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Abstract

The vascular endothelium is subject to diverse mechanical cues that regulate vascular endothelial
barrier function. In addition to rigidity sensing through integrin adhesions, mechanical
perturbations such as changes in fluid shear stress can also activate force transduction signals at
intercellular junctions. This study investigated how extracellular matrix rigidity and intercellular
force transduction, activated by vascular endothelial cadherin, coordinate to regulate the integrity
of endothelial monolayers. Studies used complementary mechanical measurements of endothelial
monolayers grown on patterned substrates of variable stiffness. Specifically perturbing VE-
cadherin receptors activated intercellular force transduction signals that increased integrin-
dependent cell contractility and disrupted cell-cell and cell-matrix adhesions. Further
investigations of the impact of substrate rigidity on force transduction signaling, demonstrated
how cells integrate extracellular mechanics cues and intercellular force transduction signals, to
regulate endothelial integrity and global tissue mechanics. VE-cadherin specific signaling
increased focal adhesion remodeling and cell contractility, while sustaining the overall mechanical
equilibrium at the mesoscale. Conversely, increased substrate rigidity exacerbates the disruptive
effects of intercellular force transduction, by increasing heterogeneity in monolayer stress
distributions. The results provide new insights into how substrate stiffness and intercellular force
transduction coordinate to regulate endothelial monolayer integrity.
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Introduction

The vasculature is a mechanically active environment. The endothelial lining is subject to a
range of mechanical perturbations such as fluid shear stress and cyclic stretch associated
with respiration. The endothelium experiences a variety of endogenous and exogenous
chemo-mechanical inputs that finely tune vascular homeostasis. These inputs include cell-
cell and cell-substrate interactions (e.g. via cadherins and integrins, respectively), soluble
factors (e.g. thrombin, nitric oxide), and mechanical factors (e.g. blood flow, cyclic stretch).
Exogenous mechanical forces such as fluid shear stress and the stiffness of the lamina intima
also regulate vascular function [1-4], and promote extracellular matrix (ECM) deposition
and cross linking [5]. /n vitro, physiological cyclic strain further coordinates with matrix
stiffness to protect endothelial junctions against disruption by vasoactive agents such as
thrombin [3,4,6].

The balance between cell contractility and tethering (adhesive) forces is postulated to
regulate endothelial barrier function [7,8]. This predicts that increased intercellular tension,
due to elevated endogenous contractile forces, for example, would increase vascular leakage.
An alternative view based on traction force microscopy measurements, is that force
instability, rather than the force magnitude, predicts sites of endothelial disruption and gap
formation [9]. Several factors regulate intercellular tension, such as matrix rigidity, cell
contractility, and cytokines [8,10,11]. Perturbations to any of these inputs correlates with
pathological responses, such as hypertension [12,13] and atherosclerosis [14]. Intimal
stiffening due to age related atherosclerosis [15] or collagen over-secretion and crosslinking
[16] also correlate with leaky vessels in vivo [17].

Force fluctuations at cell-cell contacts activate signals that increase cell contractility and
regulate vascular functions [10]. Fluid shear alignment (flow sensing), for example, involves
force transduction complexes at interendothelial junctions that require platelet endothelial
cell adhesion molecule one (PECAM-1), vascular endothelial growth factor 2 (VEGFR2),
and vascular endothelial cadherin (VE-cadherin) [1,18,19], which is the main adhesion
molecule at endothelial junctions. Besides fluid shear stress, other perturbations such as
cyclic stretch in the lung appear to activate a similar signaling cascade [20]. In biophysical
studies, we showed that directly perturbing VE-cadherin receptors on cell surfaces with VE-
cadherin-modified magnetic beads activated similar signals as in flow sensing, but without
PECAM-1 [21]. We further demonstrated that VVE-cadherin-activated signals increase cell
contractility, disrupt peripheral junctions, and even propagate mechanical perturbations 2—-3
cell diameters from the stimulated cell [21]. Thus, force transduction signals at cell-cell
junctions not only induce cytoskeletal remodeling, as during shear alignment [22], but they
can also disrupt endothelial monolayer integrity.
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Subsequent studies demonstrated that interendothelial force transduction triggers a kinase
cascade that activates integrins at the basal plane [1]. Integrins in turn increase cell
contractility through the Rho/Rho associated protein kinase pathway [23]. Integrins are well
known to increase cell contractility with increasing matrix rigidity [24]. Given the
coordination between cadherin force-transduction and integrins [11,25-27], we reasoned
that mechanically sensitive endothelial processes that involve intercellular adhesions might
also depend on substrate rigidity. Such information could enhance our understanding of the
interplay between tissue mechanics and endothelial responses to perturbations that alter
force at cell-cell contacts.

This study investigated the cooperation between intercellular force transduction signaling
and substrate rigidity in regulating endothelial mechanics and monolayer integrity. Magnetic
twisting cytometry was used to specifically activate VE-cadherin-mediated (intercellular)
force transduction signals. In order to regulate the matrix rigidity, studies used micro-
patterned substrates of variable, physiologically relevant stiffness. Mechanical
measurements quantified the mechanical state of endothelial monolayers, and evaluated
force-dependent, spatial and temporal changes in endothelial gap formation (disruption), cell
tractions, and intercellular stress distributions. Our findings provide a detailed picture of the
endothelial monolayer as a mechanically integrated mesoscale network. They further
demonstrate how substrate rigidity modulates the impact of intercellular force transduction
signaling on endothelial integrity.

Materials and Methods

Preparation of polyacrylamide hydrogels

Polyacrylamyde (pAA) substrates were prepared following previously published protocols
[8,28,29]. First, 35 mm glass bottom dishes with 13 mm wells (Cell E&G, San Diego, CA)
were treated with 200 pl of 0.1 M NaOH, rinsed with distilled, deionized (DI) water, and left
to dry overnight. Next, dishes were treated with amino-propyl-trimethoxysilane (Sigma-
Aldrich, St. Louis, MO) for 6 min at room temperature and then rinsed exhaustively with DI
water. After removing excess water, each dish was treated with 0.5% v/v glutaraldehyde in
PBS for 30 min, thoroughly rinsed with DI water, and then left to dry for at least 30 min.
Solutions of acrylamide and bis-acrylamide (Bis) (Bio Rad, Hercules, CA) were diluted in
DI water over a range of dilutions to yield the desired gel stiffness (1.1 kPa: 7.5%
acrylamide and 5% Bis; 40 kPa: 20% acrylamide and 24% Bis). pAA gels prepared for
traction force microscopy (TFM) contained a 1:1000 dilution of 0.5 pm diameter fluorescent
beads (Invitrogen, Eugene, OR) as fiducial markers (see below for traction measurements).
Polymerization of gel mixtures was catalyzed with 5 ul 0.1% w/v ammonium persulfate
(Bio-Rad, Hercules, CA) and 0.5 pl of 1x N, N, N-tetramethylethylenediamine (Bio-Rad,
Hercules, CA) for every 1000 pl of gel mixture. Next, 20 pl of the resulting mixture was
placed at the center of each dish and covered with a 12 mm glass cover slip (Electron
Microscopy Sciences, Hatfield, PA). The dishes were inverted during polymerization to
allow bead migration to the upper surface of the gel. After polymerization, gels were
immersed in 2 ml of 0.1 M HEPES buffer at pH 7 overnight at room temperature to facilitate
removal of the coverslip.
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Hydrogel surface functionalization

pAA substrates were covalently modified with fibronectin (FN) (human plasma, Sigma-
Aldrich, F2006). To immobilize the protein, gels were activated by adding 200 pl of
sulfosuccinimidyl 6-(4"-azido-2"-nitrophenylamino)hexanoate (from a stock 25 mg/ml in
dimtethyl sulfoxide and diluted to 1 mg/ml in 0.1 M HEPES buffer), exposed to UV light for
8 min twice, and rinsed with HEPES buffer. Once dried, protein solution at 0.1 mg/ml was
incubated overnight at 4°C and sterilized with 30 min UV light (4.5 mW/cm?) and
immersion in 1x phosphate buffered saline (PBS).

Protein microarray fabrication

Cell culture

Protein microarrays were fabricated as previously described [30-32]. Briefly, human FN or
human collagen IV (Col-1V) (EMD Millipore, CC076), both present in the tunica intima
[33] was diluted to 250 pug/ml in an equal volume of 2x ECM protein buffer (38% v/v
glycerol in DI water, 16.4 mg/ml sodium acetate, 3.72 mg/ml EDTA, 0.5% v/v Triton X-100,
~80 pl glacial acetic acid, pH = 4.8) and pipetted into a 384-well VV-bottom microplate (USA
Scientific, Ocala, FL). A robotic benchtop microarrayer (OmniGrid Micro, Digilab,
Marlborough, MA) was loaded with a solid pin (Arraylt, Sunnyvale, CA; SSP015, 375 um
diameter) and used to transfer ECM solutions from the source microplate to the hydrogel
substrate. Fabricated arrays were initially stored overnight at room temperature and 65%
relative humidity and then subsequently at room temperature in a styrofoam container for 2
days. Before addition of cells, arrays were sterilized with 30 min UV light (4.5 mW/cm?2)
and immersion in 1x PBS.

Human pulmonary artery endothelial cells (HPAECs) (Lonza, Allendale, NJ) at passages 5—
9 were cultured in T25 plastic flasks with EGM-2 culture medium (Lonza, Allendale, NJ)
supplemented with 10% fetal bovine serum (FBS). Cells were harvested by treatment with
500 ul TrypLE (Gibco, Denmark) for 3 min and resuspended in 2 ml EGM-2 culture
medium. Next, ~25x103 cells were plated on each of the previously arrayed FN or Col-1V
spots on the gel surfaces. For magnetic twisting cytometry (MTC), 50 — 60 x 103 cells were
plated on hydrogels that were coated uniformly with FN or Col-1V. After 1 hr, 2 ml of
EGM-2 medium was added to each dish and cells were cultured for 48 hrs for FN and 12 hrs
for Col-1V at 37°C under 5% CO.

Magnetic twisting cytometry (MTC)

Magnetic twisting cytometry (MTC) was used to mechanically perturb VE-cadherin
receptors on the apical surfaces of HPAECs [21,34,35]. First, carboxyl ferromagnetic beads
4.5 um in diameter (Spherotech, Lake Forest, IL) were covalently functionalized with VE-
cadherin-Fc. Beads were chemically activated with 10 mg/ml of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (Sigma-Aldrich, St. Louis, MO) and 10
mg/ml N-hydroxysuccinimide (Thermo Scientific, Rockford, IL) in 1 ml 2-(N-
morpholino)ethanesulfonic acid buffer (50 mM MES, 100 mM NaCl) on an orbital shaker at
room temperature for 15 min. Next, beads were centrifuged at 12,000 g for 10 min at room
temperature. The supernatant was carefully aspirated, and the beads were resuspended in
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coupling buffer (20 mM HEPES, 100 mM NaCl, 5 mM CacCly,) containing 20 pg of soluble,
recombinant VE-cadherin extracellular domain or blocking anti VE-cadherin antibody
(clone 75, BD Transduction Laboratories) for 2 hrs at 4°C in an orbital shaker. The reaction
was stopped by adding 60 ul of a quenching buffer (3.3 mM Tris-HCI, 100 mM NaCl, 5 mM
CacCly). The samples were mixed for 30 min on an orbital shaker at room temperature.
Again, functionalized beads were centrifuged at 10,000 g for 10 min at room temperature
and supernatant was removed by gentle aspiration. Finally, beads were resuspended in 1000
ul EGM-2 serum free medium for MTC experiments, to prevent non-specific serum
adsorption to beads, yielding a final concentration of ~4x10% — 6x10° beads/ml. Prior to
attaching the beads to the cell surface, cells were serum starved for 30 min. Then, beads
were added to the cells and left to adhere to the apical surface of the cell monolayer by
adding 100 pl of the modified bead solution for 20 min at 37°C. Dishes were rinsed once
with PBS to remove unbound beads and 2 ml of EGM-2 serum free media added. Then,
dishes were placed between magnetic coils of the MTC on a heated enclosure at 37°C.
Beads were magnetized parallel to the cell monolayer by applying a magnetic field pulse
(M) of 1 Tesla for less than 0.1 ms. An oscillating magnetic field (H) with a frequency of 0.3
Hz and amplitude of 60 Gauss was then applied for 2 min, perpendicular to the cell
monolayer. The oscillating field generates an applied twisting torque (<) of ~7.2 Pa (Fig.
1A). The resulting displacement amplitude was a measure of the viscoelastic response of the
bead-EC junction [34,35]. A displacement amplitude decay indicated a rigidity increase of
the bead-EC junction (see Materials and Methods for perturbation parameters).

Thrombin perturbations

As a control, thrombin was used to induce EC contractility [8,36]. Human a-thrombin
(Enzyme Research Laboratories, South Bend, IN) was added at t = 0 min to a final
concentration of 0.1 U/ml, and images of fiduciary beads in the gels were acquired at time
points t = 0 and t = 120 sec for traction force microscopy, as described below.

VE-cadherin-Fc purification

We used the full-length human VE-cadherin extracellular domain with a C-terminal Fc
region human IgG (VE-369) followed by a C-370 terminal hexahistidine tag. The soluble
protein was purified from the supernatants of Chinese Hamster Ovary (CHO) cells that were
stably transfected with the VE-cadherin-Fc-Hisg construct, as described previously [21].
Soluble protein was harvested from a stably transfected CHO cell clone that was selected
and cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% v/v FBS and
800 pg/ml G418 (VWR International, Randor, PA). The soluble VE-cadherin-Fc-Hisg
protein (VE-Cadherin-Fc) was affinity purified using a Ni-NTA column (Qiagen, Hilden,
Germany), followed by a Protein-A Affi-Gel column (Bio-Rad, 377 Hercules, CA). Protein
purity was assessed by SDS-PAGE.

Traction force microscopy (TFM)

Traction stresses in cell arrays were calculated using particle imaging velocimetry (PIV) and
constraint fast Fourier traction microscopy [28]. The displacement field was obtained by
comparing positions of embedded fluorescent beads, 0.5 um in diameter, captured during the
experiment to a reference image acquired at the end of the experiment, by detaching cells
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from the substrate with 1% w/v sodium dodecyl sulfate (SDS) (Thermo Scientific, Rockford,
IL). The boundary of the cell array was manually traced by using the phase contrast image
that was obtained at the beginning of the experiment. From bead displacements and the
drawn boundary, we computed the traction field, projected area, and the net contractile
moment [8,28]. The reported root mean square traction ( 7za/5) and net contractile moment
(NCM) values were normalized for each sample as follows:
T/
T _ _RMS

RMS — 70

TRMS (Eq 1)

NoM T

NOM="—""—%
NCM°  (Eq.2)

where 7°__and NCM are the RMS traction and NCM calculated at time t = 0, and 7"/

RMS RMS

and NCM" were calculate at t = 120 sec.

Monolayer stress microscopy (MSM)

Monolayer stress distributions were computed, by modeling the cell cortex as a
homogeneous, linearly-elastic thin plate whose internal stress field balances the traction
stresses at the basal plane of the cell monolayer (Fig. 5 and 6) [37]. In order to calculate the
traction stresses, we first defined the substrate strain field, which is then imposed on the
thin-plate to yield an invariant solution to the material properties of the thin plate—that is,
the elastic properties of the thin-plate (cell monolayer) are not required to calculate the stress
distribution [38,39]. In order to compute the monolayer stresses, the monolayer thickness (/)
was measured by confocal imaging of fixed immunostained samples and found to be h =5
pum. Manually traced cell array boundaries used to calculate cell tractions were in turn used
for MSM calculations. The average normal (o) and average shear (l,e) Stresses were
computed from the maximum and minimum principal stresses, o2 and oy, as follows:

Omaz+0min

TweT Ty (Eq.2)
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Tave and [, Were then normalized for each samples as follows:
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Biomaterials. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andresen Eguiluz et al. Page 7

e

e (Eq. 6)

Hnorm=—

where o9 and ;0 are the at root mean square values of o and e at time t = 0 sec and

of cand ./ attimet= 120 sec. oy, histograms were plotted by first filtering all non-zero

ave

values (that is, selecting only the stress vectors within the domain) and a bin size of 1-5 Pa.

Immunochemistry and imaging

To visualize subcellular remodeling due to VE-cadherin bond shear in cells cultured on 1.1
kPa, 40 kPa, and glass substrata, cell monolayers were fixed and stained as previously
described [21]. Monolayers were washed in PBS and fixed for 15 min in 4% w/v
paraformaldehyde at pH 7.4. Following extensive washing with PBS, monolayers were then
permeabilized with 0.1% v/v Triton-X in PBS and blocked for 20 min in 2% w/v bovine
serum albumin (BSA) at pH 7.4, which we call blocking buffer. Primary antibodies,
secondary antibodies, and rhodamine-phalloidin (Invitrogen, CA) were diluted in blocking
buffer as follows: primary antibodies consisted of goat anti-VE-cad C19 (SC6458, Santa
Cruz Technologies, Dallas, TX) at 1:50 and mouse anti-Paxillin (612405, BD Biosciences,
NJ) at 1:200. Secondary antibodies or labels consisted of rabbit anti-goat-FTIC (F7367,
Sigma, MO), rabbit anti-mouse 647 (A21239, Invitrogen, CA), and rhodamine-phalloidin
(R415, Invitrogen, CA), all at 1:200. Diluted primary antibodies were incubated for 1 hr,
followed by thorough washing. Secondary antibodies and rhodamine-phalloidin were co-
stained for 1 hr. Finally, after several washing steps, monolayers were mounted with Pro
Long Gold Antifade Reagent (Invitrogen, CA).

Imaging was performed on a Zeiss LSM 700 laser scanning confocal microscope.
Fluorescent excitation wavelengths were of 405 nm, 488 nm, 555 nm, and 633 nm. Here, 16-
bit 512x512 images were collected using either a 20x objective (air) for quantifying the
width of cell-cell junctions and interendothelial gap sizes, or a 40x and 1.3 NA objective (oil
immersion) for focal adhesion (FA) analysis (see Focal adhesion analysis section)

Focal adhesion analysis

Focal adhesions were first immunostained with anti-paxillin antibody, as indicated in the
Immunochemistry and imaging section. Confocal images of paxillin were analyzed with a
custom MATLAB code, based on the watershed algorithm [40]. Following this analysis, FA
size and count were quantified using the Analyze Particles function in ImageJ (NIH) with a
minimum threshold area of 0.3 pm? [41]. FA counts were normalized per cell. The surfaces
of most pAA gels are somewhat uneven such that the surface of the gel was not entirely in
the focal plane. With samples presenting a significant tilt, three z-stack planes were analyzed
individually by confocal microscopy. Using ImageJ, a stack was created with the analyzed
images and the maximum intensities projected into one single image, which was then used
to analyze the FA number and area.
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Statistical analysis

All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, La
Jolla, CA). All data are presented as the mean + standard error of the mean. Two-tailed
Student’s #tests were used to compare two quantities and p-vales < 0.05 were considered
statistically significant.

Results

VE-cadherin activated cell stiffening depends on substrate stiffness

VE-cadherin complexes transduce intercellular forces to activate cytoskeletal remodeling
[42], as well as signaling cascades that increase cell contractility [10,21]. The increased
contractility in turn both increased traction force generation in single cells [26] and
destabilized peripheral cell-cell junctions in endothelial monolayers, resulting in increased
intercellular gap formation [21]. Here we investigated how substrate stiffness, which
regulates the cell pre-stress—that is, the intrinsic cell contractility [43]—affects the force-
activated, VE-cadherin-mediated stiffening of human pulmonary artery endothelial cells
(HPAECS). We used VE-cadherin modified magnetic beads to perturb VE-cadherin
receptors at the apical surfaces of ECs cultured on soft (1.1 kPa) and stiff (40 kPa)
hydrogels, or on glass (~50 GPa).

Magnetic twisting cytometry (MTC) [21] (Fig. 1A) was used to mechanically stimulate VE-
cadherin receptors on endothelial cells (EC). We previously reported that force-loading
cadherin receptors activated cell stiffening [43], but here we showed that the amplitude of
the stiffening response depends on substrate rigidity (Fig. 1B). With monolayers on soft
hydrogels (1.1 kPa), the cell stiffness increased by 45 + 7 %, relative to the basal stiffness,
after 120 sec of force-loading. This change was significantly higher than the 31 = 6 % and
31 + 5 % relative stiffening measured with cells on stiff hydrogels (40kPa) or on glass,
respectively (Fig. 1C). The difference between the stiffening responses of cells on soft
versus rigid substrates was statistically significant, at the 95% confidence level (0 < 0.001, n
> 180 bead-cell junctions). Cells seeded on Col-1V also exhibited adaptive stiffening by cell
on stiff gels (40 kPa) and on glass (~50 GPa) (S.1.1).

Increased tension between cells on rigid substrates remodels intercellular junctions and
increases gap formation in mechanically perturbed monolayers

Both substrate stiffness [8,36] and force-activated mechanotransduction signals [21] affect
cell junction integrity and trigger junction remodeling [10,44,45]. Here, we investigated their
combined effect on the morphology of junctions between cells in mechanically stimulated
EC monolayers. After perturbing VE-cadherin receptors for 120 sec with VE-cadherin
coated ferromagnetic beads (Fig. 2A), we quantified the contact areas between cells on soft
hydrogels versus rigid substrates, relative to unperturbed cells. The average contact area
between unperturbed cells on soft 1.1 kPa gels (218 + 11 pm?2) was 29% larger than between
ECs on 40 kPa hydrogels (168 + 5.5 um?), and 22% greater than junctions between cells on
glass (178 + 8 um2). Following VE-cadherin force-loading, the average contact area between
ECs on soft hydrogels appeared to decrease slightly to 194 + 16 um?, but the difference was
not statistically significant (p=0.27, n> 100 cells). The junction areas were still 32% larger
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than junctions between mechanically perturbed cells on glass (147 + 7 um?2). Only ECs on
glass exhibited a significant 18% decrease in intercellular contact area, with the average area
decreasing from 178 + 8 pm? to 147 + 7 um?, following VE-cadherin mechanotransduction
(p=0.03, n=120 cells) (Fig. 2B). The average intercellular contact areas under different
conditions are summarized in Supplemental Table 1.

To further characterize force-activated interendothelial junction remodeling, we measured
the areas of intercellular gaps in monolayers on soft (1.1 kPa) and on stiff (40 kPa)
hydrogels, and on glass (~50 GPa). Even without VE-cadherin specific perturbations (-
load), there were some gaps in all monolayers. The average measured gap area on soft
hydrogels (3.8 + 0.6 um?2) was more than 2-fold smaller than between cells on glass (8.9 +
um?2; p=0.0004, n= 120 — 450 gaps), but not statistically different from cells on 40 kPa gels
(5+ 1 um?%; p=0.3, n=50 — 120). This behavior was qualitatively similar to a prior report

[8].

Force loading VE-cadherin receptors (+ load) triggered an increase in the gap area in
monolayers on all substrates investigated, but the increases were greater on stiff substrates.
On soft hydrogels, the gap area increased 67% from 3.8 + 0.6 um? to 6.3 + 0.9 pm?2, while
the average gap area increased 170% (from 5 = 1 um? to 14 + 4 ym?), and 175% (from 8.9
+0.7 um? vs 24 + 4 um?2) on, respectively, stiff hydrogels and glass (Fig. 2C). The results
obtained with ECs cultured on glass are similar to a prior report [21]. The measured average
gap areas are summarized in Table 1.

Force loading VE-cadherin receptors triggers cell-matrix junction remodeling

VE-cadherin and integrins are both involved in the mechanosensing in cells [46], and they
are linked through common signaling pathways that regulate cell contractility and the
distribution of tension between intercellular and cell-matrix adhesions [26,47-49]. Recent
findings demonstrated that signals activated by force loading E-cadherin in epithelia and
PECAM-1 in endothelia trigger the downstream formation of new integrin adhesions in
single cells on relatively stiff hydrogels (34 kPa) or on glass [26,49]. Here we tested whether
substrate rigidity affects FA remodeling triggered by VE-cadherin force transduction in
confluent EC monolayers. Using paxillin as a marker for integrin-based FA (Fig. 3A), we
quantified the FA number/cell (Fig. 3B) and the average FA area (Fig. 3C) before and after
VE-cadherin force loading. After VE-cadherin specific perturbations (+ load), FA numbers
increased in cells cultured on rigid substrates. On soft hydrogels (1.1 kPa) the slight increase
in FA number from 13 £ 2 to 15 + 4 FAs per cell was not significant (p = 0.69, n= 80-100
cells). On stiff hydrogels (40 kPa) and on glass, force loading VE-cadherin receptors
triggered statistically significant increases in the FA numbers, relative to unperturbed cells.
The number per cell increased from 19 + 1 to 25 + 2 (34%; p=0.009, n=70 - 75 cells) and
from 14 £ 2 t0 23 £ 1 (62%; p=0.002, n= 70 — 80 cells) when cells were cultured on stiff
gels (40 kPa) and on glass, respectively. There were also more FAs per cell on stiff (40 kPa)
than on soft (1.1 kPa) hydrogels, prior to VVE-cadherin force loading (- load): there were
42% more FAs on stiff hydrogels (13 + 2 per cell) relative to soft gels (19 £ 1 per cell) (p=
0.012, n= 80 cells) (Fig. 3B).
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Force-loading VE-cadherin receptors also triggered an increase in the average FA size. On
soft hydrogels (1.1 kPa), the average FA size did not change significantly: the apparent
difference between 0.57 + 0.03 um?2 and 0.5 + 0.01 pm?2 was not significant (o= 0.227, n=
80-100 cells). In cells on stiff hydrogels (40 kPa) and on glass, upon VE-cadherin force
loading, the FA size increased 32 % (from 0.7 + 0.02 pm? to 0.9 + 0.1 pm?; p=0.037, n=
70 - 75 cells) and 47 % (from 0.6 + 0.02 pm? to 0.9 + 0.1 um?; p= 0.044, n= 70 — 80 cells),
respectively. Interestingly, in the absence of VE-cadherin perturbations, but with bound VE-
cadherin-coated beads, the FAs were largest on stiff hydrogels (40 kPa), being 23 % higher
than those in cells on soft (1.1 kPa) hydrogels (p= 0.002) and 13 % higher than in cells on
glass (p=0.007).

Similar to E-cadherin force transduction in single epithelial cells [26], these results show
that VE-cadherin-specific perturbations activate downstream signals that cause FA
remodeling, and confirm that substrate stiffness regulates FA size and number. Thus,
although integrin activation is initiated by intracellular signals, the overall stiffening
response and FA remodeling also clearly depends on the cell-prestress and on outside-in
rigidity sensing.

Local, VE-cadherin force transduction signals at the cell level do not alter the mechanical
balance of endothelial colonies

One postulate is that the balance between cell-matrix and cell-cell binding stresses regulate
the integrity of interendothelial junctions [7,39,45], and that mechanical homeostasis
requires a coordinated modulation of cell-matrix adhesion, actomyosin contractility, and
cell-cell adhesion [39,45,50]. ECs may form a mechanically integrated network that
dynamically redistributes and re-localizes stresses to maintain mechanical homeostasis. In
prior studies of EC monolayers on glass, VE-cadherin force transduction signaling disrupted
interendothelial junctions at distances of up to 2-3 cell diameters from the perturbed cell. To
investigate how VE-cadherin-specific force transduction alters the cell-matrix and cell-cell
stresses of large confined EC colonies, we combined magnetic twisting cytometry (MTC)
with traction force microscopy (TFM) and monolayer stress microscopy (MSM) (Fig. 4A).
We used: i) MTC to activate VE-cadherin mediated cell contractility [21], ii) TFM to recover
tractions and calculate contractility of EC colonies on soft (1.1 kPa) and stiff (40 kPa)
hydrogels [8], and iii) MSM to calculate the stress distribution within the EC monolayer (the
EC colony) [37] (Fig. 4B).

For these studies, ECs were plated on soft (1.1 kPa) and stiff (40 kPa) hydrogels, for 48 hrs.
First, we observed that EC colonies on stiff (40 kPa) hydrogels occupied 33.8% larger areas
than those on soft hydrogels (1.1 kPa) (189,000 + 9000 pm? vs. 260,000 + 8000 um?) (p =
0.0001, n= 23, Fig. 5A). Cell-cell adhesions reportedly allow cell spreading on more
compliant substrates [51], and cells did spread on soft hydrogels. However, despite identical
microarray conditions, cells were more spread on the stiffer gels. Cell densities were similar
on both gels; consequently, the substrate stiffness determined the final spread area of the EC
colony.

Tractions were recovered from measured fiduciary bead displacements (Fig. 5B-E), and
monolayer stresses were computed (Fig. 6) at two time points, t = 0 and t = 120 sec, with
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and without 120 sec of VE-cadherin receptor perturbation (+ load). Traction heat maps
exhibited large spatial heterogeneities on both substrate stiffnesses investigated, and VE-
cadherin did not significantly change the distributions (Fig. 5B). VE-cadherin-specific
loading did not trigger large changes in the RMS tractions and net contractile moments
(NCM) of the entire EC colonies. On soft hydrogels (1.1 kPa), the normalized RMS traction
of the entire EC colony of bead-laden, unperturbed cells (- load) was 1.02 + 0.05. The
normalized RMS traction following VE-cadherin force loading (+ load) was 0.93 + 0.03, and
is statistically similar to the no-load condition (p=0.12, 7= 10-11 colonies) (Fig. 5C),
similar trend to what observed on stiff substrates functionalized with Col-1V (0.89 + 0.12 vs.
1.05 £ 0.18 for - load and + load, respectively, p=0.52, n=2)(S.1.2B). The NCM is a scalar
measure of cell colony contractile strength (Fig. 5D)[28]. On soft gels, the normalized NCM
of mechanically perturbed ECs was 0.99 + 0.06, and is statistically similar to the value of 1.1
+ 0.1 determined for the unperturbed colony (p = 0.53, 7= 10-11 colonies). On stiff
hydrogels (40 kPa), the normalized RMS traction of EC colonies following VE-cadherin-
specific perturbations was 0.88 £ 0.05, and that of the unperturbed colonies was 1.00 + 0.04
(Fig. 5C), corresponding to a decrease of 12%, at the 95% confidence level (0 =10.048, n=
10-11). Normalized RMS tractions determined in control measurements of beads coated
with the blocking anti-VE-cadherin were statistically similar to the unperturbed bead-laden
ECs (1.00 £ 0.04 vs. 0.90 £ 0.01; p=0.18, n=10-11). The normalized RMS traction of
thrombin-stimulated EC colonies on 40 kPa gels in a positive control, was 0.98 + 0.12, and
was statistically similar to the unperturbed cells (p = 0.35, 7= 3-11). The normalized NCM
of 1.4 + 0.1 determined after force loading VE-cad beads on cells on stiff hydrogels was not
significantly different from that of unperturbed cells (1.8 £ 0.3; p=0.32, n=10-11) (Fig.
5D). Histograms of distributions of the traction magnitude, ITI, presented a positive
skewness and population. VVE-cadherin force loading did not shift the peaks of the
distributions significantly.

Similarly the apparent difference in the normalized NCM of 1.4 £ 0.3and 1.7 £ 0.2
determined with and without, respectively, force loading with anti-VE-cadherin coated beads
was not significantly different (p=0.19, n= 10-11 colonies). However, in the positive
control, thrombin treatment triggered a dramatic increase in the normalized NCM to 7 £ 1,
relative to untreated cells (1.4 £ 0.2; p< 0.0001, 7= 3-10) and relative to cells perturbed
with anti-VE cadherin coated beads (1.7 + 0.2; p< 0.0001, 7= 3-11).

Prior findings with ECs on glass showed that VE-cadherin force transduction activated
contractility that disrupted interendothelial junctions 2—4 cell diameters from the point of
stimulation [21]. To investigate how such VE-cadherin stimulated signals altered force
distributions in the monolayer, we computed the average normal stress o, and the average
shear stress [a,e (€g. 5 and 6, respectively), by imposing the determined tractions as the
strain field that was used to compute the corresponding stress fields in the monolayer. To do
this, we modeled the EC colony as a homogeneous thin plate. On soft hydrogels (1.1 kPa), in
the absence (- load) and presence (+ load) of VE-cad specific perturbations, the average
normal stress in the monolayer o, was unchanged (Fig. 6A), with calculated values being
1.03 £ 0.05 and 0.99 + 0.11 for the unperturbed and perturbed monolayers, respectively (p =
0.8, n=11 colonies). Changing the surface ligand from FN to Col-1V did not affect this
behavior, within experimental error (0.99 + 0.14 vs. 1.2 + 0.07 for — load and + load,
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respectively, p=0.32, n=2) (S.1.2C). Similarly, the average intercellular shear stress ..
(Fig. 6D) of perturbed and unperturbed colonies were 1.02 £ 0.04 and 1.0 £ 0.1,
respectively, and were statistically similar (p=0.82, n= 11 colonies). We also did not
observe any force-dependent changes in EC colonies on stiff hydrogels (40 kPa). Values for
Ta00f 1.00 £ 0.09 and 1.01 £ 0.09, for mechanically stimulated versus unperturbed cells,
respectively, are similar (p=0.93, 7= 9-11 colonies). Values for i, of perturbed and
unperturbed colonies were, respectively, 0.94 + 0.09 and 0.88 + 0.05, and are statistically
similar (p=0.55, n=9-11). In a positive control, thrombin treatment induced a significant
increase in normalized o, t0 1.9 + 0.4 for (Fig. 6A). Values of the normal and shear
stresses are summarized in Table 2.

Because our thin plate model does not consider the formation of gaps, we corrected o, and
Uaye to account for the reduction in EC colony area. We corrected o, and [, Of each
condition at time points t = 120 sec, taking the measured gap areas (Fig. 2C) into account for
each specific condition, by applying eq. 7:

corrected __ O ave

ave 17 ZA_(](LPS

were g corrected s the corrected average stress, o, the computed average stress considering a
homogeneous thin plate, Ay, is the sum of the gaps per field of view, and Ajpgge is the

area of the field of view. We similarly corrected the average shear stress ;,corcted, by
exchanging p for o. The corrected values (Fig. 6A—B and Table 2) did in fact increase the
values of o, and .. However, VE-cadherin perturbations did not significantly change the
corrected values relative to the no-load control.

The representative stress heat maps (omax) and average, normalized values are further
validated by histograms of the stress vectors (omax) (Fig. 7). On both soft and stiff substrata,
the histograms exhibited normal (Gaussian) distributions, although with cells on stiff
substrata, the peaks of the histograms were at higher values and the standard deviation was
larger than measured with colonies on soft gels. VE-cadherin force loading did not shift any
of the distributions significantly (Fig. 7), although the standard deviation of the distribution
determined with cells on stiff substrata decreased from 495 Pato 424 Paatt=0secandt=
120 sec, respectively. Only thrombin treatment resulted in a significant change in the peak of
the omax distribution, from 55 Pa to 532 Pa.

Signals activated by local cadherin perturbations that increase cell contractility shifted
neither the normalized RMS traction nor the normalized NCM of the colonies. However, in
unperturbed EC monolayers on soft versus stiff hydrogels, there were significant differences
in both the shear and normal stresses (Fig. 6C-D and Fig. S1). On soft substrata, the peaks
and the standard deviations of the distributions are smaller (Fig. 7, Table 1) than determined
with 40 kPa gels, indicative of lower and more uniformly distributed stresses in the
monolayer. The heat maps also revealed large fluctuations in the stress distributions within
monolayers on rigid hydrogels. Local force transduction signals induce cell contractions and
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disrupt the peripheral junctions of the perturbed cells (Fig. 2C). However, in comparison
with the thrombin treated cells, our results suggest that the pre-existing, large variations
within the monolayer mask smaller, local changes caused by VE-cadherin force
transduction.

Discussion

These findings reveal the coordinate impact of substrate stiffness and force-transduction
signaling on endothelial cell contractility and gap formation. Matrix rigidity is well known
to increase cell contractility and tension on cell-cell junctions [2,8,22,36]. However,
perturbations such as mechanical stretch and fluid shear stress can activate intercellular force
transduction signals that further increase contractility, and perturb both cell-cell and cell-
matrix adhesions [3,4,18,52]. Using a combination of mechanical perturbations and both
mechanical and biochemical readouts of cell responses, these findings demonstrate that
substrate stiffness increases the amplitudes of stress variations within endothelial
monolayers. This in turn enhances endothelial gap formation, in response to VE-cadherin
dependent force-transduction signaling. In a prior study of ECs on glass, VE-cadherin-
activated signals increased cell contractility that disrupted junctions up to ~3 cell diameters
from the site of stimulation [21]. The present studies show that substrate stiffness modulates
this force-activated endothelial disruption. Furthermore, greater stress fluctuations in
monolayers on stiffer substrates appear to predispose monolayers to interendothelial gap
formation. Interestingly, our findings also suggest that, although intercellular force-
transduction disrupts intercellular junctions, the effects appear to be localized such that the
overall mechanical equilibrium is maintained at the mesoscale.

The relative adaptive stiffening activated by VE-cadherin perturbations was greater in EC
colonies on soft gels relative to stiff hydrogels or glass substrates. The substrate-dependent
differences could be explained by an upper bound to cell contractility. In this scenario, the
lower basal prestress in cells on soft gels could increase the dynamic range of the
mechanical response. Interestingly, on soft gels, despite the slightly greater increase in cell
stiffening, the mechanical perturbations did not alter the RMS traction at the mesoscale
(colony level).

Cadherin-mediated force transduction activates cell stiffening through an integrin dependent
increase in myosin contractility [21,26]. On stiff hydrogels, but not on soft gels, force
transduction triggered increases in both the sizes and numbers of focal adhesions in ECs. A
prior study of epithelial cells reported changes in focal adhesion size and area in cells on
both 40kPa and 8.8 kPa hydrogels [26]. However, the present study used softer 1.1 kPa gels,
and softer substrates are well known to reduce integrin activation and ligand binding
[24,48,53]. But VVE-cadherin-mediated force transduction activates phospho-inositide-3-
kinase, which can activate integrins by inside-out signaling [26]. Kinase dependent integrin
activation could thus increase contractility, independent of detectable FA remodeling and
growth [18,21,49]. Moreover, a lower initial population of active integrins could also
increase the dynamic range of integrin-mediated adaptive stiffening.
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At the colony level, adaptive stiffening responses did not correlate with the measured RMS
tractions. This might appear to contradict a prior finding that individual epithelial cells
exhibited greater increases in RMS traction on stiff gels relative to soft ones, following
cadherin-specific perturbations [26]. However, we attribute the apparent decrease in the
area-averaged RMS traction in these endothelial monolayers to the increase in gap formation
on stiff gels and consequent reduction in cell-substrate contact area.

The balance between cell-substrate tractions and intercellular tugging forces is postulated to
determine the mechanical state of endothelial monolayers, in the absence of perturbations
[8]. This force balancing was demonstrated with cell pairs [45,54], and a ‘tissue model’
validated force balancing within small cell clusters [39]. Our results show that stiffer
substrates increase the basal RMS traction (at t = 0 sec) (Fig. S.1.3A), the basal NCM (Fig.
S.1. 3B), and the basal interendothelial stress (Fig. S.I. 3C) in EC monolayers (Fig. S.1.3C).
Despite these global changes, VE-cadherin stimulation did not affect the monolayer-
averaged shear and normal stresses, within experimental error.

The MSM heat maps of cells on stiff versus soft substrates do, however, correlate with the
relative instability of interendothelial junctions within the monolayers. The maximum
principal stresses (omax) and standard deviation were much smaller in monolayers on soft
substrates, resulting in more uniform heat maps (Table 2 and Fig. 7). By contrast, on stiff
hydrogels, large spatial variations in the amplitude of the o,y Vectors suggested regions of
both highly stressed and disrupted cell-cell contacts. The monolayers appear primed for
destabilization, as might be predicted if force instability presages gap formation in response
to stimuli [9]. This postulate is borne out by the substantial monolayer disruption triggered
by VE-cadherin perturbations in cells on stiff, but not on soft substrates.

It was surprising that VE-cadherin perturbations, which triggered the remodeling of both
cell-cell and cell-matrix adhesions, did not trigger significant changes in the population
average NCM or RMS tractions. By contrast, thrombin treatment, which is known to trigger
massive endothelial disruption [2,8,36], stimulated major shifts in both the normalized NCM
and o, in the monolayer. Thrombin stimulation reflects an extreme perturbation, but the
relative impact of intercellular (VE-cadherin) force-transduction on the global monolayer
mechanics is much smaller. The changes also appear to be smaller than the large, intrinsic
stress variations in the monolayer on stiff substrates. VE-cadherin-activated signals do
locally disrupt the monolayers, but the effects appear to be more localized and to quickly
dissipate, by redistributing forces between cell-matrix and cell-cell adhesions, without
altering mesoscale tissue mechanics. In the context of tissue physiology, this more modest
response would be expected for biochemical processes that facilitate cytoskeletal and tissue
remodeling, as in the case of endothelial shear alignment [18] or junction reinforcement in
cyclically stretched endothelium [3,4]. By contrast, inflammatory mediators such as
thrombin trigger rapid, extensive changes in the endothelial barrier [4,8,36].

Although these studies were done in the absence of flow, the findings are relevant to vascular
endothelial function. Fluid shear stress alters the tension on VE-cadherin adhesions [18], and
flow dependent force fluctuations at junctions activate signaling via a PECAM-1/
VEGFR2/VE-cadherin ‘complex’, to regulate endothelial shear alignment[1,18]. Perturbing
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VE-cadherin receptors with VE-cadherin modified beads triggers the same force-
transduction signaling cascade, and thereby mimics signals that regulate flow sensing. The
vascular endothelium experiences location-dependent flow profiles and shear forces. In
straight sections of the arterial tree, the wall shear stress is ~1.2 Pa (12 dynes/cm?), which is
atheroprotective [2,55]. However, at arterial tree bifurcations or in regions of high curvature,
wall shear stresses can be as low as 0 Pa. Such regions can become sites of atherosclerotic
plaque formation [56]. Our results thus suggest how arterial stiffening, for example, might
alter endothelial responses in regions of disturbed flow.

We expect that similar force-transduction signaling affects other mechanically-sensitive
processes that regulate endothelial functions. For example, pathological levels of mechanical
stretch, as in ventilator induced lung injury [7,57], activate kinase cascades via VE-cadherin
and VEGFR2 to induce endothelial junction remodeling [20]. Similar processes might also
predict that arterioles in fibrotic lung tissue would be more susceptible to damage by
mechanical ventilation. Increased hydraulic pressure in hypertension also correlates with
increased protein excretion in the kidney [58,59].

Conclusion

These results demonstrate the interplay between intercellular (\VE-cadherin) force
transduction and matrix stiffness in regulating cell-cell and cell-matrix adhesions, as well as
endothelial monolayer integrity. The range of substrate stiffness from 1.1 kPa to 40 kPa is
within the range of stiffness variations measured ex vivo for lung arteries and parenchyma
[17,60]. In this range, matrix stiffness increases both the average stress and the stress
variations within endothelial monolayers. The latter appear to predispose monolayers to
junction disruption in response to mechanical perturbations that could result, for example,
from flow disturbances or mechanical ventilation. Our findings also suggest how stiffening
of the tunica intima due to age related turnover and deposition of extracellular matrix
components [16] could contribute to endothelial junction destabilization, leading to
increased permeability [36], atherogenesis [61], and perturbed blood flow [56].
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Fig. 1. VE-cadherin mediated adaptive cell stiffening depends on substrate rigidity
(A) Schematic of the MTC showing magnetized beads (M), oscillating magnetic field (H),

and resulting twisting torque () that displaces beads. Bead displacement amplitudes reveal
the viscoelastic behavior of the bead-cell junction. All beads were functionalized with VE-
cadherin-Fc. (B) Time dependence of force actuated cell stiffening relative to the initial
basal value. Endothelial monolayers grown on soft (1.1 kPa) and stiff (40 kPa) pAA
hydrogels, and glass (50 GPa, blue) substrates were perturbed with VE-cadherin coated
beads for 120 sec. (C) Change in stiffness after perturbation, relative to basal values. Data
represents mean * s.d. (n= 212 for glass, n= 202 for 40 kPa, and =181 for 1.1 kPa beads,
*** < 0.001).
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Fig. 2. Substrate stiffness modulates intercellular junction remodeling following VE-cadherin-
mediated mechanotransduction

(A) Confocal immunofluorescence images of EC monolayers bound with VE-cad-Fc beads
without (- load) and with (+ load) applied perturbation. Scale bar = 50 um. The
immunofluorescence images show VE-cadherin distributions on 1.1 kPa, 40 kPa, and glass
(~50 GPa) substrata. White dots indicate locations of VVE-cadherin coated beads. Red arrows
show junction area and gap. Images represent > 10 images per condition from 3 independent
experiments. (B) and (C) Quantification of interendothelial junction and gap areas between
endothelial cells without and with oscillating shear stress for 120 sec (7= 100-150 cells
from 3 independent experiments). Data show the mean £ s.e.m. * p<0.05, ** p< 0.01, ***
p<0.001.
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Fig. 3. VE-cadherin mechanotransduction alters number and size of focal adhesion
(A) Confocal images of immunofluorescence EC monolayers showing focal adhesions

without (- load) and with (+ load) VE-cadherin specific perturbations. FA were stained for
paxillin. Scale bar = 25 um. White dots indicate location of VE-cadherin coated beads. (B)
and (C) Quantification of FA number per cell and size, respectively, without (white bars) and
with (black bars) oscillating shear stress for 120 sec (7= 70 — 100 cells over 2 independent
experiments). Data show the mean £ s.e.m. * p< 0.05, ** p< 0.01.
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Fig. 4. Integrated platform consisting of MTC + TFM + MSM to quantify stresses due to VE-
cadherin mechanotransduction in EC monolayers

(A) FN arrays 500 pm in diameter on pAA substrates with embedded fiducial marker beads
were seeded with HPAECs for 48 hrs, yielding regular circular cell colonies with 200-280
cells and 5 pm height. (B) Schematics showing the applied stresses (MTC), recovered
stresses (tractions), and calculated stresses (MSM).
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Fig. 5. VE-cadherin mechanotransduction decreases effective cell-substrate area interactions on
stiff substrates

(A) Projected area of EC colonies plated on 1.1 kPa and 40 kPa. (B) Representative heat
maps showing tractions at time points t = 0 sec and t = 120 sec for soft and stiff hydrogels
without (- load) and with force loading (+ load). Scale bars = 150 um, showing the
heterogeneous spatial tractions distribution. (C) Normalized RMS traction of cell colonies.
(D) Normalized NCM. (E) Frequency histograms of the tractions magnitude showing the
tractions magnitude distribution, ITI at time points t = sec (grey) and t = 120 sec (black).
Data show the mean + s.e.m. n= 10, 11, 10, 11, 11, and 3 for the 1.1 kPa - load, 1.1 kPa +
load, 40 kPa - load, 40 kPa + load, 40 kPa + load (anti-VE), and + thrombin, respectively. *
p<0.05, *** p<0.0001.
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Fig. 6. Mechanical integrity of EC colonies is maintained even with VE-cadherin
mechanotransduction

(A) Normalized ogye, + load and (B) normalized pgye, £ load. (C) Representative heat maps
showing monolayer o« distributions at time points t = 0 sec and t = 120 sec for soft and
stiff hydrogels. (D) Representative heat maps showing omax for same conditions as (A) for
negative (anti-VE) and positive (thrombin) controls. Data show the mean + s.e.m. n=10, 11,
10, 11, 11, and 3 for the 1.1 kPa — load, 1.1 kPa + load, 40 kPa - load, 40 kPa + load, 40 kPa
+ load (anti-VE), and + thrombin, respectively. ** p< 0.005.
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Measured average gap area for unperturbed and perturbed ECs for the three investigated substrates stiffnesses.

Substrate stiffness | —load [um?] | + load [um?]
1.1 kPa 3.8%0.6 6.6+09
40 kPa 5+1 14+4
Glass (~50 GPa) 89107 2414
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