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ARTICLE INFO ABSTRACT

The tumor microenvironment has been demonstrated to play a crucial role in modulating cancer progression.
Amongst various cell types within the tumor microenvironment, cancer associated fibroblasts (CAFs) are in
abundance, serving to modulate the biophysical properties of the stromal matrix, through excessive deposition of
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lc)zsl:moplasia extracellular matrix (ECM) proteins that leads to enhanced tumor progression. There is still a critical need to
Parascrine sienalin develop a fundamental framework on the role of tumor-stromal cell interactions on desmoplasia and tumor-
PDGF & & igenicity. Herein, we developed a 3D microengineered organotypic tumor-stroma model incorporated with

breast cancer cells surrounded by CAF-embedded collagen matrix. We further integrated our platform with
atomic force microscopy (AFM) to study the dynamic changes in stromal stiffness during active tumor invasion.

Our findings primarily demonstrated enhanced tumor progression in the presence of CAFs. Furthermore, we
highlighted the crucial role of crosstalk between tumor cells and CAFs on stromal desmoplasia, where we
identified the role of tumor-secreted PDGF-AA/-BB on elevated matrix stiffness. Inhibition of the activity of
PDGFRs in CAFs led to attenuation of stromal stiffness. Overall, our work presents a well-controlled tumor
microenvironment model capable of dissecting specific biophysical and biochemical signaling cues which lead to
stromal desmoplasia and tumor progression.

through the stroma [4,5]. CAFs also participate in immune regulation of
the tumor microenvironment through secretion of tumor-promoting

1. Introduction

Metastatic breast cancer is one of the leading causes of death
amongst women across the United States [1]. It is now established that,
besides tumor cells, the surrounding mammary tissue microenviron-
ment plays a significant role in cancer progression from an early benign
stage to invasive and metastatic phases [2]. The tumor-stroma is a
complex milieu comprising of numerous cell types, with cancer asso-
ciated fibroblasts (CAFs) in abundance [3]. Many studies have de-
monstrated that CAFs play a multifaceted role in tumor progression as
they influence various hallmarks of cancer [3]. For instance, CAFs have
been demonstrated to assist in epithelial to mesenchymal transition
(EMT) of neoplastic cells by secretion of transforming growth factor 1
(TGF-B1) and interleukin 32 (IL-32) thereby enabling tumor invasion

inflammatory cytokines including IL-6, IL-11, CXCL1 and CXCL2 [6].
Notably, CAFs are the key players, influencing the biophysical proper-
ties of the tumor microenvironment, through deposition of abundant
extracellular matrix (ECM) fibers, including collagen as well as the
cross-linking enzymes such as lysyl oxidase (LOX) which lead to ele-
vated matrix stiffness and fiber reorganization [3], and in turn enhance
tumor progression.

To date, in vivo models have been widely utilized to develop an in-
depth understanding of the influence of CAFs on breast tumor growth
and progression [7-9]. These studies have identified molecular me-
chanisms through which CAFs exhibit pro-tumorigenic activity; how-
ever, there are several limitations associated with in vivo models [10].
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In vivo models do not often enable measurements of the dynamic
changes in biophysical properties of the activated stroma including
ECM deposition and their resultant effects on the matrix stiffness. There
have been only a few attempts using in vivo models to assess stiffness of
cancerous tissues by utilizing biopsies and nanoindentation techniques
[11,12]. Moreover, mechanistic dissection of the influence of specific
classes of stromal cells on tumor progression and stromal desmoplasia
cannot be achieved due to the presence of multiple confounding factors
within the tumor microenvironment [10]. To that end, various three-
dimensional (3D) in vitro tissue engineered and microfluidic models
have been developed to study the influence of specific class of stromal
cells, biochemical signaling factors or matrix properties on tumor pro-
gression, cancer cell invasion and drug resistance [13-22]. Microfluidic
tumor models have demonstrated excellent capabilities in establishing
causal relationships between the cancer cells and their surrounding
stroma and the subsequent influence on tumor progression [10]. Al-
ternatively, there have been a number of studies which have utilized
tissue engineering approaches along with natural [23], synthetic [24]
or composite hydrogels [25] to study tumor progression [26,27].
However, the focus for the majority of these studies has been centered
on manipulating the biophysical properties of the tumor micro-
environment and subsequently studying the influence of matrix prop-
erties on cancer cell behavior (i.e. invasion mode, drug resistance)
[23,25,26]. Despite their significance, to our knowledge, none of the
previous studies have quantitatively probed the in situ dynamic al-
terations in stromal ECM stiffness and remodeling to mechanistically
assess desmoplasia, within the context of tumor-stroma crosstalk,
during active tumor invasion.

In this study, we developed an open-top 3D tumor-stroma model
with well-defined organotypic architecture incorporated with breast
cancer cells surrounded by a CAF-embedded collagen hydrogel. We
further integrated our microengineered tumor-stroma model with
atomic force microscopy (AFM) to quantitatively assess the biophysical
changes within the stromal matrix during tumor invasion, with high
resolution and fidelity. To build our fundamental understanding on the
role of tumor-stroma interactions on ECM remodeling, we assessed the
changes in expression of profibrotic genes and cytokines by utilizing
gqRT-PCR and ELISA. Our results demonstrated that the presence of
CAFs promoted invasion of tumor cells into the stroma, enhanced col-
lagen fiber deposition and significantly elevated stromal matrix stiff-
ness. Further studies indicated that the crosstalk between tumor cells
and CAFs is necessary to induce significant changes in stromal matrix
desmoplasia (i.e. stiffening and remodeling), as mono-culture of either
cell type did not lead to biophysical alterations within the matrix. Our
analysis notably highlighted the critical role of tumor secretome, spe-
cifically PDGF, on CAF-induced desmoplasia. Overall, this study has
taken a step forward by building a microengineered model of tumor-
stroma with well-defined organotypic architecture, coupled with AFM,
to develop a fundamental framework on how cellular and molecular
interactions of tumor-stroma (i.e. CAFs) govern tumor progression and
desmoplasia.

2. Materials and Methods

Materials: Polydimethylsiloxane (PDMS, Sylgard 184 Silicon
Elastomer Kit) was bought from Dow Corning to fabricate substrate
holders and stamps (Fig. 1A). The PDMS holders were surface treated
with 2-aminopropyl-trimethoxy-silane (APTMS, Catalog number
281788, Sigma) and glutaraldehyde (Catalog number 97064-908,
VWR). Confocal dishes on the other hand were treated using Poly-p-
Lysine (PDL, Catalog number P6407, Sigma) and glutaraldehyde. The
PDMS stamps were rendered hydrogel repellant using 1% Pluronic-F
127 solution (Catalog number P2443, Sigma) in Deionized (DI) water.
Rat tail collagen type 1 (Collagen-I) was purchased from Corning
(Catalog number 354249) and Enzo Life Sciences (Catalog number
522-435) to fabricate the tumor-stroma model. The drug CP673451
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(PDGFR inhibitor) was bought from Selleckchem (Catalogue number
S1536) to inhibit the PDGF pathway within CAFs.

Cells: MDA-MB-231 cells (also referred to as MDA231 in Figures)
transduced to stably express DsRed protein were obtained from Dr.
Robert Ros's lab at Arizona State University. MCF7 cells transduced to
stably express DsRed protein were a generous gift from Dr. Mouneimne’
s lab at University of Arizona. For incorporation of breast fibroblasts in
our study, we utilized the cell line HTB-125™, from ATCC, which was
isolated from the region next to infiltrating ductal carcinoma and va-
lidated to exhibit fibroblast morphology as mentioned by the vendor.
Based on our further analysis of this cell line, we confirmed positive
expression for vimentin, with a subpopulation also expressing alpha
smooth muscle actin (a-SMA), and minimal to no expression of pan
cytokeratin, similar to that observed in cancer associated fibroblasts
(CAFs) [3,28,29]. Thus, in our study we referred to this HTB-125™ cell
line, with fibroblast morphology, as cancer associated fibroblasts
(CAFs). These cells were obtained at passage 55 and were used between
passage 56-60 for all our experiments. All the cells were maintained in
DMEM 1X media supplemented with 10% (v/v) FBS, 1% (v/v) Pen/
Strep and 1% (v/v) r-Glutamine. The cells were grown in T-75 flasks
within an incubator maintained at 37 °C and 5% CO,,

Antibodies/Growth Factors: Anti-pan-cytokeratin (1:100), anti-vi-
mentin (1:100) and anti-a-smooth muscle actin (a-SMA, 1:100) anti-
bodies were utilized. Phosphorylation of PDGFRs was visualized using
pPDGFRa (Santa Cruz Sc-365464) and pPDGFRP (AbCam ab5460)
primary antibodies. To perform cell proliferation assay, Click-iT EAU
Alexa Fluor 488 and Click-iT EAU Alexa Fluor 647 Imaging Kits
(Thermo Fisher Scientific, Catalog number C10337, C10340) was used.
To visualize cellular cytoskeleton, Alexa Fluor 488 phalloidin (Thermo
Fisher Scientific) was used at 1:40 dilution. Goat secondary antibodies
against mouse and rabbit primary antibodies were bought from Thermo
Fisher Scientific and used at dilution range of 1:200-1:500.

2.1. PDMS surface treatment

The PDMS holders and stamps used to develop the micropatterned
tumor-stroma model were designed using AutoCAD software. The di-
mensions of the holders were 8 x 8 mm such that they could fit within
a single well of a 24-well plate. On the other hand, the PDMS stamps
were incorporated with 300 um microposts of 75 pm diameter with
250 pm center to center distance. Each stamp had an array of 15 x 15
microposts, in order to fabricate high density tumor entities within the
model. PDMS holders and stamps were developed using soft litho-
graphy techniques, by casting off the silicon wafer, as explained pre-
viously [13]. For surface treatment of PDMS holders, they were cleaned
using scotch tape and further treated with air-based plasma for the
duration of 4 min and 30 s. The plasma treated holders were immersed
into freshly prepared 2% (v/v) APTMS solution in 95% (v/v) ethanol
and incubated at 60 °C for 1 h. Next, the APTMS solution was aspirated
and the holders were immersed in 100% ethanol and ultrasonicated for
20 min at high frequency using water based ultrasonication. The
ethanol solution was replaced with fresh 100% ethanol and washed 5
times consecutively with 10-min intervals on a plate shaker to remove
residual APTMS. The treated holders were then incubated at 80 °C for
1 h. Next, the holders were incubated in 0.1% glutaraldehyde solution
in DI water for 1 h. To remove excess glutaraldehyde, the treated
holders were washed with DI water 5 times for 5-min intervals followed
by overnight incubation at 80 °C. For stiffness measurement using AFM,
we formed the tumor-stroma model on confocal dishes. The confocal
dishes were treated with PDL at 1 mg/mL for 1 h followed by 1%
glutaraldehyde treatment. The dishes were then incubated at 80 °C
overnight. To make PDMS stamps protein resistant, they were im-
mersed in 1% Pluronic F-127 solution in DI water overnight at 4 °C.
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2.2. Fabrication of 3D tumor-stromal model

The micropatterned 3D tumor model, with well-defined archi-
tecture, was fabricated consistent with previous work reported by
Nelson et al., with brief modifications [30]. Collagen-I was prepared at
a final concentration of 4 mg/mL. For co-culture conditions, CAFs were
mixed with collagen at a cell density of 2 x 10° cells/mL. PDMS stamps
immersed in Pluronic solution were washed three times with DI water
and the prepared collagen solution was added to each stamp and in-
verted on top of the PDMS holders. This assembly of inverted PDMS
stamps coated with collagen solution on top of PDMS holders was then
kept for polymerization for 30 min at 37 °C. Upon polymerization of the
collagen, the stamps were lifted gently and the microwells were seeded
with cancer cells at a density of 7 x 10° cells/mL for 3 min followed by
washing with media as explained in previous protocols [30]. The cells
were allowed to attach to collagen microwells by incubating the sam-
ples inside an incubator for 15 min before immersing in media within a
24-well plate similar to our previuos work [31].

2.3. Breast cancer invasion assay

In order to quantify breast cancer invasion, samples from all groups
were imaged using Zeiss Observer Z1 inverted microscope, equipped
with Apotome 2.0, on days 0, 2 and 4 of the culture. Using phase
contrast and fluorescent microscopy, images were acquired of 2 x 2
tiles at 2 random locations of the sample. Next, the coordinates of the
tumor cells were isolated within each image using ImageJ software
(NIH), and a custom-written MATLAB code was utilized to perform
Delaunay triangulation modelling similar to our previous reports [31].
The area of each triangle within each Delaunay plot as well as the
standard deviation were calculated using MATLAB. Furthermore, we
calculated average area of all triangles and quantified area disorder for
each Delaunay plot using the following equation:

L. -1
Area disorder = 1 — [ 1+ (standard devzatlon))

average area

Subsequently, the Migration Index was calculated, based on area
disorder, through the following formula:

Tumor/Colla en + CAs
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Fig. 1. Microengineering of 3D in vitro or-
ganotypic  tumor-stroma model. (A)
Schematic of microfabrication process of 3D
tumor-stroma model with well-defined or-
ganotypic architecture. (B) Schematic of the
integration of Atomic Force Microscopy
(AFM) with the 3D tumor-stroma model. (C)
Representative images showing successfully
microfabricated 3D high density tumor-
stroma model with mono-culture and co-
culture groups. All scale bars represent
100 pm.

AFM Cantilever

AFM Stage

(Area disorder on Day 1 — Area Disorder on Day 3)

Migration Index =

Area disorder on Day 1

MCF7 cluster areas were quantified using the ImageJ Analyze
Particles plugin. The average cluster area for days 2 and 4 for all the
samples in each condition were normalized with respect to day O.

2.4. Cell proliferation assay

Cell proliferation was quantified using Click iT-Edu Imaging Kit.
The assay was performed as per manufacturer's instruction. In order to
quantify cancer cell proliferation, the DsRed™ cells with EdU* nuclei
were counted in ImageJ using the Cell Counter plugin. CAFs pro-
liferation was quantified by counting the cells which were DsRed ",
with an EdU* nuclei. To calculate the percentage of proliferative cells,
the EAU™ cancer cells or CAF cells were divided by total number of
cancer cells or CAFs, respectively.

2.5. Immunofluorescent staining

To perform immunofluorescent (IF) staining of our 3D samples, we
first fixed them by using 300 pl of 4% (v/v) paraformaldehyde (PFA) for
30 min at room temperature. The fixed samples were then washed 2x
with PBS-Glycine followed bylx wash with PBS. The samples were
permeabilized in 300 pl of IF buffer containing 0.2% (v/v) Triton-X-
100 + 0.1% (v/v) BSA +0.05% (v/v) Tween-20 + 7.7 mM NaNj in
PBS for 30 min followed by 2x wash with PBS-Tween and 1x wash with
PBS. The permeabilized samples were blocked using 300 pl of 10% (v/
v) goat serum in IF buffer for 2 h followed by overnight incubation with
250 ul of primary antibodies at different dilutions. After removing
primary antibodies, the samples were washed 3x times with PBS-Tween
followed by 2x wash with PBS. The secondary antibodies were dis-
solved in 10% goat serum in IF buffer at appropriate dilutions and then
added to the samples for 1 h followed by 3x wash with PBS-Tween and
2x wash with PBS for an interval of 10 min at a rocking station.

2.6. Atomic force microscopy (AFM)

An Asylum Research MFP-3D-BIO AFM was used to conduct the
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force-indentation measurements to assess the dynamic changes of the
stromal matrix stiffness during tumor progression. Team NanoTec
LRCH-750 AFM probes with sphere-cone geometry were used. The
spring constants (nominal k ~ 0.2 N m™!) were determined using
thermal energy dissipation method [32]. Samples were measured and
imaged at 37 °C in 1X Hank's Balanced Salt Solution (HBSS) containing
calcium and magnesium. The samples were also buffered with 25 mM
HEPES to maintain their pH during the measurements. Quasi-static
measurements with cantilever approach and retraction speed 2 pm s~ !
were conducted to collect elastic modulus data. In a 90um X 90 ym
area in the middle of four micro-wells, a grid of 4 X 4 indentations
were acquired by applying trigger force of 40-75 nN which resulted in
10-17 pm of indentation. The choice of trigger force was made to ob-
tain desired indentation intervals. The first 10 um of the force-in-
dentation curves were fitted to a non-adhesive quasi-static contact
model for a canonical indenter with a spherical tip that features con-
tinuous curvature at the transition point[65].
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Dynamic measurements, with the same probe approach and re-
traction speed, were conducted to collect viscoelastic data. In the same
90um X 90 pm area of each quasi-static measurement a grid of 2 x 2
indentations were acquired by applying trigger force of 3-7 nN which
resulted in 1.5-6 um of quasi-static indentation. At the quasi-static in-
dentations depth (8p) the oscillatory part of indentation (§(w)), with
amplitude of 50 nm, at different angular frequency (w) was applied by
oscillating the z-piezo and measuring the oscillatory force respond of
the sample. Later, amplitudes of force and indentation oscillation along
with the phase lag between force-time and indentation-time curves
were analyzed by the dynamic contact model derived from [Eq. (5)] to
calculate the viscoelastic properties of sample (i.e. complex modulus)
using the procedure described in [33].
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1—v (F(cu) B ibh_oa))
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(6)

where quasi-static contact radius ao spherecone is the solution of equation
(6).

R+ao 1 b
= = = = + agcos o cot 8
JR2 = b2 + Jag* - b 0 )

The dynamic experiment is carried out at frequencies of 1, 3.16, 10,
21.54, 31.62, 46.42, and 100 Hz.

8o = agln

2.7. Confocal reflectance microscopy

A Picoquant Microtime 200 confocal laser scanning microscope was
used to obtain reflectance microscopy images. Each reflectance scan
was 80 pym X 80 pum, 512 x 512 pixels (156nm/pixel) and took ap-
proximately 2.5 min. A 60 X , 1.1 NA, 1.5 mm W.D. water immerse
objective was used (Olumpus LUMFL60 x ). Continuous blue diode laser
(ex: 470 nm) was used to illuminate the sample and the reflected light
was collected through a 30 nm pinhole and was detected by a single
photon counting module (Picoquant PDM series). Intensity micrographs
of the scans were constructed in the operating software (Picoquant
SymphoTime). The amount of collagen fiber density was assessed by
quantifying the mean pixel intensity of the confocal reflectance images
using ImageJ software across various experimental groups throughout
the culture period.

2.8. Real time cell tracking

To quantify tumor cell migration pattern and parameters, we per-
formed 12 h of live cell tracking at the time period of 72 h of the cul-
ture. The movies were acquired using Zeiss Observer Z1 inverted mi-
croscope equipped with Apotome 2.0. The microscope stage was
surrounded by an in-house built incubator integrated temperature
control unit and CO, supply to maintain optimum culture conditions
(33-34°C and 5% CO,). The z-stack images were acquired every 45 min
using 10X objective across a depth of 50-60 um. The images were then
analyzed using a cell tracking script within MATLAB (Cell Tracker,
Budapest, Hungry). Each cell was manually tracked frame-by-frame to
record the cell coordinates. Using the software, cell velocity and per-
sistence were calculated for each cell across all the samples. We ana-
lyzed 15 cells per movie with duplicate replicates in each experimental
condition. Each experiment was repeated three times such that 90 cells
were tracked for each condition. The cell tracks were obtained using
ibidi Chemotaxis and Migration Tool with an ImageJ plugin.

2.9. Conditioned media experiments

To perform conditioned media (CM) experiments, MDA-MB-231 and
MCF?7 cells were cultured within the microengineered model in both
mono-culture and co-culture conditions for 4 days and media was col-
lected on day 2 and 4 of the culture. The CM was then centrifuged at
4000 RPM for 10 min at 4 °C to remove any cell debris and further
stored in —80 °C. Next, CAFs were cultured in mono-culture condition
within the microengineered model for 4 days. Right after initial AFM
measurement of the CAF-only samples on day 0, day 2 CM collected
from tumor mono-culture and co-culture samples was added. The
measurements were repeated on day 2 for the same samples followed
by incubation in day 4 CM and a final measurement on day 4.

2.10. Western blot

Western blot was performed according to a protocol provided by
Bio-Rad. Briefly, cells were lysed with a solution containing protease
inhibitors. These samples were then denatured in loading buffer.
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Proteins were separated with Gel Electrophoresis using a 10% poly-
acrylamide gel. The proteins were transferred to a PVDF membrane
using Bio-rad Trans Blot Turbo blotting system. Membranes were
blocked in 5% BSA and stained using mouse primary antibody and
800 nm tagged goat anti-mouse secondary antibody. These membranes
were then imaged using the licor Odyssey imager. For all the blots,
vinculin was used as loading control.

2.11. qRT-PCR

Cells were isolated from the 3D microengineered tumor model by
incubating the samples in 2 mg/mL collagenase I dissolved in 1X PBS
for 30 min inside a 37 °C incubator. The samples were then mechani-
cally digested by pipetting. The collagenase I solution was then col-
lected and centrifuged to form a cell pellet. The cells were then mixed
with 300 ul RNA lysis buffer (Zymo) to lyse the cells and collect total
RNA. The RNA was purified using Zymo's Micro RNA Prep Kit.
Specifically, to digest genomic DNA, isolated RNA was subjected to
DNAse I treatment. The quality and quantity of RNA was confirmed
using NanoDrop . Using 1 pg as the starting RNA template, cDNA was
prepared using Quantabio ¢cDNA Supermix. The qRT-PCR was per-
formed by using Luminaris Color HiGreen qPCR Master Mix (Thermo
Scientific) with appropriate controls as per manufacturer's Instructions.
The qPCR plates were analyzed using qTower 2.0 (Analytik Jena US).
The primer sequences for various genes have been detailed in the
supplementary documents.

2.12. Quantification of cytokines within our 3D tumor model

The relative expression of cytokines was measured within the 3D
microengineered samples by utilizing a custom-made Quantibody array
from Raybiotech. The custom-built array was used to specifically study
the expression levels of IL-4, IL-13, PDGF-AA, PDGF-BB, PDGF-AB,
PDGF-CC and TGF-B. To perform the assay, FBS-containing CM was
collected on day 4 from our samples and centrifuged at 4000 RPM for
10 min at 4 °C. The supernatant was collected and stored at —80 °C
until further use. Due to the presence of serum in CM, the media was
diluted 5-fold using sample diluent. A media blank was also added to
samples to normalize the concentration of various cytokine. The assay
was performed as per the manufacturer's instruction and then shipped
to Raybiotech for fluorescent value measurement and extraction.

2.13. Statistical analysis

All of the experiments were repeated three times with triplicate
samples per condition. The invasion and elastic modulus data were
analyzed using two-way ANOVA followed by appropriate post hoc test.
The standards for cytokine expression data were plotted by using
Sigmoidal 4PL curve in Graph Pad Prism and unknown concentrations
of the samples were interpolated from these curves. The relative ex-
pression was compared across samples by using one-way ANOVA fol-
lowed by Dunnet multiple comparison test. All other data were ana-
lyzed using paired t-test. P-value less than 0.05 was considered
significant for all the results. The statistical analyses and data re-
presentation were performed using GraphPad Prism v 7.0. All the data
were presented as Mean = Standard Deviation.

3. Results
3.1. Fabrication of the high-density 3D breast tumor-stroma model

In order to spatially organize cancer cells surrounded by CAF-em-
bedded stroma within the 3D microengineered tumor-stroma model, we
utilized a micropatterning technique. Specifically, the open-top model
was fabricated by using PDMS stamps and micro-molding technique to
construct a high-density array of microwells within collagen hydrogel
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(Fig. 1A) similar to our previous report [31]. The stromal region of the
model comprised a CAF-embedded collagen matrix while the tumor
regions were seeded by breast cancer cells (MDA-MB-231, MCF7)
within the microwells (Fig. 1A). The model was further integrated with
AFM to assess the in situ biophysical properties of the stroma, specifi-
cally matrix stiffness, during active invasion (Fig. 1B). We were able to
successfully fabricate the proposed model with mono-culture and co-
culture conditions, confirmed by spatial localization of cancer cells
within the microwells (DsRed*) surrounded by collagen matrix in ei-
ther the absence or presence of CAFs (Fig. 1C).

All three cancer cell types (MCF7, MDA-MB-231 and CAFs) used in
this study were immortalized cell lines. CAFs (HTB-125™ line from
ATCC) were isolated from the breast tissue peripheral to the infiltrating
ductal carcinoma, a region around the tumor core, utilized by various
other studies to isolate CAFs due to their dynamic interaction with the
tumor cells [9,29]. Prior to their incorporation within the model, we
primarily characterized the phenotype of CAFs and other cell lines. We
studied the expression of specific proteins including a-smooth muscle
actin (a-SMA, myofibroblast phenotype marker), vimentin (mesench-
ymal marker) and pan-cytokeratin (epithelial marker) using IF and
Western blot techniques. Our results confirmed that while vimentin was
expressed by MDA-MB-231 and CAFs, pan-cytokeratin was expressed by
MDA-MB-231 and MCF7 cells (Supplementary Fig. 1). On the other
hand, a-SMA was only expressed by CAFs and was absent in MDA-MB-
231 and MCF?7 cells (Supplementary Figs. 1A and B). Upon performing
densitometry analysis, we found that the adjusted density values for
two biological replicates of CAFs shown in Supplementary Fig. 1B was
~0.97 = 0.04. As shown by IF, not all of the CAFs had positive a-SMA
expression (Supplementary Fig. 1A). Such heterogeneity in a-SMA ex-
pression across the CAFs population has also been previously reported
for CAFs isolated from different patient samples [3,29]. Multiple studies
have also highlighted that such a discrepancy in marker expression is
due to the presence of highly heterogenous population of CAFs as they
arise from different sources including transformation of normal fibro-
blasts, differentiation from epithelial cells, smooth muscle cells and
adipocytes [34,35]. Additionally, no marker has been identified which
is unique to the CAFs population as most of the CAF-related markers are
shared with other cell types including normal fibroblasts, tumor cells
and immune cells [34]. Currently, CAFs are distinguished from normal
fibroblasts based on expression of a myofibroblast phenotype, upregu-
lated ECM production and their tumor promoting capabilities; char-
acteristics displayed by the fibroblasts used in our study as well
[3,28,29,36,37]. Therefore, our data along with previous reports sug-
gest that the immortalized cell line isolated from infiltrating ductal
carcinoma (HTB-125™) used for this study exhibited CAF-like pheno-
type.

3.2. Tumor invasion and progression

To visualize the effect of CAFs on breast tumor cell invasive cap-
abilities, we initially performed phase contrast microscopy and fluor-
escent imaging across the culture period of 4 days. Our results de-
monstrated single cell invasion of MDA-MB-231 cells into the stroma
across all experimental conditions (Fig. 2A). While in mono-culture
condition, these highly invasive cancer cells aggregated near the mi-
crowells, they demonstrated cellular scattering within the stroma when
cultured with CAFs (DsRed*, Fig. 2A, Supplementary Fig. 2A). To
further quantify cell scattering, we utilized a mathematical model
known as Delaunay Triangulation [38]. As shown in the Delaunay plots
in Fig. 2B, MDA-MB-231 cells initially localized close to each other
within microwells, as can be observed from many small area triangles
located close to the microwells in both mono-culture and co-culture
conditions on day 0. Large area triangles connected nodes between cells
from different microwells. However, by day 4 of the culture period,
tumor cells scattered within the stroma, away from the microwells in
co-culture condition leading to a homogenous triangle area distribution



H. Saini, et al.

MDA231

W MDA231+CAF

MDA231

MDA231+CAF

(@)

MCF7

Biomaterials 247 (2020) 119975

Day 4

<
+
N~
S
i MCF7 MCF7+CAF
047 mm MDAZ31 B MDA231+CAF 5 o ® - x
x % N
) ] |
< Eoa
_ o >
5 53
2 £e
e 5 2
2 @
= 5
Day 2 Day 4 Day 2 Day 4
c 2 =0.05
S 100 3 807
b e .
< 80 g
g g 60
S 60 E :
a O 404
o 40 f}
E 2 2 207
= =
= 5 ol H
MDA231 MDA231+ MCF7  MCF7+ ® CAF  MDA231+  MCF7+
CAF CAF CAF

Fig. 2. Tumor cell invasion and proliferation analyses in mono-culture and co-culture conditions. (A) Representative phase contrast and fluorescent images across
mono-culture and co-culture group of MDA-MB-231 cells with CAFs over culture period of 4 days. (B) Representative color-coded Delaunay triangulation graphs
across experimental groups demonstrating MDA-MB-231 cell scattering in presence of CAFs. (C) Representative phase contrast and fluorescent images across mono-
culture and co-culture group of MCF7 cells with CAFs. (D) Migration Index of MDA-MB-231 cells in mono-culture and co-culture conditions. (E) Quantified cluster
area of tumor cells across experimental groups for day 2 and day 4 normalized to day 0. (F) Quantification of percentage of EdU™ cancer cells between mono-culture
and co-culture groups for MDA-MB-231 and MCF?7 cells with CAFs. (G) Quantification of percentage of EdU™ CAFs in mono-culture and co-culture groups. All scale
bars represent 100 um * represents p value < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

(Fig. 2B). In contrast, in mono-culture group, these cells aggregated
near the microwells through the duration of culture period of 4 days, as
observed by presence of small size triangles between cells around the
same microwell and the persistence of large area triangles between cells
from different microwells (Fig. 2B). To quantify cell dispersion across
mono-culture and co-culture groups, a custom metric migration index
was calculated (see Materials and Methods) using triangulation graphs.
As shown in Fig. 2D, the migration index of MDA-MB-231 cells upon co-
culture with CAFs was significantly higher than the mono-culture
condition on days 2 and 4. These quantifications further confirmed our
imaging observations, demonstrating enhanced invasion abilities of
MDA-MB-231 cells in presence of CAFs.

In contrast to single cell migratory behavior of MDA-MB-231 cells,
less invasive MCF7 cells depicted colony forming tendencies within the
3D model, leading to cell aggregation thereby limiting triangulation

analysis (Fig. 2C, Supplementary Fig. 2B). During the culture period of
4 days, MCF7 cells clustered and filled up the microwells, where they
were initially seeded, across all experimental groups (Fig. 2C). While in
mono-culture, these less invasive cells invaded the stroma in the form of
single cells or small clusters, they formed large clusters within the co-
culture group throughout the stroma (Fig. 2C, Supplementary Fig. 2B).
Quantification of normalized cluster area on day 2 and 4 suggested that
the clustering abilities of MCF7 cells significantly enhanced in the
presence of CAFs (Fig. 2E). 3D F-actin stained images (Supplementary
Fig. 2) further confirmed that while MDA-MB-231 cells invaded across
different planes of the 3D hydrogel matrix, MCF7 cells invaded as a
single sheet layer on top of the collagen hydrogel across all the con-
ditions. Such a difference in invasion abilities between these two types
of tumor cells can be attributed to their genomic make up, which is
maintained within 3D culture, as suggested by previous reports [39].
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Overall, our results demonstrated that while MDA-MB-231 cells en-
hanced their single cell invasion abilities, MCF7 cells depicted a higher
tendency towards cluster formation and expansion within the stroma in
the presence of CAFs.

3.3. Tumor and stromal cell proliferation

Many tumor cells depict the invasion-proliferation dichotomy phe-
nomenon such that highly migratory cells lose their proliferative phe-
notype during invasion [40]. In this context, we utilized EdU assay to
isolate the influence of CAFs on cancer cell migration from proliferation
and to identify dividing tumor cells. As shown in Supplementary Fig. 3,
dividing cancer cells were marked for newly synthesized DNA (co-ex-
pressing DsRed and GFP), demonstrating proliferation across all ex-
perimental groups. Quantification for EQU* tumor cells suggested an
enhanced proliferative behavior of MCF7 cells upon co-culture with
CAFs as compared to their mono-culture (Fig. 2F). On the other hand,
MDA-MB-231 cells did not demonstrate any significant change in their
proliferation rate when cultured with CAFs (Fig. 2F). Such a stark dif-
ference in proliferative behavior of different breast tumor cells, com-
bined with previous invasion observations (Fig. 2A-E), potentially
suggests that while CAFs enhanced MDA-MB-231 cells invasion, they
primarily influenced the proliferation capacity of MCF7 cells in our
platform.

In addition to tumor cell proliferation, we also investigated CAFs
proliferation across different co-culture groups within the micro-
engineered 3D tumor-stroma model. CAFs (DsRed ™) depicted an en-
hanced proliferation in the presence of both MDA-MB-231 and MCF7
cells (Fig. 2G, Supplementary Fig. 4). These results are consistent with
previous clinical studies where metastatic cancerous tissues were ob-
served to have a high quantity of a-SMA-expressing CAFs as compared
to non-metastatic tissue [41][66], suggesting that the crosstalk between
tumor and stromal cells can profoundly influence their proliferative
behavior.

3.4. Real time tracking of tumor cells

While we demonstrated that the presence of CAFs influenced the
proliferation and invasion capacities of tumor cells, we further studied
the migration patterns through real-time cellular tracking (Fig. 3). As
shown in Supplementary Movies 1 and 2, MDA-MB-231 cells migrated
as single cells across mono-culture and co-culture conditions. The re-
presentative cell tracks further demonstrated enhanced dissemination
of MDA-MB-231 tumor cells in the presence of CAFs as compared to
their mono-culture (Fig. 3A). Using a live cell tracking script, we
quantified MDA-MB-231 cell speed and persistence in all the experi-
mental groups (Fig. 3B). Our analysis for the bulk population of MDA-
MB-231 cells demonstrated no significant difference in cell migration
speed between the mono-culture and co-culture conditions (Fig. 3C).
However, when the speed of individual tumor cells was considered, we
observed that about 80% of tumor cells migrated at a baseline cell
speed (<0.16 pm/min) in mono-culture as opposed to 58% in the co-
culture condition (Fig. 3B). Upon co-culture with CAFs, a significant
number of tumor cells enhanced their migratory characteristics and
invaded the stroma at an increased cell motility speed of =0.2 pym/min
(38% in co-culture condition vs 20% in mono-culture condition,
Fig. 3B, D). We also studied MDA-MB-231 cell persistence, indicative of
directionality of cell motion, and observed no significant difference for
the bulk population of tumor cells between mono-culture and co-cul-
ture conditions (Fig. 3E). Upon analysis of distribution of cell persis-
tence between the mono- and co-culture groups, we observed an in-
creased number of MDA-MB-231 cells exhibiting high persistence
(=0.3) in co-culture condition (Fig. 3F). Overall, our results demon-
strated that when MDA-MB-231 cells are co-cultured with CAFs, a
significant population of tumor cells acquire enhanced invasion char-
acteristics, upregulating their cell speed and persistence.
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Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.119975

Similar real-time analysis was also performed on MCF7 cells (Fig. 3
and Supplementary Movies 3, 4). While MDA-MB-231 cells migrated as
single cells, interestingly, we observed that MCF7 cells on the other
hand demonstrated a high tendency in forming clusters across all ex-
perimental groups consistent to our previous observations (Fig. 2C,
Supplementary Fig. 2). As can be observed in Supplementary Movies 3
and 4, many cells clustered with other cells during the 12-h tracking
period, thereby increasing the overall cluster size. Similarly, many cells
during this period demonstrated a tendency to proliferate and thus
upon division followed their individual paths, rendering it difficult to
quantify individual cells’ migratory characteristics. Therefore, we lim-
ited our analysis to the single cells that neither proliferated nor
clumped during the 12-h migration period (see Methods). Re-
presentative cell tracks for each condition suggested no noteworthy
changes in MCF7 tumor cells dissemination pattern, (Fig. 3A). Further
analysis demonstrated no significant differences in cell speed and per-
sistence between mono-culture and co-culture groups (Fig. 3G, I). Si-
milar to MDA-MB-231 cells, the histogram of cell speed distribution for
MCF7 cells also exhibited no significant differences between mono-
culture and co-culture groups in terms of cell speed (Fig. 3B, H).
However, our analysis showed a slight decrease in number of cells with
high persistence in the co-culture condition as compared to mono-cul-
ture condition (Fig. 3J, p-value = 0.042). Thus, our findings overall
indicate that while CAFs influenced the migration of MDA-MB-231 cells
by increasing the cell speed and persistence of a select population of
tumor cells, MCF7 cells on an average exhibited more cluster tendency
formation and proliferation in the presence of CAFs.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.biomaterials.2020.119975

3.5. Characterization of stromal ECM remodeling

A major step forward in our 3D microengineered tumor model lies
within its ability to assess in situ biophysical properties of the stromal
ECM, including collagen deposition and matrix stiffness due to stromal-
tumor crosstalk. To assess stromal desmoplasia, particularly collagen
matrix deposition and stiffness, within our platform, we utilized AFM
along with 3D confocal reflectance microscopy. As shown in Fig. 4A and
B, collagen fiber density did not change significantly throughout the
culture period of 4 days in the mono-cultures of both MDA-MB-231 and
MCF7 cells as well as in the mono-culture of CAFs (Supplementary
Fig. 5A). However, upon co-culture with CAFs, collagen expression
gradually increased on days 2 and 4 of culture (Fig. 4A and B). A similar
observation was made from the quantification of collagen fiber density
as shown in Supplementary Table 1. Our assessment demonstrated that
the mean pixel intensity of the collagen fibers was similar across all the
experimental groups on day O (Supplementary Table 1). While in the
mono-cultures of either tumor cells or CAFs, the pixel intensity of col-
lagen fiber density across the culture period remained unchanged, the
intensity of collagen fiber density increased by 1.29 and 1.31 times in
co-culture conditions of MDA-MB-231 and MCF7 cells with CAFs re-
spectively. Such an increase in collagen deposition further influenced
stiffness of the stroma, which was quantified by measurement of the
elastic modulus of the matrix using AFM. As shown in Fig. 4C, neither
the mono-culture of tumor cells (MDA-MB-231, MCF7) nor CAFs in-
duced any change in the matrix stiffness across the culture period. In-
terestingly, only during the co-culture of tumor and stromal cells, a
significant increase in elastic modulus was observed (Fig. 4C). Specifi-
cally, when MDA-MB-231 cells were co-cultured with CAFs, the matrix
stiffness increased from 0.89 + 0.4 KPa on day 0 to 2.85 = 1.15 KPa
on day 4. Similarly, upon co-culture of MCF7 cells with CAFs, elastic
modulus of the matrix increased from 1.474 =+ 0.515 KPa to
3.543 = 0.41 KPa across the culture period of 4 days. Our results also
showed that while the increase in the elastic modulus of ECM in co-


https://doi.org/10.1016/j.biomaterials.2020.119975
https://doi.org/10.1016/j.biomaterials.2020.119975
https://doi.org/10.1016/j.biomaterials.2020.119975
https://doi.org/10.1016/j.biomaterials.2020.119975

H. Saini, et al.

A MDA231 MDA231+CAF
. Speed>0.2 pm/min
. Speed<0.2 pm/min
1 ,/4
%
o9 )/ NS
MCF7 MCF7+CAF . Speed>0.2 um/min

. Speed<0.2 pm/min

C E

’E 0.4

E,

g p 0.3

5 0.15 8

g 3 o2

Q I

» 0.10 8

[} 0.1

g 0.05

= 0.0

z, f

MDA231 MDA231+CAF

MDA231 MDA231+CAF

D £ 50 F 100
£
& -
B go o0
E=i N EA
ERE N 2y 60
oA 35
3 o B 40
s 53
@ Xao
X o o 20
o 10
o
S 0
0 MDA231 MDA231+CAF
MDA231 MDA231+CAF

Biomaterials 247 (2020) 119975

-= MCF7+CAF

30 -e- MDA231 -#- MDA231+CAF

N
S

>

P

0.10 020 030 040 050 0.60

04 -3
0.0 0.1 0.2 0.3 0.4 0.5
Bin center of average Cell Speed (um/min)

Relative frequency (percentages)
Relative frequency (percentages)

Bin center of average Cell Speed (um/min)

a
3

»

S

- MDA231 - MDA231+CAF -~ MCF7 = MCF7+CAF

w
3

w

S

S
=)

0.0 0.2 0.4 0.6 0.8 1.0

Relative frequency (percentages)
3
Relative frequency (percentages
N
8

0.0 0.2 04 0.6 0.8 1.0

Bin center of Persistence
Bin center of Persistence

Persistence

MCF7 MCF7+CAF MCF7+CAF

I

% of cells with
persistence > 0.3

% of cells with
average speed = 0.2 pm/min
N
3

o

MCF7 MCF7+CAF

MCF7 MCF7+CAF

Fig. 3. Real time tumor cell tracking analyses. (A) Representative cell tracks across mono-culture and co-culture group for MDA-MB-231 and MCF7 cells. (B)
Histogram of cell speed and persistence for MDA-MB-231 and MCF7 cells within each condition. (C) Average speed of MDA-MB-231 cells across all culture conditions.
(D) Quantification of percentage of MDA-MB-231 cells with average speed greater than or equal to 0.2 um/min across all groups. (E) Average persistence of MDA-MB-
231 cells. (F) Quantification of percentage of cells with average persistence greater than 0.3 across all groups. (G) Average of MCF7 single cells speed across all
culture conditions. (H) Quantification of percentage of MCF7 cells with average speed greater than or equal to 0.2 um/min across all groups. (I) Average persistence
of MCF7 cells. (J) Quantification of percentage of MCF7 cells with average persistence greater than 0.3 across all groups. * represents p value < 0.05.

culture condition of MDA-MB-231 cells was progressive across culture
period, it was delayed for MCF7 cells until day 4 (Fig. 4C). Consistent
with these findings, the matrix stiffness was observed to be significantly
higher in different co-culture groups (MDA-MB-231 + CAF,
MCF7 + CAF) as compared to the respective mono-culture of tumor cells
or CAFs on day 4 (Supplementary Figs. 6A and B). Despite the differ-
ence in invasive capabilities of the tumor cells used in the study (highly
invasive MDA-MB-231 cells and less invasive MCF7 cells), no sig-
nificant differences were observed in the elastic moduli of the ECM
between the two co-culture groups across the culture period. Thus, our
results overall demonstrate that the crosstalk between tumor cells and
CAFs is necessary to induce stromal desmoplasia. Specifically, the
tumor cells of varied tumorigenicity used in this study are able to in-
teract with CAFs equivalently to induce matrix deposition and enhance
stromal desmoplasia.

To further our understanding of the biophysical changes caused by
tumor-stromal crosstalk, we further analyzed the viscoelastic properties
of the stromal matrix. In dynamic indentation experiments, we quan-
tified the storage (G’) and loss moduli (G”), as well as the loss tangents
(G"/G") of stromal matrix for different experimental groups
(Supplementary Figs. 5B, C, 7). Our analysis demonstrated lower values
of loss moduli G” as compared to storage moduli G’ throughout all the
groups across the entire probed frequency range, indicating a more
solid-like behavior of the matrix (Supplementary Figs. 5B, 7A, C). The
model, as determined by the loss tangent (G"/G’) (Supplementary

Figs. 5C, 7B, D), exhibited values in the range of 0.1-0.3, clearly in-
dicating domination of the elastic properties. As expected from the
quasistatic experiments described above (for isotropic materials with a
Poisson ration of 0.5), the elastic modulus E is three times the shear
storage modulus G’. Our results thus demonstrated a significant in-
crease in the storage modulus (G) when MDA-MB-231 cells or MCF7
cells were co-cultured with CAFs as compared to their respective tumor
mono-cultures on day 4, suggesting an increase in the elastic properties
over viscous properties of the stromal matrix (Supplementary Figs. 7A
and C).

3.6. Assessment of expression of matrix-related genes

To further probe the mechanism of ECM remodeling at the mole-
cular level, we performed qRT-PCR on matrix-related genes including
alpha I type I collagen (COL1A1), alpha I type III collagen (COL3A1),
fibronectin (FN), lysyl oxidase (LOX) and transforming growth factor
beta 1 (TGF-p1) across different experimental groups (Fig. 4D and E).
To better understand gene expression in the co-culture samples as a
whole similar to the in vivo condition, we did not sort or separate the
tumor cells or CAFs in co-culture groups but rather compared the ex-
pression of the mixed population of the cells with the mono-culture
samples of respective tumor cells and CAFs as controls (Fig. 4D and E).
Similar to imaging of collagen fibers, gene expression analyses de-
monstrated significantly higher expression of matrix genes including
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COL1A1, COL3A1 and FN in co-culture samples of tumor cells with
CAFs as compared to mono-culture of respective tumor cells (Fig. 4D
and E). We further observed significantly higher expression of COL1A1,
COL3A1 and FN in mono-culture of CAFs as compared to mono-culture
of either tumor cell line. Upon additional analysis, we found no sig-
nificant differences among expression levels of the matrix genes be-
tween mono-culture of CAFs and co-culture groups thereby suggesting
that CAFs, not tumor cells, are the primary source of upregulation of
these matrix-related genes within the co-culture condition, underlining
the CAF-specific role in ECM remodeling.

3.7. The influence of tumor secretome on ECM remodeling and CAFs
phenotype

Since ECM stiffness analyses demonstrated the necessity of tumor
cells and CAFs interaction to induce stromal remodeling, we next aimed
to dissect the possible mode of this interaction between these two cell
types. Specifically, we studied whether soluble factors signaling be-
tween tumor cells and CAFs are responsible for stromal desmoplasia
over the culture period. To perform these studies, we collected condi-
tioned media (CM) from different experimental groups of MDA-MB-231
and MCF7 cells and subsequently added the respective tumor cell CM to
the mono-culture of CAFs embedded in collagen matrix followed by
assessment of elastic modulus of the matrix. As shown in Fig. 5A, C,
collagen fiber density and matrix stiffness of the CAF-only group was

significantly enhanced when CM from mono-culture of MDA-MB-
231 cells was added to the samples (0.82 =+ 0.24 KPa on day 0
to3.45 * 0.64 KPa on day 4). Similarly, when CAFs were incubated
with CM obtained from mono-culture of MCF7 cells, the matrix stiffness
significantly enhanced from 0.62 =+ 0.3 KPa on day 0 to
2.2 = 0.2 KPa on day 4 (Fig. 5B, D). These results are therefore in-
dicative of the crucial role of paracrine signaling between tumor cells
and CAFs to induce stromal desmoplasia. Surprisingly, our results de-
monstrated no significant change in matrix stiffness in CAF mono-cul-
ture when incubated with CM obtained from the co-culture groups of
either MDA-MB-231 or MCF7 cells (Fig. 5). We speculate that CAFs
present in the co-culture groups consume the tumor-secreted pro-fi-
brotic factors by ligand-receptor internalization thereby limiting their
availability within the collected CM [42,43]. Such an unavailability of
potential pro-fibrotic factors in co-culture CM possibly explains the
insignificant change in matrix stiffness when incubated on CAF mono-
culture samples across the culture period. Overall, we speculate that the
tumor cells secrete soluble factors that are sensed by CAFs to induce
stromal desmoplasia, and which upon binding with receptors on CAFs
get internalized by the process of ligand-receptor complex internaliza-
tion [43].

After establishing a significant role of soluble factor signaling in
modulation of the biophysical properties of the stromal matrix by CAFs,
we also analyzed CAF proliferation upon incubation with CM obtained
from the different experimental groups of MDA-MB-231 and MCF7
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cells. As shown in Supplementary Fig. 8A, although CAFs demonstrated
proliferation under all the conditions, there were no significant differ-
ences in proliferative behavior of CAFs when incubated with CM ob-
tained either from mono-culture or co-culture group of both MDA-MB-
231 and MCF7 cells as well as those cultured in regular DMEM-based
media (Supplementary Fig. 8B). Similar reassessment was also per-
formed for expression of matrix genes in CAFs incubated with CM ob-
tained from various experimental groups. Our results demonstrated that
CAFs did not exhibit significant changes in expression of any of the
assayed matrix genes when incubated with CM of mono-culture and co-
culture groups (Supplementary Figs. 8C and D). Therefore, our results
demonstrated that the tumor secretome did not change either the level
of matrix-related gene expression in CAFs nor their proliferation rate.
However, CAFs enhanced secretion of ECM-related proteins due to the
tumor secretome as demonstrated by our confocal reflectance images of
collagen fibers and elastic modulus results (Fig. 5), suggesting a pos-
sible post-translational mechanism of regulation of desmoplasia.

3.8. Molecular profiling of tumor-secreted factors

Based on our CM results, it is clear that tumor-secreted factors play
crucial roles in CAF-induced stromal desmoplasia. To better understand
the particular molecular mode of interaction present within tumor cell
CM, we next performed ELISA on both types of tumor cell CM (MDA-

10

MB-231 and MCF7) to assess the expression levels of known cytokines
that participate in fibrosis, including Interleukin 4 (IL-4), Interleukin 13
(IL-13), platelet derived growth factor AA (PDGF-AA), platelet derived
growth factor AB (PDGF-AB), platelet derived growth factor BB (PDGF-
BB), platelet derived growth factor CC (PDGF-CC) and transforming
growth factor 31 (TGF-B1) [44-46]. Based on our matrix stiffness re-
sults observed in CM experiments (Fig. 5), we hypothesized that the
concentration of fibrotic factors would be significantly higher within
our tumor (MDA-MB-231, MCF7) mono-culture CM as compared to
their respective co-culture CM since these pro-factors are already up-
taken by CAFs in the co-culture group. Additionally, we studied the
secretion of the same cytokines in CM collected from CAF mono-culture
to provide a broad understanding on expression of these factors by
different types of cells, i.e. tumor and stromal cells. Our results showed
undetectable levels of IL-4 and PDGF-CC across all the experimental
conditions due to a potential low concentration of the analytes across
all the samples while accurate TGF- B1 detection was obstructed due to
non-specific binding of the antigen with the serum protein present in
the samples (matrix effect) within our custom-based ELISA [47]. Fur-
ther analysis showed expression of multiple cytokines including IL-13,
PDGF-AA, and PDGF-BB in all samples (Fig. 6A). We also observed
detectable levels of PDGF-AB in various conditions, although it was
found to be undetectable for CAF CM (Fig. 6A). Amongst all cytokines,
we notably observed a significantly higher expression of PDGF-AA and
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PDGF-BB in MCF7 mono-culture CM as compared to MCF7 co-culture
CM and CAF CM (Fig. 6A). We observed a similar trend for MDA-MB-
231 mono-culture CM where PDGF-AA was at 3.4 times the con-
centration than in co-culture CM, although this result was not statisti-
cally significant (p = 0.10, p = 0.12, Fig. 6A). The demonstrated
abundance of these ligands in tumor mono-culture CM as compared to
co-culture CM can be speculated to be due to both prevalent expression
of these ligands by tumor cells, and enhanced consumption of the li-
gands by the cells in the co-culture samples by a known process of li-
gand-receptor internalization [42,43,48]. To validate our ELISA results,
we also performed IF staining for phosphorylated PDGFR a/f (Fig. 6B).
Our results indicated that the activation of a and  receptors was more
prominent in CAFs incubated with either MDA-MB-231 and MCF7
mono-culture CM as compared to their respective co-culture CM, fur-
ther demonstrating limited availability of the PDGF ligands in co-cul-
ture CM (Fig. 6B). As shown in Supplementary Fig. 9, we observed
minimal to no phosphorylation of PDGFR o/f in CAFs incubated with
either DMEM-based media or CAF mono-culture CM. This indicates that
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PDGF ligands are potentially expressed by tumor cells which are readily
available in tumor mono-culture CM but exhausted in co-culture CM.

3.9. Inhibition of PDGFR pathway in CAFs and reassessment of stromal
stiffness

To validate the role of tumor-secreted PDGF-AA/-BB on CAF-in-
duced desmoplasia, we performed a functional assessment by in-
cubating tumor cell mono-culture CM with a concentration sweep of a
specific inhibitor of PDGFRs (CP673451). We further reassessed acti-
vation of receptors and elastic modulus of the matrix in CAF-only
samples across the culture period. Amongst various receptor tyrosine
kinase inhibitors available, CP673451 has been observed to have 450 to
5000-fold more selectivity for PDGFRs over other receptors [49]. Ap-
propriate concentration of CP673451 to inhibit the phosphorylation of
PDGFRs depends on the cell type and has been observed to range from
1 nM to 5 uM in different cell types in numerous studies [49-51]. Based
on previous studies, we utilized two different concentrations of
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CP673451 (50 nM and 1 pM) to inhibit PDGFR phosphorylation in CAFs
when supplemented with tumor cell mono-culture CM [50,52]. Before
proceeding with measurment of elastic modulus of the stromal matrix,
we also confirmed that both of these concentrations of CP673451 did
not influence CAF viability as shown in Supplementary Fig. 10. Our IF
results demonstrated a notable reduction in activation of the PDGF
receptors in CAFs at both 50 nM and 1 uM concentrations of CP673451
in MDA-MB-231 mono-culture CM as shown in Fig. 7A. Consistent to
previous results, quantitivate analysis for ECM stiffness demonstrated
that the elastic modulus of the matrix significantly increased when
CAFs were incubated with tumor mono-culture CM (Fig. 7B and C). At a
low concentration of CP673451 (50 nM), a similar increase in elastic
modulus of the matrix was observed. However, when the concentration
was increased to 1 uM, no significant change in ECM stiffness was ob-
served at day 2 and 4 of the culture as compared to day O (Fig. 7B).
Similar observation was also made when the CAF mono-culture group
was incubated with MCF7 mono-culture CM supplemented with 1 uM of
CP673451 (Fig. 7C). We also compared CAF proliferation in MDA-MB-
231 and MCF7 mono-culture CM in the presence of different con-
centrations of CP673451 (Supplementary Fig. 11) using Edu assay. Our
analysis suggested that CAF proliferation was significantly reduced at
1 uM of CP673451, when compared to control MDA-MB-231 CM and
50 nM of CP673451 (Supplementary Fig. 11A and B). No significant
difference was observed in CAFs proliferation between control MDA-
MB-231 CM and 50nM of CP673451 (Supplementary Fig. 11A and B)
Similarly for MCF7 CM, we noted a significant reduction in CAF pro-
liferation when CP673451 was added at a concentration of 1 puM
(Supplementary Fig. 11 A, C). These results suggest that inhibition of
the PDGFR pathway in the presence of tumor mono-culture CM within
CAFs reduces the replicative ability of CAFs, potentially reducing ECM
deposition.

4. Discussion

Cancer-induced desmoplasia in various types of solid tumors leads
to tumor progression, and has been associated with poor clinical out-
comes [12]. CAFs are known to play a crucial role in establishing a
desmoplastic tumor microenvironment by depositing various ECM
proteins and increasing stromal stiffness [3]. To date, multiple studies
have been performed to demonstrate the crucial role of co-culture of
tumor cells and CAFs on tumor proliferation, invasion and anti-cancer
drug resistance [10,29,31,53,54]. While the role of matrix biophysical
properties in tumorigenicity has been well studied in various in vivo and
in vitro models, there is still a technological need to quantitatively as-
sess stromal desmoplasia during active cancer cell invasion and to
further mechanistically dissect the role of tumor-stroma crosstalk on
ECM dysregulation [22,24-26]. In this study, we developed a techno-
logically advanced high-density 3D breast tumor-stroma platform, with
well-defined organotypic architecture, integrated with AFM to address
this knowledge gap. Due to the open-top nature of the platform, we
were able to perform in situ analyses of the biophysical properties of
stromal matrix while assessing active tumor progression. Our study was
based on in-depth cellular- and molecular-level analyses to unveil key
molecular regulators that participate in ECM remodeling within the
context of tumor-stroma crosstalk.

Based on AFM measurements, the elastic moduli of all samples was
found to be consistent in the range of 0.89-1.5 KPa on day 0 similar to
the stiffness range of the healthy patient tissue (~1.13 *= 0.78 KPa)
[11]. While the mono-culture groups of either tumor cells or CAFs did
not show any significant changes in the matrix stiffness, the co-culture
conditions of MDA-MB-231 and MCF?7 cells with CAFs exhibited 2.4-3.2
times higher elastic moduli on day 4 of the culture as compared to day
0. Previous studies utilizing AFM on patient biopsies have shown that
fibrotic breast cancer tissues have a bimodal distribution of stiffness
such that the tumor-rich regions exhibited elastic modulus values in the
range of 0.3-0.75 KPa while the stromal region exhibited a stiffer
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microenvironment with a very broad distribution of elastic moduli
ranging from 1.5 KPa to 20 KPa [11]. Such a broad range of stiffness
values obtained from patient samples can be consequential of mea-
suring a heterogenous tissue comprising of numerous cell types (i.e.
CAFs, immune cells) which could not be distinguished from the ECM
during measurement. Our 3D tumor-stroma model on the other hand
provided a well-controlled environment to specifically assess the elastic
modulus of the stromal ECM, emerged from a specific class of stromal
cells (i.e CAFs). Besides enhanced matrix stiffness within co-culture
groups of tumor cells and CAFs, qRT-PCR analyses also demonstrated
high expression of matrix-related genes including COL1A1, COL3A1,
FN, LOX, and TGF-f as compared to the mono-culture of tumor cells.
Further analysis demonstrated that CAFs were the primary source of
expression of matrix-related genes as compared to either tumor cell
line, thus underlining the crucial role of CAFs in ECM remodeling as
also suggested in previous reports [3,28,35,36,55].

Our studies further revealed the necessary interaction between
breast tumor cells and CAFs to induce a stromal desmoplastic reaction.
To that end, we took a step forward by analyzing a mode of mechanism
by which tumor cells and CAFs interact with each other to participate in
ECM remodeling. Our CM studies suggested that tumor cells and CAFs
interact with each other through paracrine signaling. We observed that
tumor-secreted factors are essential to induce CAF-based desmoplasia.
Similar observations have been also made in pancreatic tumors where
a-SMA™ pancreatic stellate cells (PSCs) demonstrated enhanced pro-
liferation upon culture with supernatants obtained from different
cancer cells including MiaPaCa2, Pancl and SW850 [56]. Additionally,
synthesis of matrix proteins including collagen I and III, and fibronectin
were significantly upregulated when PSCs were cultured in cancer cell
supernatants, suggesting enhanced ECM remodeling [56]. Adding
neutralizing antibodies against different pro-fibrotic factors including
TGF-B1, FGF-2 and PDGF to cancer cells supernatants caused a sig-
nificant reduction in ECM deposition [56]. Another study by Calvo et al.
also demonstrated that tumor-secreted soluble factors participate in
nuclear localization of the transcription factor Yes-associated protein
(YAP) in normal fibroblasts (NF) transformation, proliferation and
collagen deposition [57]. In this study when NFs were cultured with
4T1 cell CM, the NFs demonstrated a significant increase in gel con-
traction as compared to culture in DMEM-based media [57]. Ad-
ditionally, CM-induced NFs significantly supported cancer cell invasion
as compared to control NFs, suggesting a crucial role of tumor-secreted
factors in inducing CAF-like phenotype [57]. Overall, our results de-
monstrate a crucial role of tumor-secreted factors that, upon binding to
receptors on CAFs, get internalized and activate desmoplastic pathways
to enhanced matrix deposition and stiffness.

Our ELISA analyses further highlighted significantly higher amounts
of PDGF-AA and -BB ligands in tumor mono-culture CM as compared to
co-culture with CAF CM. We believe that the difference in the amount
of PDGF ligands between tumor mono-culture and co-culture CM can be
explained by the following two rationales. Firstly, multiple studies
suggested that tumor cells are the predominant source of PDGF ligands,
while both tumor cells and CAFs express respective PDGFRs [48,58].
Thus, we speculate that due to the presence of both tumor cells and
CAFs in the co-culture group, the rate of PDGF ligand-receptor inter-
action is significantly higher than that in the tumor mono-culture
group. Secondly, PDGFRs have been demonstrated to get rapidly in-
ternalized when they bind to their respective ligands followed by di-
merization and autophosphorylation as mentioned previously [59,60].
Wang et al. demonstrated that endosomal internalization of phos-
phorylated receptors is crucial in various downstream signaling path-
ways, including PI3K, Ras-ERK, and PLC-y1 leading to cell survival and
proliferation [59]. Thus, due to enhanced ligand-receptor interaction in
co-culture conditions followed by internalization of the ligand-receptor
complex, the ligands in the co-culture CM are not as readily available as
compared to the mono-culture CM. While the kinetics of ligand-re-
ceptor internalization is crucial to understand the importance of the
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PDGF pathway in tumor-stroma crosstalk, such an assessment is beyond
the scope of the current manuscript and will be performed in our next
studies.

Our study demonstrated how breast tumor cells of varied genomic
make-up (i.e. MDA-MB-231 and MCF7) enhance their tumorigenicity
across various hallmarks of cancer in the presence of CAFs. Delaunay
triangulation analysis and live cell tracking suggested that MDA-MB-
231 cells scattered more into the stroma in co-culture condition, as
compared to mono-culture. These findings corroborated with one of the
recent studies by Dvorak et al. who utilized MDA-MB-231 cells and co-
cultured with two different populations of CAFs including WS19T and
WS21T cells [61]. The authors demonstrated that when MDA-MB-
231 cells were co-cultured with CM obtained from WS19T, the tumor
cells depicted enhanced migratory characteristics in both 2D wound
healing assays and 3D collagen matrices. On the other hand, less in-
vasive MCF7 cells demonstrated an enhanced clustering and pro-
liferative tendency upon co-culture with CAFs. Consistently, previous
reports have also demonstrated that co-culturing MCF7 cells with CAFs
enhances their proliferative ability as compared to either their mono-
culture or co-culture with normal fibroblasts [62]. These studies also
suggest that MCF7 cells undergo EMT in presence of CAFs thereby
enhancing invasion abilities [4,62]. Such changes in migratory and
proliferation patterns of MDA-MB-231 and MCF7 cells in the presence
of CAFs can be attributed to both biophysical and biochemical changes
induced by CAFs [36] within our platform. CAF-induced desmoplasia
can be sensed by tumor cells through specific cell adhesion molecules
such as integrin. Integrin binding activates an outside-in signaling
cascade in the cells to bring a change in their actin cytoskeleton
structure and activate various signaling pathways that have been shown
to participate in cell migration, proliferation, and differentiation
[35,63]. CAFs have also been implicated to assist in directional mi-
gration of tumor cells by depositing an aligned matrix due to high
contractility and cell traction force. In addition to biophysical changes,
CAFs also secrete certain cytokines including TGF-f, hepatocyte growth
factor (HGF), and stromal cell-derived factor 1a (SDF-1a) that can
regulate tumor cell migration and proliferation [35]. For instance, TGF-
B overexpression by CAFs can induce tumor cells to undergo EMT
which can enhance tumor migratory capabilities [64]. Other cytokines
secreted by CAFs such as HGF, SDF-1a, and fibroblast growth factor
(FGF) can participate in enhanced tumorigenesis by activating signaling
cascades, such as MAPK, PI3K,AkT, and STAT to promote tumor
stemness, proliferation and migration [64]. To differentiate the effect of
biophysical cues from biochemical cues propagated by CAFs on tumor
progression, a detailed mechanistic study is crucial and is a subject of
our future studies.

5. Conclusion

In this work, we developed a 3D high-density organotypic tumor-
stroma platform, integrated with AFM, to assess the role of crosstalk of
breast cancer cells and CAFs on tumorgenicity and stromal desmoplasia.
A unique feature of our work was the ability to monitor the changes in
stromal stiffness and remodeling during tumor progression. We de-
monstrated enhanced tumor progression in the presence of CAFs and
established a critical role of tumor-stroma crosstalk on ECM desmo-
plasia. Our studies specifically demonstrated that the tumor secretome
is the primary source of pro-fibrotic cytokines such that the elastic
modulus of stromal matrix was significantly elevated when incubated
with tumor conditioned media (CM). We detected higher levels of
PDGF-AA and -BB ligands in CM from MDA-MB-231 and MCF7 cells as
compared to CM from their respective co-culture with CAFs. We further
showed a critical role of PDGF signaling in CAF-based desmoplasia,
where inhibition of the activity of PDGFRs in CAFs, led to attenuation of
stromal matrix stiffness. Overall, this study provides a unique system
based on a 3D microengineered organotypic tumor microenvironment
model, integrated with AFM, which could be broadly utilized for
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numerous mechanistic studies, within the context of tumor-stromal
crosstalk, as well as anti-cancer drug discovery.
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