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Endothelial mechanobiology is a key consideration in the progression of vascular dysfunction, including
atherosclerosis. However mechanistic connections between the clinically associated physical stimuli, vessel
stiffness and shear stress, and how they interact to modulate plaque progression remain incompletely
characterized. Vessel-chip systems are excellent candidates for modeling vascular mechanobiology as they
may be engineered from the ground up, guided by the mechanical parameters present in human arteries
and veins, to recapitulate key features of the vasculature. Here, we report extensive validation of a vessel-
chip model of endothelial yes-associated protein (YAP) mechanobiology, a protein sensitive to both matrix
stiffness and shearing forces and, importantly, implicated in atherosclerotic progression. Our model
captures the established endothelial mechanoresponse, with endothelial alignment, elongation, reduction
of adhesion molecules, and YAP cytoplasmic retention under high laminar shear. Conversely, we observed
disturbed morphology, inflammation, and nuclear partitioning under low, high, and high oscillatory shear.
Examining targets of YAP transcriptional co-activation, connective tissue growth factor (CTGF) is strongly
downregulated by high laminar shear, whereas it is strongly upregulated by low shear or oscillatory flow.
Ankyrin repeat domain 1 (ANKRD1) is only upregulated by high oscillatory shear. Verteporfin inhibition of
YAP reduced the expression of CTGF but did not affect ANKRD1. Lastly, substrate stiffness modulated the
endothelial shear mechanoresponse. Under high shear, softer substrates showed the lowest nuclear
localization of YAP whereas stiffer substrates increased nuclear localization. Low shear strongly increased
nuclear localization of YAP across stiffnesses. Together, we have validated a model of endothelial
mechanobiology and describe a clinically relevant biological connection between matrix stiffness, shear

rsc.li/loc stress, and endothelial activation via YAP mechanobiology.

Introduction
“ Department of Biomedical Engineering, Texas A&M University, College Station, Mechanobiology is a discipline of physiology which focuses
Texas 77843, USA. E-mail: brandonwalther1 @tamu.edu, navnkri@tamu.edu, on how physical environments and mechanical stimuli

kgold@tamu.edu, ecem_simay@tamu.edu, gaharwar@tamu.edu, a.jain@tamu.edu
b Department of Cardiovascular Sciences, Houston Methodist Institute for Academic
Medicine, Houston Methodist Research Institute, 6670 Bertner Ave., Houston,

influence cell behavior and downstream biochemical
responses.”” Endothelial cells (ECs) form 3-dimensional
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varying matrix stiffnesses and fluid shear stresses which play
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atherosclerotic progression and adverse cardiovascular
events.® Perturbation of these atheroprotective physical inputs
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contain varying parameters depending on the site occurrence,
such as insufficient magnitude (low shear) or stark directional
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disturbed flow, atherosclerotic progression is exacerbated.”
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Matrix stiffening is the other primary physical
parameter clinically correlated with adverse cardiovascular
events, with sites of arterial stiffening associated strongly
with atherosclerosis.®>® Furthermore, computational studies
on fluid dynamics in the coronary arteries have associated
sites of high wall stiffness and low or disturbed shear as
primary predictors of where atherosclerotic plaques
developed.'®" Together, these correlations indicate that
aberrant physical cues from substrate stiffness and shear
promote vascular disease. However, the interaction of
these vascular parameters in modulating signaling
pathways and biological response are difficult to elucidate
with current experimental models."

Recent work on endothelial mechanobiology has
highlighted the Yorkie associated homologue proteins YAP
(ves-associated protein) and TAZ (transcriptional coactivator
with PDZ-binding motif; collectively referred to as YAP/TAZ
or YAP alone) as mechanosensitive, biological sensors which
are regulated in endothelial cells by mechanical cues like
substrate  stiffness'* as shear stresses.">™"
Extensively studied in the context of cell growth and
apoptosis via the Hippo pathway,'® a variety of biochemical
and mechanical cues regulate YAP/TAZ activity™®>* apart
from Hippo. Unidirectional, high, laminar shear stress; soft
substrates; and cell confluence serve to deactivate YAP
activity and cause cytoplasmic retention. Conversely,
disturbed flow, stiff matrices, and lack of cellular
confluence serve to activate YAP and induce nuclear
translocation. Importantly, the cell confluence pathways are
tied to Hippo signaling, while substrate stiffness and shear
stress (mechanobiology pathways) that affect YAP activity
are not."®' Highly relevant to EC YAP mechanobiology and
vascular homeostasis is that activation of YAP (nuclear
partitioning) via any of these physical cues is associated
strongly with EC activation, vascular inflammation, and
atherosclerotic progression.®”%111%16:2526 Aq 3 result, YAP/
TAZ activity has been implicated in atherosclerotic
progression as a key biological event and specific
downstream targets of its activity contribute to plaque
progression.””*® Altogether, this paradigm highlights YAP/
TAZ as major endothelial mechanical and biochemical
sensors important for maintaining homeostasis. Notably,
YAP/TAZ responds to both stiffness and shear, suggesting
that the connection between the clinical paradigms of
stiffness and endothelial dysfunction or inflammation may
be explained in part via dysregulated YAP activity, with
shear stress and substrate stiffness interacting to generate
the biological response. Thus, we hypothesized that
increasing substrate stiffness affects the EC shear
mechanoresponse by upregulating YAP activity, connecting
vascular stiffness with endothelial activation (causing
atherosclerotic progression).

Testing this hypothesis and precisely controlling for all
the physical parameters to study YAP activity is non-
trivial,’®?°* and systems to study YAP mechanobiology are
in clear demand.”® Furthermore, there are relatively few

well as

This journal is © The Royal Society of Chemistry 2021

Paper

studies which precisely isolate the interactions of these
parameters in vessels to establish a mechanistic connection
between them,®® and elucidating this further has several
implications in cardiovascular medicine. Thus, to explore
whether there exists a connection between the physical
parameters of stiffness and shear stress via EC YAP
mechanobiology, we employed organ-on-a-chip technology.
Organ-on-a-chip (organ-chips) systems have emerged as
biomimetic in vitro models of human physiology designed
to reproduce physiologically-relevant environments and to
replicate tissue- and organ-level functions.’’® Work from
our group and others has shown that organ-chips may be
an exceptional tool to isolate and elucidate the biological
effects of a range of cellular, chemical, and physical
parameters.”>**® These vessel-chips facilitate the study of
endothelial pathology by supporting system interrogation
wherein each degree of freedom may be allowed to vary
individually.*”*® Currently, there are few engineered systems
which are reported for the study of YAP/TAZ**'° which
focus either on the development of the system, cyclic strain,
or developmental biology. Several microfluidic shearing
systems exist which are focused on studying ECs with
design and development ongoing,*™** however, these
systems do not currently incorporate relevant, interacting
physiological forces (e.g. stiffness and shear stress) to study
how they collaboratively influence endothelial biology. In
this work, we employ a vessel-chip to study the interaction
of clinically relevant physical parameters (stiffness and
shear) to yield novel biological insights into endothelial
mechanobiology.

Our vessel-chip model integrates three-dimensional (3D)
luminal geometry, dynamic range of uniform and oscillatory
shear stress, and variable matrix stiffness that replicates the
physiological and pathophysiological range of these
parameters in the human vasculature'®'"**™ facilitating the
study of how these parameters interact and influence the EC
mechanoresponse. We extensively validate our model from a
biological perspective to show that it captures the in vivo
behavior of YAP/TAZ accurately in previously studied regimes
while additionally exploring shear stress patterns not
commonly addressed. We further tie the YAP behavior in the
system to established biological paradigms, demonstrating
EC inflammation under regimes which upregulate YAP
activity, relevant modulation of gene expression, and confirm
the findings via pharmacologic inhibition of YAP. Lastly, we
vary shear stress and substrate stiffness together to explore
how convoluting physical inputs affects ECs, in which we
demonstrate that substrate stiffening results in upshifted YAP
nuclear partitioning under high shear, connecting the two
physical paradigms. We discuss several novel biological
findings during validation and the implications of YAP in EC
mechanobiology  throughout. Holistically, this work
demonstrates use of engineered organ-chip systems as tools
to construct biology in a “bottom-up” fashion resulting in
novel Dbiological findings previously inaccessible via
conventional methodology.
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Materials and methods
Channel fabrication

Vessel-chips were fabricated according to our previous
work.*®  Briefly, positive channels were designed in
Solidworks®, acquired from OutputCity Inc., and
photolithographically printed onto silicon wafers (University
Wafer Corp.). The upper chamber of vessel-on-a-chip devices
fabricated via soft lithography using
polydimethylsiloxane (PDMS, Dow Corning) and then bonded
to a borosilicate glass (BSG) slide or cover slip (75 mm x 25
mm) which was either spin-coated with self-consistent PDMS
(uniform channel) or left uncoated for stiff BSG controls
(stiffness studies). Bonding was performed following O,
plasma treatment (Thierry Zepto, Diener Plasma) in a
dedicated clean room.

were

Stiffness measurements

Substrate stiffness was varied by changing the crosslinker
concentration of the PDMS formulations.*® Compressive data
was collected for the combination of PDMS with 5%, 7.5%, and
10% by weight of crosslinker. First, samples were punched into
10 mm diameter discs using a biopsy punch and heights
measured using digital calipers. Samples were compressed to
not greater than 20% of the measured height at a strain rate of
1 mm min~" utilizing an ADMET MTEST Quattro eXpert 7600
single column testing system with a 25 Ib load cell. The raw
data collected was processed into MS-Excel to calculate the
compressive moduli as the slope of the linear region of the
strain vs. stress graph. For atomic force microscopy validation
studies on ECM functionalized and non-functionalized PDMS
thin films, a Catalyst Biomicroscope (Bruker) was employed.
MLCT conical probes (0.01 N m™*; Bruker Nano) were used to
measure elastic moduli pre- and post-ECM functionalization.
The AFM scanning frequency used was 1 Hz in PBS. All data
was processed using Nanoscope Analysis 1.50r1 (Bruker).
Sneddon's conical fitting was used on thin films, taking from
0-10% (ref. 50) of the full AFM force curve for at least 15
technical replicates. Iterative outlier analysis was used to
remove any technical replicates which deviated strongly from
the spread, and the group was averaged to yield the stiffness of
the PDMS film.

Cell culture

Human umbilical venous endothelial cells (HUVECs, Lonza)
were cultured in endothelial growth media (EGM-2, Lonza)
using an endothelial cell supplement EGM-2-M (Lonza). Cell
culture washes were performed using pH 7.2 phosphate
buffered saline (PBS, Gibco), and cell passaging was performed
using 1x 0.25% Trypsin-EDTA (Gibco). HUVECs used were all
between p4 and p6, passage matched for each experiment.

Channel functionalization and lumenization

After fabrication of the vessel-chips, each channel was treated
with O, plasma (PDC-32G, Harrick Plasma) for 5 minutes,
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and then an extracellular matrix (ECM) solution of 100 pg
mL™" rat tail collagen type I (Corning) and 50 ug mL ™" human
fibronectin (Sigma Aldrich) was perfused through the
channel and incubated for 30 minutes at 37 °C, 5% CO.,.
Plate controls reported were done on BSG cover slips, or 10%
PDMS spin-coated glass cover slips using the same plasma
treatment procedure and ECM solution. Afterwards, each
channel/cover slip was then placed in an incubator at 37 °C
and 5% CO, for 30 minutes. The ECM solution was
subsequently removed by perfusing EGM-2-M media through
the chamber, or via washing of the cover slips. On the fully
assembled vessel-chip devices, HUVECs were seeded onto the
top and bottom faces of the chamber and allowed 1 hour for
attachment. After the seeding period, the seeded vessel-on-a-
chip devices were attached to a syringe pump (PHD ULTRA
4400, Harvard Apparatus) using a Luer curved dispenser tips
(Qosina) and 20" tubing (0.094' ID, 0.145'z OD; Qosina) and
operated in suction mode. Media reservoirs were made from
5 mL syringes (BD). To allow for lumen formation, each
chamber was then placed in shearing flow overnight at a flow
rate of 1 pL min~' before each experiment was conducted
(post-lumenization; ¢ = 0). For the quasistatic control,
HUVECs were seeded and cultured under extremely low shear
(<2 uL per hour) using two 1 mL pipets as reservoirs for 48
hours such that cellular confluence was achieved.

Flow rates

Flow rate shear stresses were calculated numerically using
the finite element method in Ansys Fluent v29R1 from
Solidworks v19 models. Cell culture media (comparable to
water) was used as the fluid for modeling (density: 0.998 g
em™?; viscosity: 0.001 Pa s). A flow rate of 1 uL min™" was
calculated to be 1.12 dynes per em® (low/venous shear), and
10 pL min~" was calculated to be 11.2 dynes per em® (high/
arterial shear). Values are reported as exact calculations at
the center of the XZ planes (top/bottom wall shear) - distant
from the corner. Disturbed flow was induced via an
oscillatory flow pattern of 1 or 10 pL min™', 2 seconds of
withdrawal and 1 second of infusion (100% duty cycle, 0.33
Hz) to deliver fresh media. Each of these regimens were run
for 3 hours and 6 hours after appropriate lumenization.

Verteporfin treatment

Verteporfin was purchased from Millipore Sigma (=94%
HPLC) and dissolved into a 1 mM stock in dimethyl sulfoxide
(DMSO; Millipore Sigma) and stored at —20 °C until use. The
stock solution was diluted into 2 mL of EGM-2-M media for
the corresponding experiment. Each concentration was
supplemented with DMSO to ensure each flow chamber
received the same amount of DMSO regardless of dilution.
Verteporfin was introduced into the chamber in a dose-
dependent manner. DMSO controls were media and the total
DMSO volume required for dilution only.
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RNA isolation and gene expression

HUVECs in each channel were trypsinized and cells pelleted for
RNA extraction and lysed with 10 minutes of detachment. Note
that YAP is rapidly inactivated upon trypsinization and gene
expression is thus dependent on the half-life of the mRNA;>
cells must be lysed quickly and RNA extraction begun
immediately. RNA was extracted using an Arturus™ PicoPure™
RNA Extraction kit (Applied Biosystems, Thermo Fisher
Scientific). The cDNA was synthesized from the extracted RNA
using a 5x iScript Reverse Transcriptase Supermix (Bio-Rad
Laboratories, Inc.). The cDNA was then diluted to a volume of
100 pL for qPCR. For each qPCR reaction, a volume of 20 pL
was used consisting of 10 pL of Power SYBR® Green Master
Mix (Applied Biosystems, Thermo Fisher Scientific), 7 puL of
H,0 (DNAse/RNAse free, molecular grade), 1 pL of the gene
specific primer, and 2 pL of the sample cDNA. All primers were
purchased as validated 20x SYBR® Green assays for
glutaraldehyde  3-phosphate  dehydrogenase = (GAPDH),
endothelial nitric oxide synthase (eNOS), connective tissue
growth factor (CTGF), ankyrin repeat domain 1 (ANKRD1),
intercellular adhesion molecule 1 (ICAM-1), vascular adhesion
molecule 1 (VCAM-1), vascular endothelial growth factor
receptor 2 (VEGFR2), and interleukin 6 (IL-6), (Bio-Rad
Laboratories, Inc.). RT-qPCR was performed on a QuantStudio
12 K Flex (Applied Biosystems, Life Technologies) with the
following pre-set settings: 96-Fast Well Plate 0.1 mL, Relative
Quantification (~AAC,), SYBR® Green Reporter, and Standard
Run Time. All gene expression results were reported as a fold
change with respect to the denoted control and the
housekeeping gene, GAPDH.>>

Immunohistochemistry

Each sample was fixed with 16% formaldehyde (Thermo
Fisher Scientific) for 20 minutes at 4 °C and then blocked
and permeabilized with 2% bovine serum albumin (BSA,
Sigma Aldrich) and 0.1% Triton X-100 (Thermo Fisher
Scientific) in PBS (blocking buffer) for 1 hour at 4 °C.
Channels were then stained with either rabbit anti-YAP
(Abcam), rabbit anti-VCAM1 (Abcam), rabbit anti-vWF (Dako),
or mouse anti-CD144 (BD Pharmigen) in blocking buffer (1:
100) overnight at 4 °C. Secondary staining was performed
with donkey anti-rabbit Alexa Fluor™ 555 (Invitrogen
Molecular Probes, Thermo Fisher Scientific) for 1 hour at
room temperature. Actin was stained with phalloidin Alexa
Fluor™ 488 (Invitrogen Molecular Probes, Thermo Fisher
Scientific). Nuclei were stained with 4',6'-diamidine-2"-
phenylindole dihydrochloride (DAPI, Roche Diagnostics).

Imaging and analysis

Image acquisition was performed on an FLUOVIEW
FV3000 confocal microscope (Olympus Corporation).
Analysis was performed on the associated software
(cellSens, Olympus Corporation) for YAP partitioning and
circularity index by denoting regions of interest and
extracting the raw fluorescent values and measurements.

This journal is © The Royal Society of Chemistry 2021
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YAP partitioning was calculated as the nuclear YAP signal
divided by the total cellular YAP signal for 60 -cells.
Circularity index was calculated via 4n(area/perimeter?) for
60 cells. Actin alignment images were “grayscaled” in
GIMP or Image], and analysis was performed using the
directionality function in Fiji (Image]) using Fourier
component analysis for 0° to 90°. The values were
reported in vector notation of the form (r, #), where r
corresponds to the relative density (magnitude) of
observations for a given angle -calculated from the
directionality function, and € (phase) is the angle itself.
Thus, angular preferences are visualized as radial spikes
or peaks, and random organization 1is a radially
homogenous distribution. Five or greater fields of view
were taken for each experimental condition in the study of
actin alignment (indicated). Color mapping was performed
using Orientation].>

Statistics and data visualization

All data was analyzed using either an appropriate Student's
t-test or ANOVA with post hoc Tukey's/Scheff's test. Statistical
significance was set as p < 0.05, however all p-values are
reported as their exact calculated value. All data visualization
(except bar graphs) was performed in Python 3.7 using
Matplotlib®* with Seaborn packages. All scripts are available
upon request; examples scripts are included in ESL}

Results and discussion
Design of the microfluidic vessel-chip system

In order to design a microfluidic culture environment
conducive to studying endothelial mechanobiology, we first
engineered the key physiologic parameters directly into the
system and developed protocols to study ECs under different
shear patterns. We employed the anatomy of a typical vessel-
chip consisting of a microfluidic channel with a rectangular
cross section providing a 3D culture environment for lumen
formation (Fig. la-c), where HUVECs cultured within the
chamber formed a circular monolayer around the inner walls
of the chamber (Fig. 1d) after 18 hour incubation under a
low shear rate (1 uL min™"; Fig. 1e). Next, to determine the
shear regimes studied during the experimental portion of the
protocol (¢ = 0; Fig. 1e), we used shear stresses and patterns
which are known to be protective or inflammatory. To this
end, we imposed a low shear (inflammatory) regime, a high
shear regime (protective), and oscillatory versions of both
(inflammatory).” As the HUVEC response to shear has been
extensively characterized,’™” in that they respond favorably
to arterial range shear (10-30 dynes per cm?),”” we selected a
flow rate of 10 pL min~" (11.2 dynes per cm?) as our model of
high shear. Conversely, low shear regimes (1-3 dynes per
em?) are activating for endothelial cells - thus we selected a
flow rate of 1 pL min™" (1.12 dynes per cm?®) as our low shear
regime (Fig. 1f). To then model disturbed flow, we imposed a
flow reversal pattern (oscillatory flow) to induce EC activation
(Fig. 1g), based on flow patterns

known to cause
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Fig. 1 Fabrication of the vessel-chip microfluidic device for endothelial mechanobiology and preliminary quantification. a Details the parts of the
device bonded together to form a microfluidic channel. The PDMS upper is fabricated via soft-lithography from a positive master mold. The bottom is a
glass slide which is left untreated (stiff control) or spin-coated with PDMS to make a fully coated device. The upper and the lower parts are both O,
plasma treated and then bonded together and placed under weight (500 g or greater) for 30 minutes. b Lays out the dimensions of the channel. Each
channel is 2 cm long, has a height of 75 um, and a width of 200 um. The PDMS upper comprises the “top” face of the channel, while the bottom glass
slide is the “bottom;” these faces are referred to when seeding cells in the device as both faces are seeded prior to experimentation. c Are pictures of a
fully fabricated device. d Is a representative confocal maximum Z-image of a HUVEC lumen formed on the device using this protocol (flow rate: 10 pL
min™). e Is a graphical schematic of the cell culture protocol used for each experiment. After bonding, devices are O, plasma treated again and perfused
with an ECM matrix (100 ug mL™ collagen type | + 50 pg mL™ fibronectin) and incubated at 37 °C, 5% CO, for 30 minutes in a cell culture incubator.
After the incubation was done, endothelial media (EGM-2) was perfused through the channel to remove excess matrix protein. HUVECs were then
seeded on each face. To seed a face, cells were suspended in media and perfused through the channel. The channel was then placed in an incubator
for 1 hour to let the cells attach, either right side up to seed the bottom face, or upside down to seed the top face (2 hours total seeding time). After
seeding and cell attachment was complete, the channels were placed under perfusion (1 puL min™2) for 18 hours to allow for cell proliferation and lumen
formation (lumenization). After the 18 hour lumenization was complete, different shear stresses and patterns were applied for the time required for each
experiment. 3-Dimensional computation fluid analysis of the applied wall shear stress based on the flow rate with corresponding physiological ranges
are shown in f, while g details the oscillatory flow pattern used to induce activation (0.3 Hz cycle, 2 seconds withdraw, 1 second infuse). Flow velocity
heatmap profiles are shown in h for the unidirectional regimes and the corresponding flow rate, and i details the velocity profile during an oscillatory
cycle, showing the 1-dimensional change in flow direction and magnitude.

activation.*>*® Within our model, in order to deliver media  was required, and thus the oscillatory regime displayed a

over the course of the experiment, a net positive flow vector  frequency of 0.3 Hz (2 second withdrawal, 1 second infusion).
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3D fluid modeling confirmed conventional laminar regimes
within the cuboidal chamber and presence of a flow reversal
in the oscillatory regimes which remained entirely laminar
(Fig. 1h and i). It is beneficial to note that in the context of
the model, disturbed flow is isolated to being comprised of
only flow reversal. While from a fluid mechanics perspective
this is trivial, biologically the scenarios which activate ECs
are complex, and several fundamental flow patterns may
activate ECs, of which flow reversal is one. Other patterns
such as recirculating flow also induce activation, and are
classified as disturbed flow, and additionally disturbed flow
need not be laminar.*'”*"*° Lastly, to complete our protocol
development, our experiment duration (¢ = 0, Fig. 1e) was set
to follow the onset and stabilization of EC gene expression
under shear, starting within an hour and stabilizing by 6
hours.®® Thus, we selected an experimental duration of 6
hours. We confirmed this time point using gene expression
of various shear sensitive genes (Fig. S17).

Endothelial YAP/TAZ mechanobiology in the vessel-chip

Our next goal was to establish that our vessel-chip model
recapitulated known patterns of YAP/TAZ biology in
endothelial cells: cytoplasmic retention under high,
unidirectional (atheroprotective) laminar shear and nuclear
partitioning when exposed to disturbed flow.">'® We began
by setting a quasistatic control baseline for HUVECs cultured
on the chip (flow <2 pL per hour), as cells cultured in the
vessel-chip require perfusion to remain alive and fully static
state is not relevant. At these quasistatic conditions, partial
YAP nuclear partitioning was observed (nuclear YAP/total
YAP; Fig. S2a and bt). HUVECs elongated and aligned weakly
along the flow vector, both attributable to culture under flow
(Fig. S2c and df). This baseline established, we moved to
study and compare physiologic/pathologic conditions. We
examined YAP partitioning via immunofluorescence after 6
hours of the different flow regimes detailed earlier
(Fig. 2a and b). In all disturbed flow regimes (low shear 1 pL
min™' and both oscillatory regimes), we observed strong
nuclear partitioning of YAP, while under the high
atheroprotective regime, YAP was retained strongly in the
cytoplasm (Fig. 2c). We note that the quasistatic control YAP
partitioning values were statistically identical to that of the
oscillatory regimes (p = 0.9), indicating the strong influence
of protective shear on YAP cytoplasmic retention and
importance of fluid flow. Altogether, all parameters which
conventionally classify as disturbed flow strongly induced
YAP nuclear partitioning. Although this observation is
consistent with previous studies’®'® reporting that disturbed
flow results in YAP activation in ECs, we have added some
greater resolution to the mechanosensing paradigm, as few
studies have explored differences between unidirectional and
oscillatory flow at low levels of shear stress. We observed that
the flow pattern appears to be the dominant determinant of
YAP localization in high shear regimes (10 pL min ™"
unidirectional vs. oscillatory). By contrast, when the shear

This journal is © The Royal Society of Chemistry 2021
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stress is low, ECs are comparably activated by unidirectional
or oscillatory flow.

Within our vessel-chip model, we additionally observed
common morphology changes associated with disturbed flow.
HUVECs exposed to high shear became elongated, while in
all disturbed flow regimes cells remained rounded (Fig. 2d).
Although EC exposed to both unidirectional regimes aligned
primarily along the 0° flow vector, those exposed to high
shear displayed a much more prominent alignment peak
(frequency peak: 1 uL min™ = 0.13 vs. 10 uL min™" = 0.23).
HUVECs exposed to oscillatory flow regimes all displayed a
blunted alignment (Fig. 2e). Representative color mapping of
actin alignment (from Fig. 2a) demonstrates the wide
distribution of angles seen in the oscillatory regimes (Fig. 2f).
Taken together, our data suggests that the key observations
of in vivo YAP behavior are captured within the vessel-chip
system, while additionally facilitating novel findings
pertaining to the relative influence that shear stress
magnitude and pattern have on endothelial activation.
Moreover, morphological characteristics of ECs subject to
(disturbed) flow were readily captured and shown to be
consistent with current understanding.®*>

Endothelial activation and inflammation in the vessel-chip

In the context of vascular mechanobiology, drawing
connections between the detrimental mechanoresponse from
disturbed flow (YAP nuclear localization and increased activity)
and the clinical implications (atherosclerotic progression and
vascular disease) would be vital to capture within our model to
ensure the mechanobiological changes parallel alterations in
endothelial activation. Specifically, does nuclear YAP
partitioning (with disturbed flow) parallel endothelial
activation and inflammation? Accordingly, we selected an
atheroprotective regime (unidirectional high shear) and the
corresponding disturbed flow pattern (oscillatory high shear),
and assessed the relative level of two molecules known to be
induced under disturbed flow and integral to atherosclerotic
progression: vascular cell adhesion molecule 1 (VCAM-1) and
von Willebrand factor (VWF).>**"*® We observed reduced levels
of both VCAM-1 and vWF when HUVECs were subject to
unidirectional high shear, whereas high oscillatory shear
greatly increased the levels of both VCAM-1 and vWF (Fig. 3a-d),
illustrating the connection between the EC mechanoresponse
and EC inflammatory activation.

Gene expression analysis

Subsequently, we examined gene expression of ECs subject to
the various fluid shear stress parameters. The first two genes
examined, connective tissue growth factor (CTGF) and ankyrin
repeat domain 1 (ANKRD1) are downstream targets of YAP/TAZ
activity known to be upregulated by its transcriptional co-
activation.">"® The second two genes, endothelial nitric oxide
synthase (eNOS) and vascular endothelial growth factor receptor
2 (VEGFR2), are shear responsive genes”®*”* not directly tied
to YAP activity. Unidirectional high shear downregulated
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Fig. 2 YAP mechanobiological model validation of the vessel-chip system for studying endothelial mechanobiology. In a are representative fields
of view within the vessel-on-a-chip device for 1 uL min™, oscillatory 1 uL min™, 10 uL min™*, and oscillatory 10 pL min™ flow. Cells were stained
for nuclei (DAPI, blue), actin (phalloidin, green,) and YAP (red). Oscillatory flow was induced by alternating between withdrawal (2 seconds) and
infuse (1 second). b Is a Z-stack image of a section of a vessel-on-a-chip showing lumen formation (10 pL min™). Scale bars in a and b are all 50
um. YAP partitions for each group are: 1 uL min™: 0.37 * 0.08; oscillatory 1 uL min™ 0.42 + 0.1; 10 uL min™: 0.23 + 0.08; oscillatory 10 uL min™:
0.43 + 0.11 (c). The cellular morphology (circularity) is quantified in d. Circularity is defined as 4n(area/perimeter?) and is valued from 0 to 1. Indices
closer to 1 indicate more circular cell morphology, while elongated cells have indices closer to 0. CSI measured for the flow fields are: 1 uL min™:
0.67 * 0.11; oscillatory 1 uL min™: 0.67 * 0.11; 10 uL min™ 0.51 % 0.11; oscillatory 10 uL min™*: 0.64 * 0.16. Directionality assays based on actin
alignment detailing how HUVECs align along the flow vector within the fluidic chamber under the different shear regimens/patterns are shown in
e. Data is visualized in the form of (r, 6) - r is the normalized density of actin filaments aligned at each angle, 6. Higher values of r for a given 6
indicate increasing alignment. For 10 uL min™*, HUVECs aligned strongly along the flow vector, while the effect was evident but not as strong in
the 1 uL min~! regime. HUVECs in both oscillatory flow fields showed a markedly decreased alignment distribution around the flow vector. Color
maps showing the gradient of actin alignment (from the representative actin images in a) are visualized in f using OrientationJd. For YAP partition
experiments and CSI experiments, n = 60 cells. Alignment polar histogram plots are comprised of an average of 5-6 fields of view, directionality
calculated from 0° to 90° binned 15 times in ImageJ. Statistics performed using a single factor ANOVA with post hoc Tukey's test for significance.
Each p-value between groups is reported natively as calculated, significance taken at p < 0.05. All values reported as mean * standard deviation.
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Fig. 3 Endothelial activation studies between the different shear regimes. In order to establish the system parameters causing activation of YAP
correlate to endothelial activation, 2 markers of endothelial inflammation (VCAM-1 and vWF) were examined under the laminar and oscillatory flow
conditions. For both markers, oscillatory flow patterns resulted in marked intensity increases for VCAM-1 (a and b, fluorescence: 10 pL min™t - 2.4
+ 0.8 AU x 10° um?, oscillatory 10 pL min™ - 7.1 + 2 AU x 10® um?®) and vWF (c and d, fluorescence: 10 uL min™* - 3.1 + 2 AU x 10® um?, oscillatory
10 pL min™ - 17 + 5 AU x 10® um?). For VCAM-1, n = 74 cells; for VWF, n = 69 cells. Statistical analysis was performed using an unpaired Student's
t-test, significance taken at p < 0.05. Data is reported as the normalized intensity (to cellular area), mean * standard deviation.

expression of CTGF compared to unidirectional low shear,
however ANKRD1 remained relatively unchanged (Fig. 4a).
Under the conditions of high oscillatory shear, CTGF and
ANKRD1 were both dramatically upregulated (Fig. 4b),
consistent with previous reports.'>'® By contrast, at low levels of
shear stress, there was no difference between unidirectional and
oscillatory shear stress in expression of CTGF and ANKRD1
(Fig. 4c). Taken together, this data suggests than CTGF
expression is highly sensitive to both the magnitude and pattern
of shear stress. By contrast, the expression of ANKRD1 is not
affected by difference in the magnitude of unidirectional shear
stress, but is affected by the flow pattern at higher levels of
shear stress. Notably, the sensitivity of CTGF to the magnitude
of unidirectional shear stress has been previously reported.>®
Changes in other known mechanosensitive genes (eNOS and
VEGFR2) were modest but in the expected directions (Fig. 4d-f).
Summarizing, these data confirm that our chip model replicates
the known biological effects of laminar and disturbed flow (i.e.
response of eNOS and VEGFR2) and provide new insights into
the flow response of genes downstream of YAP/TAZ activation
(i.e. CTGF and ANKRD1). Notably, CTGF is highly expressed in
atherosclerotic plaques”™”” and knockdown greatly reduces
plaque progression.”® This is consistent with our data that CTGF
is upregulated by patterns of disturbed flow, which
hemodynamic condition is associated with sites in the
vasculature that are predisposed to atherosclerosis.

Pharmacologic inhibition of YAP activity

To confirm the importance of YAP activity on the flow-
mediated regulation of mechanosensitive genes, we employed
verteporfin, a potent YAP inhibitor.””* We assessed a dose

This journal is © The Royal Society of Chemistry 2021

response to verteporfin (0.125-1 puM; Fig. S4a and bf) and
assessed YAP nuclear localization of treated cells subject to
10 pL min™" oscillatory shear. We observed increasing
cytoplasmic retention of YAP with increasing concentrations
of verteporfin, with 1 pM verteporfin treatments resulting in
cytoplasmic retention of YAP comparable to that of ECs
subject to high unidirectional shear (Fig. 5a and b). Notably,
concentrations above 1 uM induced excessive -cellular
detachment (Fig. S4ct), which is attributable to verteporfin's
ability to potently induce apoptosis and cell death at high
concentrations.®* Additionally, verteporfin treatment did not
rescue  cell  circularity/morphology  nor  alignment
(Fig. 5c and d and S4df). As concentrations of 1 uM
demonstrated the highest tractable cytoplasmic retention, we
selected 1 uM as the concentration to examine inhibition of
downstream YAP gene expression. Compared the DMSO
controls (required for verteporfin solubility), verteporfin
strongly suppressed expression of CTGF, however, strikingly
ANKRD1 expression was not affected (Fig. 5e). We note that
this mirrors the finding of Wang et al.'® when they reported
pharmacological inhibition of c-Jun N-terminal kinase
(downstream of YAP/TAZ activity) greatly modulated CTGF
expression, but minimally affected ANKRD1.'® Thus, this
supports that CTGF is predominantly regulated by upstream
YAP activity (and thus the EC mechanoresponse), however
ANKRD1 is likely to be associated with other regulatory
pathways. More generally, these pharmacological studies
performed using the vessel-chip system in this manner
demonstrate how chemical intervention can influence and
reverse the biological response to mechanical cues, and how
organ-chip systems support these preclinical and potentially
translational studies in a controlled manner.
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Fig. 4 Gene expression for key mechanosensitive genes were selected as transcriptional readouts (CTGF, ANKRD1, eNOS, and VEGFR2). CTGF
expression was significantly decreased from 1 pL min™* to 10 pL min™* (a, FC = 0.6) while ANKRD1 was not changed (FC = 1.1). However, oscillatory
10 pL min™ vs. 10 uL min* displayed a marked upregulation of both CTGF and ANKRD1 (b, respectively FC = 5.9 and FC = 3.3). Conversely,
expression of CTGF and ANKRDL1 in the oscillatory 1 uL min™* vs. 1 uL min™* regime was not changed (c, FC = 0.97 and FC = 0.76). With regards to
eNOS and VEGFR2, from 1 pL min to 10 uL min™%, eNOS was not appreciably changed, though VEGFR2 saw modest upregulation (d, FC = 1.4 and
FC = 2.0, respectively). Oscillatory 10 uL min™* vs. 10 uL min™* shown downward trends for both genes (e, FC = 0.67 and FC = 0.83) without
reaching significance. Oscillatory 1 pL min™ compared to 1 uL min™* showed (f, FC = 1.0 and FC = 1.4). For a and d CTGF, ANKRD1, and eNOS, n =
7; all other genes performed n = 4. Statistical analysis was performed on the ddCts for each group using an unpaired Student's t-test. All p-values
are reported natively, significance taken at p < 0.05. Values are reported as FC. GAPDH was selected as the housekeeping gene for all

experiments.

Substrate stiffness impedes the shear mechanoresponse

As YAP is responsive to both substrate stiffness and shear
stress, we hypothesized that stiffening the substrate matrix
impedes the ability of ECs to fully respond to shear stress,
upshifting YAP nuclear localization. The stiffness of the PDMS
substrate was modified by varying the crosslinker
concentration.*® Arterial stiffnesses range from 50 kPa up to
roughly 600 kPa.*** Complicating this paradigm is that
diseased vasculature and atherosclerotic plaques have a
significantly higher range of stiffnesses, from 1 kPa up to 5
MPa.'®"" Thus, we explored a stiffness of the same order of
magnitude as those reported in normal muscular arteries (300-
500 kPa; such as the coronary arteries)'? as well as stiffness in
the range of atherosclerotic vessels (>1 MPa). Accordingly, we
reduced the crosslinker density to 7.5% (to yield 1 MPa) and to
5% (500 kPa); ECM functionalization did not alter the PDMS
materials properties (Fig. S51). We subjected endothelial cells
grown on these matrices to unidirectional low or high shear
and measured YAP localization (Fig. 6a and b). Consistent with

1746 | Lab Chip, 2021, 21,1738-1751

our previous experiments, all low shear groups displayed
elevated YAP nuclear partitioning consistent with EC activation
under flow. Furthermore, all high shear groups displayed
significantly decreased nuclear YAP localization. However,
higher levels of stiffness attenuated the effect of high shear to
reduce YAP nuclear partitioning (Fig. 6¢), indicating that stiff
matrices impede the protective EC shear mechanoresponse.
Also, of note, there was no difference in the nuclear localization
with increasing stiffness when shear stress was low. This
finding indicates that low shear stress (such as that found at
sites of disturbed flow in the large and medium arteries) is
strongly activating and a dominant stimulator of YAP activity,
EC activation, and vascular inflammation. Interestingly, high
shear was sufficient to induce YAP cytoplasmic retention on
borosilicate glass (Young's modulus 64 GPa), displaying a value
statistically indistinguishable from the 10% PDMS (10% PDMS
= 0.32 + 0.1; BSG = 0.32 + 0.1; p = 0.7), which suggests the
influence of matrix stiffness on the shear mechanoresponse
plateaus past some highly stiff threshold (Fig. S6t). Altogether,
this data suggests that ECs reside in a complex physical

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Verteporfin immunofluorescence (for nuclei (DAPI, blue), actin (phalloidin, green) and YAP (red), a) showed decreasing YAP nuclear
partitioning in the 1 uM group vs. DMSO control (DMSO: 0.46 *+ 0.1; 1 uM: 0.30 * 0.1, b). Verteporfin treatment did not rescue cellular morphology
or alignment under oscillatory flow (c and d). Cell circularity indices for the DMSO and 1 uM verteporfin groups were respectively 0.67 + 0.1 and
0.71 £ 0.1. Gene expression analysis of CTGF and ANKRD1 post-verteporfin treatment (e) showed significant downregulation of CTGF (FC = 0.11)
and insignificant modulation of ANKRD1 (FC = 0.70). Verteporfin treatment IF and circularity performed on n > 59 cells. YAP partition is defined as
(nuclear YAP/total YAP). Circularity is defined as 4n(area/perimeter®) and is valued from 0 to 1. Alignment polar histogram plots are comprised of
an average of 4-5 fields of view, directionality calculated from 0° to 90° binned 15 times in ImageJ. Data is visualized in the form of (r, 6). Higher
values of r for a given 6 indicate increasing alignment in that direction. Gene expression performed n = 4. Statistical analysis was performed on the
calculated normalized IF values or ddCts for each group using an unpaired Student’s t-test. All p-values are reported natively, significance taken at
p < 0.05. Values are reported as circularity, FC, or normalized intensity, mean + standard deviation. GAPDH was selected as the housekeeping

gene for all experiments.

environment where they balance different physical cues and  physiological forces which conventional methods or
respond biologically to the convolution of the stimuli ~models may not facilitate. This type of “bottom-up”
(Fig. 6d and e). The protective signals from high shear stress  engineering approach to biology, combined with insights
are attenuated by increasing matrix stiffness to a certain  from current in vitro and in vivo models, may provide a
threshold, while low shear is universally activating. Notably, = more comprehensive understanding of forces acting on
this data supports a biological link associating matrix stiffness  cells in a concerted fashion to result in a single biological
and flow patterns to EC dysfunction, inflammation, and response.

atherosclerotic progression, consistent with clinical data. In the context of vascular mechanobiology, our vessel-chip
model yielded several new insights into the physical cues
which govern EC health and homeostasis. First, our data
reveals that shear stress magnitudes and patterns are a
Here, our report describes the use of a vessel-chip model = dominant signal in EC phenotype maintenance. The most
to arrive at novel understandings of the interaction of  dramatic differences were observed between unidirectional

Conclusions
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Fig. 6 Varying device stiffness to modulate the HUVEC endothelial mechanoresponse. Experiments were performed in devices made form the
varied crosslinker concentrations of 5%, 7.5%, and 10% and under the unidirectional shear regimes of 1 pL min™ and 10 uL min™% Cells were
stained for nuclei (DAPI, blue), actin (phalloidin, green) and YAP (red), shown in a and b. Across the 1 pL min™* groups, YAP partitioning was not
affected by substrate stiffness (5%: 0.42 + 0.1; 7.5%: 0.38 + 0.1; 10%: 0.39 * 0.1), while those subject to 10 uL min™* showed increasing YAP
partition as the substrate stiffened (5%: 0.25 + 0.1; 7.5%: 0.29 + 0.1; 10%: 0.32 + 0.1, c). YAP nuclear partitioning between the 1 uL min™ and
10 uL min™ groups were significantly different between any 2 groups from different shear regimes. This suggests that ECs respond to a variety
of mechanical cues which can either be protective or inflammatory (d and e). The physical regimes of stiffness and shear stress may be
connected via YAP mechanobiology in a feedforward manner where an initial incident can result in propagating stiffening and YAP activity (f).
For the 1 uL min™* groups, n = 56 cells, for the 10 uL min™* groups, n = 71-73 cells. Statistics performed using a single factor ANOVA with post
hoc Tukey's test for significance. Each p-value between groups is reported natively as calculated, significance taken at p < 0.05. All values
reported as mean * standard deviation.

and oscillatory flow patterns at high levels of shear.  did not appreciably modulate gene expression when ECs were
Interestingly, the pattern of flow (unidirectional v. oscillatory)  subject to low levels of shear. Thus, low levels of shear (which
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promote atherosclerosis in the arterial circulation) dominate
over the flow pattern with respect to EC signaling. Gene
expression analysis across flow regimes and inhibitor studies
highlighted CTGF as a highly sensitive measure of the EC
mechanoresponse to shear and flow pattern. CTGF was
upregulated with disturbed flow, consistent with its increased
expression in atherosclerotic vessels. By contrast, ANKRD1
was only affected by the flow pattern at high levels of shear
stress. Verteporfin studies confirmed that CTGF but not
ANKRD1 is significantly downregulated by YAP inhibition,
emphasizing the distinction between these genes.

The most significant finding of this report is the interaction
of substrate stiffness with shear stress to modulate the EC YAP
mechanoresponse. Here, we observed that increasing the
substrate stiffness increased the levels of YAP localized to the
nucleus under high shear, however low shear was strongly
activating across varying stiffnesses. Our work is consistent with
prior studies associating coronary wall stiffness and shear
patterns with development of atherosclerosis.'®** Indeed, the
data suggests a feedforward mechanism of EC activation and
atherosclerotic progression (Fig. 6f) where some inciting event
(either physical or chemical®®®) induces YAP activation in ECs.
This, in turns, causes endothelial activation and vascular
inflammation, as reported previously.">'® The endothelial
activation and vascular inflammation then drive atherosclerotic
progression, which may further stiffen the vascular architecture,
activating YAP further. Kohn and colleagues observed that stiffer
substrates resulted in lower eNOS production and increased
RhoA activation,®® the latter of which interacts with YAP/TAZ.%°
Together, their work and ours strongly suggest that matrix
stiffness attenuates the endothelial response to physiological
shear stress. The combination of a decrease of eNOS (also
atherogenic’) and increases in RhoA and YAP/TAZ activity all
serve to suggest that matrix stiffening is not only a correlative
consequence, but a cause of vascular disease. Indeed, other
recent reports indicate that YAP activation is associated with
vessel stiffening in the context of pulmonary hypertension,®*
though do not explore fluid shear stress as deeply.

There are model limitations and interpretation qualifiers
important to discuss. Our current vessel-chip model does not
incorporate strain, which is known to activate YAP activity as
well.>* Furthermore, we have not incorporated a vascular
smooth muscle cell layer in our model, which also
contributes to vascular disease.®*>°° Thus, some of the
biological implications of our model findings require
additional study to incorporate the interaction of these
biological variables with stiffness, shear stress, and flow
patterns. Also of note is that the ECM chemical composition
itself influences EC behavior,”’ which was not a variable
considered in our work. We also assumed that the matrix is a
uniform, isotropic material, however, blood vessels are
composite and anisotropic.*® Lastly, our work focuses on
modeling mechanobiological response in the arterial
circulation (using HUVECs) which may not be entirely
reflective of the venous mechanoresponse. As an example,
recent work, including our own, highlights that low (~1 dyne

This journal is © The Royal Society of Chemistry 2021

Paper
per cm?) recirculating flow in vein leaflets is protective,’%?
rather than activating. Thus, our conclusions are only
appropriately applied to arterial biology while venous
mechanobiology requires more investigation.

Nonetheless, we believe the methods and resulting
conclusions emphasize how engineered organ-chip models
can be used in such a manner as to draw upon biological
knowledge and facilitate new findings. As evidenced by the
work here, organ-chip systems support biological inquiry that
fills the gaps between the in vitro models and animal models.
Further extension or applications of this work include system
sophistication to incorporate additional geometries or
cellular layers to study an additional interface, or the
inclusion of iPSC-derived ECs or diseased cell models to
study perturbations of the shear response induced by
internal, cellular dysfunction.
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