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Abstract

In breast cancer, the type and distribution of infiltrating immune cells are associated with clinical
outcome. Moreover, cancers with abundant tumor infiltrating lymphocytes (TIL) are more likely to
respond to immunotherapy, while those in which CD8+ T cells are completely absent (deserts) or
excluded are less likely to respond. Detailed understanding of this biology is limited by a lack of
preclinical breast cancer models that recapitulate TIL distributions and their associated biology.
Here we established mammary tumor-derived transplants (mTDT) from 12 Trp53 null mammary
tumors in syngeneic BALB/cJ mice and examined the stability of their growth rate, TIL distribution,
and transcriptomic profiles. AllmTDT were estrogen receptor negative. Half of the parental tumors
were classified as infiltrated, and the rest were divided between excluded and desert phenotypes.
After two orthotopic passages, most (70%) mTDT from infiltrated parents recapitulated this
pattern, whereas the desert or excluded parental patterns were maintained in about half of
daughter mTDT. Approximately 30% of mTDT gave rise to lung or liver metastases, although
metastasis was not associated with a TIL phenotype. Unsupervised transcriptomic analysis
clustered mTDT according to their TIL spatial patterns. Infiltrated mTDT transplanted
subcutaneously and orthotopically were resistant to anti-PD-L1. Profiling implicated prolonged
antigen stimulation and loss of effector function of lymphocytes rather than T cell exhaustion in
the lack of response of infiltrated mTDT to checkpoint blockade. In summary, the molecular
diversity and immune complexity of mTDT can facilitate the dissection of mechanisms of breast
cancer response to immunotherapies.
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Statement of Significance

A set of diverse preclinical models of breast cancer is characterized to enable mechanistic
dissection of tumor-immune interactions and improve the efficacy of immunotherapies.
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INTRODUCTION

Breast cancer is a heterogenous disease. Marker based classification of breast cancer
uses amplification of human epidermal growth factor receptor 2 (HER2+) and expression of
estrogen receptor (ER) and progesterone receptor (PR), those that lack all three are deemed
triple-negative breast cancers (TNBC); each has prognostic significance. Breast cancer also
generally shows an immune system dysfunction consisting of an inflammatory response favoring
Th2 response, low frequency of infiltrating CD4+ and CD8+ T lymphocytes, and a tumor
microenvironment (TME) characterized by abundant immune suppressive regulatory T and
myeloid-derived suppressor cells (reviewed in (1)). Immune contexture (i.e., type of immune cells
present and their specific location) is associated with clinical outcome in breast cancer (2-4). The
pattern of tumor infiltrating lymphocytes (TIL) in human cancers is associated with the likelihood
of response to immune checkpoint inhibitor immunotherapy (5,6). Infiltrated tumors characterized
by a brisk, active lymphoctyic cell infiltrate are more likely to be responsive, while those devoid of
lymphocytes, so-called deserts, or those in which TIL are excluded are less likely to respond.
There is a significant correlation between TIL at diagnosis and overall survival in both TNBC and
HER2+ breast cancer (7). Nonetheless, the response rate of TNBC to single agent checkpoint
inhibition using antibodies to programmed cell death protein 1 (PD-1) or its ligand (PD-L1) is less
than 10% (4,8-10). Thus, there is a pressing need to better understand how breast tumor cells
interact with the immune cells in the TME.

Preclinical models are essential to every aspect of translational cancer research, from
understanding the biology of the disease to developing new treatments. The National Cancer
Institute (NCI)-60 cancer cell line panel represents the best characterized and most frequently
used collection of human cancer models developed for in vitro drug development and screening
(11). Xenografts established by growing these cell lines in immunodeficient mice are often used
for preclinical studies, yet cell line derived tumor xenografts have limited power to predict clinical
treatment outcomes (12). Patient-derived tumor xenografts that maintain the cell morphology and
molecular signatures of the original patient tumor were developed to provide an additional
translational model that better mirror the biology of human cancer patients (13,14). Even though
patient biopsies are difficult to obtain and breast tumors have a low take rate (~20%) in mice
(15), more than 500 breast cancer patient-derived xenografts representing all three clinical
subtypes of breast cancer (i.e., 56% TNBC, 36% ER+, 8% HER2+) have been characterized for
genomic, transcriptomic, and proteomic features, metastatic behavior and treatment response
(13). These patient-derived breast cancer xenografts reflect the heterogeneity of disease, but the
necessity of implantation in mice lacking functional immune system precludes studies of the
contribution of the immune system to tumor heterogeneity or response to many immunotherapies.
In contrast, carcinogen-induced and genetically-engineered mouse models provide the
opportunity to study mechanisms of immune escape during carcinogenesis or response to
immunotherapy in an immunocompetent setting (16).

The Trp53 null mammary chimera syngeneic mouse model introduced by Jerry and
Medina is widely used to study breast carcinogenesis (17). Trp53 mammary epithelial transplants
undergo normal ductal morphogenesis but progress from outgrowths to ductal carcinoma in situ
to invasive carcinomas over the course of the animal’s lifespan. The resulting cancers are
markedly heterogenous with regard to molecular profiles, expression of hormone receptors, and
histology (17-20), the spectrum of which recapitulate the diversity of human breast cancers
(21,22). We recently showed that Trp53 null mammary tumors also exhibit distinct spatial TIL
patterns (23), similar to those broadly described in human cancer (3). Trp53 null mammary
cancers can be classified as those in which lymphocytes are distributed (infiltrated), those lacking
lymphocytes (desert), or ones in which lymphocytes are present at the tumor border (excluded).
Here, we established mammary tumor-derived transplants (mTDT) to further exploit the molecular
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diversity and immune complexity of the immunocompetent Trp53 null mammary model and
characterized the stability of parent phenotypes to that of daughters. The diversity of mTDT
characteristics in these families enable mechanistic dissection of cancer and immune cell
interactions in the TME and detailed investigations of the contribution of these to therapeutic
response.

MATERIALS and METHODS

Animals

All animal experiments were performed at the University of California, San Francisco (UCSF, San
Francisco, CA). The protocols for animal husbandry and experiments were conducted with
approval from the institutional review board. Six-to-eight-week-old Foxn1™/ Foxn1" outbred
athymic nude from Taconic Laboratory (Albany, NY) and 8-week-old female BALB/cJ Mus
musculus (RRID: IMSR_JAX:000651) from Jackson Laboratory (Sacramento, CA) were housed
5 per cage, fed with Lab diet #5001 Rodent Formula (Purina Animal Nutrition LLC), and provided
water ad libitum.

Mammary tumor-derived transplants (mTDT)

Vials of viably frozen fragments from a bank of Trp53 null tumors that were generated in prior
experiments using Trp53 null mammary chimeras in BALB/cJ mice (22,24,25) were chosen at
random, thawed, and transplanted subcutaneously in outbred athymic Foxn1™ homozygous nude
mice. Mice were monitored by palpation twice weekly until the tumor reached ~0.5 cm?. The tumor
was resected and dissected into 4 portions in which one portion was cut into 1 mm? fragments for
viable preservation in DMEM (Gibco, #10564-011) with 10% fetal bovine serum (Hyclone,
#SH3007103) and 10% dimethyl sulfoxide (Sigma, #D2650) and stored in liquid nitrogen, one
portion was frozen in liquid nitrogen for RNA and DNA extraction, one portion was embedded in
optimum cutting temperature compound (OCT) for cryosectioning, and one portion was formalin-
fixed and paraffin embedded (FFPE) by UCSF pathology core. This expanded tumor was termed
F1. F1 fragments were transplanted bilaterally in the inguinal mammary fat pad or
subcutaneously, as indicated, in syngeneic BALB/cJ mice. Tumor growth was monitored by
palpation or caliper measurement twice weekly and harvested when the tumor reached ~0.5 cm?.
Tumor volume was calculated as V = (W? x L) / 2 for each measurement. These F2 tumors were
resected into four portions in the same manner as F1 tumors. Sequential transplantation from this
stock were numbered F3. The characterization experiments described herein were carried out
with 12 parental tumors, alphabetically designated A-L, and their F2 and F3 mTDT.

To determine mTDT metastatic potential, 8-10-week-old mice were transplanted orthotopically
and tumor growth was monitored by caliper measurement twice weekly. mTDT were resected
upon reaching ~0.5 cm®. Mice were monitored by palpation for tumor recurrence and by
observation for labored breathing, poor grooming, or loss of 15% body weight, which were the
predetermined basis for termination. All other mice were sacrificed at 1-month post-tumor
resection. The lung and liver of mice in which tumors were resected were visually inspected for
gross nodules indicative of metastases.

For experiments using anti-programmed death-ligand 1 (PD-L1; Roche PD-L1 9708, 6E11), 8-10-
week-old mice were transplanted subcutaneously or orthotopically with F2 mTDT from six
families. Mice with established tumors, 130-230 mm?, were randomized into control (irrelevant
IgG) or anti-PD-L1 treatment groups. Antibody was administered intraperitoneally twice weekly
until tumor burden exceeded 1 cm?® or mice lost 15% of body weight. Initial treatment was 10
mg/kg followed by 5 mg/kg twice per week for up to 3 cycles total. Tumors were measured with
calipers and mice were weighed three times weekly. Upon termination, the tumor was resected,
weighed, and preserved as indicated.
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Immunofluorescence

FFPE sections were dewaxed and rehydrated before using antigen unmasking solution (Vector
Laboratories, #H-3300) according to the manufacturer’s instructions, washed once with PBS
(Thermo Fisher Scientific cat#10010023) and blocked with the supernatant of 0.5% casein
(Spectrum, #CA205) in PBS stirred for 1 hour at room temperature. Slides were incubated
overnight at 4°C with 100 pL primary antibody against the indicated antigen diluted in blocking
buffer (0.5% casein in PBS) as indicated: anti-CD8 (Abcam Cat#ab4055, RRID: AB_304247,
1:200) and CD3e monoclonal antibody (SP7) (Thermo Fisher Scientific Cat#MA5-14524, RRID:
AB_10982026, 1:100). After washing with 0.1% Tween 20 (Sigma-Aldrich Cat#P9416) in PBS,
slides were incubated for 1 hour at room temperature with 100 pL fluorochrome-conjugated
secondary antibody diluted 1:200 in blocking buffer (0.5% casein supernatant in PBS) of Alexa
Fluoro-555-conjugated goat anti-rabbit (Thermo Fisher Scientific Cat#A27039, RRID:
AB_2536100) for recognizing CD3e; Alexa Fluor 488 Donkey anti-Rat 1gG (H+L) highly cross-
adsorbed secondary antibody (Thermo Fisher Scientific Cat#A-21208, RRID: AB_2535794) for
recognizing CD8. Nuclei were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI)
(Molecular Probes Cat#D1306, 2 mg/mL). Sections were washed in PBS before mounting with
VectaShield mounting medium (Vector Labs Cat#H-1000)

OPAL Multiplex

Multiplexed immunofluorescence staining was performed manually using Opal 6 color kit
(NEL796001KT; PerkinElmer, Waltham, MA), which uses individual tyramide signal amplification
(TSA)-conjugated fluorophores to detect various targets within an assay (26). FFPE sections were
dewaxed with xylene 2 x 10 min and rehydrated through a graded series of ethanol solutions
(100%, 90%, 70%) 1 x 5 min and H20 1 x 5 min and placed in a glass container filled with antigen
retrieval (AR) buffer in Tris-EDTA (Vector Laboratories, #H4-3301) according to the manufacturer’s
instructions. The slides were microwaved to bring the liquid to 100°C (9 min) and then microwaved
an additional 10 min at 95°C. Slides were allowed to cool in the AR buffer for 20-30 min at room
temperature and were then rinsed with deionized water and 1 X TN buffer (0.1 M Tris-HCI, pH
7.5; 0.15 M NaCl) (Invitrogen Cat#15567027). To initiate protein stabilization and background
reduction, slides were incubated for 1 hour in blocking buffer (supernatant of 0.5% casein stirred
for 1 hr in TN buffer) at room temperature in a humidified chamber. Slides were then incubated
overnight at 4°C with primary antibodies as follows: CD3e monoclonal antibody (SP7) (Thermo
Fisher Scientific Cat#MA5-14524, RRID: AB_10982026, 1:100), anti-CD8 (Abcam Cat# ab4055,
RRID:AB_304247, 1:100), CD11b (M1/70) (Biolegend Cat#101201, RRID: AB_312784, 1:100),
purified anti-mouse CD45 (30-F11) (Biolegend Cat#103101, RRID: AB_312966, 1:100), pPSMAD2
(Cell Signaling Cat#3122S, RRID: AB_ 823638, 1:50), F4-80 monoclonal antibody (SP115)
(Thermo Fisher Scientific Cat#MA5-16363, RRID: AB_ 2537882, 1:100), anti-wide spectrum
cytokeratin antibody (abcam Cat#ab9377, RRID: AB_307222, 1:200) and recombinant anti-PD-
L1 antibody (EPR20529) (Abcam Cat#ab213480, RRID: AB 2773715, 1:50). Endogenous
peroxidase was quenched with fresh 3% H20:2 (Sigma-Aldrich Cat#H1009) in TN buffer for 10 min
at room temperature then washed 1 X TN buffer for 5 mins with agitation. The slides were
incubated at room temperature for 1 hour with anti-rabbit (Thermo Fisher Scientific Cat#31466,
AB_10960844) or anti-rat (Thermo Fisher Scientific Cat#31470, RRID: AB_228356) in secondary
antibody working solution (1:200) followed by 3 X 5 min wash with 0.05% Tween 20 (Sigma-
Aldrich Cat#P9416) in TN buffer (TNT buffer). The slides were then incubated at room
temperature for 10 min with one of the following Alexa Fluor tyramides (PerkinElmer) included in
the Opal 6 kit to detect antibody staining (dilution 1:100), prepared according to the
manufacturer’s instructions: Opal 520, Opal 540, Opal 570, Opal 620 and Opal 690. After three
additional washes with TNT buffer, the nuclei were counterstained with DAPI (Molecular Probes
Cat#D1306, 1:200) for 10 min and mounted with Vectashield Hard Set (Vector Labs Cat#H-1400,
Burlingame, CA). Spleen, lung, or C19 tumor tissues with and without primary antibody and/or
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omitting the fluor tyramides were used for positive and negative controls. Once each target was
optimized in uniplex slides, the Opal 6 multiplexed assay was performed consecutively by using
the same steps as those used in standard immunofluorescence and the detection for each marker
was completed before application of the next antibody. The best sequence of antibodies for
multiplex staining was determined for each combination: panel 1 (CD3, CD8, CD11b, CD45 and
DAPI) and panel 2 (CD8, pSmad2, PD-L1, F4-80, pan-cytokeratin and DAPI).

Image collection and analysis

CD3/CD8 immunofluorescence was imaged with a 20X Zeiss Plan-Apochromat objective with
0.95 numerical aperture on Zeiss Axiovert epifluorescent microscope equipped with a CCD
Hamamatsu Photonics monochrome camera with a 1392 x 1040-pixel size at 12 bits per pixel
depth. All images were assembled as false-color images using the ZEN 2.3 imaging software
(Zeiss). The quantitative immune infiltrate status was determined in FFPE sections in which nuclei
were counterstained with DAPI, and CD8 lymphocytes were localized by ZEN intellesis™ software
(Zeiss). The pattern of lymphocyte distribution of parent tumors was determined by 2 observers
blind to the origin of the mTDT. In the instance of disagreements, a third observer blind to the
origin resolved the discrepancies. For mTDT, 3-5 images were taken of both the center and edge
of each tumor and the following scoring was used to assign lymphocyte distribution: infiltrated
were defined as >5 CD8+ T cells interior/high powered field (HPF), excluded were defined as >5
cells/HPV on edge and <3 CD8+ T/HPF cells interior, and deserts were defined as <3 CD8+ T
cells/HPF interior or edge.

OPAL-stained slides were imaged using the Vectra 2.0 multispectral imaging system
(PerkinElmer) using the fluorescence protocol at 10 nm A from 420 nm to 720 nm. Single stained
slides for each marker and associated fluorophore were used to establish the spectral library.
After low magnification scanning at 10X, the specimens were scanned using the Phenochart 1.0.4
(PerkinElmer) viewer at high resolution (20X). The data from the multispectral imagin were
analyzed by inForm 2.1 imaging software (PerkinElmer). Immune cell populations from each
panel were quantified from 5 to 7 high powered fields that were randomly chosen and imaged at
20X. Pan-cytokeratin marker was used to distinguish tumor versus stroma. Using inForm™
software, inForm tissue finder tool was trained by drawing over areas of each tissue type to
classify tumor versus stroma. The individual markers from each multiplex panel were quantified
using the trainable tissue segmentation and phenotype algorithm that identified positive cells in
the tumor and stromal regions based on the mean fluorescent intensity per case. The percent
positive cells per marker was divided by the tumor or stroma area to obtain average density of
cells per compartment.

Gene expression profiling

For NanoString®, frozen tumor (20 mg) was lysed in 1 mL TRIzol reagent (Invitrogen
Cat#15596018) and homogenized with Omni Tissue Homogenizer on medium setting for 30
seconds then incubated 3 minutes in 0.2 mL chloroform followed by centrifuging for 15 minutes
at 12,000 x g at 4°C. The aqueous phase was transferred to a new tube and 0.5 mL isopropanol
was added for 10 minutes. Samples were then centrifuged for 10 minutes at 12,000 x g at 4°C.
The supernatant was discarded, and the white gel-like pellets were resuspended in 1 mL of 75%
ethanol. The samples were then vortexed briefly, then centrifuged for 5 minutes at 7,500 x g at
4°C. The supernatant was discarded and the RNA pellet airdried for 10 minutes before
resuspending in 30 puL of RNase-free water. The samples were incubated in a heat block at 60°C
for 15 minutes before determining total RNA quality (RIN > 7.0) and quantity was determined
using an Agilent 2100 Bioanalyzer and Nanodrop ND-100. 100 ng RNA were successfully
hybridized to the NanoString® PanCancer 10360 Panel code set, according to the
recommendations of the manufacturer (NanoString Technologies, Inc., Seattle, Washington,
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USA). The expression of 750 immune-related genes and 20 housekeeping genes were assessed.
The nSolver 2.6 software was used to normalize expression values using housekeeping genes
following the manufacturer's recommendations. Gene clustering was done using Pearson
correlation coefficient (PCC). For evaluation of a chronic TGFB-induced gene signature (27),
normalized gene expression was averaged across the gene signature. All heatmaps were
generated using ggplot2 package (RRID: SCR_014601) available through R.

For bulk RNA sequencing, fragments (~50 mg) of liquid nitrogen preserved mTDT (n=66) were
shipped on dry ice to Q? Solutions | EA Genomics for isolation of total RNA using proprietary
methods. The amount and quality of specimens was assessed using Agilent Bioanalyzer and
NanoDrop analysis. Total RNA samples that met quality control metrics were enriched for mMRNA,
fragmented and converted into indexed cDNA libraries for lllumina sequencing. Generated cDNA
libraries were quantified by qPCR using primers specific for lllumina sequencing adapters using
TruSeq stranded mRNA at 30 M 50 bp PE assay. Raw sequencing data were received in fastq
format and read mapping was performed using Rsubread package (RRID: SCR_016945) against
Mus musculus GRCm38 and human GRCh38 genome (28). Gene expression data are archived
in gene expression omnibus (GEO, RRID: SCR_005012) under accession number GSE152403.

Statistical analysis

Descriptive statistics were used to summarize the data, with frequencies and counts for
categorical variables, and means, standard deviations, medians and inter-quartile range (IQR) for
data measured on a continuum. Chi-square or Fishers exact test were used to compare
categorical variables, and for continuous variables Mann-Whitney test, as indicated. Tumor
volume data was not normally distributed and were therefore log transformed for all analyses. To
assess whether tumor volume trajectories differed by infiltrate status for the F2 and F3 generation,
we used a separate linear mixed effects regression model (29). We flexibly modeled trajectories
by testing whether including quadratic or cubic terms for time or random slopes for each mouse
improved the model fit and included them if indicated by a significant (P < 0.05) likelihood ratio
test. In both F2 and F3 models, random intercepts and slopes improved the model fit as did fixed
intercepts and slopes for each infiltrate. We estimated whether trajectories changed over time or
differed by infiltrate status via a post-estimation F-test using the contrast statement in SAS proc
mixed to assess any overall differences across infiltrate. We also accounted for clustering of
families in the mixed model using a separate random effect. Kenward-Rogers denominator
degrees of freedom were used. The benefit of the mixed-effects models is that they produce
unbiased estimates even when some mice have missing observations, accommodate irregular
time measurement and account for clustering by families and mice, as required in our data.
Overall survival was defined as time from date of tumor to mouse sacrifice date (survival package)
and hazard ratios (HRs) and associated 95% confidence intervals (Cls) were computed using
multivariable Cox regression (survfit package) analyses adjusted for site, growth rate, family, and
size of tumor at start of treatment. Proportional hazards assumption was met, and it was checked
via an interaction term between each variable and log of time. Two-sided p-values less than 0.05
were considered statistically significant. The statistical analysis for all experimental data was
performed using Prism 7 (GraphPad Prism, RRID: SCR_002798) and SAS v. 9.4 was used for all
analyses.

RESULTS

Murine tumor-derived transplants (mTDT)

mTDT were established from a bank of viably frozen primary tumors generated from experiments
using the Trp53 null mammary chimera model (22,24,25). In this model, Trp53 null mammary
fragments were transplanted to inguinal fat pads of 3-week-old syngeneic BALB/cJ mice in which
the endogenous epithelium was surgically ablated, so-called cleared fat pads (Fig. 1A). The
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resulting Trp53 null mammary chimeras undergo ductal outgrowth and most develop mammary
tumors in the second year of life. These Trp53 null tumors are diverse in regard to histology,
growth rate, composition and genomics (19,20,23,24). Randomly chosen vials of viably frozen
fragments of Trp53 null primary tumors, designated as FO, were thawed and the fragments were
bilaterally transplanted subcutaneously in 8-week-old athymic nude mice. Each mouse that gave
rise to one or two tumors were designated as F1. F1 tumors were resected upon reaching ~1
cm?, diced into 1 mm? fragments (~150 fragments per tumor), viably frozen and stored in liquid
nitrogen. Fragments of F1 tumors from 12 parental tumors named alphabetically, A-L, were
orthotopically transplanted bilaterally into intact inguinal mammary glands of 8-10-week-old
BALB/cJ mice, which were designated F2; F3 mTDT were similarly established from F2 tumors.

Orthotopic tumor take rate was 90% for both F2 (63/70) and F3 (54/60) mTDT. The tumor growth
rate of F3 mTDT was significantly slower (P = 0.05, Mann-Whitney test) than F2 mTDT (Fig. 1B).
Orthotopic transplantation into intact mammary fat pads is considered desirable for breast cancer
patient-derived xenografts, as it most closely represents the human breast microenvironment
(15), yet subcutaneous tumors are frequently used in preclinical models to facilitate evaluation of
tumor growth. Hence, we compared F3 tumor engraftment and growth between orthotopic and
subcutaneous transplantation in BALB/cJ mice. As a group (Table 1B), neither tumor take nor
site-specific growth rate at orthotopic (77.5%, 31/40) and subcutaneous (80%, 32/40) sites were
statistically significant different (P = 1.0, Chi-square test). The tumor growth rate of F2 mTDT
was heterogenous (Fig. 1C). The successful mTDT transplantation at either subcutaneous or
orthotopic sites provides model versatility for further investigation.

Parental and mTDT were histologically classified using hematoxylin and eosin and
immunofluorescence to assess the frequency of ER and PR positive cells. Three histological
patterns were evident (Fig. 1D): adenocarcinoma characterized by small “ducts”, spindle cell
consisting of malignant cells with a distinct elongated phenotype, and undifferentiated composed
of large irregular cells. The histology of respective parental tumors was preserved in F2 and F3
mTDT. Of the 12 parental tumors, one was ER and PR positive and 11 were ER and PR negative
tumors. Neither F2 or F3 mTDT of the ER and PR positive parent (family B) maintained hormone
receptors; thus, all mTDT studied were ER and PR negative.

Patterns of lymphocyte infiltrate across mTDT passage

Based on the spatial TIL distributions, human cancers are broadly categorized as infiltrated,
deserts or excluded (30). Trp53 null primary tumors also exhibit these TIL patterns (23). We used
whole slide imaging of multiplex immunofluorescence to qualitatively categorize parental tumors
as infiltrated, excluded, or desert (Fig. 2A). Half of the parental tumors (6/12) were classified as
infiltrated, 25% (3/12) were excluded, and 25% (3/12) were deserts (Fig. 2B).

We next quantitatively classified mTDT immune cell infiltrate based on the frequency per HPF of
CD8+ cytotoxic T cells at the tumor edge versus the center (Fig. 2C). The tumors assigned to the
infiltrated category had more CD8+ T cells within the tumor than at the tumor edge while excluded
tumors had more CD8+ T cells at the edge of tumors (Fig. 2D). Desert tumors were devoid of
CD8+ T cells. Using this objective metric, the spectrum of immune infiltrate patterns of F2 mTDT
resembled that of primary tumors: 57% were infiltrated (31/54), 32% excluded (17/54), and 11%
deserts (6/54). The F3 mTDT similarly maintained the spectrum with 55% infiltrated (22/40),
27.5% excluded (11/40) and 17.5% deserts (7/40). However, the fidelity of mTDT to recapitulate
the parental immune infiltrate phenotype was not uniform (Fig. 2E). The infiltrated parental
phenotype was the most stable in that 72% of mTDT were classified as infiltrated across
generations, whereas 20% were excluded and 8% were desert. The mTDT from excluded primary
tumors were the least stable. The excluded parental tumors gave rise to 67% infiltrated and 33%
excluded in F2, and 27% infiltrated, 55% excluded and 18% desert at F3. Desert parent tumors
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gave rise to 25% infiltrated, 44% excluded and 31% desert F2 mTDT and 33% each immune
infiltrate in F3 tumors. The tumor TIL pattern correlated with histology: 57% of infiltrated tumors
were undifferentiated, 61% of excluded were adenocarcinoma, and deserts were distributed
between 43% undifferentiated and 38% adenocarcinoma (P = 0.0001, Chi-square test). Spindle
cell histology was exhibited by 20% of tumors with infiltrated, 10% excluded, and 19% of desert
TIL phenotype.

Cancers arising from Trp53-null outgrowths after host irradiation are metastatic (22,24). We tested
the metastatic potential of mTDT from 3 infiltrated, 2 excluded and 1 desert family. Of 29 mice,
9 (31%) developed gross lung and/or liver nodules indicative of metastases. Four were from
mTDT of an infiltrated family, four were from excluded and one arose from a desert mTDT. All
mTDT (n=4) from infiltrated family K (undifferentiated histology) gave rise to metastases while
50% (n=4) of excluded mTDT families J (undifferentiated) and D (adenocarcinoma) metastasized.
This suggests that metastatic potential is related to family rather than TIL phenotype. In human
breast cancer, certain molecular subtypes (i.e., HER2+ and TNBC) are associated with faster
tumor growth rates (31). Previous studies in our lab found that the frequency of CD8+ TIL
correlates with tumor growth rate of primary Trp53 null tumors, in which slower growth was
associated with greater density of lymphocytes, consistent with active, yet ineffective, cytotoxic T
cells (23). We evaluated tumor growth as a function of immune infiltrate phenotype across
generations. Tumor growth rate was not associated with immune infiltrate status in the F2
generation (Fig. 2F, P = 0.87), but F3 excluded mTDT grew significantly slower than infiltrated F2
mTDT (Fig. 2G, P = 0.04).

Characterization of mTDT from infiltrated families

Tumor engraftment and growth were comparable between orthotopic and subcutaneous
transplantation, we next characterized the TME of mTDT based on location. We analyzed the
distribution of stroma, PD-L1, phosphorylated SMAD2 (pSMAD) as evidence of TGF[ activity,
and macrophage marker F4/80 as a function of mammary tumor location, i.e., orthotopic
compared to subcutaneous, in infiltrated families (Fig. 3A). Components of the TME were affected
by site in some families but this was not uniform. For example, the amount of stroma in family H
mTDT was significantly greater (P < 0.0001) when grown in the subcutaneous site compared to
orthotopic but family | mTDT showed the opposite effect, and the stromal component of family E
and G mTDT were unaffected by site (Fig. 3B). CD8+ T cells were enriched in orthotopic mTDT
from families E and G compared to subcutaneous tumors but were unaffected by site of
implantation in mTDT from families H and | (Fig. 3C). Family | mTDT had significantly more PD-
L1+ cells in subcutaneous tumors (Fig. 3D, P < 0.01) and family G mTDT had significantly more
F4-80+ cells in orthotopic tumors (Fig. 3E, P < 0.0001). pSMAD2 varied by nearly 2-fold between
families but did not significantly differ between mTDT implantation sites (Fig. 3F).

Although response to checkpoint inhibition monotherapy is rare in TNBC patients (4,8-10), it is
associated with TIL density in other solid cancers. Thus, we anticipated that mTDT from infiltrated
parents, which largely maintain infiltrate status, would respond to checkpoint inhibition. Cancer
patients who respond to PD-L1 inhibition express PD-L1 on tumor-infiltrating immune cells
(32,33). In contrast, the tumors of patients who have poor response are characterized by high
expression of reactive stroma and TGFf signaling that is associated with lower expression of
immune markers (34). Macrophages play complex roles that can oppose immunotherapy (35).
Given these factors, we tested mice bearing orthotopic or subcutaneous mTDT from 6 infiltrated
families that were randomized into control (non-specific IgG; n=27) or anti-PD-L1 (clone 6E11;
n=31) treatment groups. Regardless of tumor implantation site, tumor growth was not affected
by anti-PD-L1 (Fig. 3G). Anti-PD-L1 treatment did not affect median overall survival (29 + 9.8 vs
29 + 9.9) analyzed by Kaplan-Meir survival (Fig. 3H). However, parental origin was associated
with survival (Fig. 3l). A multivariable Cox regression analysis adjusted for site, growth rate,
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family, and size of tumor at start of treatment indicated that overall survival was significantly
associated with parental origin (hazard ratio (HR) 2.25 95% confidence intervals (CI) 1.51-3.35,
p=0.00007) and tumor growth rate (HR 1.20, 95%CI (1.017-1.42, p=0.03) but not with size,
orthotopic versus subcutaneous implantation or treatment.

Transcriptomics cluster tumors according to immune infiltrate phenotypes

We hypothesized that transcriptional programs associated with mTDT immune infiltrate pattern
might inform their response to checkpoint blockade monotherapy. First, we determined how
mTDT map to human breast intrinsic molecular subtypes using RNAseq data from primary tumors
(n=9) and mTDT (n=57). Using PAM50 molecular subtyping, we assessed the distribution of
intrinsic breast cancer subtypes. The overall subtype distribution in primary tumors was 45% basal
(4/9), 11% HER2 (1/9), 22% luminal A (2/9), 11% luminal B (1/9) and 11% normal (1/9) (Fig. 4A).
The PAMS50 proportion in mTDT was 25% basal (14/57), 16% HER2 (9/57), 21% luminal A
(12/57), 21% luminal B (12/57) and 17% normal (10/57). All mTDT were ER and PR negative,
similar to TNBC that display heterogenous patterns of morphology, genetic, immunophenotypic
and clinical features (36,37). The TNBC subtyping tool subdivides marker classified TNBC
transcriptomes into basal-like 1 and 2, immunomodulatory, mesenchymal, mesenchymal stem-
like, and luminal androgen receptor (38). Primary tumors were classified as 33% (3/9)
mesenchymal, 33% (3/9) immunomodulatory, 11% (1/9) mesenchymal stem-like and 22% (2/9)
unstable (Fig. 4B). No primary tumors were classified as basal-like. The TNBC subtype
distribution was similar in the F2 generation: 23% (13/57) mesenchymal, 32% (18/57)
immunomodulatory, 10% (6/57) mesenchymal stem-like and 18% (10/57) unstable. Basal-like
(14%, 8/57) and luminal androgen receptor (3%, 2/57) subtype were also present in the F2 mTDT.
A third of primary and F2 were subtyped as immunomodulatory, which is considered a
characteristic of the tumor rather than the immune cell infiltrate (39).

To investigate the transcriptional programs associated with mTDT immune infiltrate pattern that
might explain the lack of response to checkpoint blockade monotherapy, we used the NanoString
PanCancer 10 360™ gene expression panel that consists of 770 genes involved in the interplay
between cancer cells, TME and immune cells (40) to analyze 5 primary tumors and 19 mTDT
representing all infiltrate phenotypes. Unsupervised hierarchical clustering of all genes identified
2 major clades distinguished by 5 major gene clusters (Fig. 4C). FO tumors clustered together in
the left most dendrogram arm, regardless of lymphocyte infiltrate, whereas mTDT replicates from
one parent clustered together, which suggests coherence of transcriptional programs. A
subcluster of the left clade consisted of most (12/13) infiltrated mTDT whereas mTDT classified
as desert (4/6) or excluded (3/5) clustered in the right most clade of the dendrogram.

The 5 gene clusters represent genes associated with lymphocyte activation, cytokine mediated
signaling. and cell proliferation and activation. Interestingly, infiltrated tumors in the left arm of the
dendrogram were characterized by weak lymphocyte activation, indicated by Cd40lg, Zap70, Prf1,
Lck and Lag3 in gene cluster 1 and 2, and strong cytokine mediated signaling as exemplified by
Tgfb1 in cluster 3 and /lb71 and /I6R in cluster 4. In comparison, desert and excluded tumors in
the right dendrogram arm were characterized by relatively greater lymphocyte activation and
cytokine mediated signaling. In gene clade 5, expression of genes Egfr, Fgfr1 associated with cell
proliferation and Atm, Brca1, Ccne1 involved in DNA repair were increased in desert and excluded
tumors compared to infiltrated tumors. A pair of excluded tumors and a desert were distinguished
by high expression of 9 E-cadherin gene targets (Kif2c, Id4, Epcam, Pkp3, Jag2, Lamc2, Sfrp1,
Col17a, Lamat) at the bottom of gene clade 5.

Next, we tested whether the molecular diversity and immune complexity of Trp53 null mTDT
facilitate dissection of mechanisms regulating lymphocytic infiltrate. Transforming growth factor B
(TGFB) is a key TME component that can elicit immunosuppressive phenotypes in immune cells,
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including dendritic cells, tumor-associated macrophages, regulatory T cells and cytotoxic T cells,
as well as fibroblasts (34,41), and is autocrine survival signal for myeloid precursors that drives
their differentiation to highly immunosuppressive myeloid derived suppressor cells at the expense
of macrophages and dendritic cells (42). We previously identified a 50-gene signature of chronic
TGFB signaling using human breast epithelial MCF10A cell line treated for a week with TGFf3
(27). Average gene expression of 8 genes represented in Nanostring 0360 panel was used to
conduct supervised hierarchical clustering of mTDT. High TGFf signaling was associated with
mTDT with excluded phenotypes while low TGF was predominantly associated with the desert
phenotype (Fig. 4D). This stratification is consistent with reported association of TGFB and
lymphocytic exclusion in bladder cancers of patients who did not respond to checkpoint inhibition
(34).

We used NanoString mouse immune exhaustion signature to ask if exhausted T cells are
associated with lack of response to anti-PD-L1 monotherapy. T cell exhaustion is a state of
dysfunction in a chronic environment and characterized by high levels of inhibitory receptors such
as lymphocyte activation gene 3 protein (Lag3), T cell immunoglobulin, immunoreceptor tyrosine-
based inhibitory motif domain (Tigit), cytotoxic T lymphocyte antigen-4 (Ctla4) (43). Of the 30
genes from the T cell exhaustion panel, 18 were present in the PanCancer 10360 panel, which
were used to performed supervised hierarchical clustering of infiltrated tumors. We identified 2
major gene dendrogram arms (Fig. 4E). In the lower arm of gene dendrogram, T cell inhibitory
receptors gene expression, Tigit and Ctla4 were relatively low across most infiltrated tumors but
Lag3 expression was relatively high in most infiltrated tumors suggesting potential loss of T cell
cytotoxic function. However, in the upper arm of the dendrogram, Casp3 gene expression is
pronounced, suggesting either activation of T cells or deletion of expanded effector T cells. These
data suggest prolonged antigen stimulation of lymphocytes in infiltrated tumors and loss of
effector function.

Together these data show that the mTDT model recapitulates the complex interactions among
cancer cells, TME and infiltrating immune cells that together form barriers to effective
immunotherapy.

DISCUSSION

Clearly a major challenge to implementing effective immunotherapy for breast cancer lies in our
limited mechanistic understanding of critical components of the TME intertwined with the diversity
of intrinsic molecular subtypes. mTDT described herein recapitulate the variety of TME
components and immunosuppressive signals in human breast cancer, which addresses a gap in
current preclinical breast cancer models. In particular, mTDT represent biological diversity
pertinent to studying immunotherapy responses. Most mTDT recapitulate their parental patterns
of T cell distribution, infiltrated, excluded, and desert. The infiltrated phenotype was the most
stable, wherease the excluded tumors were the least stable; in some cases, they gave rise to only
infiltrated mTDT. Thus, the parent phenotype is enriched in their respective mTDT, but the
instability of mTDT immune infiltrate patterns suggest that variation in host biology, even in inbred
mouse strains, mediates establishment of the immune contexture. This aspect of mMTDT may be
useful for identifying host mechanisms that increase response to immune checkpoint blockade.

The limitations of the model include lack of HER2 amplification or hormone receptor positive
mTDT that represent major human breast cancer subtypes. Spontaneous HER2 amplification is
uncommon in mouse mammary cancers, although a few such Trp53 null mammary tumors have
been reported (21). This model does give rise to estrogen and progesterone positive cancers
(19), but our random selection from stocks happened to have only one hormone receptor positive
parent and the resulting mTDT did not maintain hormone receptors upon transplantation. Thus,
the potential for generating ER positive mTDT remains to be thoroughly tested.
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Nonetheless, several aspects of the model are potentially useful. First, the Trp53 null mTDT
contribute biological diversity in a range of serially transplantable mammary carcinomas in
immunocompetent BALB/cJ mice, and provides a diverse model in which to simultaneously study
the systemic host immunity and immune component of the TME. This overcomes a critical
limitation of patient-derived xenografts that are by necessity established in immune-deficient mice
(15). The TIL patterns of human cancers are associated with the likelihood of response to
immunotherapy (2-4). Supervised hierarchical clustering of infiltrated tumors using 18-genes
associated with T cell exhaustion suggest prolonged antigen stimulation of lymphocytes and loss
of effector function. Human tumors with a brisk, active immune cell infiltrate are more responsive
to immunotherapy, while those in which TIL are absent or excluded are not. One therapeutic goal
is to convert the latter to active immune cell infiltrate by treatment. Having a syngeneic model
that gives rise to the so-called cold tumors can be used to investigate different mechanisms of
conversion, such as that proposed for radiotherapy (44).

Second, most of the primary and mTDT tumors were ER and PR-negative, of which the majority
were infiltrated. TNBC have the highest frequency of tumor infiltrating CD8+ lymphocytes, but
regardless of ER status, the presence of TIL correlates with a good prognosis (45). Using intrinsic
TNBC subtyping gene signatures, we determined the molecular profiles of mTDT are distributed
similarly compared with human breast cancer, in that most mTDT classify as mesenchymal,
mesenchymal stem-like or immunomodulatory. The mesenchymal and mesenchymal stem-like,
are heavily enriched in pathways related to cell motility, cell differentiation, Wnt and TGFf
signaling, and angiogenesis. Most of the desert and excluded mTDT subtyped as mesenchymal,
while 50% of infiltrated tumors were immunomodulatory. Immunomodulatory gene ontologies are
enriched in immune cell processes and immune signal transduction including cytokine signaling,
antigen processing, and presentation and the complement cascade. Interestingly, excluded and
desert tumors were subtyped as either basal-like 1 or 2 or mesenchymal, which are characterized
by increased proliferation, elevated expression of DNA damage response genes, cellular
differentiation, TGF[ signaling, and angiogenesis, consistent with the gene expression analysis.
Mariathasan et al. showed lack of response to anti-PD-L1 agent was associated with TGF(
signaling in fibroblasts leading to exclusion of CD8+ T cells from the tumor and low tumor
mutational burden (34).

Third, TNBC patients have a high risk of metastasis to the lung, bone and liver. We found that
some mTDT have metastatic potential that appears to be associated with family origin and not
TIL phenotype since metastatic spread was observed in mTDT of desert, infiltrated and excluded
families. Notably, all mTDT from infiltrated family K, which has a poorly differentiated histology
and a basal-like breast intrinsic molecular subtype, metastasized, providing a new model to
investigate TNBC metastasis.

Fourth, at the transcriptomic level, immune related genes were transcriptionally similar from
mTDT generation to generation. The lack of gene expression divergence across generations
suggests that those genes and the processes they modulate are intrinsically coordinated. A critical
component may be TGFB, whose activity was both evident in terms of signaling and
transcriptional targets. Desert tumors are described as immunologically ignorant tumors that
rarely express PD-L1 and are associated with high proliferation, low mutational burden and low
expression of antigen presentation markers such as major histocompatibility complex (MHC)
class | (3). Primary tumors and mTDT with the desert phenotype were grouped by expression of
genes that invoke pathways including proliferation and DNA damage response. The programs
implied among infiltrate phenotypes by this abbreviated analysis warrant further exploration with
single-cell RNA sequencing.
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This newly established breast cancer model in a syngeneic immunocompetent mouse
recapitulates the heterogeneity, molecular features, diverse TIL patterns and response to
immunotherapy observed in humans. Elucidation of the intrinsic molecular features and TME
composition effects on cytotoxic T cell activity is critical to further evolution of therapeutic
strategies. Interestingly, comparison of the TME of mTDT grown subcutaneously or orthotopically
suggests that composition is not uniformly affected by location. Only a subset of TNBC patients
in the metastatic and neoadjuvant settings and a subset of hormone-receptor positive patients in
the neoadjuvant setting respond to immune checkpoint inhibitors (46-48). Based on the presence
of TIL in mTDT from infiltrated families, we expected mTDT to respond to single agent anti-PD-
L1 immunotherapy. However, there was no objective response measured by growth rate or
survival of either orthotopic or subcutaneous mTDT from 6 parental origins, despite the presence
of PD-L1 and CD8+ T cells. Gene expression data suggest that the lymphocytes of infiltrated
tumors are activated but ineffective; we speculate that the nearly 1:1 correspondence between
CD8+ T cells and F4/90 macrophages density may be a factor.

Although the immune TME is a critical barrier to effective therapy, there is growing recognition
that systemic anti-tumor immunity is major determinant of response to immunotherapy (49).
Analysis of both TME and peripheral immunity can be explored in this model to further evaluate
the requisite biology of effective immunotherapy. This initial collection of 12 syngeneic mTDT that
recapitulate complex patterns of immune escape is a much-needed resource to evaluate
response to treatment regimens and a robust model to discover mechanisms by which tumor cells
evade the immune system.
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FIGURES

Figure 1. Mammary tumor-derived transplant (mTDT) model.

A. Experimental scheme. FO tumors were generated from Trp53-null mammary epithelium transplanted to
cleared inguinal mammary glands (i.e., mammary chimera) and harvested as viably frozen fragments. F1
tumors were expanded in 8-week-old NCr nude mice and harvested as viably frozen fragments for further
expansion as mTDT in BALB/cJ mice. B. Time to 10 mm3 tumor for F2 (n=49, circle) and F3 (n=54,
triangle) mTDT. *, P<0.05, Mann-Whitney test. Table showing the frequency of F3 mTDT implantation rate
at subcutaneous (n=40) versus orthotopic (n=40) from infiltrated FO parents. C. Tumor growth rate over 30
days following detection of palpable tumor in each mouse. D. Representative histology (20X) for FO parent
compared to F1-F3 mTDT. Top panel, adenocarcinoma; middle panel, spindle cell; bottom panel,
undifferentiated histology. Scale bars= 50 um.
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Figure 2. Assessment of mTDT TIL distribution and growth rates.

A. Experiment imaging scheme. B. Representative images of whole primary tumor sections stained with
CD3 (red), CD8 (green), CD11b (yellow), CD45 (pink) and DAPI counterstained nuclei (blue) scanned by
Vectra imaging system at 10X. White scale bars, 800 um or 2 mm. Indicated TIL pattern was assigned
based on qualitative assessment of CD8 distribution. C. Representative images of CD8+ T cells at tumor
center (top) and edge (bottom). D. Average CD8+ T cells per 3-5 HPF at center (black) versus edge (gray)
quantitatively defines infiltrated (n=31; dark green), excluded (n=17; blue) or desert (n=16; gold) phenotype.
E. Ribbon plot of infiltrate phenotype fidelity of F2 and F3 tumors; infiltrated (dark green), excluded (blue)
and desert (gold). Log-normal (LN) tumor growth rate of (F) F2 and (G) F3 mTDT for each lymphocyte
infiltrate phenotype. *, P<0.05. The bars indicate the pointwise confidence interval.

FIGURE 2
A A B CD3 CD8 CD45 DAPI
Sample Group Experiment Output
Primary tumor Leukocytes  CD45 Infiltrated  Interior CD8+ T cells
n=12 Lymphoid CD3, CD8 Excluded Edge CD8+ Tcells
Myeloid cD1ib Desert  Devoid of CD8
Data Transfer
";::::’)‘” e — - Infiltrated >5cells <1 cell
F3 (n=40) Excluded <3cells  >5cells
Cytotoxic T cell CcD8 Desert <3 cells w—
Sample Group Experiment Output infiltrated
C CD3 CD8 DAPI D
60
50 . infiltrated
1 excluded
w 40 o
o
T L desert
F 30+
(-3 B
(=]
O 204
10
|\ 1,
0 T "‘ T =
L X S
PO NG
& @ & & & &
(9 [¢) (¢
= 8 @ infiltrated = 87 @ infiltrated J
=} B excluded =] B excluded A
g desert P g desert
34 oL 3547 s .
o P b 4] 1
> ~ - > 1
o ’ 4‘ ° y
] A7 8 >
= 2 ; = 2- /:
E % £ # 1
(z:, g ;
0 e & T o o 0w | - !
0 10 20 30 0 10 20 30
Time (days) Time (days)

21| Page




Moore et al. Cancer Research 2022 . doi:10.1158/0008-5472.can-21-0253

Figure 3. Comparison of orthotopic and subcutaneous mTDT response to anti-PD-L1.

A. Representative images of multiplex staining for CD8+ T cells (green), pPSMAD2 (mauve), PD-L1 (red),
F4-80 (yellow), pan-cytokeratin (white) and DAPI counterstained nuclei (blue) for parental tumors E, G, H,
and | and corresponding orthotopic and subcutaneous mTDT. White scale bar, 20 uM. B. The percentage
of stroma in orthotopic (orange circles) and subcutaneous (purple triangles) mTDT. *** P<0.001. The cell
density (number per mm?) of (C) CD8, (D) PD-L1, (E) F4-80 and (F) pSMAD2 in mTDT from 4infiltrated
parents grown in orthotopic (n=5, orange circles) versus subcutaneous (n=4, purple triangle) sites. G.
Tumor growth curves of mTDT from 6 infiltrated families treated with anti-PD-L1 (purple) versus control
antibody (black dash). H. Overall survival curve for mTDT from 6 infiltrated families treated with control IgG
(black dash, n=27) or anti-PD-L1 (purple, n=31). . Combined Kaplan-Meir survival graph of mTDT from
family B (red), family E (green), G (pink), H (orange), | (blue) and K (gold). Cox regression analysis table of
factors affecting survival of mTDT shown as Kaplan-Meir.
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Figure 4. mTDT TIL phenotype-associated gene expression programs and intrinsic molecular profiles.

A. Pie chart comparing generation FO and F2 using PAM50 molecular subtyping: basal (pink), HER2
(orange), luminal (LUM) A (blue), LUM B (purple) and normal (gray). B. Pie chart comparing generation FO
and F2 using TNBCtype molecular subtypes: mesenchymal (green), immunomodulatory (blue),
mesenchymal stem-like (purple), basal-like 1 and 2 (pink), luminal androgen receptor (orange) and
unassigned (grey). C. Unsupervised hierarchical clustering of PanCancer 10360 gene expression of
parental tumors (n=5, yellow) and F2 mTDT (n=19, black) analyzed by R software. Infiltrate: Infiltrated (dark
green, n=13), excluded (blue, n=5), desert (gold, n=6). Lineage: A (blue), B (mauve), C (black), D (grey), E
(orange), F (light grey). Gene clusters 1-5 are indicated to right. Gene expression is scaled from high (blue)
to low (yellow). . D. Unsupervised hierarchical clustering using ssGSEA of chronic TGF@ signature
represented in the PanCancer 10360 panel. Legend described in C. E. Supervised hierarchical clustering
of 18-genes associated with T cell exhaustion from PanCancer 10360 analysis of infiltrated B and F parent
tumor (n=2, yellow) and F2 mTDT (n=11, black) analyzed by R software. Legends described in C. *,
P<0.01 ***, P<0.001.
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