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Abstract

The role of intratumor heterogeneity is becoming increasingly apparent in part due to expansion
in single cell technologies. Clinically, tumor heterogeneity poses several obstacles to effective
cancer therapy dealing with biomarker variability and treatment responses. Matrix stiffening

is known to occur during tumor progression and contribute to pathogenesis in several cancer
hallmarks, including tumor angiogenesis and metastasis. However, the effects of matrix stiffening
on intratumor heterogeneity have not been thoroughly studied. In this study, we applied single-cell
RNA sequencing to investigate the differences in the transcriptional landscapes between stiff and
compliant MMTV-PyMT mouse mammary tumors. We found similar compositions of cancer and
stromal subpopulations in compliant and stiff tumors but differential intercellular communication
and a significantly higher concentration of tumor-promoting, M2-like macrophages in the stiffer
tumor microenvironments. Interestingly, we found that cancer cells seeded on stiffer substrates
recruited more macrophages. Furthermore, elevated matrix stiffness increased Colony Stimulating
Factor 1 (CSF-1) expression in breast cancer cells and reduction of CSF-1 expression on

stiffer substrates reduced macrophage recruitment. Thus, our results demonstrate that tissue
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phenotypes were conserved between stiff and compliant tumors but matrix stiffening altered
cell-cell interactions which may be responsible for shifting the phenotypic balance of macrophages
residing in the tumor microenvironment towards a pro-tumor progression M2 phenotype.
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1. Introduction

The extracellular matrix (ECM) contributes both structure and signaling cues to the
tumor microenvironment. Over the past decade, extensive work has demonstrated how
the mechanics of ECM structure itself can provide physical signals to cells. Importantly,
matrix stiffness has emerged as a critical parameter of the tumor microenvironment
having substantial effects on cellular behavior across many different cell types. Matrix
stiffening primarily occurs through excess matrix deposition and cross-linking by either
cancer or stromal cells[1]. In cancer cells, elevated matrix stiffness has been shown to
regulate cell morphology and cell spreading, and promote critical cancer cell behaviors
such as proliferation, migration, and epithelial-to-mesenchymal transition[2-4]. Increased
matrix stiffness also affects stromal cell types including cancer-associated fibroblasts,
endothelial cells, and an assortment of immune cells. Cancer associated fibroblasts are
more activated on stiffer matrices which may contribute to a positive feedback loop
resulting in additional matrix stiffening and fibroblast activation[5,6]. Endothelial cells
are widely known to be mechanosensitive, displaying enhanced angiogenic behaviors
on stiffer matrices[7]. Interestingly, matrix stiffening alone has been shown to induce
tumor vasculature phenotypes /n vivo[7-9]. The immune component of the tumor
microenvironment, composed of numerous cell types and phenotypes, is also affected
by matrix stiffness. Immune cell infiltration has been correlated with matrix stiffness
and macrophages have demonstrated mechanosensitive behaviors such as cell spreading,
migration, and phenotypic polarization[10-12].

While matrix stiffening can affect cell behavior, the effect of matrix stiffening on the
overall composition of the tumor microenvironment is incompletely understood. Given
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that matrix stiffening is known to influence the behavior of numerous cells in the tumor
microenvironment, and the tumor microenvironment is complex, we implemented single

cell RNA sequencing (scRNAseq) to analyze cells isolated from stiff and compliant breast
tumors from the MMTV-PyMT mouse model. Our results indicate that similar cell types
and phenotypes exist within both stiff and compliant tumors with a similar degree of
transcriptional diversity, but stiff and compliant tumors differ in specific cell-cell signaling
and altered the distribution of macrophage subsets. Specifically, we found stiffer tumors
contain a higher proportion of macrophages residing in the more tumor-promoting M2-like
phenotype. Additionally, we found that matrix stiffening enhances CSF-1 expression, a
protein associated with M2 macrophage polarization[13], in breast cancer cells. We further
demonstrated that matrix stiffness-mediated CSF-1 expression was responsible for enhanced
macrophage recruitment /n vitro by breast cancer cells seeded on stiffer substrates. Thus, our
data indicates that stiffer tumors promote the accumulation of M2-like macrophages and this
may be in part due to matrix stiffness induced secretion of the macrophage polarizing and
attracting factor CSF-1 by cancer cells.

2. Methods
MMTV-PyMT Mouse Studies.

All animals experiments were conducted following a protocol approved by the Vanderbilt
University Institutional Animal Care and Use Committee (IACUC). MMTV-PyMT mice of
the FVB strain background were acquired from Jackson Laboratories (Stock N0:002374)
and housed in a facility with controlled temperature, humidity, and light (12 hr light/dark
cycle). Standard rodent chow and water were provided ad libitum. Hemizygous MMTV-
PyMT females began BAPN treatment (3mg/kg body weight) at the age of 4 weeks

and continued treatment until 12-14 weeks of age to produce more compliant tumors as
previously described[7,14-21]. Mice were euthanized with CO, prior to tumor removal and
subsequent processing.

Tumor Dissociation.

Fresh tumors were isolated in a sterile biosafety cabinet and placed in ice cold HBSS
during transit from mouse facility to laboratory. Tumors were rinsed several times in

ice cold HBSS and minced with sterile scalpels. Minced tumor was then enzymatically
digested using the Human Tumor Dissociation Kit from Milytenyi Biotec (130-095-929).
Post-enzymatic digestion, cells were passed through 100um and 70 um strainers (Miltenyi
Biotec 130-110-916) to remove debris and undigested fragments. Cell suspensions then
underwent several brief rounds of washing in 1X PBS with 3mM EDTA and an incubation
in TrypLE (ThermoFisher Scientific 12604013) for 10 min to break apart cell clusters. Cells
were suspended in PBS without EDTA and diluted to a concentration of 150k cells/ml for
encapsulation.

Single Cell RNA-Sequencing

Single cell encapsulation and barcoding was performed as previously described[22].
Samples were sequenced in 3 batches, with 1 control and 1 BAPN tumor per batch, via
Illumina NextSeq 500. Raw counts underwent quality control in Python (supplementary
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code) and were further analyzed in R using Seurat v3(supplementary code). Diversity scores
were calculated as previously described to measure intratumoral heterogeneity[23]. Briefly,
the diversity score was calculated by calculating the average distance between individual
cells and the centroid within the principal component space. The centroid was calculated

as the arithmetic mean of all the principal components calculated. Potential intercellular
communication events were predicted using CellPhoneDB[24].

Flow Cytometry.

Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in Hank’s
Balanced Salt Solution (HBSS) (Gibco) for 15 min at RT, then blocked in 100 uL of

FACS Buffer (HBSS without calcium, 2% FBS and 1mM EDTA) with 1% bovine serum
albumin (BSA) (Sigma) for 20 min at 4°C. Cells were washed with FACS buffer between
each step. Cells suspensions of 50 uL were incubated for 15 min at RT with 0.5 uL

Mouse TruStain FcX (Biolegend, 101319) to prevent nonspecific Fc receptor binding.
Samples were immediately stained with the following primary antibodies for 30 min at 4°C:
0.125ug/100uL eFlour 450 anti-mouse CD11b (Thermo Fisher Scientific, Clone M1/70),
0.5pg/100uL FITC anti-mouse F4/80 (Thermo Fisher Scientific, Clone BM8), 0.5ug/100uL
PE anti-mouse CD86 (BD Biosciences Clone GL1), and 0.5ug/100uL APC anti-mouse
CD206 (BioLegend, Clone C068C2). Cells were washed 2x with FACS buffer and analyzed
using a Guava EasyCyte 12HT benchtop flow cytometer (MilliporeSigma). Flow cytometry
plots were analyzed using FlowJo v10.7.1 software. Macrophages were characterized as
CD11b+ F4/80+ populations. Within the gated macrophage population, M1/M2 gates were
made using a control sample for each tumor, stained only for CD11b and F4/80 in the
absence of M1/M2 markers to account for background fluorescence. M1 macrophages were
characterized as CD86+ while M2 macrophages were CD206+.

Immunofluorescence staining.

Cell Culture.

Fresh tumors were excised and snap frozen. 8 micron sections were obtained from the
VUMC Translational Pathology Shared Resource. Tumor sections were fixed with 4% (v/v)
paraformaldehyde, washed with PBS, and permeabilized with 1% (v/v) triton X-100 in

PBS. After permeabilization, samples were then blocked with 10% (v/v) FBS and 5%

(v/v) donkey serum in PBS. Samples were stained with primary antibody (VE-Cadherin:
eBioScience, eBioBV13) at 1:50 diluted in blocking solution overnight at 4°C, washed

with PBS supplemented with 0.02% tween, and then incubated with secondary antibody
(donkey anti-rat Alexa Fluor 594, A21209; Thermo Fisher Scientific) at 1:100 diluted in
blocking solution for 1 h at room temperature in the dark. Samples were then washed,
stained with DAPI, and incubated with either eFluor 660 CD68 pre-conjugated antibody
(Thermo Fisher 50-0681-82) or APC CD206 (Biolegend 141708) at 1:50 diluted in blocking
solution overnight at 4°C in the dark. Immunofluorescent images were taken with a Zeiss
LSMB800 microscope using a x40/1.1 NA water immersion objective and 488 excitation laser
line.

MDA-MB-231 cells (ATCC), were cultured in DMEM media (Gibco ) supplemented with
10% Fetal Bovine Serum and 1% penicillin-streptomycin. BAC1.2F5 cells (generously
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provided by Dr. Richard Stanley, Albert Einstein College of Medicine) were cultured in
MEM supplemented with 10% FBS, 1% penicillin-streptomycin, and 3000 U/ml of purified
CSF-1 (R&D System, Minneapolis, MN, USA). Medium was replaced every 48 hours and
cells were maintained in a 37°C humidified incubator of 5% (v/v) CO,. HUVECS (Lonza)
between passage 3 and 5 were cultured in EBM (CC-3121; Lonza) supplemented with
EGM Endothelial Cell Growth Medium SingleQuots Supplements (CC-4133; Lonza) and
1% penicillin-streptomycin.

Polyacrylamide Gel Synthesis.

Polyacrylamide (PA) gels were synthesized as previously described. PA gels with stiffness
of 1kPa and 10kPa were prepared by mixing 3%:0.1% or 7.5%:0.35% acrylamide [40%
(w/v) stock solution] to bis-acrylamide [2% (w/v) stock solution], respectively, in Mili-Q
water with HEPES and tetramethylethylenediamine (TEMED; Bio-rad) at pH 6. Ammonium
persulfate was dissolved in Mili-Q water at 10% (w/v) and used to initiate polymerization.
PA gels were functionalized with N-6-[(acryloyl)amido]hexanoic acid, succinimidyl ester.
Type 1 rat tail collagen (Corning, Corning, NY, USA) was then covalently bound

to the PA gel surfaces at 4°C in 50mM HEPES solution at pH 8. Unreacted N-6-
[(acryloyl)amido]hexanoic acid, succinimidyl ester was quenched with 1:1000 ethanolamine
in 50mM HEPES solution at pH8. PA gels were washed in 1X PBS and stored at 4°C in PBS
with 4% penicillin-streptomycin prior to seeding. PA gels were exposed to UV light for 1
hour prior to seeding to sterilize.

Cytokine Assay.

gPCR.

MDA-MB-231 cells were cultured on either compliant (1kPa) or stiff (L0kPa) PA gels
coated with 0.1 mg/mL Type 1 rat tail collagen. After 24 hours culture on PA gels, cell
culture medium was collected and utilized as directed by the Proteome Profiler Human XL
Cytokine Array Kit (ARY022B; R&D Systems).

mMRNA was isolated from cells cultured on either compliant (1kPa) or stiff (10kPa) PA gels
using the RNeasy Mini Kit (Qiagen). The iScript Select cDNA Synthesis Kit (Bio-Rad)
was used to generate cDNA from the isolated mMRNA. Quantitative PCR was performed
using SYBR green (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Relative expression was calculated using the 2 “A2CT method using B2M as a housekeeping
gene. The primers used were CSF-1: forward: 5’-CCA GTG TCA TCC TGG TCT TG-3’,
reverse: 5’-CCA CCT GTC TGT CAT CCT GA-3’; B2M: forward: 5°-CAC CCC CAC
TGA AAA AGA TGA G-3', reverse: 5'-CCT CCA TGA TGC TGC TTA CAT G-3'.

Western Blot.

MDA-MB-231 cells were seeded on top of either compliant (1kPa) or stiff (10kPa) gels

for 24 hours and treated with or without the FAK inhibitor PF573228 (MilliporeSigma).
Cells were rinsed with 1X PBS and lysed with 4X SDS sample buffer (4X Tris-CI/SDS,
pH6.8, 30% v/v glycerol, 10% w/v SDS, 0.09% v/v 2-mercaptoethanol, and 0.012%

w/v Bromophenol Blue). Standard SDS-PAGE was conducted usingBio-Rad Any kD Mini-
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PROTEAN (4569035; Bio-Rad gels and PVDF membranes (Bio-rad). Membrane washing
steps were performed with 0.1% polyoxyethylene 20 sorbitan monolaurate (Tween; JT
Baker, Phillipsburg, NJ) in Tris-buffered saline. Blocking was performed with 5% milk in
the washing buffer. Primary antibodies (GAPDH Biolegend poly6314; CSF-1 Santa Cruz
sc-365779) were diluted in blocking buffer at 1:1000 dilution and applied to the membranes
overnight at 4°C. Horseradish-peroxidase conjugated secondary antibodies were applied

to the membranes in blocking buffer at 1:2000 dilution for 1 hour at room temperature.
Membranes were imaged using SuperSignal chemiluminescent substrate and a FujiFilm
ImageQuant LAS-4000. Quantification of protein expression was normalized to GAPDH
loading control and densitometry was performed using Fiji.

Macrophage recruitment assay.

In the macrophage recruitment assay, we utilized a modified trans-endothelial transwell
migration assay. Transwells were coated with neutralized 1mg/mL collagen and allowed to
polymerize before hydration and seeding. HUVECs were then seeded on top of polymerized
collagen coated transwell inserts at 300,000 cells/well and cultured for 3 days to allow

a monolayer to form. MDA-MB-231 cells were cultured on compliant (1kPa) or stiff
(10kPa) PA gels in the bottom of the transwells below the inserts. BAC1.2F5 macrophages
stained with CellTracker Green CMFDA Dye (C7025; ThermoFisher) were then seeded in
the medium above the transwell insert and allowed to transmigrate through the HUVEC
monolayer, collagen coating, and transwell insert pores towards the MDA-MB-231 cells
cultured on PA gels in the bottom of the well. The number of recruited macrophages were
measured via laser scanning confocal reflectance imaging and quantified as the number of
macrophages per defined region of interest in the bottom of the transwell chamber.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, La Jolla,
CA, USA). Where appropriate, data were compared using unpaired t-tests with Welch’s
Correction, a two-way analysis of variance (ANOVA) with Sidak multiple comparison

test, or a nested t-test. Statistical significance was determined if the tested p-value was
smaller than 0.05 (*), 0.01(**), 0.001 (***), or 0.0001 (****). ‘N’ represents the number of
independent samples while ‘n’ represents the number of measurements taken.

3. Results

Single cell RNA sequencing reveals similar cell type composition of compliant and stiff
breast tumor environments.

To investigate the architectural effects of matrix stiffness on the tumor microenvironment,
we performed scRNAseq on stiff and compliant MMTV-PyMT mammary tumors. To obtain
compliant and stiff tumors, MMTV-PyMT mice were treated with BAPN, a lysyl oxidase
inhibitor, or vehicle control, respectively (Fig. 1A). Tumors were dissociated to form single
cell suspensions and encapsulated using a custom inDrop platform (Fig. 1B). Tumors were
excised, encapsulated, and sequenced pairwise in 3 batches on separate days and sequencing
runs. All sequencing results were filtered using several quality control methods prior to
analysis. Inflection point gating for total counts per cell was applied to each sample
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individually to remove cells with low library size and an upper threshold was applied to
remove droplets that may have contained more than 1 cell[25]. Additionally, cells containing
a high proportion of mitochondrial genes were removed. A total of 8,523 cells passed quality
control metrics from 6 tumors with an average of ~5200 counts per cell over ~2100 genes
(Fig. 1C,D). While there was batch to batch variation in preprocessed library quality, there
was no difference between compliant and stiff tumors sequenced within the same batch (Fig.
1C,D).

Lower dimensional embedding via UMAP revealed similar numbers of clusters in

both compliant and stiff tumors detected by k-means clustering both on individual

sample landscapes and samples integrated by condition using sctransform method[26](Fig.
2A,B,C,D). Using the expression of a manually curated list of marker genes, cells were
assigned to 4 major cell types: cancer, immune, fibroblast, or endothelial (Fig. 2E,F,G).
Cancer cells were defined as non-stromal cells that expressed epithelial markers. Both
landscapes were composed of similar distributions of cell types with cancer cells being
largest population of ~80% and immune cells being the next largest population at ~12%
followed by fibroblasts at ~5% and endothelial cells at ~1% (Fig. 2E).

As the integration of all cell types onto a single projection is dominated by variability

in cell type marker expression, we parsed cells by cell type and re-integrated all samples
together for further analysis of heterogeneity. Cells were isolated on a cell type basis

and re-analyzed via Seurat to integrate the samples based on highly variable genes that
exist within the specific cell type under investigation. After integration, cells were again
visualized via lower dimensional embeddings and displayed thorough mixing between
conditions and samples (Supplemental Fig. 1A,E,1). Several distinct subpopulations were
evident from lower dimensional embeddings and clustering via Louvain algorithm with
Seurat (Supplemental Fig. 1B,F,J) and were defined by distinct gene expression profiles
(Supplemental Fig. 1C,G,K). Importantly, these subpopulations were composed of cells
from both stiff and compliant tumors (Supplemental Fig. 1A E,I). Interestingly, the majority
of Louvain clusters detected in the cancer cells were contiguous while the clusters detected
in the immune and CAF cells were more separated. Contiguous clustering suggests a
spectrum of related cell states while the separation in the stromal subpopulations suggests
more distinct phenotypes. To further quantify the intratumoral heterogeneity we utilized a
previously published method to compute transcriptomic diversity scores based on principal
component embeddings[23]. These scores were calculated for cancer cells, immune cells,
and fibroblasts individually using each tumor as an independent sample. In agreement with
the thorough mixing of cells between conditions and samples (Supplemental Fig. 1A,E,1),
the diversity scores displayed no significant difference between cell types in stiff versus
compliant tumors (Supplemental Fig. 1D,H,L). Thus, this indicates that there is significant
heterogeneity that exists within the cancer and stromal cells and that this heterogeneity is
conserved between stiff and compliant tumors.
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Macrophages constitute the largest portion of immune cells and exhibit phenotypic
heterogeneity

The tumor microenvironment is home to numerous types of immune cells with important
pro- and anti-tumor functions. To determine the identity of immune cells captured in this
study, we assessed the expression of a panel of canonical immune cell specific markers.
Broad expression of macrophage markers (CD68, CD14, CSF1R) were seen in 5 of

the 6 subpopulations of immune cells, approximately 97% of total immune cells, with
some variation in expression levels between the clusters (Fig. 3A). The remaining small
subpopulation in cluster 5, approximately ~3% of the immune cells, were identified as
T-cells based on expression of CD3g, CD7, and CD8a (Fig. 3A).

Macrophages are a heterogeneous cell type containing complex phenotypic and functional
variation[27,28]. We performed differential expression analyses between each of the
macrophage subpopulations to identify marker genes for each cluster and investigate the
observed heterogeneity (Supplemental Fig. 2). Examination of the top 25 marker genes

in each cluster revealed heterogeneous expression of several macrophage phenotypic
markers. Cluster 0 represented one of the larger clusters with approximately 30% of

the total immune cells in both stiff and compliant tumor landscapes. Macrophages in

this subpopulation displayed transcripts associated high expression of macrophage genes
associated with both canonical polarization states, such as an important anti-inflammatory
M2 polarization regulator TIr2[29,30], the pro-inflammatory (M1-like) factor Aif1[31], and
the monocyte differentiation regulator transcript Runx3[32], suggesting they may represent
an intermediate polarization state (Supplemental Fig. 2). GO term analysis of the top
markers revealed significant enrichment for transcripts in cell activation, cell adhesion, and
secretion (Supplemental Fig. 2). Cluster 1 was composed of a subpopulation defined by high
expression of transcripts traditionally involved in epithelium development and differentiation
(Epcam, Cldn3, and Krt8) (Supplemental Fig. 2). Additionally, transcripts associated with
both pro- and anti-inflammatory macrophage behaviors were significantly expressed in
cluster 1 (Ccnl[33] and Lcn2[34], respectively). High expression of epithelial markers
alongside Cd24a suggests these cells may actually represent Langerhans cells, a specialized
antigen-presenting macrophage subtype[35-37] typically found in epidermal tissue but

have been shown to infiltrate breast tumors[38] (Supplemental Fig. 2). Interestingly,
macrophages in cluster 2 had significantly higher expression of several canonical anti-
inflammatory M2 macrophage markers (Cd209, Mrcl, Cbr2, and Folr2)[39-42] and
resident-like macrophage markers (F3al, Lyvel)[41] (Fig. 3B,C,E and Supplemental Fig.
2). Due to the high expression of canonical M2 markers, we designated these macrophages
as ‘M2-like’. Significant GO terms in the M2-like macrophages included categories related
to the matrisome, with several C-C motif ligand chemokines (Ccl2, Ccl7, Ccl8), and
eosinophil migration and chemotaxis (Fig. 3E,F). Cluster 3 was contiguous with the
macrophages in cluster 0 and also significantly expressed a few pro-inflammatory transcripts
associated with the M1 phenotype (Slc7a2[42], Fcgbr2[42], and Npc2[43]) and several anti-
inflammatory transcripts typically associated with the M2 phenotype (Adam8[44], Spp1[45],
Ctsl[42], Ctsb[42], Arg1[39,40]) (Supplemental Fig. 2), suggesting macrophages in this
subpopulation may reside in an intermediate polarization state. Furthermore, cluster 3 GO
terms included cell activation and secretion, similarly to cluster 0 (Supplemental Fig. 2).
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Cluster 4 was contiguous with cluster 2 (M2-like macrophages) and highly expressed several
anti-inflammatory transcripts associated with the M2-like phenotype (Ccr2[40], Retnla[46],
and Mgl2[46]) suggesting this cluster may represent a subset of M2-like macrophages,
possibly M2b due to presence of 116[47]. Altogether, these data indicate that the majority

of the immune cells captured are of macrophage lineage and cluster similarly to previously
defined macrophage phenotypic subsets.

M2-like macrophages are enriched in stiffer tumors

Intercellular

Differential expression analysis between macrophages from stiff and compliant tumors for
each subpopulation yielded very few differentially expressed transcripts. However, analyzing
the distribution of the macrophages in each subset identified in stiff and compliant tumors
revealed significant enrichment of an M2-like macrophage subpopulation in stiffer tumors,
with ~30% of macrophages in stiffer tumors mapping to the M2-like phenotype compared

to ~14% in the more compliant tumors (Fig. 3D). To quantify the phenotypic distribution

of macrophages in vivo and validate our sScRNAseq data, we obtained stiff and compliant
tumors from our MMTV-PYyMT model. Tumors were dissociated and subjected to flow
cytometry analysis using CD11b and F4/80 as general macrophage markers (Fig. 4A), CD86
as an M1 macrophage marker[48] (Fig. 4B), and CD206 as an M2 macrophage marker[48]
(Fig. 4B). Flow cytometry revealed no significant difference between total macrophage
content (Fig. 4C) but a significant increase in CD206" macrophages in the stiffer tumors
compared to compliant tumors as well as a concomitant decrease in CD86* macrophages
(Fig. 4D). Furthermore, immunofluorescence staining of tumor sections also confirmed an
increase in the number of CD026+ cells per field of interest in stiff tumors compared

to compliant tumors (Fig. 5A,B). This data confirms that stiff tumors contain a higher
proportion of M2-like macrophages compared to compliant tumors.

communication differs between stiff and compliant tumors

To investigate the source of M2-like macrophage enrichment in stiffer tumors, we utilized
CellPhoneDB to infer cell-cell interactions in the SCRNAseq data using the expression

of ligands and receptors across cell types[24]. Analysis using CellPhoneDB revealed
numerous potential cell-cell interactions between all the cell types in both stiff and
compliant tumors (Fig. 6A,B). While many of the cell-cell interactions were shared between
treatment groups, there were 45 significant interactions specific to the stiff tumors and

only 7 significant interactions specific to the compliant tumors (Supplemental Fig. 3A,B).
Interestingly, the network of cell-cell interactions in stiffer tumors shifted towards an
increase in communication involving fibroblasts (Fig. 6A,B), with many of the ligand-
receptor interactions specific to stiffer tumors involving collagen-integrin interactions with
fibroblasts (Supplemental Fig. 3A,B). However, significant interactions between other cell
types were present, particularly in interactions involving immune cells. Notably, the several
cancer-to-immune ligand-receptor interactions were found significant only in the stiffer
tumors; including TYRO3-GAS6, SPP1-PTGER4, CSF3-CSF3R, and PLXNB1-SEMA4D
(Supplemental Fig. 3A,B). Furthermore, CelllPhoneDB analysis indicates that there are
more immune cell-cell interactions with other cell types than cancer cell-cell interactions
in stiffer tumors but the inverse is true within compliant tumors (Fig. 6A,B). Altogether,
this data suggests that stiff and compliant tumors have similar degrees of heterogeneity
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in regards to the presence (Supplemental Fig. 1AE,l) and diversity (Supplemental Fig.
1D,H,L) of cell states but significantly differ in the intercellular communication with stiffer
tumors displaying more integrin-based fibroblast signaling and potentially more immune cell
interactions with other cell types (Fig. 6A,B).

Matrix stiffness regulates cytokine expression in MDA-MB-231 cells.

While there were several statistically significant cell-cell interactions based on
CellPhoneDB, differential expression testing revealed very few significantly expressed
transcripts between stiffer and compliant tumors when comparing the same cell types. This
may stem from technical limitations of our sScRNAseq data resulting from the low mRNA
capture efficiency of InDrop platforms as well as lower sequencing depth compared to

bulk RNA sequencing. Thus, to further investigate potential cell-cell interactions responsible
for M2-like macrophage enrichment, we transitioned into in vitro models using the human
breast cancer cell line MDA-MB-231, a highly metastatic cell line. To determine how matrix
stiffness may induce cancer-macrophage interactions to promote M2-like macrophage
accumulation, we assessed how matrix stiffness regulates cytokine expression in MDA-
MB-231 cells. MDA-MB-231 cells were seeded on either compliant (1kPa) or stiff (10kPa)
collagen coated polyacrylamide (PA) gels. Cell lysates were collected and assayed using a
human cytokine array kit which detected 105 different cytokines. 41 cytokines were found
to be significantly differentially regulated by substrate stiffness (Fig. 7A). Interestingly,

3 members of the colony-stimulating factor (CSF) family, secreted glycoproteins with
important roles in regulating immune cell functions and differentiation, were significantly
upregulated in MDA-MB-231 cells cultured on stiff (10kPa) PA gels (Fig. 7A). This data
indicates that the cancer cell cytokine secretome is affected by matrix stiffness and suggests
matrix stiffening may affect intercellular signaling between cancer cells and immune cells.

Increased matrix stiffness upregulates CSF-1 in MDA-MB-231 cells and is dependent on
FAK-mediated mechanotransduction

To further investigate how matrix stiffness may mediate intercellular communication
between cancer and immune cells, we focused on the CSF family of cytokines as CSF1,
CSF2, and CSF3 were upregulated in MDA-MB-231 cells cultured on stiff (10kPa) PA
gels (Fig. 7A), and they are known to regulate macrophage function and polarization[49].
As our scRNAseq data only revealed appreciable expression of the CSF-1 receptor on

our macrophage populations, we hypothesized that mechanical regulation of CSF-1 in the
MDA-MB-231 cells may regulate macrophage recruitment. To determine if CSF-1 protein
expression is higher in stiffer MMTV-PyMT tumors, we performed western blotting on
lysates derived from compliant (BAPN) and stiff (control) MMTV-PyMT tumors and found
that CSF-1 expression was significantly higher in stiffer tumors (Fig. 7B). To confirm

that increased substrate stiffness upregulates CSF-1, we cultured MDA-MB-231 cells

on compliant (1kPa) and stiff (10kPa) PA gels and performed western blotting on cell
lysates. As expected, western blotting revealed protein expression of CSF-1 on stiff PA
gels compared to compliant PA gels (Fig. 7C). Prior work shows that the focal adhesion
kinase (FAK) is an important protein in the mechanotransduction of substrate stiffness in
cancer cells[50]. To determine if mechanical regulation of CSF-1 in MDA-MB-231 cells is
regulated by FAK, we treated MDA-MB-231 cells cultured on compliant (1kPa) and stiff
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(10kPa) gels with PF573228, a small molecule FAK inhibitor. Western blotting revealed
that inhibition of FAK via PF573228 significantly reduced the expression of CSF-1 in
MDA-MB-231 cells (Fig. 7D). Together, this data indicates that matrix stiffness regulates
CSF-1 expression via FAK in MDA-MB-231 cells.

Matrix stiffness regulates macrophage recruitment through CSF-1

To confirm the functional importance of tumor derived CSF-1 in cancer-macrophage
intercellular communication, we utilized an in vitro transwell-based assay to determine how
stiffness mediated CSF-1 expression effects macrophage recruitment. In brief, BAC1.2F5
macrophages were seeded on top of a transwell insert with a Human Umbilical Vein
Endothelial Cell (HUVEC) monolayer and MDA-MB-231 cells were seeded in the bottom
of the well on compliant (1kPa) or stiff (L0kPa) PA gels (Fig. 8B). Macrophage recruitment
was quantified as the number of macrophages that migrated through the HUVEC monolayer
and transwell insert membrane towards the MDA-MB-231 cells that were imaged 24

hours after seeding. As expected, MDA-MB-231 cells cultured on stiffer PA gels recruited
significantly more macrophages than those on compliant PA gels (Fig. 8C). Furthermore,
reduction of CSF-1 expression in MDA-MB-231 cells via sShRNA knockdown resulted

in significantly less macrophage recruitment (Fig. 8A,C). Similarly, inhibition of CSF-1
receptor on macrophages using a CSF-1 receptor inhibitor resulted in significantly less
macrophage recruitment (Fig. 8C). Thus, our data suggests matrix stiffness facilitates a
cancer-macrophage intercellular interaction by increasing CSF-1 expression in cancer cells.

4. Discussion

To profile the transcriptional landscapes and investigate phenotypic differences caused by
tumor stiffness, we performed scRNAseq on all cells isolated from stiff and compliant
PyMT mammary tumors. Both stiff and compliant tumors exhibit significant intratumor
heterogeneity in the cancer and stromal cells (Supplemental Fig. 1A,E,I). Interestingly,
much of the heterogeneity was conserved between conditions with both stiff and compliant
tumors containing roughly the same subpopulations of cells with similar diversity of
transcriptional profiles (Supplemental Fig. 1D,H,L). However, there were differences in
cell-cell interactions between stiff and compliant tumors with stiffer tumor interaction
networks increasing the number of ECM-component and integrin-based fibroblast receptor-
ligand interactions (Fig. 6) as expected in stiffer more fibrotic tumors[18]. Furthermore,

a significantly higher percentage of M2-like macrophages reside in the stiffer tumor
microenvironment. Thus, while matrix stiffness does not induce novel cell phenotypes,

it may affect intercellular signaling and adjust the phenotypic balances within the tumor
microenvironment.

Our findings synergize well with recent reports using ScRNAseq showing stromal
subpopulations from different patients were highly similar in their expression states but
varied in their proportions[51] and CAF subsets were highly similar between primary tumor
and lymph node metastases[52]. Together, these studies suggest stromal subpopulations may
be highly conserved between tumors, and the intertumoral heterogeneity may predominantly
come in the form of intercellular communication and varying tumor composition.
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Our scRNAseq (Fig. 3D), flow cytometry (Fig. 4), and immunostaining (Fig. 5) data indicate
an elevation in M2-like macrophage presence in stiffer tumors. Additionally, while not
evident in the scRNAseq data (Fig 3D), our flow cytometry data indicate a significant
decrease in M1-like macrophages in stiffer tumors (Fig. 4). This discrepancy is likely due to
the fact that our scRNAseq data did not resolve any specific M1-like clusters according to
canonical markers (such as CD86) which could arise from technical aberrations or the actual
complexity of macrophage polarization phenotypes[28,53]. It is known that tumor associated
macrophages specifically contribute to tumor progression by promoting angiogenesis,
facilitating cancer cell invasion, and repressing anti-tumor immunity[54-58]. The presence
of macrophages within the tumor microenvironment has prognostic value in several cancers,
with higher macrophage density being correlated with worse outcomes[59-61]. Traditionally,
tumor associated macrophages exhibiting an alternatively activated M2 phenotype exert pro-
tumoral effects while the classically activated M1 phenotype may exert tumor suppressing
effects[62-64]. Furthermore, previous studies have revealed that BAPN treatment in the
MMTV-PyMT model delays primary tumor development and metastatic lung burden[21].
As the M2 phenotype is associated with tumor progression and elevated matrix stiffening

is associated with delayed primary tumor development and metastasis, this finding suggests
another mechanism by which matrix stiffening may reshape the tumor microenvironment

to further cancer progression. However, the mechanism by which matrix stiffness drives
M2-like macrophage enrichment remains unknown.

Macrophage accumulation could occur through several mechanisms. Stiffer matrices may
1.) preferentially recruit M2-like macrophages, 2.) promote proliferation and survival of
M2-like macrophages, 3.) shift macrophages towards an M2-like phenotype, or 4.) decrease
infiltration, proliferation, or survival of M1-like macrophages. Extracellular matrix stiffness
could induce expression of chemokines or other attractants by either cancer or stromal

cells that lead to infiltration of M2-like macrophages. For example, previous work has
demonstrated that hypoxia in the breast cancer microenvironment may induce intercellular
signaling between that ultimately leads to increased macrophage recruitment via cancer
secreted CSF-1[65]. Interestingly, while a large portion of significant cell-cell interactions
detected specifically in stiffer tumors were focused between fibroblasts to fibroblasts,

we detected cancer-to-immune cell ligand-receptor interactions which could contribute to
M2-like accumulation. Another interesting possibility could be differential macrophage
infiltration due to changes in the tumor endothelium. We have previously shown that matrix
stiffening leads to significant permeability in the tumor endothelium[7]. Thus, it may be
possible for more macrophages to enter the stiffer tumor microenvironment, bypassing a
more permissive vasculature than in compliant tumors. However, this does not completely
explain the enrichment for M2-like macrophages as similar amount of total macrophages
were observed in the stiff and compliant tumors.

It is highly possible that matrix stiffness in the tumor microenvironment polarizes
macrophages towards the M2-like phenotype. Macrophages are mechanosensitivity to
substrate stiffness[11,66] and the effect of matrix stiffness on macrophage polarization

has been studied numerous times, with some mixed findings[67-72]. There is evidence for
increased M2 polarization on both stiff[67,70,71] or soft[69] matrices. To further complicate
these conflicting findings, the studies employed different macrophage sources coupled with
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systems possessing different dimensionality (2D vs 3D), ligand availability, and stiffness
ranges. Additionally, these studies were completed on macrophages cultured in vitro using
methods developed to polarize macrophages with a chemical stimulus. Importantly, our data
provides indirect evidence for macrophage polarization towards an M2 phenotype under
stiffer conditions and, to our knowledge, is the only study to use an /7 vivo model of matrix
stiffening.

Importantly, we have shown that MDA-MB-231 cells alter their cytokine secretome in
response to increased matrix stiffness. Notably, CSF-1 is upregulated in stiffer MMTV-
PyMT tumors and MDA-MB-231 cells cultured on stiffer substrates (Fig. 7). CSF-1,

also known as macrophage CSF (M-CSF), is a member of the family of the colony
stimulating factors[49]. CSF members are regulatory cytokines that facilitate intercellular
communication, paracrine, autocrine, or endocrine, via binding to extracellular CSF
receptors [49]. In particular, CSF-1 promotes macrophage polarization towards the M2
phenotype and CSF1-R inhibition has been shown to reduce M2 gene expression in
vivo[13]. In cancer, CSF-1 has been correlated with worse prognosis[73]. As such, there has
been a recent focus on targeting CSF-1 in cancer patients as a therapeutic strategy and there
have been two clinical trials completed utilizing an anti-CSF-1 antibody in combination
with additional chemotherapy agents in patients with various types of breast cancer[74,75].
Our findings suggest that matrix stiffness may induce M2-like macrophage accumulation
via a cancer-macrophage intercellular communication through CSF-1. Thus anti-CSF-1
drugs may also be effective in inhibiting the accumulation of tumor promoting M2-like
macrophages in stiffer tumors.

5. Conclusion

Therapies targeting extracellular matrix stiffness have become increasingly popular due

to the known effects of matrix stiffness on cellular behavior, however, these therapies

are unlikely to work as standalone treatments and it will be important to understand

what additional therapies will be viable if matrix stiffening can be attenuated[76]. Our
results indicate that while the overall cell populations close resemble each other in stiff

and compliant tumor microenvironments, the cell-cell interactions between cell types and
the distribution of phenotypic cell subtypes are different. Specifically, more integrin-based
fibroblast cell-cell interactions exist in stiffer tumors and a higher proportion of the tumor
promoting M2-like macrophages reside within stiffer tumors. Furthermore, our data suggests
that matrix stiffening in the tumor microenvironment may drive M2-like macrophage
accumulation through intercellular cross-talk between cancer cells and macrophages via
cancer secreted CSF-1. Given that tumor angiogenesis and metastasis are affected by both
matrix stiffening[3,7,77] and M2-like macrophage interactions[58,78], accumulation of M2-
like macrophages may represent an alternative or reinforcing mechanism by which matrix
stiffness alters tumor angiogenesis and metastasis.
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Single cell RNA-seq reveals similar transcriptional landscapes between stiff and compliant
MMTV-PyMT tumors. A. Schematic of A. experimental treatment regime and B. custom
Indrop platform. Violin plot of C. raw counts per cell and D. detected genes per cell across
the 6 samples. N = 3.
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Figure2.

Single cell RNA-seq reveals similar transcriptional landscapes between stiff and compliant
MMTV-PyMT tumors. Individual UMAP projections of each individual sample from A.
stiff and B. compliant tumors and clustered via Seurat. C. Stiff and D. compliant tumors
integrated onto a single UMAP projection and clusters labeled by cell type determined by
expression of canonical markers below. E. Distribution of libraries across the 4 main cell
types. Data plotted as mean +/— SEM. N=3. F. Gene expression of the canonical cell type

markers.
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Immune cell annotation reveals immune cells are predominantly composed of macrophages

and enrichment of M2-like macrophages in stiffer tumors. A. Expression of canonical

macrophage and T-cell markers across cells in the immune category. B,C. Expression of
canonical M2-like macrophage markers overlaid on UMAP projections of the cells in the
immune group. D. Comparison of the distribution of immune cells to each subpopulation
plotted as mean +/— SEM. N =3. E. Top 25 conserved marker genes for immune cell cluster
2. Table displays the average fold expression within cluster 2 compared to the rest of the
cells, the percentage of cells expressing each transcript in cluster 2 versus the remaining
clusters, and the adjusted p-value for the transcript. F. GO Term enrichment of the top 25

marker genes for the M2-like macrophage subpopulation. *p<0.05
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Figure 4.

Quantifying macrophage polarization in the MMTV-PyMT breast tumor microenvironment
via flow cytometry. A. Flow cytometry gating based on side-light vs forward light scatter
intensity and double positive CD11B and F4/80 staining. B. CD206 expression (M2 marker)
and CD86 expression (M1 marker) in isolated macrophages. C. Quantification of CD11b
and F4/80 positive macrophages in total cell populations. D. Quantification of CD206 (left),
and CD86 (right) positive macrophages in the total gated macrophage populations. Data
plotted as mean +/- SEM. N=3 (number of mice), n=18 (number of data points). **p<0.01,

****p<0.0001

Acta Biomater. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Taufalele et al. Page 24

A B
100- o
| [ Control

= & & 80- [ BAPN
&) Q £

Q<

O o 60-

S 5

- O

2 v 407

5,/ F
- | 1
- Z - 20 &
& B
o 0 —

Samples

Figure5.
Quantifying macrophage polarization in the MMTV-PyMT breast tumor microenvironment.

A. Representative images of MMTV-PyMT tumor sections stained for DAPI (blue), CD31
(green), and CD206 (red). B. Quantification of stained tumor sections. Number of CD206+
cells per field of interest. N=4 (number of mice), n = 9-15 (number of data points). **p<0.01
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Figure®6.
Quantification of cell-cell interactions between cell-types in the MMTV-PyMT tumor

microenvironment. Heat map summarizing the number of significant ligand-receptor
interactions in A. control or B. BAPN treated tumors.
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Figure 7.

Matrix stiffness mediates cytokine expression in MDA-MB-231 cells. A. Heat map
displaying significantly differentially expressed cytokines between MDA-MB-231 cells on
compliant (1kPa) or stiff (10kPa) gels. B. Western blot image and quantification of CSF-1
in compliant (BAPN) or stiff (ctrl) PyMT tumors. C. Western blot image and quantification
of CSF-1 in MDA-MB-231 cells cultured on compliant or stiff PA gels. D. gPCR of CSF-1
expression in MDA-MB-231 cells cultured on compliant or stiff PA gels and treated with a
FAK inhibitor (FAKIi). All data represented as mean +/— sem. *p<0.05, **p<0.01
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Figure 8.
Stiffness mediated CSF-1 expression promotes macrophage

western blot confirming CSF-1 knockdown via shCSF-1. B.
transwell assay used to measure macrophage recruitment. C
of macrophages that migrated through the transwell towards

recruitment. A. Representative
Schematic diagram of modified

. Quantification of the number

MDA-MB-231 cells cultured

on compliant or stiff PA gels with or without CSF-1 knockdown or with or without a

CSF-1R inhibitor (CSF-1R). Data plotted as mean +/- SEM
****<0.0001
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