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Abstract

Breast cancer (BCa) proliferates within a complex, three-dimensional microenvironment amid
heterogeneous biochemical and biophysical cues. Understanding how mechanical forces within
the tumor microenvironment (TME) regulate BCa phenotype is of great interest. We demonstrate
that mechanical strain enhanced the proliferation and migration of both estrogen receptor (ER)*
and triple-negative (TNBC) human and mouse BCa cells. Furthermore, a critical role for exosomes
derived from cells subjected to mechanical strain in these pro-tumorigenic effects was identified.
Exosome production by TNBC cells increased upon exposure to oscillatory strain (OS), which
correlated with elevated cell proliferation. Using a syngeneic, orthotopic mouse model of TNBC,
we identified that preconditioning BCa cells with OS significantly increased tumor growth and
myeloid-derived suppressor cells (MDSCs) and M2 macrophages at the TME. This pro-
tumorigenic myeloid cell enrichment also correlated with a decrease in CD8* T cells. An increase
in PD-L1* exosome release from BCa cells following OS supported additive T cell inhibitory
functions in the TME. The role of exosomes in MDSC and M2 macrophage was confirmed 7 vivo
by cytotracking fluorescent exosomes, derived from labeled 4T1.2 cells, preconditioned with
oscillatory strain. Additionally, /n vivo internalization and intratumoral localization of tumor-cell
derived exosomes was observed within MDSCs, M2 macrophages, and CD45-negative cell
populations following direct injection of fluorescently-labeled exosomes. Our data demonstrate
that exposure to mechanical strain promotes invasive and pro-tumorigenic phenotypes in BCa
cells, indicating that mechanical strains can impact the growth and proliferation of cancer cell,
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alters exosome production by BCa, and induces immunosuppression in the TME by dampening

anti-tumor immunity.
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Introduction

Triple-negative breast cancer (TNBC), characterized by the lack of estrogen and
progesterone receptors and the absence of HER2 overexpression, represents a breast cancer
(BCa) subset that demonstrates aggressive clinical behavior and poor prognosis with limited
options for targeted intervention®. The lack of effective therapeutic approaches for the
treatment of TNBC underscores the impending need for a deeper understanding of the
complex molecular and biophysical processes involved in disease progression. Mechanical
forces within the breast tumor microenvironment (TME) are potent regulators of cancer
progression. As breast tumors grow, a variety of forces accumulate in the TME that create a
complex scenario of elevated compression at the tumor interior, tension at the tumor
periphery, and altered interstitial fluid flow throughout the tumor volume? 3. These forces
within and around tumors impact cancer progression by modulating invasion and the
metastatic cascade® °. Furthermore, there is emerging evidence of biomechanical forces
modulating the immune response through cancer cell-immune cell signaling®-S.

Although there are several mechanisms of cell-cell signaling within the TME, exosomes
have emerged to play key roles in regulating tumor progression’. Exosomes mediate several
biological processes associated with tumor initiation, progression and invasion, and can
travel to distant sites to promote pre-metastatic niche formation through interaction with
resident cell populations® 10, Furthermore, exosomes can promote cancer cell immune
escape by modulating immune cell activity, thereby promoting an environment prone to
tumor development!l. Cancer cells can directly or indirectly stimulate an inflammatory
response through tumor cell-derived exosome-mediated intercellular signaling. BCa-derived
exosomes have been shown to induce an inflammatory response in macrophages, which may
promote metastatic tumor development!2. Additionally, mechanical stretch in
cardiomyocytes has been shown to enhance exosome secretion, and influence exosome
cargo releasel3. Together these observations suggest that biomechanical forces may have the
potential to directly or indirectly modulate cellular components through exosome-mediated
signaling within the TME.

There are several biomimetic /in vitro systems that are useful for determining the impact of
mechanical forces on cancer cells. Microfluidic, and transwell systems have provided
insights into flow-mediated BCa cell signaling through regulation of chemokines and protein
expression'4-16, Other /n vitro systems employing compression have shown enhanced
migration of BCa cells through cytoskeletal rearrangement in response to compressive
force3. Application of constant tension to a TNBC cell line enhanced its proliferative and
invasive potential through FAK-Rho-ERK-mediated signaling!’. While these Jin vitro studies
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have addressed how constant flow or constant cell strain may directly influence cancer cells,
studies to date have not addressed whether these mechanical forces may contribute to
immune suppression /n vivo. Additionally, a direct link between mechanical forces in
malignant BCa cells, exosome release, and the immune response has not been investigated
thus far.

We report here that oscillatory strain enhances both the proliferative and migratory potential
of human and mouse TNBC cells as well as estrogen receptor (ER)* BCa cells, while
constant strain modulates proliferation of only TNBC cells. Further, oscillatory strain
modulates overall exosome production by human and mouse TNBC cells and increases the
PD-L1* exosome production by murine TNBC cells. Importantly, exposure to oscillatory
strain promotes mammary tumor growth /7 vivo and enhances tumor infiltration of
immunosuppressive myeloid-lineage cells that internalize tumor-cell derived exosomes.

Materials and Methods

Cell culture

Human ER* MCF-7 cells were obtained from American Type Culture Collection and
subsequently transduced with GFP and luciferase (MCF-7-GFP/LUC) as previously
described!8. Human TNBC MDA-MB-231 cells were obtained from Dr. Danny Welch
(University of Kansas) and subsequently transduced with GFP and luciferase (MDA-
MB-231-GFP/LUC). MCF-7-GFP/LUC cells were maintained in Modified Eagle’s Medium
(MEM, Corning, NY) supplemented with 10% Fetal Bovine Serum (FBS, Atlas Biologicals,
Fort Collins, CO), 0.01 mg/ml insulin (Sigma Aldrich, St. Louis, MO), under the selection
of 10 pg/ml puromycin (MP Biomedicals, Santa Ana, CA). MDA-MB-231-GFP/LUC cells
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Corning, NY)
supplemented with 10% FBS under the selection of 10 pg/ml puromycin. The murine TNBC
cell line 4T1.2 (an aggressive clone derived from 4T1) was obtained from Dr. Robin L.
Anderson’s laboratory (Peter MacCallum Cancer Institute, Melbourne, Australia)!®. 4T1.2
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% FBS and 10 mM HEPES (MP Biomedicals, Santa Ana, CA).

Exposure of BCa cells to strain

2.5 x 10° BCa cells (MCF-7-GFP/LUC, MDA-MB-231-GFP/LUC or 4T1.2) were seeded on
collagen coated 6 well UniFlex culture plates (Flexcell International Corporation,
Burlington, NC) and cultured to confluence in the growth medium appropriate for each cell
line. Using a FlexCell FX-6000 or FX-5000 Tension System, plates were subjected to 10%
uniaxial oscillatory strain at 0.3 Hz for 48 hours, 10% constant strain for 48 hours, or no
strain for 48 hours with medium changed immediately prior to induction of strain.

Cell proliferation assay

Cell proliferation assays were performed using MTT uptake kit (Sigma Chemical, St. Louis,
MO), per manufacturer’s instructions. 5 x 104 MCF-7-GFP/LUC cells, 2.5 x 10* MDA-
MB-231-GFP/LUC cells or 2.5 x 10# 4T1.2 cells (constant or oscillatory strained cells and
unstrained cells) were seeded into flat-bottomed 96-well plates in 100 pl of growth medium/
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well and cultured for 24 to 72 hours. 10 pl of the MTT labeling reagent was added and
incubated at 37° C for 4 hours. The purple formazan product was solubilized overnight at
37° C. The plate was read at 550 nm in a plate reader with reference wavelength at 690 nm.
The cell proliferation rates were normalized to the controls.

Cell count by trypan blue

5 x 10* MCF-7-GFP/LUC cells, 2.5 x 10* MDA-MB-231-GFP/LUC cells or 2.5 x 104
4T1.2 cells (constant or oscillatory strained cells and unstrained cells) were seeded into flat-
bottomed 96-well plates and cultured for 48 hours. Live cells were measured by trypan blue
exclusion. Cell counts were normalized with those of unstrained control cells.

Cell migration assay

Strained or control BCa cells (MCF-7-GFP/LUC, MDA-MB-231-GFP/LUC or 4T1.2) were
isolated from FlexCell culture plate membranes. Subsequently, 1 x 10° cells were plated in
24-well transwell inserts (8 um pore size, Millicell; MilliporeSigma, Burlington, MA). Cells
were incubated in serum free medium on the transwell inserts (/.e., top well), and medium
containing 0.5% FBS + 80 pg/ml Collagen Type | (Advanced Biomatrix, San Diego, CA)
was placed in the bottom well. After 24 hours, cells on the upper surface of the transwell
filter were removed. Cell migration to the lower surface was evaluated via fluorescent
microscopy. Cells that did not express a fluorescent protein (4T1.2) were stained with DAPI
(5 pg/ml; Sigma-Aldrich, St. Louis, MO) prior to analysis. The number of cells that
migrated through the filters was counted in 5, random 200x microscopic fields per filter.

Wound healing assay

Following 48 hours exposure to strain or control conditions cells were removed from flex
plates and reseeded in complete growth media appropriate for the cell line in a 24 well plate.
Upon confluence cells were scratched with a 200-pl pipette tip and a PBS wash was
performed to remove detached cells. Serum free media were then utilized to halt
proliferation for the evaluation of cell migration. Photomicrographs were taken immediately
following wound formation (time 0) and 24 hours post wound formation using a digital
inverted EVOS FL microscope (10x objective, Life Technologies, Grand Island, NY). The
percent wound closure was measured using ImageJ software (National Institutes of Health).

Preparation of exosome-depleted media

Exosome-depleted medium was prepared as previously described?0. Briefly, MEM
supplemented with 20% FBS was centrifuged using an ultracentrifuge overnight at 100,000
x g at 4° C. Supernatant was filtered through a 0.2 pm cellulose acetate filter (Corning, NY).
Exosome depleted media were then diluted 1:1 with MEM to make a final concentration of
10% FBS, to which 0.01 mg/ml insulin was added.

Isolation of Extracellular Vesicles and exosomes from conditioned media

Extracellular vesicles (EVs) were isolated using a previously described differential
centrifugation method2?: 21, Briefly, 96 ml of cell culture media were centrifuged at 300 x g
for 10 minutes at 4° C. The supernatant was further centrifuged at 2,000 x g for 10 minutes
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at 4° C. The supernatant was spun again at 10,000 x g for 30 minutes at 4° C and filtered
through a 0.2 um cellulose acetate filter (Corning, NY). The filtrate was then centrifuged at
100,000 x g for 70 minutes at 4° C and the pellet was washed with fresh PBS to remove any
contaminating proteins. Finally, the washed pellet was centrifuged at 100,000 x g for 70
minutes at 4° C. The pellet was re-suspended in 50 pl of fresh PBS and stored at -80° C.

Conditioned media were collected for exosome isolation following 48 hours exposure to
strain or control conditions. Conditioned media were centrifuge at 2000 x g to remove any
cell pellets and apoptotic bodies. The supernatant was then incubated with the Total
Exosome Isolation Reagent for Cell Culture Media kit (ThermoFisher, Waltham, MA) per
the manufacturer’s protocol. Purified exosomes were stored in 50 ul of PBS at —80° C.

NanoSight particle analysis for quantitation of exosome size and concentration

The concentrations and size distributions of purified exosomes were determined using a
NanoSight NS300 (Cambridge, MA) as described previously. The instrument was calibrated
using 100 nm polystyrene latex microspheres (Malvern Instruments Ltd., Malvern, UK).
Exosomes were diluted 100-fold with PBS to make a final volume of 1 ml and loaded into a
1 ml syringe. The syringe was placed on a syringe pump attached to the NanoSight. The
diluted exosomes were injected at a flow rate of 25 pl at room temperature. A total of 5
videos were acquired under the following settings. The camera level was set to 7, gain to 1,
detection threshold to 5, and capture duration to 1 min per video.

Co-culture of exosomes with breast cancer cells

Exosomes were co-cultured with MCF-7 cells, MDA-MB-231 cells and 4T1.2 cells at a ratio
of 10 exosomes per cell in 96-well plates for 48 hours. Cell proliferation was evaluated by
MTT assay. The cell proliferation rates were normalized to those of the control cells cultured
in the absence of exosomes. Live cells were measured by trypan blue exclusion. Cell counts
were normalized with those of control cells cultured in the absence of exosomes.

ImageStream analysis of exosomes

ImageStream flow cytometry analysis of exosomes purified from cultured media was
performed as previously described?0. Exosomes were stained with the following antibodies:
PE-conjugated anti-human CD54 (clone HAS8; Life Technology, Grand Island, NY),
eFlour450-conjugated anti-human CD63 (H5C6) and APC-conjugated anti-mouse CD63
(NVG-2) and PerCP-eFluor 710-conjugated anti-mouse CD274 (PD-L1, MIH5) antibodies
were purchased from Life Technologies (Grand Island, NY). PE-conjugated anti-human
CD9 (M-L13) antibody was purchased from BD Bioscience (San Jose, CA). PE-Cy7-
conjugated anti-human CD81 (5A6), PE-conjugated anti-mouse CD81 (Eat-2), FITC-
conjugated anti-mouse CD326 (EpCAM, G8.8), eFluor 450-conjugated anti-human CD63
(H5C6), PE-Cy7-conjugated anti-human CD81 (TAPA-1, 5A6), PE-Cy7-conjugated anti-
mouse CD9 (MZ3) and Pacific blue-conjugated anti-mouse CD54 (YN1/1.7.4) antibodies
were purchased from BioLegend (San Diego, CA). Alexa Fluor 647-conjugated anti-human
TG101 (4A10) was purchased from Novus Biologicals (Centennial, CO). CD63, CD81,
CD9 tetraspanins and endosomal sorting complexes required for transport (ESCRT)-I
complex subunit TSG101 were used as positive markers to distinguish exosomes from other
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types of EVs, cellular debris, and calibration beads. Unstained control, single color staining,
and calibration beads were used to calibrate the machine and adjust compensation. The
stained samples were imaged at 60 x magnification with extended depth of field (EDF). The
data were acquired on channels Ch01, Ch03, Ch06, Ch07, Ch09, Ch11 and Ch12. Ch01 and
Ch09 were used as bright field channels whereas Ch12 was used for side-scatter. A total of
5,000 events were acquired for each sample, with three technical replicates per sample. The
acquired data were analyzed using IDEAS software version 6.2 (EMD Millipore, Billerica,
MA).

Syngeneic orthotopic mouse model of BCa

Female BALB/c mice at 6 to 8 week of age were purchased from The Jackson Laboratory
(Bar Harbor, ME). Mice were kept in pathogen-free conditions and handled in accordance
with the Guidelines for Animal Experiments at the University of Alabama at Birmingham.
For some experiments, 4T1.2 cells were labeled with PKH67 Green Fluorescent Cell Linker
(Sigma, St. Louis, MO), per manufactures instructions, before being subjected to oscillatory
strain. 5 x 10° oscillatory strain-treated or untreated 4T1.2 cells in 60 pl PBS were injected
into the fourth mammary fat pad of BALB/c mice. Tumor size was monitored by calipers at
the indicated time points after injection. Tumor tissues were collected for analyses on day 14
after injection of 4T1.2 cells. In some experiments, 5 x 10° 4T1.2 cells were injected into
the fourth mammary fat pad of BALB/c mice on day 0. On day 6, 7.5 x 108 PKH67-labeled
4T1.2-derived exosomes or PBS were injected into the tumor nodule. On day 2 and day 8
after exosome injection, tumor tissues were harvested for analysis of the internalization of
exosomes by immune cells and tumor cells.

Confocal microscopy

2 or 8 days following exosome or PBS control injection /n vivo, tumors were resected and a

portion of the tumor was preserved in O.C.T. Compound (Sakura Tissue-Tek, Torrance, CA)

and stored at —80° C. 6 pm frozen sections were generated using a Microm HM 525 cryostat
(MICROM International GmbH, Walldorf, Germany). Sections were stained with Hoechst (5
ug/mL, BD Biosciences, San Jose, CA) for 5 minutes at room temperature, following nuclei

staining coverslips were mounted with Fluormount-G (SouthernBiotech, Birmingham, AL).

Photomicrographs were acquired with a Nikon Al confocal microscope with a 20x objective
(6x digital zoom). Z-stacks were merged and channels were combined using ImageJ.

Flow cytometry

Tumor tissues were harvested and digested with collagenase B. Red blood cells were
removed by ACK lysis buffer. Fc receptors were blocked with 3% BSA in PBS containing
2.4G2 antibody (anti-mouse CD16/CD32; BD Pharmingin), followed by staining with the
antibodies below. Phycoerythrin (PE)—conjugated anti-mouse-MerTK (DSSMMER), anti-
mouse-Gr-1 (RB6-8C5), allophycocyanin (APC)-conjugated anti-mouse-CD206 (MR6F3),
anti-mouse-CD8 (53-6.7), PerCP-eFluor 710—conjugated anti-mouse-CD163 (TNKUPJ),
PerCP-Cyanine (Cy) 5.5 conjugated anti-mouse-Ly6C (HK1.4), PE-Cy5-conjugated anti-
mouse MHC-I1 (I-A/I-E, M5/114.15.2), PE-Cy7 conjugated anti-mouse-CD4 (GK1.5), and
anti-streptavidin antibodies were purchased from Life Technologies (Grand Island, NY).
V500-conjugated anti-mouse-CD45 (30-F11), BVV605-conjugated anti-mouse-F4/80 (T45-
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2342), APC-Cy7-conjugated anti-mouse-CD11b (M1/70), anti-mouse-CD3 (145-2C11),
and Alexa Fluor 700-conjugated anti-mouse-Ly6G (1A8) antibodies were purchased from
BD Bioscience (San Jose, CA). Biotin-conjugated anti-mouse-CD64 (x54-5/7.1) and PE-
Cy7-conjugated anti-mouse-CCR2 (SA203G11) antibodies were purchased from BioLegend
(San Diego, CA). Data were collected with LSR-11I flow cytometer (Becton Dickinson) and
analyzed with FlowJo software (version 8.5.2; TreeStar, Ashland, OR).

Statistical analysis

One-way ANOVA with Tukey’s multiple comparisons test or two-way ANOVA with Sidak’s
multiple comparisons test was used for analysis of multiple groups. Unpaired t test was used
for the statistical analyses between two groups using GraphPad Prism 5. £< 0.05 was
considered statistically significant. Pearson correlation analysis was performed to evaluate
the correlation of exosome concentration and cell proliferation.

Results

Oscillatory strain promotes BCa cell proliferation and migration

Mechanical strain has been shown to regulate cancer progression and metastasis?2-24, To
determine whether mechanical strain modulates the proliferation of BCa cells /n vitro,
MCF-7 cells (human ER*), MDA-MB-231 cells (human TNBC), and 4T1.2 cells (murine
TNBC) were exposed to constant or oscillatory strain for 48 hours, and cell proliferation was
evaluated by MTT assay and cell count by trypan blue. MCF-7 cells exposed to oscillatory
strain showed increased proliferation compared to control cells or cells exposed to constant
strain (Fig. 1a and Supplemental Fig. S1a). Interestingly, proliferation of MDA-MB-231
(human) and 4T1.2 (murine) cells was increased following exposure to both constant and
oscillatory strain compared to control cells (Fig. 1b—c and Supplemental Fig. S1b—c).
Additionally, exposure to oscillatory strain enhanced the migratory potential of both ER*
and TNBC (both human and mouse) cells compared to control cells (Fig. 1d—f and
Supplemental Fig. S1d-f). Exposure to constant strain increased transwell migration and
wound closure of only human TNBC cells (Fig. 1e and Supplemental Fig. S1e), while the
motility of ER* cells exposed to constant strain was not altered compared to control cells
(Fig. 1d and Supplemental Fig. S1d). Together, these data indicate that oscillatory strain
promotes proliferation and migration of both ER* and TNBC cells.

Mechanical strain alters exosome production by BCa cells

Tumor-derived exosomes (TEXs) are important mediators of intercellular communication
and may have various roles in regulating cancer progressionl!: 2527 Exosomes can induce
immune suppression, promote the upregulation of inflammatory molecules, increase
angiogenesis and vascular permeability, promote matrix remodeling, and determine
organotropic metastasis in the pre-metastatic niche28. To investigate if mechanical strain
regulates exosome production in BCa cells, MCF-7 cells, MDA-MB-231 cells, and 4T1.2
cells were exposed to oscillatory strain for 48 hours, and TEXs were isolated from the
conditioned media. The exosome concentration in the conditioned media of oscillatory
strain-exposed human and mouse TNBC cells was significantly higher compared to control
cells with no exposure (Fig. 2a and 2e), while oscillatory strain did not alter TEX production
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by ER* cells. Further, the exosome concentrations positively correlated with the increased
proliferation observed in both human and mouse TNBC cells following exposure to
oscillatory strain (Fig. 2b). In addition, no significant differences were observed in terms of
mean sizes between exosomes from conditioned media following exposure to oscillatory
strain and those from control condition (Fig. 2c—d).

It is unknown whether the increased exosomes production resulted in higher proliferation or
if higher proliferation resulted in increased exosomes production. To address this question,
we performed co-culture experiments as follows. MCF-7 cells, MDA-MB-231 cells and
4T1.2 cells were co-cultured in the absence or presence of exosomes derived from cancer
cells with or without prior exposure to oscillatory strain at 10:1 ratio (10 exosomes per cell)
for 48 hours. Cell proliferation was evaluated by both MTT assay and live cell count by
trypan blue. We did not observe significant difference in cell proliferation of cancer cells
between co-culture with exosomes derived from control cells and that with exosomes
derived from cancer cells exposed to oscillatory strain (Supplemental Fig. S2). Thus, the
increased exosomes production did not result in higher proliferation, indicating that higher
proliferation may have resulted in increased exosome production noted in our study.

Oscillatory strain alters immunomodulatory exosome profiles of BCa cells

Tetraspanins, CD63, CD81, CD9, and the ESCRT-I complex subunit TSG101 are well-
established markers that collectively identify exosomes from other types of extracellular
vesicles (EVs)%6: 29, Characterization of TEXs released from MCF-7 cells exposed to
oscillatory strain showed increased frequency of CD63* exosomes and decreased frequency
of CD81" exosomes compared to those released by cells not exposed to mechanical strain
(control, Fig. 3a and d). No significant changes were noted in the tetraspanin profile of
exosomes produced by human and mouse TNBC cells (Fig. 3b—c, 3e and f), as seen in
representative image stream panels shown in Figure 3d—f. Cargos found in TEX are
dependent on their cell-origin and can contain a variety of factors such as mRNA, miRNA,
DNA, and lipids. Furthermore, the presence of immunomodulatory proteins such as immune
check point PD-L1, and proteins that confer invasive potential such as EpCAM and CD54 on
exosomes are beginning to be appreciated in facilitating immunosuppression, tumor invasion
and metastasis3®-32, When these markers were evaluated, the populations of CD81*PD-L1*
and CD63*PD-L1* exosomes were increased while CD63*CD54* exosomes were decreased
when murine 4T1.2 cells were exposed to oscillatory strain and compared to control cells
(Fig. 4a, d and f). No difference in CD81*EpCAM™* or CD63*"EpCAM* exosomes was noted
between the two groups (Fig. 4b and €). Representative imagestream images of exosomes of
these subsets are shown in Fig. 4g and h. Taken together, these findings indicate that
oscillatory strain modulates PD-L1* exosome production by TNBC cells.

Oscillatory strain promotes tumor growth in an orthotopic model of TNBC

Next, to determine whether oscillatory strain promotes tumor growth /7 vivo, a syngeneic
orthotopic mouse model of BCa was utilized to monitor the tumor sizes and the infiltration
of immune cells. BALB/c mice were injected in the fourth mammary fat pad with aggressive
TNBC cells (4T1.2) preconditioned with oscillatory strain for 48 hours. Tumor sizes were
measured on days 5, 8, 11 after tumor implantation. As shown in Figure 5a, mice implanted
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with 4T1.2 cells exposed to oscillatory strain showed a significant increase in tumor growth
on days 8 and 11 compared to control group implanted with unstrained cells. As
heterogeneous myeloid-derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMSs) have tumor-promoting functions, and are drivers of tumor-associated
immune suppression33-37, we investigated whether mechanical strain-induced changes in
tumor cells altered the breast TME to modulate infiltration of these immune suppressive
cells that could further contribute to enhanced tumor growth. Immune profiling of tumor
tissues showed that the percentage of the monocytic (CD11b*Ly6G~Ly6CN9") MDSC
subset was significantly increased in the TME of mice implanted with 4T1.2 cells exposed
to oscillatory strain on day 14, compared to that of mice transplanted with control 4T1.2
cells (Fig. 5b). There was no difference in the tumor-infiltrating granulocytic (CD11b*Ly6G
*Ly6C'oW) MDSC subset between the two groups (Fig. 5¢). Additionally, we also observed
increased infiltration of recruited macrophages (CD45*CD11b*F4/80*CD11c
~“CD206"CCR2*Ly6C") in the TME of mice implanted with oscillatory strain-exposed
4T1.2 cells, compared to control cells (Fig. 5d). Notably, the percentage of CD8* T cells
showed a decreased trend in the TME of these mice (Fig. 5e). These results suggest that
oscillatory strain promotes tumor growth via immune suppression in the TME.

Oscillatory strain modulates exosome internalization by immunosuppressive cells in the

TME

Tumor-derived exosomes, which function as mediators of intercellular communication, can
deliver pro-tumorigenic signals to immune cells reprogramming their function in the

TME?26: 27 Mechanisms responsible for cellular reprogramming include cell surface
signaling and/or internalization of TEXs by recipient cells promoting transcriptional/
translational activities through miRNA, protein or other cargo transfer?”. To further
investigate whether tumor cell-derived exosomes are internalized by the immune cells to
regulate the immune suppression /n vivo, 4T1.2 cells labeled with a lipophilic dye, PKH67,
with or without exposure to oscillatory strain were injected into the fourth mammary fat pad.
Exosome internalization by the MDSCs and macrophages in the TME was then identified by
PKHG67 positive signal in these cell types. Exosome internalization by M-MDSCs and
recruited macrophages in the breast TME was elevated in the TME of mice transplanted
with 4T1.2-PKH cells preconditioned with oscillatory strain when compared to mice
inoculated with control cells (Supplemental Fig. 3a and c). Exosome internalization by G-
MDSC and M2 macrophages were not significantly different between oscillatory and control
groups (Supplemental Fig. 3b and d). These results indicate that application of oscillatory
strain on breast tumor cells not only enhances tumor cell-exosome secretion but also
modulates immunosuppression in the TME by facilitating infiltration of MDSCs and
macrophages via internalization of TEXs by MDSCs and recruited macrophages in the
breast TME.

Exosome internalization by immune cells and tumor cells in the TME

To investigate whether TEXs are internalized by immune cells and tumor cells in the TME,
4T1.2 cells were injected into the fourth mammary fat pad. PKH67-labeled exosomes
purified from conditioned media of 4T1.2 cells were injected directly into the tumor nodule
on day 6 after tumor injection. Exosome internalization by the immune cells in the TME was
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identified as PKH67+*CD45" cells on days 2 (Fig. 6a and Supplemental Fig. S4a—b) and 8
(Fig. 6a and Supplemental Fig. S4c—d) after exosome injection whereas exosome
internalization by tumor cells was identified as PKH67+*CD45™ cells (Fig. 6b and
Supplemental Fig. S5a—b and 5¢—d). Further, exosome internalization by various immune
cells were detected in TME on days 2 and 8 after exosome injection, including recruited
macrophages (Fig. 6¢ and Supplemental Fig. S6a—b and Fig. S6c—d), M2 macrophages (Fig.
6d and Supplemental Fig. S7a—b and Fig. S7c—d), MDSCs (Fig. 6e—g and Supplemental Fig.
S8a—b and Fig. S8c—d), CD4* T cells (Fig. 6h and Supplemental Fig. S9a-b and Fig. S9c—d)
and CD8* T cells (Fig. 6i and Supplemental Fig. S9a—b and Fig. S9c—d). Additionally, the
frequency of CD45" cells in exosome™ cells was 69.14% while the frequency of CD45"9
cells in exosome* cells was 30.86% in the TME on day 2 after exosome injection
(Supplemental Fig. S10a). The frequency of CD45* cells in exosome™ cells was 84.14%
while the frequency of CD45™0 cells in exosome* cells was 15.86% in the TME on day 8
after exosome injection (Supplemental Fig. S10b). Among exosomes* cells, the frequency of
MDSCs was higher than that of other studied immune cell population (Supplemental Fig.
S10a-b). Moreover, confocal imaging of tumor tissue following intratumoral injection of
exosomes identified PKH67* cells in tumor tissue (Supplemental Fig. S11a-b). Together,
these results indicate that TEXs can be internalized /n vivo by immune cells and tumor cells
in the TME.

Discussion

Mechanical forces generated during tumor growth contribute to the formation of an
abnormal TME with elevated fluid and solid stresses?3. These forces within the TME play a
crucial role in tumor progression38. In this report, we show that mechanical strain induces
phenotypic changes in BCa cells promoting invasive and pro-tumorigenic phenotypes that
induce immunosuppression in the TME.

Mechanical forces within the breast TME are potent regulators of cancer progression. As
breast tumors grow, forces accumulate in the TME, creating a complex scenario of elevated
compression at the tumor interior, tension at the tumor periphery, and altered interstitial fluid
flow. These forces within and around tumors impact cancer progression, invasion, and
metastasis* 39, Both constant and oscillatory forces would be present within the body, with
oscillations likely due to tumor growth and changes in vasculature. Herein, constant strain,
to mimic accumulated compressive forces within the tumor interior, and oscillating strain, to
mimic the impact of altered intestinal fluid flow, have been specifically modulated to
understand the impact of each on tumor growth and tumor-immune interactions.

There is increasing evidence for the involvement of interstitial pressure, stiffness, or
hyperproliferative pressure acting predominantly as an enhancer of tumor progression22: 40,
Numerous studies suggest that mechanical forces can regulate tumor growth and metastatic
potential of cancer cells?3 41, Culturing mammary epithelial cells in matrices with high
stiffness has been reported to increase the proliferation-specific gene signature in BCa?*2.
Our observation that exposure to oscillatory forces results in a significant increase in the
proliferation of BCa cells both /in vitro and in vivo complements studies by Wozniak et al.,
who demonstrated that increased ECM rigidity can promote breast epithelial proliferation?3.
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In our study, both ER* and TNBC cells exposed to oscillatory strain showed increased
proliferation and migration rates compared to control cells. However, only human TNBC
cells, exposed to constant strain, had increased proliferation and migration rates compared to
control cells. Regarding the distinct responses to constant strain by different subtypes of
BCa cells, future studies to characterize transcriptional changes would be of interest to
understand the molecular signaling pathways involved in tumor progression and metastasis
in response to mechanical strain.

BCa invasion correlates with ECM stiffening and immune cell infiltration8. Our study
identified that oscillatory strain promotes BCa cell migration /n vitro. Further, in vivo studies
showed increased immunosuppressive cell populations, such as M-MDSC and recruited
macrophages, following implantation of BCa cells preconditioned with oscillatory strain,
indicating that mechanical forces contribute to immune suppression in the TME. These
phenotypic changes extended over 10 days when strained cells were utilized for in vivo
studies, suggesting a lasting response to mechanical forces within the TME. While we did
not specifically correlate our results with hormone receptor expression or proliferation rate,
it is known that sensitivity of cancer cells to mechanical forces, such as stiffness, can be
context-dependent?2, Generally, it is thought that mechanoregulators (such as the FAK,
ROCK/Rho, and Ras) regulate proliferation, but to our knowledge the reverse, in which
proliferative status regulates mechano-responsiveness, has not be studied. Interestingly, ER*
breast cancers have a high incidence of bone metastasis, potentially indicating subtype-
specific organ-tropism## that may be driven, in part, by biomechanical microenvironmental
effects, although there is no direct evidence of specific sensitivity to mechanoregulation in
hormone driven breast cancers.

Tumor-derived exosomes regulate the TME by enhancing tumor cell growth, facilitating
immune suppression and promoting tumor progression25-27. 45,46 Conditioning mice with
TEXs resulted in the accumulation of MDSCs and promotion of tumor growth*6: 47_ In this
report, we show that TNBC cells exposed to oscillatory strain secreted more exosomes,
which correlated with the increased cell proliferation, indicating that mechanical strain may
enhance tumor cell growth by increasing the release of exosomes. These findings are
consistent with numerous studies that TEXs can induce tumor cell proliferation through
complex signaling networks involved in tumor cell-cell communication?®: 49, Exosomes
released from ER™ cells exposed to oscillatory strain showed increased percentage of CD63*
exosomes and decreased percentage of CD81* exosomes compared to control cells,
suggesting modulation of exosome populations by mechanical strain. Further studies are
required to evaluate whether these populations play different functional roles within the
TME.

EpCAM is a cell surface glycoprotein that is highly expressed in epithelial cancers®0. Strong
EpCAM overexpression was associated with enhanced invasion of breast cancer cell lines
into extracellular matrix31. The expression of EpCAM on exosomes has been reported in
breast cancer®l, colon cancer®2, ovarian cancer®3, pancreatic cancer®. Although both
CD81*EpCAM* and CD63*EpCAM* exosomes were detected in the conditional media
from 4T1.2 cells, exposure to oscillatory strain did not affect the production of
CD81*EpCAM™* or CD63*EpCAM* exosomes from 4T1.2.
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Tumor cells evade immune surveillance by upregulating the expression of immune
checkpoint molecules, including PD-L1, which interacts with PD-1 receptor on T cells to
elicit the immune checkpoint response®®. Metastatic melanomas release PD-L1* exosomes,
which contribute to immunosuppression and serve as a predictor for anti-PD-1 therapy®6.
Recently it has been discovered that exosomal PD-L1 is a major regulator of tumor
progression through its suppression of T cell activation in draining lymph nodes in prostate
cancer30, PD-L1* exosomes suppress T cell killing of breast cells and promote tumor growth
in the TME®’. Results of our study present evidence that mechanical strain may mediate
immunosuppression through TEX PD-L1, as CD81*PD-L1* and CD63*PD-L1* exosome
populations were increased after exposure to oscillatory strain. The observation that
mechanical forces enhance exosomal PD-L1 provides insights to previous reports that
exosomal PD-L1-mediates immunosuppression in BCa®’, metastatic melanomas®®, head and
neck cancer®® and prostate cancers,

Exosomes comprise a heterogeneous vesicle population in regards to tetraspanin expression.
Therefore the biological meaning of the variation in frequency of CD63* and CD81*
exosomes reported is unknown. While out of the scope of this work, it has been noted that
tetraspanins may play a role in EV cargo selection®®, therefore it is possible that the
variation noted during exosome phenotyping may be indicative of changes in exosome cargo
in response to mechanical strain, although this aspect was not evaluated in our study. This
potential change in cargo is likely not responsible for the increases in migration and
proliferation observed, as the variations in CD63* and CD81" exosomes were exclusive to
one cell type.

Exosome internalization by the MDSCs and macrophages in the TME was identified by
PKHG67 positive signal from PKH67-labeled tumor cells. We cannot rule out the other uptake
possibilities, including non-endosomal vesicles, such as microvesicles and apoptotic bodies,
and fragments of dead tumor cells. ARF6 is a plasma membrane protein present on
microvesicles and therefore can help differentiate microvesicles from exosomes which are
endosomally-derived. Additionally, GRP94, a marker of endoplasmic reticulum was
included to determine the contamination of cellular debris9. These are markers we routinely
use to validate exosome preparations. To further confirm tumor-derived exosomes can be
internalized by different cells in TME, we next performed experiments by intratumor
injection of PKH67-labeled exosomes. The results provide direct evidence that TEXs can be
internalized by MDSCs and M2 macrophages /n vivo, further support our findings that
exposure to oscillatory strain increases the infiltration of immunosuppressive myeloid-
lineage cells that internalize TEXs in TME.

Exosomes derived from pancreatic cancer cells were shown to increase liver metastatic
burden by transferring macrophage migration inhibitory factor to liver macrophages and by
recruiting immune cells to initiate pre-metastatic niche formation in the liver®. Further,
Chow and colleagues have demonstrated that macrophages internalize BCa-derived
exosomes, resulting in macrophage immunomodulation through Toll-like receptor 2-
mediated activation of NF-xB12 and MyD88 has been reported to play a pivotal role in
tumor exosome-mediated expansion of MDSCs and tumor metastasis®?. Interestingly, recent
studies show that BCa-derived exosomes distributed predominantly to the lung, a frequent
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site of metastasis after systemic delivery, and were taken up by CD45* cells including
macrophages and CD11b* myeloid cells*’. Here, we report exosome internalization by M-
MDSC and recruited macrophages was elevated in the TME of mice implanted with PKH
labeled 4T1.2 cells exposed to oscillatory strain prior to inoculation when compared to
unstrained control cells, showing that exposure to mechanical strain not only promotes the
release of PD-L1* exosomes, but also enhances their internalization by immunosuppressive
cells, such as M-MDSCs and recruited macrophages. Future studies are required to
characterize myeloid immunomodulation pathways induced by BCa-derived exosomes
following exposure to oscillatory strain.

In summary, our data indicate that exposure to mechanical strain potentiates invasive and
pro-tumorigenic phenotypes in BCa cells which promotes immunosuppression by altering
proliferative and migratory potential of tumor cells and increasing the release of
immunomodulatory exosomes which are internalized by immunosuppressive cells, thus
facilitating enhanced immune-tumor cell crosstalk in the TME. Further efforts to investigate
the potential mechanisms of mechanical stress involved in the tumor progression may
provide new therapeutic approaches to target the TME.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Proliferation and migration of BCa cells changes in response to strain. MCF-7 cells (Human
ERY), MDA-MB-231 cells (Human TNBC), and 4T1.2 cells (Murine TNBC) were exposed
to 10% uniaxial oscillatory or constant strain for 48 hours. 5 x 104 MCF-7 cells, 2.5 x 104
MDA-MB-231 cells, and 4T1.2 cells (constant or oscillatory strained cells and unstrained
cells) were seeded into 96-well plates and cultured for 48 hours. Cell proliferation was
evaluated by MTT assay. The cell proliferation rates were normalized to the unstrained
control cells. a The cell proliferation rates of MCF-7 cells exposed to constant or oscillatory
strain compared to control cells. b The cell proliferation rates of MDA-MB-231 cells
exposed to constant or oscillatory strain compared to control cells. ¢ The cell proliferation
rates of 4T1.2 cells exposed to constant or oscillatory strain compared to control cells. 1 x
10° cells strained or unstrained MCF-7, MDA-MB-231, or 4T1.2 cells were plated in 24-
well transwell inserts (8 um pore size). After 24 hours, cell migration was evaluated via
fluorescent microscope. The migration rates are shown as “average number of cells per field
of view (FOV)”. d The transwell migration rates of MCF-7 cells exposed to constant or
oscillatory strain compared to control cells. e The transwell migration rates of MDA-
MB-231 cells exposed constant or oscillatory strain compared to control cells. f The
transwell migration rates of 4T1.2 cells exposed constant or oscillatory strain compared to
control cells. Statistical significance was evaluated using one-way ANOVA with Tukey’s
multiple comparison testing. * £< 0.05, ** P< 0.01, *** P< 0.005, **** P< 0.001.
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Mechanical strain regulates the concentration of exosomes released from TNBC cells.
MCEF-7 cells, MDA-MB-231 cells, and 4T1.2 cells were exposed to 10% uniaxial oscillatory
strain for 48 hours. Exosomes were purified from conditioned media via differential
centrifugation. The concentrations of purified exosomes were determined using
ImageStream evaluation. a Exosome concentrations from conditioned media of MCF-7
cells, MDA-MB-231 cells, and 4T1.2 cells exposure to oscillatory strain compared to those
of control cells were determined using ImageStream analysis. b Pearson correlation analysis
of exosome concentration and cell proliferation of human TNBC MDA-MB-231 (n = 8) or
murine TNBC 4T1.2 cells (n = 8). ¢ NanoSight quantitation of one representative exosome
isolation from conditioned media of MCF-7 cells, MDA-MB-231 or 4T1.2 cells by using the
Total Exosome Isolation kit (ThermoFisher, Waltham, MA). Mean exosome sizes (d) and
concentrations (€) quantified by NanoSight. Statistical significance was determined using

unpaired t tests. * £<0.05, ** P< 0.01.
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Fig. 3.
The exosome profile of BCa cells changes in response to oscillatory strain. MCF-7 cells,

MDA-MB-231 cells, and 4T1.2 cells were exposed to 10% uniaxial oscillatory strain for 48
hours. Exosomes purified from conditional media were characterized by ImageStream.
CD63, CD81, CD9 tetraspanins as well as ESCRT-I complex subunit TSG101 were used as
positive markers of exosomes. a Frequency of CD63*, CD81*, CD9* or TSG101* exosomes
from conditioned media of MCF-7 cells exposed to oscillatory strain compared to those
from control cells. b Frequency of CD63*, CD81*, CD9* or TSG101* exosomes released
from MDA-MB-231 cells exposed to oscillatory strain compared to those from control cells.
c Frequency of CD63*, CD81* or CD9* exosomes from 4T1.2 cells exposed to oscillatory
strain compared to those from control cells. d Image strips showing exosome marker profiles
of exosomes released from MCF-7 cells exposed to oscillatory strain versus control. e Image
strips showing exosome marker profiles of exosomes isolated from MDA-MB-231 cells
exposed to oscillatory strain versus control. f Image strips showing exosome marker profiles
of exosomes released from 4T1.2 cells exposed to oscillatory strain versus control.
Statistical significance was evaluated using one-way ANOVA with Tukey’s multiple
comparison testing. ** P< 0.01, **** P< 0.001.
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Fig. 4.
The exosome profile of murine TNBC 4T1.2 cells changes in response to oscillatory strain.

4T1.2 cells were exposed to 10% uniaxial oscillatory strain for 48 hours. Exosomes were
purified from conditional media, profile was further characterized by ImageStream. a The
population of CD81*PD-L1* exosomes from 4T1.2 cells exposed to oscillatory strain
compared to that from control cells. b The population of CD81*EpCAM™* exosomes from
4T1.2 cells exposed to oscillatory strain versus control. ¢ The population of CD81*CD54*
exosomes from 4T1.2 cells exposed to oscillatory strain compared to control. d The
population of CD63*PD-L1* exosomes from 4T1.2 cells exposed to oscillatory strain
compared to that from control cells. e The population of CD63"EpCAM™* exosomes from
4T1.2 cells exposed to oscillatory strain versus control. f The population of CD63*CD54*
exosomes from 4T1.2 cells exposed to oscillatory strain compared to control. Statistical
significance was determined using unpaired t tests. * £< 0.05. g Image strips showing
CD81*PD-L1*, CD81*EpCAM™* or CD81*CD54"* exosomes isolated from 4T1.2 cells
exposed to oscillatory strain versus control. h Image strips showing CD63*PD-L1",
CD63*EpCAM* or CD63*CD54* exosomes isolated from 4T1.2 cells exposed to oscillatory
strain versus control.
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Fig. 5.
Oscillatory forces promote tumor growth and immunosuppression in the TME /n vivo. Six-

to eight-week-old female BALB/c mice were injected in the fourth mammary fat pad with 5
x 10° 4T1.2 cells preconditioned with oscillatory strain or unstrained cells. a Tumor
volumes were measured at the indicated time points after mammary fat pad injection of
control or oscillatory strained 4T1.2 cells. “d” on x-axis indicates days after mammary fat
pad injection of tumor cells. The infiltration of immune cells in tumor tissue was determined
by FACS analysis of cells harvested from tumor tissue on day 14 post tumor implantation. b
The percentage of CD11b*Ly6G~Ly6C9" monocytic MDSCs was determined by FACS
analysis of cells harvested from tumor tissue on day 14 post tumor implantation (n =5 mice/
group). ¢ The percentage of CD11b*Ly6G*Ly6C!°% granulocytic MDSCs in tumor tissue
was evaluated by FACS analysis (n = 5 mice/group). d The percentage of recruited
macrophages in tumor tissues was determined by FACS analysis (n = 5 mice/group). e The
percentage of tumor infiltrated CD3*CD8™ T cells was evaluated by FACS analysis in the
TME of mice implanted with oscillatory strained 4T1.2 cells compared to control group (n =
5 mice/group). Statistical significance was evaluated via a two-way ANOVA with Sidak’s
multiple comparisons test or was determined using unpaired t tests.* £< 0.05, *** P<
0.005.
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Fig. 6.

In?ernalization of exosomes by immune cells and tumor cells in TME. Six to eight-week-old
female BALB/c mice were injected in the fourth mammary fat pad with 5 x 10° 4T1.2 cells.
At day 6, 7.5 x 108 PKH67-labeled 4T1.2 cell-derived exosomes or PBS were injected into
the tumor nodule. On day 2 (D2) and day 8 (D8) after exosome injection, tumor tissues were
harvested (n = 5 mice/group). The frequencies of exosome-positive cells in CD45* cells (a)
and CD45"¢d cells (b) was determined by FACS analyses. The frequencies of exosome-
positive recruited macrophages (c), M2 macrophages (d), MDSCs (€), M-MDSC:s (f), G-
MDSCs (g), CD4* T cells (h) and CD8* T (i) cells in CD45* cells were determined by
FACS analyses. Statistical significance was evaluated using one-way ANOVA with Tukey’s
multiple comparison testing (a and b). Statistical significance was determined using
unpaired t tests (cto i). ** £< 0.01, **** P< 0.001.
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