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Abstract

An improved understanding of biomechanical factors that control tumor development, including
angiogenesis, could explain why few of the promising treatment strategies discovered via in vitro
models translate well into /n7 vivo or clinical studies. The ability to manipulate and in real-time
study the multiple independent biomechanical properties on cellular activity has been limited,
primarily due to limitations in traditional /n vitro platforms or the inability to manipulate such
factors in vivo. We present a novel microfluidic platform that mimics the vascularized tumor
microenvironment with independent control of interstitial flow and mechanical strain. The
microtissue platform design isolates mechanically-stimulated angiogenesis in the tumor
microenvironment, by manipulating interstitial flow to eliminate soluble factors that could drive
blood vessel growth. Our studies demonstrate that enhanced mechanical strain induced by cancer-
associated fibroblasts (CAFs) promotes angiogenesis in microvasculature models, even when
preventing diffusion of soluble factors to the growing vasculature. Moreover, small but significant
decreases in micro-strains induced by inhibited CAFs were sufficient to reduce angiogenesis.
Ultimately, we believe this platform represents a significant advancement in the ability to
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investigate biomechanical signals while controlling for biochemical signals, with a potential to be
utilized in fields beyond cancer research.

Introduction

In the cancer microenvironment, angiogenesis becomes necessary when the growing tumor
reaches a critical size and passive diffusion of nutrients is no longer sufficient for sustained
growth.1=4 In light of this, anti-angiogenic therapies have been utilized as anti-cancer
strategies since the 1980s albeit with limited success.>8 Currently, these mainly include
small molecule inhibitors or monoclonal antibodies designed to interrupt the signaling
pathway of vascular endothelial growth factor (VEGF) and its primary receptor,
VEGFR2.7-10 Within the tumor microenvironment not only are there changes in cytokine
and growth factor production but also changes in the biomechanical properties of the ECM.
During angiogenesis, a quiescent endothelial cell is stimulated to become a tip cell, which
actively migrates and remodels neighboring ECM to lead new vessel growth.11-17 Whether
tip cell formation, growth, and migration is also regulated by mechanical signals is poorly
understood, despite evidence suggesting that mechanical strain can promote this type of
phenotypic shift in endothelial cells.281° This could be an important consideration as
present strategies clinically targeting angiogenesis to prevent cancer growth do not consider
the biomechanics of the tumor microenvironment.

Cancer-associated fibroblasts (CAFs) in the tumor microenvironment are activated,
myofibroblast-like cells that secrete soluble factors including VEGF that impact tumor
progression.10.20.21 Additionally, CAFs demonstrate mechanosensing and
mechanotransduction properties, remodeling the ECM in such a way as to promote
metastatic activities.?2:23 Compared to normal fibroblasts, CAFs exhibit upregulated
expression of alpha smooth muscle actin (¢ SMA) and transcriptional regulators SNAIL1
and YAP.2324 The prominence of CAFs as regulators of angiogenesis and metastasis has
been demonstrated using /77 vivo models of breast and other cancers.2%26 Recently, our
group demonstrated that the mechanotransducing functions of CAFs alone can drive
vascular growth via mechanical perturbations in an in vitro model.2” Furthermore, CAF
remodeling of the tumor ECM can drive tumor progression through secretion of cytokines,
matrix components and matrix remodeling enzymes, or direct physical remodeling of
collagen fibers, all of which lead to an increase in matrix stiffness.28-41 Forces due to
increased interstitial flow from “leaky” tumor blood vessels can also drive tumor
progression, through integrins or growth factor receptors.3%42-49 Elucidating how
biomechanical properties of CAFs affect tumor angiogenesis requires advanced /n vitro
models that permit isolation of biomechanical and biochemical factors.

To address this, we have developed a novel microfluidic model with independent control
over multiple mechanical parameters. Microfluidic models are highly customizable systems
for creating novel /n vitro models for studying biological processes particularly within
cancer research.3459-57 This includes designs that test experimental setups in both 2- and
3D, which can be tailored to mimic normal or diseased tissues. Additionally, microfluidic
models can be utilized to examine behaviors of a single cell type or be configured for
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multiple cell types in a co-culture system. An important advantage of /n vitro microfluidic
systems over /in vivo studies is the ability to control and observe changes in biomechanical
environments. Currently, most systems describe control or investigation of individual
biomechanical parameters. For example, models designed to determine effects of shear
stress from interstitial flow on endothelial cells may not investigate interacting effects from
ECM composition or stiffness.34:55:57 Efforts to study how cell-generated forces impact
processes such as angiogenesis are confounded by the need to separate effects of
biochemical and biomechanical stimuli. Recent studies from Abe ef a/. demonstrate the
crosstalk of VEGF signaling and interstitial flow, highlighting how these factors interact and
affect angiogenesis.>® Previous work in our lab generated microtissues with self-assembled
vascular networks composed of endothelial colony forming endothelial cells and a stromal
cell 43:51,52,59-61 The gbjective of the current study was to develop and optimize a multi-
tissue chamber model with independent control over multiple mechanical factors to
investigate angiogenesis associated with tumor progression.

Materials & methods

Device design, modeling, and synthesis

A multi-tissue chamber device with independent fluidic lines was designed using AutoCAD
(2015). The goal of the device design was to create a model with multiple microtissues that
are mechanically coupled. This includes the ability for strains to be transferred between
microtissues, along with user-control over the direction and magnitude of interstitial flow
between tissues. The latter parameters provide control over communication via soluble
mediators by convective (interstitial) flow. Furthermore, the aspect ratio of the rectangular-
shaped compartments encouraged lateral alignment of stromal cells (Fig. 1a). Molds were
made using standard soft lithography protocols.#3:5354 Briefly, a silicon wafer was spin
coated with SU-2075 at a thickness of 100 um and then exposed to UV light v/iaa mask
aligner. Molds were rinsed with SU8 developer for 30 min before final cleaning with
methanol and acetone. Polydimethyl siloxane (Sylgard 184, Dow Corning) was cast on each
mold at a base to curing agent ratio of 10: 1, degassed for 30 min prior to curing at 65 °C for
a minimum of 3 h. Excised devices were plasma bonded to glass slides and sterilized via
autoclave. COMSOL Multiphysics (5.4) Fluid Flow and Heat Transfer Module, specifically
the fluid flow through porous media and transport of diluted species, was used to determine
parameters for flow regimes that would either prevent crosstalk between chambers or control
directionality of flow between chambers. In these studies, tissue chambers were loaded with
fibrin, which was modeled as a linear elastic solid with Young’s modulus of 300 Pa and
Poisson ration of 0.49; media flow was modeled as an incompressible, single-phase fluid
with laminar flow characteristics.*3 Additionally, the Structural Mechanics and Acoustics
Module in COMSOL was used to model transfer of mechanical strain between chambers,
using 10 um diameter spheres to model cells located randomly throughout the tissue
chamber near the interface. Forces of 100 nN and 1000 nN were utilized to represent the
differences in normal fibroblasts and CAFs, respectively.52-64 These forces were applied in a
uniaxial direction away from the interface between microtissue chambers, as a simplified
model to determine if strains propagate through the communication ports.
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Flow studies

Cell culture

To validate flow regime parameters determined in COMSOL, we loaded the devices with
fibrin gels (10 mg mL™1) and utilized either FITC- or Rhodamine B tagged-dextran (10 kDa,
20 kDa, or 70 kDa) at 1.5 mg mL~1 in DPBS as the feeding media. These sizes of dextran
were chosen as they encapsulate and approximate a wide range of secreted factors including
8 kDa SDF and 46 kDa (homodimer form) VEGF. Devices were fed in either a top-to-
bottom regime, where flow exclusively occurred in only the y~direction in an individual
compartment (Fig. 1b), or outward flow regime where higher pressures were loaded into the
center chamber compared to side chambers to generate flow in the x-direction (Fig. 1b).
Devices were imaged after a minimum of 18 h to determine equilibrium conditions; relative
fluorescent intensities were measured on a Nikon microscope equipped with an
environmental chamber maintained at 37 °C at 5% CO». Images were stitched together using
F1JI Stitching Plug-In and fluorescent intensity was measured through the entire length of an
imaged device.85 A minimum of three devices were analyzed per condition. In outward flow
studies, devices previously loaded with the top-to-bottom flow regime had fluorescent
dextran solutions removed from feeding reservoirs and replaced with DPBS. Devices were
again imaged after 18 h to determine relative fluorescent intensities in individual chambers
over time.

To create 3D vasculature, human endothelial cells derived from umbilical cord blood (ECs)
and normal human lung fibroblasts (NHLFs, Lonza) were collected and used as previously
described.>2-54 Human CAFs and normal breast fibroblasts (NBFs) were derived previously
and cultured in DMEM containing 10% non-heat inactivated FBS, with 1% each -
glutamine, Penn/Strep, non-essential amino acids and 2% sodium pyruvate.5® These cells
originated from a breast cancer patient, were immortalized viahTERT and constitutively
express GFP.56 Previous characterization of NBFs and CAFs show that the CAFs have
significantly higher levels of YAP and Snaill compared to NBFs. Additionally, CAFs
express high amounts of aSMA, while the NBFs do not.%” Additionally, we have described
CAFs as more mechanically active than NBFs through use of an in-house bead displacement
algorithm.2” Mechanically inhibited CAFs were generated by utilizing sShRNA against YAP
and mechanically activated NBFs were generated by incorporating a constitutively active
Rho.2” Briefly, constitutively active RhoA(Q63L)-Flag tagged cDNA or shRNAI against
YAP were subcloned into the pLVX-hygro vector. HEK293T cells were used to produce
lentiviruses; NBFs and CAFs were transduced with lentivirus, then subsequently selected in
200 pg mL~1 hygromycin. Empty vectors (EV) were utilized for controls in both NBFs and
CAFs. ECs were grown in EGM (Lonza) with either 2 or 10% heat inactivated FBS. All
cells were kept at 37 °C and 5% CO> in a fully humidified incubator. For all experimental
setups, the concentration of the stromal cells in side chambers was 1 x 107 cells per mL in
10 mg mL~1 fibrin gels. For center chambers, a total cell concentration of 2 x 107cells per
mL in 10 mg mL™1 fibrin gels, with a 1 : 1 ratio ECs and NHLFs, was used. Side chambers
were loaded on day 0, approximately 5-15 min after center chambers were loaded, except
where otherwise noted. For loading, cells were harvested and resuspended in fibrinogen,
mixed with 5 U mL~1 thrombin, and injected into the chambers. Devices were incubated for
30 min after cell loading to allow for full fibrin gelation, before feeding with EGM with 2%
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FBS; media was changed every 24 h. A set of studies were completed where side chambers
were loaded v/a the same protocol, except on day 4 after center chambers had been loaded:;
these experiments were utilized to determine if there was a difference in angiogenic growth
from a well-established vasculature network. For all cell studies, the side chambers of
devices were loaded in multiple configurations to prevent artifacts due to loading protocols.
For example, to study CAF versus NBF angiogenic potential, half of the samples were
loaded with CAFs in the left side chamber and NBFs in the right chamber, while the other
half of samples were loaded in the opposite configuration. For studies testing NBFs, CAFs,
cell-free chambers, and genetically-modified fibroblasts, the outward flow regime was used.
For studies testing blebbistatin inhibition, the top-to-bottom flow regime was utilized. For
these devices, both side chambers received vehicle media for days 0-3; on day 4, one side
chamber was selected to receive blebbistatin treatment for the remainder of the study.
Blebbistatin concentration was selected by analyzing aSMA expression in CAFs via
Western blots.

Bead displacement

To validate COMSOL models of strain propagation, bead displacement studies were utilized
to determine how cell-induced strains were propagated between chambers and if this
mechanical activity correlated to angiogenesis. To measure mechanical activity of fibroblasts
embedded in the side chambers of devices, 1 um blue fiducial markers were included with
the NHLFs/ECs/fibrin mixture during loading into the center chamber. The markers were
present in all communication ports at the interface of all chambers. Devices were subjected
to 3D live cell imaging (Nikon Ti-E, 40; controlled temperature, humidity, and oxygen (20%
0O5) and carbon dioxide (5% CO5)) to measure bead displacement over 1 h in a 50 x 50 x 25
um region of multiple communication ports in each device and configuration. Displacement
values correspond to deformations in the ECM generated by fibroblasts. Both direction and
magnitude of bead deformations were analyzed using a custom-built Matlab program.2” The
resulting displacement values represent dynamic changes introduced by cell movements
during the course of 1 h of bead tracking. In some experiments, side chambers were given
either 50 um blebbistatin or vehicle media. Devices were imaged for bead displacement on
day 7, then fixed and analyzed for blood vessel growth on day 8.

Western blots

To verify knockdown or enhancement of contractility pathways in CAFs and NBFs, as well
as efficacy of blebbistatin on CAFs used in the devices, Western blot analyses were
completed. Cell lysates were collected in 1X RIPA buffer with protease inhibitors, and
standard protocols were used to process the samples. Antibody concentrations can be found
in Table S1.1

Immunofluorescence

Blood vessel growth was quantified viaimmunofluorescence. To ensure diffusion of all
reagents through the microtissue chambers, the outward flow regime was used to administer
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each solution. During each step of the protocol, the device and solutions were incubated for
48 h at 4 °C, with a switch of flow in the y~direction (Fig. 1b) after 24 h. Devices were then
fixed on day 8 with 10% formalin. For antibody staining, microtissues were blocked with
2% BSA in PBS + 0.1% Tween-20, then stained with CD31 or pMLC antibodies in block
solution. Afterwards devices were washed with PBS + 0.1% Tween-20 for at least 24 h and
then incubated with secondary antibodies. See ESIt Table S1 for antibodies and
concentrations. Devices were imaged with a Nikon inverted epifluorescent microscope and
images were stitched together using F1JI before analysis of blood vessel growth with
AngioTool.5568 Blood vessel growth was quantified by measuring total blood vessel length
in each chamber, and side chamber values were normalized to the total length of vessels in
the center chamber of a specific device. For pMLC measurements, fluorescent intensity of
pMLC staining in a 50 um wide region near the interface between chambers was normalized
to fluorescent intensity of GFP reporter inserted into NBFs and CAFs in the same region.

Statistical analysis

Results

Except where otherwise stated, all results are averages plus or minus the standard error of
the mean for the number of devices analyzed for each condition. A minimum of three
devices were utilized for interstitial flow and all bead displacement studies. A minimum of
four devices were utilized for all angiogenesis studies. For bead displacement studies,
sample size is considered number of unique devices analyzed. A one-way ANOVA was run
on all data using Sigmaplot, with post hoc Holm-Sidak tests as necessary.

Microfluidic models for biomechanical investigations

The device design contains three microtissue chambers (blue regions, Fig. 1a and b) which
can be loaded independently and are mechanically- and chemically-coupled via
communication ports (~20 pm minimum diameter) between adjacent compartments. Each
tissue chamber has a loading port, allowing the chambers to be loaded with different
matrices and cell populations. In addition, there are multiple independent media feeding
lines for each tissue chamber (pink regions, Fig. 1a and b). The overall length scales of the
device allows for tissue-mimics on the order of 0.5-2 mm, with a thickness of 100 pum;
fluidic line ports are spatially arranged to permit unobstructed views of tissue chambers
during experiments (Fig. 1c). The design was developed to allow for generation of
vascularized microtissues in the center tissue chamber, allowing for experimental conditions
to be tested in the side tissue chambers (Fig. 1b). To achieve this, center chambers were
loaded with NHLFs and ECs, while side chambers were loaded with stromal cells (NBFs or
CAFs) or cell-free fibrin gels (controls). Unless otherwise noted, the data presented in this
study represent devices that had tissue chambers loaded within 15 min of each other and
flow was initiated after full fibrin gelation (~45 min after cell loading). To assess the
contributions of interstitial flow, we first employed computational modeling (COMSOL) to
achieve a design suitable for controlling interstitial flow between chambers. Two regimes are
described and were used in subsequent studies: top-to-bottom flow (Fig. 2a) and outward
flow (Fig. 2b). In the top-to-bottom flow regime, convective flow between chambers was
negligible (Fig. 2c, grey arrows) and interstitial flow occurred predominantly from the upper
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fluidic lines to the lower fluidic lines for each individual chamber. In the outward flow
regime, convection occurs predominantly from the center chamber towards the side
chambers, with peak flow velocity occurring within the pores that connect the center and
side chambers (Fig. 2d, grey arrows).

To determine if the microtissues in adjacent compartments were mechanically-coupled, we
utilized our computational model to predict how randomly embedded “cells” would transmit
forces through a fibrin gel and if these forces propagate between chambers via the
communication ports. Deformation of the matrix was modelled along each center line of the
communication ports and plotted as a function of distance from the edge of the
communication port between side chambers (Fig. 2e-h). As a proof of principle, all “cells”
were given a uniform force value and a uniaxial directionality, then a range of forces were
used to represent the differences between normal fibroblasts (Fig. 2e and f) and much more
mechanically active CAFs (Fig. 2g and h). While most of the displacement shown in the
model occurred in the side chamber containing the “cells”, deformations (0.01-0.1 um for
NBFs and 0.1-1 um for CAFs) of the fibrin matrix also propagated through the
communication ports and into the first ~50 pm of the center chamber. These modeling
studies indicated that our platform could be used to determine the effects of small
mechanical perturbations emanating from side chambers on endothelial cells and blood
vessels located in the center chamber.

Control over interstitial flow and diffusion of soluble factors

Predicted interstitial flow patterns were validated using fluorescently-tagged dextrans in
DPBS. For top-to-bottom flow studies, there was limited diffusion of 70 kDa FITC-dextran
from side chambers to the center chamber and no significant diffusion of RhodamineB-
dextran from the center chamber into the side chambers (Fig. 3a and b). Stark demarcations
were apparent between tissue chambers in devices loaded in the top-to-bottom flow regime,
representing an effective isolation of the chambers from crosstalk by soluble mediators. In a
second series of studies, the equilibrated devices from the top-to-bottom studies were
subjected to the outward flow regime with DPBS only. The outward flow regime flushed all
FITC-tagged dextran from the side chambers, demonstrating that diffusion of factors from
these chambers into the center chamber should not occur (Fig. 3c). Lower molecular weight
dextrans demonstrated the same behaviors (Fig. S1t).

Angiogenesis is promoted by mechanical properties of CAFs

Using the microtissue model described above, we determined the mechanical effects of
normal fibroblasts or CAFs within the side chambers on angiogenesis from a blood vessel
network in the center chamber. Within the center chamber, normal human lung fibroblasts
(NHLFs) and human umbilical cord blood derived endothelial cells (ECs) embedded in
fibrin gels were utilized to generate a self-assembled vascular network (Fig. 4a).27:52-54
Blood vessel growth in the center chamber and in side chambers was determined after 8 days
in culture by staining for CD31. Significantly more blood vessels grew towards chambers
containing CAFs compared to NBFs (Fig. 4b). The same trend was observed if side
chambers were loaded on day 4 of the experiment (Fig. S2t). For bead displacement studies,
results showed that significantly larger deformations occurred at the interface of the CAFs
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and NHLF/EC chambers compared to NBF interfaces (Fig. 4c). When displacements were
segregated by direction, defined as movements towards the center chamber or towards the
side chamber, the average magnitude of displacement or deformation was larger towards
CAFs than towards NBFs (Fig. S3a and bt). There was no significant difference or
preference for bead displacement direction towards the side chambers containing NBFs or
CAFs versus towards the center chamber (Fig. S3ct). Control devices with cell-free side
chambers showed minimal bead displacements at the interfaces (Fig. S4t). In the control
devices with cell-free side chambers, more than 50% of all bead displacements occurred
towards the center chamber.

Mechanical inhibition prevents angiogenesis

To determine if the observed preferential angiogenesis was indeed due to mechanical activity
of CAFs, a series of experiments were designed to selectively inhibit the
mechanotransductive pathways in the stromal cells loaded into the side chamber. First, CAFs
were treated with blebbistatin, a soluble inhibitor of actomyosin cytoskeletal contractility.
Both side chambers were loaded with CAFs and the devices were fed via the top-to-bottom
flow regime to isolate the chambers with respect to interstitial flow. One side chamber
(control) received vehicle media, while the other received 50 UM blebbistatin (Fig. 5a).
There was a significant decrease in the blood vessel growth into CAF-containing chambers
that had been treated with blebbistatin compared to vehicle controls in the same device (Fig.
5b). Vehicle (veh) treated chambers also demonstrated significantly higher ECM
deformations induced by CAFs compared to blebbistatin (blebb) treated chambers (Fig. 5¢).
Control devices received vehicle media in both side chambers (Fig. 5d). No differences in
vessel growth or bead deformation magnitudes were observed in vehicle only control
devices (Fig. 5e and f). Furthermore, no differences were observed in displacement
directionality (Fig. S51). Side chambers were stained for pMLC to demonstrate inhibition of
mechanical characteristics of the stromal cell-containing chambers with respect to
angiogenic growth (Fig. 5g and h). There was significantly lower expression of pMLC in
cell in the blebbistatin treated chambers when normalized to GFP expression. Furthermore,
after device fixation, sequential CD31 and pMLC staining was completed. In other words,
pMLC staining occurred 14-16 days after CD31 staining, or approximately 28 days from the
time devices were fixed. Debris present in these devices (Fig. 5g and h) likely represents
particulate accumulation in devices during either the first or secondary staining protocols, as
both were completed in non-sterile conditions.

In another approach to circumvent possible nonspecific inhibition of mechanical activity by
blebbistatin, we added cells to side chambers in which cell-intrinsic mechanical properties
were manipulated by expression of either constitutively active Rho in NBFs (caRho) or
depleted of YAP with shRNA-expressing lentiviruses in CAFs (CAF-shYAP). Angiogenesis
from the center chamber was significantly decreased in the side chambers containing CAF-
shYAP cells compared to control CAFs modified with an empty vector (CAF-EV) cells
(Fig. 6a and b). An analysis of ECM deformations of cells embedded in the microtissue
device indicated that the mechanical activity of CAF-shYAP was significantly lower than
empty vector (EV) controls (Fig. 6¢). Segregated directional data suggested that CAF-
shYAP cells were responsible for the decrease in ECM deformations (Fig. S61). On the
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other hand, increased angiogenic blood vessel growth (Fig. 6d and e) was observed with
NBF-caRho compared to NBF-EV samples. Furthermore, increased mechanical activity, as
denoted by increased average magnitude bead displacement, was observed in NBF-caRho
compared to NBF-EV samples (Fig. 6f) with no differences in displacement directionality
(Fig. S61), and this resulted in enhanced angiogenesis. All modified cells were had protein
levels verified by Western blot (Fig. S7t). These results correlate with previous 7 vitro 3D
models utilized by our lab that measured mechanical properties of these genetically-
modified cells in a vasculogenesis assay.2’

Discussion

The ability to monitor in real-time the biomechanical activity within a tumor
microenvironment /n vivois currently not feasible. To address current limitations in /in vitro
platforms and further our understanding of the biomechanical regulation of angiogenesis in
the tumor microenvironment, we developed a microfluidic-based model of vascularized
microtissues. Our model contains three separate microtissue chambers (blue regions, Fig.
1b) that can be loaded independently, providing spatiotemporal control over the initial ECM
composition loaded as well as control over number and type of cells embedded in the
microtissues. Fluidic lines for each chamber (pink regions, Fig. 1b) are also independent of
one another, providing user-control over direction and magnitude of interstitial flow
throughout each chamber and the device as a whole. The smallest dimension present in the
platform is 20 um at the opening of the communication ports between microtissues and is
approximately 2x the diameter of the average cell. Cell migration from side chambers into
the center chambers was not quantified, as almost no GFP-positive cells, CAFs or NBFs,
appeared in any center chambers regardless of experimental configuration (data not shown).
The overall system exhibits left-to-right symmetry that permits direct comparison of
microtissues on either side of a center chamber, thus providing built-in control for all
experimental conditions. The microfluidic platform allows for control of multiple
mechanical factors, including interstitial flow, tensile forces in the ECM (and thus
mechanical strain), and matrix composition or stiffness, representing a novel /in vitro
platform for biomechanical investigations.

We developed two flow regimes that exhibit control over interstitial flow, limiting crosstalk
of soluble fibroblast-secreted factors between microtissue chambers. Experiments utilizing
either regime permit isolation and study of biomechanical characteristics of stromal cells
present at the microtissue interfaces. Additionally, the outward flow regime demonstrates
peak interstitial velocity flow magnitudes of ~0.1 um s~1, within the normal physiological
range, further highlighting the biological relevance of the model.#3°1 Average flow rates less
than 0.05 pum s~ are present throughout each microtissue, providing sufficient convection
for growth media to diffuse through the entire chamber. Experimental results demonstrated
clear demarcations between microtissues loaded with fluorescently-tagged dextrans,
validating that diffusion of soluble factors between chambers can be readily controlled. The
sizes of dextrans (10-70 kDa) used in these studies covers a range representing many of the
different growth factors commonly recognized as angiogenic regulators such as VEGF.
Together, the two sets of flow parameters provided efficient methods to control crosstalk
from soluble factors between microtissues.
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Our microtissue model demonstrated that CAFs drive increased angiogenesis compared to
NBFs, consistent with previously reported in vivo data.5® Furthermore, as the outward flow
regime prevented diffusion of soluble factors from CAFs or NBFs towards the vascular bed
in the center chamber, the increased angiogenesis can be attributed to increased levels of
CAF mechanical activity. Interfaces between CAF-loaded chambers and the center chambers
had larger average bead displacement magnitudes compared to NBF-loaded chamber
interfaces. No strong preference for direction of bead displacement was observed in these
studies; bead displacement towards the side chamber is equally as likely as displacement
towards the center chamber, regardless of stromal cell type. Since no differences were
observed in deformation directionality, some of the bead displacements measured may be
due to mechanical activity of NHLFs in the communication ports, and not strictly due to the
CAFs or NBFs. This is further supported by control devices with no stromal cells in the side
chambers exhibiting minimal bead displacements measured in the communication ports but
no angiogenesis. Throughout the experiments, little to no fibrin gel collapse was observed in
any chamber, regardless of cells present (Fig. S81). Second harmonic generation (SHG)
imaging was utilized to determine if CAFs deposited and subsequently organized collagen
during experiments; however, any collagen present was below the detection threshold of the
imaging system used (data not shown). While some ECM remodeling is expected in the
microtissues, these studies indicate that gel integrity remains intact for the duration of
experiments while permitting angiogenesis and subsequent analyses.

To further characterize how biomechanical characteristics of stromal cells regulate
angiogenesis in our model, we utilized a series of experiments to inhibit or enhance cell
biomechanical behaviors. For blebbistatin-treated CAFs, angiogenic potential is significantly
decreased. Since blebbistatin is non-specific, it could affect multiple cell types in the
microtissues as demonstrated by decreased ECM deformations in both directions (towards
the side and center chambers) at blebbistatin-treated interfaces. Regardless, results showed
that mechanical inhibition of cells in microtissue models suppressed blood vessel growth.
Furthermore, there may be significant effects on other aspects of cell behavior induced by
blebbistatin treatment; therefore we utilized genetically-modified fibroblasts to further
support our argument that cell biomechanical activity correlates to angiogenic potential. For
genetically-modified cells, levels of mechanical activity directly correlated with
angiogenesis, with CAF-shYAP supporting decreased blood vessel growth and NBF-caRho
enhanced growth. By selecting these two proteins for biomechanical activity studies, we
have shown that multiple mechanotransduction regulators alter stromal cell supported blood
vessel growth. Since these studies were conducted in the outward flow regime, where factors
secreted by cells in side chambers were effectively washed away from the chamber
interfaces, the results demonstrate that angiogenesis from microvasculature in the center
chamber is independently regulated by mechanical properties of stromal cells.

Small variations of angiogenic growth were observed in separate experiments utilizing
CAFs. This could be due to different endothelial cell donors or different passage numbers.
To ensure validity and reproducibility, all experimental results presented include multiple
biological and technical replicates. For vessel measurement studies, “biological replicates
were defined as separate devices and “technical replicates™ as experiments started on
different dates. Biological replicates utilized the same cell donors and same passage
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numbers for stromal cells. For all studies, a minimum of two technical replicates were
performed. Biological replicate numbers are included in the figure captions. Additionally,
variations in average magnitudes of deformations induced by CAFs were observed across
different experimental setups. This may be due to heterogeneity of the CAF line or subtle
differences in fibrin architecture in individual devices. The CAF-EV cells are genetically-
modified control cells infected with an empty lenti-viral vector and selected via hygromycin.
Therefore it is unsurprising that there are minor differences in Fig. 6¢ for CAF-EV bead
deformation magnitudes compared to unmodified CAF distributions shown in Fig. 4c and 5¢
and f. To permit comparison of the inherent variation of CAF biomechanical activity, we
have presented average data, distribution data, and 95% CI (Fig. S9t). Importantly, the
distributions for CAFs and CAF-EV controls are remarkably similar for all experimental
setups.

Finally, it is particularly interesting to note that the vascular networks are exquisitely
sensitive to changes in mechanical strain. Increasing or decreasing by ~ 0.5 um
(approximately 1/20th the diameter of a typical cell) resulted in significantly enhanced or
suppressed blood vessel growth. This was observed with CAFs, relative to NBFs, as well as
blebbistatin-treatment and genetically-modified stromal cells. This result possibly indicates
that endothelial cells in vascular networks have a threshold level of strain that initiates
angiogenesis and mechanical perturbations below this threshold will allow the cells to
remain quiescent. While deformations in the ECM were observed occurring towards side
chambers and the center chambers, some of the movements traced may represent mechanical
activity of the NHLFs present in the communication ports. However, as these cells are
present at both interfaces their biomechanical behaviors do not appear to be sufficient to
promote angiogenesis towards microtissues with mechanically-inhibited stromal cells.
Additionally, as these studies utilized genetic manipulation techniques targeted to specific
cells and mechanotransductive elements, the model demonstrates how biomechanical
behaviors of stromal cells explicitly regulate angiogenesis.

Conclusions

In this study, we present experimental models that explore the impact of mechanical strain
on angiogenesis using CAFs that are normally present in the tumor microenvironment. Our
results demonstrate that we can eliminate diffusion of soluble factors between neighboring
microtissues using interstitial flow, and thus isolate the effects of ECM deformations
generated by the mechanical properties of cells. Additionally, our studies demonstrated the
usefulness of the symmetric model design for built-in controls, as the same vascularized
microtissue in the center chamber can be exposed to experimental and control conditions.
Consistent with previous /n vivo and human data, our model demonstrates that CAFs
increase angiogenesis in a directed fashion. Increases in the mechanical behavior of stromal
cells correspond to small (0.5 pm) increases in local strains near neighboring blood vessels
and subsequent increases in blood vessel growth. Whether endothelial cells respond to
mechanical forces by forming tip cells that lead angiogenic vessel growth was not
determined, but the described microtissue model should permit such investigations in the
future. Our multi-tissue microfluidic device represents a unique and novel opportunity to
investigate biomechanical regulation of physiological processes with the ability to
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independently control multiple mechanical factors as well as measure biomechanical
behaviors in real-time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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]

Fig. 1.
Schematic of microtissue platform for biomechanical investigations. (a) A schematic of the

full microtissue device showing three tissue chambers (blue) and media lines (pink) for each
chamber. Each tissue chamber can be loaded independently of adjacent chambers; the
individual media lines for each tissue chamber allows for control over interstitial flow
directionality and magnitude between microtissues. Scale bar = 2 mm. (b) Inset from A
(black dotted lines) to show communication ports (20 pm) between microtissues. Ports are
sized to allow for mechanical crosstalk between microtissues. Scale bar = 500 pm. (c)
Photograph of PDMS microtissue platform with holes punched for cell/gel loading and
feeding ports.
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Modeling control over biomechanical parameters. (a and b) Streamline maps of flow
regimes in microtissue models showing (a) top-to-bottom flow with no crosstalk between
chambers and (b) outward flow with flow from center chamber to side chambers. Color scale
bars from 0-0.2 um s~1. (c and d) Profiles of velocities plotted versus x-position through
length of devices, along lines through center of each communication port. Grey arrows
indicate chamber interfaces. (e) Color map showing deformations induced by “cell” models
with “normal” fibroblast forces of 100nN. Color scale map = 0-0.5 um. Black arrow denotes
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direction of force applied. Scale bar = 50 um. (f) Plot of deformation versus position for map
shown in (e), with position 0 representing the leftmost edge of the communication port,
closest to the “cells”. The grey drop line indicates the rightmost edge of the communication
port. (g) Color map showing deformations induced by “cell” models with CAF-like induced
forces of 1000 nN. Color scale map = 0-0.5 um. (h) Plot of deformation versus position for
map shown in (g), with position 0 representing the leftmost edge of the communication port,
closest to the “cells”. The grey drop line indicates the rightmost edge of the communication
port.

Lab Chip. Author manuscript; available in PMC 2020 November 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sewell-Loftin et al. Page 18

5e+4 | m=m FITC =mmm RhodB

Fluorescent Intensity (AU)

0 1 2 3 4 5
x-Position (mm)

mmm FITC == RhodB

=N ()]
o ®
+ +
5 A

3e+4 |

2e+4 |

le+4 -

|

Fluorescent Intensity (AU)

o 1 2 3 4 5
x-Position (mm)

Fig. 3.

Vagiidation of flow regimes. (a) Representative fluorescent image of multi-tissue chamber
microfluidic device loaded with FITC- and RhodamineB-tagged dextrans (70 kDa) after 18
h of top-to-bottom flow. Scale bar = 500 pm. (b) Line tracings of fluorescent intensities
across multi-tissue chambers loaded as described in (a) dark line represents average intensity
with £ SEM shown in the lighter color. Dashed drop lines represent tissue interfaces.
Markers of significance represent comparisons between overall average fluorescent values
for separate chambers. *p < 0.01 versus FITC intensity in center chamber; ~p < 0.01 versus
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RhodamineB intensity in side chambers. (c) Line tracings of fluorescent intensity after
devices were subjected to outward flow for 18 h; the same color scheme is used as in (b).
For (b) and (c) n= three devices.
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Fig. 4.

Cng promoted angiogenesis in microtissue models. (a) Representative fluorescent image of
multi-tissue chamber device loaded with NBFs in the left chamber, ECs and NHLF in the
center chamber, and CAFs in the right chamber. Devices have been stained for CD31 after 8
days. White dashed lines represent interfaces between chambers. Scale bar = 500 pm. (b)
Quantification of vessel growth in side chambers with different fibroblast populations,
normalized to total vessel growth in center chamber. *p < 0.01 versus NBF chambers. n=
four devices. (c) Histograms showing bead displacement tracked in the communication ports
at the chamber interfaces. Inset numbers represent average bead deformation + SEM. *p <
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0.01 versus NBF. n = six devices. See Fig. S9at for box plots and 95% CI for bead
deformation data.
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Fig. 5.

Inhibition of CAF contractility. (a) Representative fluorescent image of multi-tissue chamber
devices with CAFs loaded in both side chambers with NHLFs and ECs in center chamber,
stained for CD31 after 8 days. Side chambers received either vehicle (Veh) or 50 uM
blebbistatin (Blebb) in media in the top-to-bottom flow regime. Scale bar = 500 pm. (b)
Quantification of blood vessel growth into side chambers treated with Veh or Blebb media,
normalized to total vessel length in center chamber. *p < 0.05 versus Veh. n= 11 devices. (c)
Histogram showing deformations induced in the ECM present in communication ports
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between chambers. Black/white — interface of vehicle-treated and center chambers; red —
interface of blebbistatin-treated and center chambers. Inset numbers are average deformation
magnitudes + SEM. *p < 0.05 versus \eh. n= nine devices. (d) Representative fluorescent
image of multi-tissue chamber devices with CAFs loaded in both side chambers with
NHLFs and ECs in center chamber, stained for CD31 after 8 days. Side chambers were both
treated with Veh media in top-to-bottom flow regime. Scale bar = 500 —m. (e) Quantification
of blood vessel growth into side chambers treated with Veh media, normalized to total vessel
length in center chamber. 7= 14 devices. (f) Histogram showing deformations induced in the
ECM present in communication ports between chambers. Grey — interface of left vehicle-
treated and center chambers; black/white — Interface of right vehicle-treated and center
chambers. Inset numbers show average deformation magnitudes + SEM. n = eight devices.
(g9 and h) Quantification of pMLC staining in control and blebbistatin-treated devices. Inset
boxes (white dots) represent ROI analyzed for pMLC staining. Green — CAFs, red — CD31,
blue — pMLC. Scale bar = 50 um. *p < 0.05 versus Veh. n = three devices. See Fig. S9bi and
biit for box plots and 95% CI for bead deformation data.
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Fig. 6.

M?:)dified fibroblast phenotype regulation of angiogenesis. (a) Representative fluorescent
image of multi-tissue chamber with NHLFs and ECs in the center chamber and genetically-
modified fibroblasts including CAF with empty vector (EV) control and CAF-shYAP in the
side chambers. Devices were stained for CD31 on day 8. Scale bar = 500 um. (b)
Quantification of blood vessel growth into side chambers containing CAF-EV and CAF-
ShYAP cells. *p < 0.01 versus CAF-EV. n= 16 devices. (c) Histogram showing
deformations induced in the ECM present in communication ports between chambers. Solid
line/red — interface of CAF-EV and center chambers. Dotted line/pink — interface of CAF-
shYAP and center chambers. Inset numbers show average deformation magnitudes + SEM.
*p<0.05 versus CAF-EV. n = seven devices. (d) Representative fluorescent image of multi-
tissue chamber with NHLFs and ECs in the center chamber and genetically-modified
fibroblasts including NBF with empty vector (EV) control and NBF-caRho. Devices were
stained for CD31 on day 8. Scale bar = 500 pum. (e) Quantification of blood vessel growth
into side chambers containing NBF-EV and NBF-caRho cells. 7= 10 devices. (f) Histogram
showing deformations in ECM present in communication ports. Black/white — interface of
NBF-EV and center chambers; blue — interface of NBF-caRho and center chambers. Inset
numbers show average deformation magnitudes + SEM. *p < 0.05 versus NBF-EV. n = eight
devices. See Fig. S9ci and ciit for box plots and 95% CI for bead deformation data.
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