than 10%) of CD45™ cells.
Consistently, inhibition of CSFIR signaling with the
small molecule CSFIR tyrosine kinase inhibitor BLZ945
had only a mild impact in the proliferation of B6BC and
E0771 cultured cells (online supplemental figure 5E,F).
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Figure 4 B6BC TT are poorly infiltrated by lymphocytes, not immunomodulated by T cells and exhibit resistance to single-
agent anti-PD-1 treatment. (A-D) Fresh matched-size (0.5—1cm?) harvested B6BC TT (n=6), TS/A TT (n=7) and E0771 TT (n=6)
cell line-derived mammary orthotopic tumors were dissociated to single cell suspensions and analyzed by multiparametric flow
cytometry. (A) Normalized percentage of the different leukoycte populations indicated in total living (Live/Dead negative) cells
for B6BC, TS/A and E0771 TT and (B) ratio of CD3* CD8" over CD3* CD4* FoxP3* lymphocytes on these tumors. In both dots
depict individual mice analyzed and the line shows average+SEM. For the first panel in (A) corresponding to total leukocytes
(CD45%), data from two different flow cytometry experiments (the one in this figure and the one in figure 5A-C) analyzed in the
same way were pooled and stats were calculated on raw pooled data. (C) Visualization on opt-SNE of FlowSOM secreted
clusters (L1 to L12, k-means=12) on total CD3" cells from B6BC TT (left), TS/A TT (middle) and EQ771 TT (right) tumors
together (left panel). The heatmap shows the median fluorescence intensity (MFI) of each protein marker per cluster (right
panel). The MFI color-code of each protein marker is conditioned per ‘all clusters’ (columns) expression. (D) Bar graph with

the percentage of CD3" cells belonging to each cell cluster defined on (B) according to tumor type. Line shows average+SEM.
Stats symbol comparisons: (*) B6BC TT versus TS/A TT; (#) B6BC TT versus E0771 TT and ($) TS/A TT versus E0771 TT. Only
significant p values are shown. (E, F, G) Schedule for subcutaneous mammary implantation of B6BC TT and TS/A TT. By means
of monoclonal antibodies, B6BC TT and TS/A TT BC naive (E) or tumor-bearing mice (F, G) were depleted of CD4 and CD8
expressing cells (100 ug/mouse of each, intraperitoneally i.p.) (E, F), subjected to PD-1 blockade (200 ug/mouse, i.p.) (G) or
treated with matched-isotype control antibodies. In (F), this treatment was concomitant with the administration of a single dose
of the anthracycline mitoxantrone (MTX, 5.17 mg/kg, i.p.). The number of animals was: In (E) for isotype and o-CD4+0-CD8,

in B6BC TT n=8, 10 and in TS/A TT n=8, 10, respectively. In (F), in this order, for isotype, a-CD4+0-CD8, MTX+isotype and
MTX+a-CD4+0-CD8, in B6BC TT n=13, 15, 19, 15 and in TS/A TT n=8, 10, 10, 10, respectively. In (G) for isotype and o-PD-1,
in B6BC TT n=6, 9 and in TS/A TT n=6, 11, respectively. (H) Tumor growth response of B6BC TT and TS/A TT naive or tumor-
bearing mice to the indicated treatments. Graphs show tumor size average+SEM. In left and central panel for B6BC TT, tumor
growth data from two individual experiments was pooled for graphical purposes. Statistical analysis was performed as follows:
(A, B) Ordinary one-way analysis of variance (ANOVA) or (D) two-way ANOVA both corrected for multiple comparisons with
Tukey’s post hoc test and (H) using TumGrowth website in raw (pooled, when applying) data. (Adj) p value="p<0.05; **p<0.01;
***p<0.001, ***p<0.0001). Exact p values are indicated in the graphs or available in online supplemental table 3. BC, breast
cancer; CL, cell lines; PD-1, programmed cell death-1; s.c., subcutaneously; TT, transplanted tumors.
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Figure 5 The myeloid immune-infiltrating compartment dominates the landscape of all murine BCs, but is exclusively immuno-
modulable in B6BC TT. (A-C) Size-similar (0.5-1cm?) freshly-dissociated cells from B6BC TT (n=6), TS/A TT (n=7) and EO771 TT
(n=9) cell line-derived tumors were analyzed by multiparametric flow cytometry. (A) Normalized percentage of CD11b" cells on
total leukocytes (CD45*) for B6BC, TS/A and E0771 TT. Dots depict individual mice analyzed and the line shows average+SEM.
(B) Opt-SNE projection of FlowSOM attributed cell clusters (M1 to M10, k-means=10) on total CD11b* cells from B6BC TT

(left), TS/ATT (middle) and EQ771 TT (right) tumors together (left panel).The heatmap shows the median fluorescence intensity
(MFI) of each protein marker per cluster (right panel). The MFI color-code of each protein marker is condition per ‘all clusters’
(columns) expression. (C) Bar graph with the percentage of CD11b* cells belonging to each cell cluster defined on (B) according
to tumor type. Line shows average+SEM. Stats symbol comparisons: (*) B6BC TT versus TS/A TT; (#) B6BC TT versus E0771 TT
and ($) TS/A TT versus EQ771 TT. (D) Schedule for orthotopic implantation of B6BC TT, TS/A TT and EQ771 TT cell line-derived
tumors and treatment of established tumors with a monoclonal antibody blocking CD11b (200 ug/mouse of each, i.p., three
times per week) or matched-isotype controls. Number of animals per treatment arm and cell line appeared on the figure. (E)
Tumor growth response of established BCs to CD11b blocking. Graphs show tumor size average+SEM B6BC TT growth data
from two individual experiments was pooled for graphical purposes. (F to L) Multiparametric flow cytometry analyses of tumor-
infiltrating myeloid cells on isotype-treated or o-CD11b treated B6BC TT mouse tumors (n=8and n=10, respectively), harvested
at the end of the curves from (E). (F) Percentage of CD45" CD11b* or CD11b™ cells on total living cells (Live/Dead negative)

on isotype and a-CD11b treated tumors. Bar graphs show average+SEM. (G, J) Opt-SNE projection of FlowSOM attributed

cell clusters on total CD11b* cells (b+M1to b+M20, k-means=20) (G) or on total CD11b™ cells (b-M1 to b—-M12, k-means=12)

(J) by treatment (left panel) and heatmap of the level of expression of protein markers by each cluster (right panel). (H, K) Bar
graph with the percentage of CD11b" cells (H) or CD11b"~ cells (K) belonging to each cell cluster defined on (G, J) according

to treatment arm. Line shows average+SEM. (|, L) Column graphs with the normalized number of cells per tumor weight in all
cell clusters defined on (G, J). Dots depict individual mice analyzed and graph shows average+SEM. Statistical analysis was
performed as follows: (A) Ordinary one-way analysis of variance (ANOVA) with multiple comparisons corrected with Tukey’s post
hoc test, (E) using TumGrowth website in raw (pooled, for B6BC TT) data, (F) by unpaired t-test with Welch’s correction and
(C,H,I,K,L) by two-way ANOVA with multiple comparisons corrected with Tukey’s (C) or with Sidak’s post hoc test (H,I,K,L). (Adj)
p value=*p<0.05; **p<0.01; **p<0.001, “***p<0.0001. For (C, H, I, K, L) only significant p values are shown. Exact p values are
indicated in the graphs or available in online supplemental table 3. BC, breast cancer; CL, cell lines; i.p., intraperitoneally; s.c.,
subcutaneously; TT, transplanted tumors.
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In sum, B6BC TT seem to exhibit greater diversity
within both CD11b" and CDI11lb  tumor-infiltrating
myeloid compartments, compared with the macrophage-
dominance or monocyte-dominance of TS/A or E0771
TT, respectively.

Since CD11b" cells were the most abundant tumor-
infiltrating leukocyte population in all TT, we used a
monoclonal antibody specific for CD11b to block the
extravasation and integrin signaling of myeloid cells
into established tumors (figure 5D, online supplemental
figure 5G). Of note, only B6BC TT, but not TS/A TT,
E0771 TT or MPA/DMBA-induced tumors diminished
their natural growth on CD11b neutralization (figure 5E,
online supplemental figure 5H). To dissect the impact of
CD11b blocking on tumor-infiltrating myeloid cells, we
performed multiparametric flow cytometry on endpoint
tumors from B6BC TT-bearing mice treated with anti-
CD11b or an isotype-matched antibody (figure 5D).
Neutralization of CD11b did not reduce the percentage
of CD11b" cells, but drove a significant increase of the
CD11b™ population (figure 5F, online supplemental
figure 5I). Within tumor-infiltrating CD11b" cells, we clus-
tered cells into 20 distinct b+M clusters (figure 5G). Only
cluster b+M20 (with CD11c” F4/80" MHCII™ CCR2"
Cx3crl™ phenotype), corresponding to macrophages
with intermediate levels of MHC-II and expressing the
C-C chemokine receptor type 2 CCR2 involved in mono-
cyte extravasation, significantly increased on anti-CD11b
treatment according to two metrics: (i) the percentage
of cells within the CD11b" cluster and (ii) the absolute
weight-normalized cell count (figure 5HI1). Tumor-
infiltrating CD11b" cells were clustered in 12 b-M clusters
(figure 5]). Again only one cluster, b-M11 (with CD11c"
F4/80" CD115/Csflr" MHC-II™ CCR2™ Cx3crl1™ pheno-
type), corresponding to macrophages with intermediate
levels of MHCHII increased in both metrics on CD11b
neutralization (figure 5K,L). Interestingly, while b-M11
cells were relatively negative for CCR2, they expressed
high levels of CX3C motif chemokine receptor 1 (Cx3crl)
(figure 5K), characteristic of mammary intraepithelial or
ductal macrophages.” In contrast, b+M20 cells exhibited
relative low levels of Cx3crl (figure 5G).

In conclusion, these results show a BC-infiltrating
myeloid landscape dominated by macrophages in TS/A
TT or monocytes in E0771 TT, which is not impacted by
the neutralization of CD11b. In sharp contrast, blockade
of CD11b reduces B6BC TT growth driving the emer-
gence of macrophage populations (F4,/80%) mostly distin-
guished by their differential surface cell levels of CD11b,
MHC-I, CCR2 and Cx3crl (CD11b" MHC-II"™ CCR2*
Cx8crl” vs CD11b” MHCAI™ CCR2™ Cx3crl?).

B6BC TT are enriched in pro-angiogenic Spp7+ myeloid cells
compared with the diverse myeloid infiltrate of B6BC 0T

To further dissect the heterogeneity of B6BC TT-infil-
trating myeloid cells, we re-clustered the immune cells
(cluster 2) of our snRNAseq data set for B6BC OT and
B6BC TT (figure 3A—C). We defined 11cell clusters

(named 1-11) recovering known leukocyte cell types
(figure 6A). Most of these clusters belonged exclusively
to B6BC OT or to B6BC TT, indicating strong tran-
scriptomic differences in cell diversity between tumors
(figure 6B). The four largest clusters (1-4) corresponded
to a mixture of myeloid cells expressing characteristic
genes of monocytes, macrophages and dendritic cells
such as ltgam (encoding CD11b), ligax (for CD1lc) and
Clg-coding genes (Clga, Clgb and Clqgc) (figure 6C).
Other myeloid clusters were clusters 5 and 6 (composed
of myeloid proliferating cells enriched in genes linked
to proliferation such as Mki67) and cluster 10 (formed
by neutrophils which expressed Csf3r), while lympho-
cytes (identified by Il2rb expression) were found in the
low-abundant clusters 7 and 11 (figure 6B and C). In
both tumor types, the four major myeloid clusters (1-4)
constituted almost 80% of all leukocytes (figure 6D).
However, while the immune landscape of B6BC TT was
exclusively dominated by cluster 1, three myeloid popu-
lations (clusters 2-4) were highly abundant in B6BC
OT, indicative of a greater myeloid diversity in the latter
tumor (figure 6D).

To get deeper insights into the characteristics of such
myeloid clusters, we selected the top upregulated genes
for each cluster (compared to the other three), followed
by GO term analysis (figure 6E, online supplemental
table 2). Cluster 1 appeared to be composed by a mixture
of myeloid cells with moderate expression of Jigax and
Clg-coding genes. Of note, these cells strongly expressed
Sppl1, a widely described marker of pro-angiogenic tumor-
associated macrophages (TAM)" **** as well as Vegfa,
and to a lower extent Lilr#b, a gene expressed by type 2
conventional dendritic cells (cDC2).*" Altogether, genes
upregulated in cluster 1 were linked to myeloid cell
differentiation, blood vessel morphogenesis, response to
wounding and ossification (figure 6E).

Cells in cluster 2 upregulated typical lineage macro-
phage markers (like Adgrel coding for F4/80 or Cd68)
and TAM-associated genes such as Folr2, Mrcl (coding
for CD206) and Cd38.*’ *! Importantly, these cells also
expressed Siglec] and Ccl8, previously associated to a
protumorigenic TAM=BC crosstalk in humans.*> Consis-
tently, GO term analysis revealed the implication of
pathways related to cellular response to nutrient and
iron ion transport, response to interferon-§ and regu-
lation of interleukin-1 (figure 6E), suggestive of an
anti-inflammatory phenotype.” In contrast, cluster 3
was enriched in genes related to antigen presentation
(AP) via MHCHII (ie, Cd74, H2-Eb1, H2-AA or Clss), and
expressed markers of both macrophages (Clq-coding
genes) and dendritic cells (DCs) (ie, Itgax or Axl). M
Accordingly, GO term analysis pointed to AP via MHC-
II, positive regulation of T-cell activation and adap-
tive immune response (figure 6E). Finally, cluster 4
expressed lineage markers corresponding to monocytes
(ie, Cer2 and Ly6C2) and monocyte (mo)-derived cells
such as mo-DCs, which share some markers with ¢cDC2
(Clec4a3 and Clec4al).* In line with this interpretation,
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Figure 6 Spp7* myeloid cells dominate the immune landscape of B6BC TT in contrast to the myeloid diversity present in
B6BC OT. (A). UMAP projecting the clusters with main immune cell identities (clusters 1-11) identified in the immune cell
cluster (cluster 2, Ptprc* or CD45") of all filtered merged cell nuclei subjected to single-nucleus RNA sequencing analysis from
B6BC OT and B6BC TT (n=1 for each). (B) Same UMAP as in (A) color-coded by tumor type (B6BC OT in gray and B6BC TT

in red) (left panel) and bar graphs showing the percentage of cells in each cluster belonging to each tumor type (right panel).

(C) Density plots for the expression of lineage marker genes belonging to the main clusters identified on (A), for which UMAP
projection is recovered. (D) Bar graph with the percentage of leukocytes belonging to each cell cluster defined on (A) according
to tumor type. (E) Heatmap of main DEG (log, fold change >0.5, (adj) p value<107°) in immune cell clusters 1-4, comparing each
individual cluster to the other three (left panel). GO biological process (BP) term analysis of the selected DEG of each cluster
using g:Profiler (https://biit.cs.ut.ee/gprofiler/) (right panel). The bar graphs show the percentage of term size and are color-
coded by the cluster they belong to. Only GO:BP terms with p value<0.05 were considered. BC, breast cancer; DEG, differential
expressed genes; GO, Gene Ontology; OT, original tumor; TT, transplanted tumors.

cluster 4-associated GO terms included leukocyte rolling
and extravasation and positive regulation of inflamma-
tory response (figure 6E).

Altogether, B6BC TT presented a reduced tran-
scriptomic diversity of tumor-infiltrating myeloid cells
compared with B6BC OT. The myeloid landscape of
B6BC OT was notably composed of anti-inflammatory
TAMs, AP cells expressing macrophage or DC lineage
markers and pro-inflammatory monocytes or mo-DCs.
This differs from B6BC TT cancers, in which a sole Sppl+
myeloid population associated with angiogenesis domi-
nated the tumor immune microenvironment.

DISCUSSION

HR" BC has been particularly difficult to model in mice,
perhaps explaining the lack of transplantable CL derived
from the most common mouse inbred strain C57BL/6,
which is most frequently used in (immuno)genetic
studies. This is a major limitation for the study of HR"
BC-relevant (immuno)mechanisms.

In this report, we describe the generation of the first
HR" BC cell line transplantable to C57BL/6 mice, B6BC.
We characterized B6BC cells and tumors at the molec-
ular and immunological levels, comparing them to two
well-defined models of ER" BC (the MPA/DMBA-induced
C57BL/6 model from which the B6BC cell line was
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derived, and the transplantable ER" TS/A BALB/C cell
line), as well as to two common TNBC C57BL/6 CL (AT-3
and E0771) in a setting of non-resectable locally advanced
disease. Despite a recent report claiming luminal charac-
teristics of E0771 tumors,* * E0771 cells only expressed
ERB (coding for Esr2), but not the HR" BC-relevant
subunit ERa (Esrl) and give rise to ERoU tumors on inoc-
ulation into mammary fat pads.”* We found that B6BC
cells were ER" PR" and sensitive to both ER and PR antag-
onists. Once inoculated into the mammary fat pads from
C57BL/6 mice, established B6BC TT cell line-derived
tumors remained ER" (although they lost PR expression)
and reduced their growth on treatment with the ER antag-
onists tamoxifen and fulvestrant. Although overall animal
survival was increased, these interventions did not lead to
complete pathological responses, as previously reported
for ER* MPA/DMBA-induced tumors,17 indicating the
need for more specific/early interventions or combinato-
rial approaches to eradicate such tumors. It is important
to note that CDK4/6 inhibitors have some preclinical
effects against MPA/DMBA tumors,* suggesting that
they should be tested against BCBC TT, knowing that
B6BC cells respond to CDK4/6 inhibitors in vitro. Alto-
gether, B6BC TT and MPA/DMBA tumors may be useful
for the study of ER- and CDK4/6-modulable HR" BC.
Concerning HER2/ERBB2 expression and signaling,
although B6BC, TS/A and E0771 cells expressed detect-
able levels of Erbb2 protein,*® *” they did not require
Erbb2 signaling to proliferate in vitro, thus differing from
BT-474 human BC cells, which overexpress ERBB2 and
were sensitive to the ERBB2 inhibitor lapatinib.

With respect to the cancer cell compartment, invasive
B6BCTT were composed of spindle-shaped cells enriched
in EMT features compared with BC cells from the B6BC
OT MPA/DMBA tumor they derived from. Acquisition of
an EMT phenotype by cancer cells is frequently observed
in claudin-low BC tumors and has been associated with
tumor progression and metastasis.”® Of note, claudin
gene transcripts were almost totally absent from B6BC
TT compared with B6BC OT, suggesting that B6BC TT
present a cancer cell-intrinsic claudin-low phenotype.
Further studies will be necessary to address the impact of
such features in the context of early-localized and meta-
static disease.

Regarding the tumor immune microenvironment, ER"
TS/A TT appeared more infiltrated by T cells, notably
CDS8' T cells, than TNBC E0771 TT and ER* B6BC TT, the
latter one showing a particularly low T-cell infiltrate. TNBC
E0771 exhibited the highest proportion of regulatory T
cells among all tumor types; and these cells expressed rela-
tively high levels of the immune checkpoint protein PD-1.
Depletion of T cells accelerated the growth of TS/A TT
and affected the response of TS/A TT to ICD-inducing
chemotherapy, yet failed to influence the spontaneous or
chemotherapy-reduced proliferation of B6BC TT. Thus,
TS/A TT resemble highly TIL infiltrated and T-cell immu-
nomodulable ER" human tumors, while B6BC TT mimic
poorly TIL infiltrated, T-cell irresponsive ER* BC.*

Regarding T-cell immunotherapeutic responses,
neither poorly T cell-infiltrated ER" B6BC nor the highly
T cell-infiltrated TS/A TT responded to immune check-
point blockade with anti-PD-1, thus behaving similarly to
ER" MPA/DMBA induced tumors.'” In sharp contrast,
TNBC E0771 TT responded to PD-1 blockade in spite of
the fact that E0771 TT contained similar levels of PD-1"
T cells over total living cells as non-responder TS/A TT.
Thus, the levels of TILs or the percentage of PD-1" T cells
over total living cells were not associated with anti-PD-1
response outcomes in TS/A compared with E0771 TT.
However, the percentage of PD1" cells among CD3" T
cells was higher in E0771 TT than in TS/A TT and B6BC
TT and hence may be a better predictor of the response
to PD-1 blockade in these mouse models. In conclusion,
B6BC TT, TS/A TT and MPA/DMBA induced tumors
exemplify HR" BC resistant to PD-1 targeted immuno-
therapy, contrasting with the immunotherapy sensitive
E0771 TT."”

Consistent with previous studies in other mouse BC
models,' all murine tumors presented higher propor-
tions of myeloid infiltrating cells over lymphocytes in
the immune microenvironment. As previously reported,
E0771 TT were enriched in CD11b" monocytes, while
all ER" BC (TS/A TT, B6BC TT and B6BC OT for MPA/
DMBA tumors) appeared to be dominated by macro-
phage infiltration. In particular, B6BC TT were infil-
trated by a phenotypically heterogeneous population of
myeloid cells that were homogenously expressing high
levels of Sppl. Of note, Sppl™ have been identified in
human BC and linked to angiogenesis in this and other
cancer types."”” * This contrasts with B6BC OT, in which
three different myeloid populations consisting in tumor
associated macrophages expressing Folr2, Mrcl and Cd38,
antigen presenting cells and extravasated monocytes
coexisted in the tumor microenvironment. From a ther-
apeutic point of view, approaches targeting the myeloid
tumor compartment are so far under-represented™ and
only a few such as targeting CSFIR have shown clin-
ical efficacy,'’ while other newly identified targets are
currently undergoing clinical trials.”’

Here, we demonstrate that CD11b blockade moder-
ately reduced the growth of B6BC TT but not TS/A TT,
E0771 TT or MPA/DMBA tumors. In B6BC TT, neutral-
ization of CDI11b favored the emergence of otherwise
scarcely present populations of macrophages (F4,/80""™)
expressing the monocyte marker CCR2 (CD11b" CCR2"),
which may be indicative of their prior tissue recruit-
ment and extravasation, or expressing Cx3crl (CDI11b"
Cx3cr1™), a phenotype recently reported for mammary
intraepithelial or ductal macrophages that are depleted
in other BC mouse models when tumors progress.” These
cells also express different levels of MHC-II, which may
be indicative of AP to the few lymphocytes present in the
tumor bed. CD11b reportedly modulates tumor growth
by affecting pro-angiogenic macrophage polarization, AP
via MHC-II and T-cell activation, but also CCL2 (a ligand
for CCR2)-dependent monocyte recruitment.”® Of note,
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other experimentally tested myeloid-targeting strategies
may increase the number of MHG-II" macrophages as a
correlate of improved immune control.” *? Thus, B6BC
TT cell line-derived tumors might be a good model for
testing novel approaches for targeting tumor infiltrating
myeloid cells, notably in the context of abundant infiltra-
tion by SppI”.

Altogether, in this study we provide a complete
molecular and immunological characterization of
the first C57BL/6-compatible transplantable HR" BC,
B6BC, which appears a promising tool for the study of
lymphocyte-cold, myeloid-rich, PD-1 resistant HR" BC. It
will be a welcome challenge to develop effective therapies
against B6BC TT, which, in the context of locally advanced
BC—in our hands—thus far has remained incurable.
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