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Abstract

The vascular endothelial cells (ECs) that line the inner layer of blood vessels are responsible for
maintaining vascular homeostasis under physiological conditions. In the presence of disease or
injury, ECs can become dysfunctional and contribute to a progressive decline in vascular health.
ECs are constantly exposed to a variety of dynamic mechanical stimuli, including hemodynamic
shear stress, pulsatile stretch, and passive signaling cues derived from the extracellular matrix.
This review describes the molecular mechanisms by which ECs perceive and interpret these
mechanical signals. The translational applications of mechanosensing are then discussed in the
context of endothelial-to-mesenchymal transition and engineering of vascular grafts.

Table of Contents:

Physical forces provide crucial signalsto the endothelial cellslining blood vessels. These
instructional cues include fluid shear stress and cyclic stretch due to blood flow, as well as passive
mechanical properties such as vessel stiffness and structure. Understanding how mechanical
stimuli are interpreted by endothelial cells provides important insight into normal vascular
function and disease progression.
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1. Introduction

Physical forces are integral to the physiology of all body organs. In the vascular system,
blood flow imposes two types of active mechanical stimuli on the vessel wall: shear stress
along the direction of blood flow and circumferential stretch caused by the pulsatile nature
of blood pressure. The underlying extracellular matrix (ECM) provides additional passive
cues for vascular cells, including stiffness and spatial patterning. Cells translate the
perceived mechanical stimuli to biochemical signals that modulate gene expression, protein
synthesis, cell proliferation, differentiation and migration. Cellular responses to physical
forces in healthy blood vessels play an essential role in vascular homeostasis. Any
dysregulation in the integration of mechanical stimuli can modulate endothelial
permeability, inflammatory signaling, and vascular remodeling, resulting in pathological
conditions associated with vascular diseases such as atherosclerosis.[!]

Blood vessels are composed of three different layers: 1) The tunica adventitia is the
outermost layer of a vessel consisting of fibroblasts, collagen fibers and connective tissue; 2)
The tunica media is the thick, intermediate layer comprised of smooth muscle cells, elastic
fibers and connective tissue; and 3) The tunica intima is the innermost single cell layer of
vascular endothelial cells (ECs) supported by a thin sub-endothelial lamina. ECs lining the
innermost layer of vessel walls are in direct contact with blood flow and play crucial roles in
responding to both active and passive mechanical stimuli. ECs have evolved a sophisticated
mechanotransduction capability through which physical forces are translated to biochemical
cues, regulating vascular function. Various endothelial-specific and non-specific upstream
pathways governing mechanosensing in the vascular system have been uncovered.[1.2]
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It is of great importance to identify the regulatory roles of mechanotransduction for
maintaining homeostasis in healthy vascular environments and the molecular mechanisms
through which ECs sense and respond to mechanical perturbations involved in vascular
diseases. This knowledge provides the basis for protective approaches to prevent
pathological mechanosignaling in the cardiovascular system. The integration of biomimetic
mechanical signaling cues may also contribute to the development of successful tissue-
engineered vascular grafts using dynamic cell culture systems and scaffolds with
biologically-relevant stiffness and topography.

This review describes the major mechanical stimuli that are relevant to vascular ECs, and the
molecular mechanisms by which ECs perceive and interpret these signals. The translational
applications of mechanosensing in endothelial-to-mesenchymal transition and engineering
of vascular grafts are also presented.

2. Mechanisms of Cellular Mechanotransduction

2.1 lon Channels, Endothelial Glycocalyx, and the Cell Membrane

Mechanical stimuli are transduced to biochemical signals, often by conformational protein
changes. For example, mechanical strain stimulates stretch-activated (SA) ion channels
through changes in membrane tension or curvature. These channels allow for the passive
flow of ions though the membrane and may be mechanically gated, with reversible open or
closed states. In-plane stretch increases or decreases the probability of each state, thus
regulating the flux of ions such as Ca2*. Intracellular calcium signaling is ubiquitous and
capable of generating rapid downstream responses.[3] Piezo1 and Transient Receptor
Potential (TRP) Cation Channel Subfamily V Member 4 (TRPV4) are mechanosensitive ion
channels that play a role in flow sensing and downstream regulation of vascular tone by
constriction or dilation of blood vessels.[4>] Piezo1 also appears to be essential for shear-
mediated vascular development.[®!

The endothelial glycocalyx is a bush-like network that separates the cell membrane from the
fluid above and participates in hemodynamic flow sensing. This carbohydrate-rich mesh
consists of proteoglycans, glycoproteins, and glycosaminoglycans (GAGSs), the most
important of which are heparan sulfate, chondroitin sulfate, and hyaluronan.[”] A periodic
arrangement of core proteins may dampen shear stresses felt at the membrane surface, but
also transmit and amplify tip forces to the mechanically-coupled cytoskeleton and trigger
signaling cascades.[8] One example of mechanosensing by the glycocalyx is the stimulation
of nitric oxide (NO) production in a TRP channel-dependent manner in response to shear.[®]
Secondary messengers such as NO, can rapidly diffuse within and throughout the cell to
produce global responses. NO promotes vasodilation and reduced expression of adhesion
molecules as well as suppresses nuclear factor kappa-light-chain-enhancer of activated B
cells (NFxB), a major regulator of inflammation. Meanwhile, reactive oxygen species (ROS)
suppress expression of endothelial NO synthase (eNOS), stimulate monocyte adhesion, and
promote EC dysfunction.[10] The balance between NO and ROS determines the state of
oxidative stress and thus regulates vascular homeostasis.
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Spatial and temporal changes in local or global membrane properties induce conformational
changes in transmembrane proteins spanning the bilayer. Membrane fluidity alters the
physical proximity of and biochemical interactions between proteins floating in the
membrane such as G-protein-coupled receptors (GPCRs), which are an integral part of
regulation pathways. Shear can thus directly stimulate GPCRs, which in turn activate kinases
to phosphorylate proteins and set of signaling cascades.[!1] Local microdomains within the
membrane such as lipid rafts or caveolae may concentrate signaling molecules and enhance
reaction rates.[12] Caveolae are membrane invaginations that rapidly flatten to compensate
for surface area changes following cell stretching or osmotic expansion. In addition to
mediating shear-induced activation of the ERK pathway, these membrane structures are
potentially the primary source of passive stress compensation to prevent spikes in membrane
tension.[23 Lipid rafts are regions of increased cholesterol content that modulate SA channel
sensitivity by changing local membrane stiffness.[14] Patterns of oscillatory shear stress can
also decrease membrane fluidity and affect membrane-bound proteins, especially those
tightly packed in lipid rafts (e.g. integrin a.5). Integrin activation by oscillatory flow to
produce downstream disruption of the endothelium required translocation to lipid rafts. The
lipid raft protein caveolin-1, along with F-actin and cholesterol, is involved in sequestration
of integrin a5 into these microdomains.[1°]

2.2 Cell-ECM and Cell-Cell Mechanotransduction

A variety of mechanical cues are transduced between ECs and the surrounding ECM. ECs
reside in a basement membrane consisting of proteoglycans and proteins such as collagen
IV, laminin, and fibronectin. (6] Adhesions between the cell and the underlying ECM
provide a structural basis for mechanosensing. Integrins are key transmembrane proteins
which bind to ECM ligands at specific domains (e.g. RGD) and are linked to the actin
cytoskeleton indirectly though other molecules. Binding causes integrins to cluster and form
focal adhesion complexes that provide physical coupling between the cell and the external
mechanical environment. These activated integrins recruit talin, paxillin, FAK, a-actinin,
and actin to cluster at the adhesion in the absence of force, but not vinculin. Forces applied
to fibronectin-coated beads were shown to induce vinculin recruitment,[17] and it was later
shown that talin stretching led to unfolding and opening of previously hidden binding sites
for vinculin recruitment.[18] This molecular mechanism by which forces unravel proteins to
expose cryptic binding sites and trigger enzymatic activity and intracellular signaling
cascades is similar for a-actinin.[1°]

Small GTPases such as RhoA, Racl, and Cdc42, all members of the Rho family, are
important signaling proteins for cell adhesion, migration, and morphology. RhoA can
stimulate stress fiber formation by actin polymerization.[20] RhoA/Rho kinase (ROCK)
signaling is a key mediator of many effects related to substrate mechanics, such as the
feedback between focal adhesions, cell shape, vessel stiffness, and actomyosin contractility.
[21.22] Rac is involved in the formation of lamellipodia and filopodia by recruitment of
integrins,[23] and by vinculin signaling.[24] The spatial distribution of intracellular Rac
resulting from the organization of ECM adhesions by cell shape could influence the
formation of protrusions and directional migration.[25] A large assortment of additional
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signaling molecules and pathways are implicated in endothelial mechanosensing and have
been reviewed elsewhere.[26]

Focal adhesions rely on connection to the cytoskeleton to function as sites of active force
transmission and mechanosensing. The actin cytoskeleton is a dynamic filamentous network
which is heavily involved in both structural and signaling behaviors and can play an indirect
role in mechanotransduction by transferring loads from peripheral adhesions to
mechanosensory molecules or even directly to the nucleus. Direct deformation of a substrate
will deform focal adhesions and thus the cytoskeleton. Similarly, flow can be transmitted to
focal adhesions through the cytoskeleton via “outside-in” mechanosensing.[2] Another key
feature of the cytoskeleton is “inside-out” sensing by the generation of forces to probe
changes in external mechanical properties such as ECM stiffness. [2] Myosin motor proteins
pull on actin filaments to generate tension and produce intracellular contractile forces.[?7]
RhoA-mediated actomyosin contraction leads to maturation of focal adhesion complexes
through robust feedback loops.[28] Recent studies demonstrate that cells use contractile
pinching for rigidity sensing, in which small, pulsed contractions of uniform deformation
build up to and exceed a force threshold for reinforcement of adhesions.[2°]

While integrin adhesions to the ECM provide coupling to the external environment,
endothelial cell-cell junctions are also important regulators of both mechanosensing and
permeability. Platelet endothelial cell adhesion molecule (PECAM-1/CD31) at cell junctions
is activated rapidly when exposed to shear and forms a complex with vascular endothelial
cadherin (VE-cadherin) and vascular endothelial growth factor receptor 2 (VEGFR2).130]
This triggers RhoA-mediated reorganization of the cytoskeleton and changes in contractility,
which contribute to the global state of intracellular stresses and junction tension.[3] Forces
across junctional proteins are also linked to cell-matrix adhesions, with CD31 signaling
triggering integrin formation following P13-K activation.[32]

The sequence of mechanotransduction events has been described.[33] Within the first
seconds of mechanical stimulation there is immediate sensing by SA ion channels and force-
dependent conformational changes (e.g. talin unfolding). Subsequent biochemical cascades
are mediated by Ca?* influx or G-proteins such as Rho, followed by contraction or actin
polymerization on the timescale of several seconds to minutes. The emerging picture seems
to be that cells are continually sensing mechanical cues and integrating signals over time to
produce long term changes in behavior and fate (Figure 1).

2.3 Nuclear Mechanotransduction

Donald Ingber introduced tensegrity models of the cell and theorized in 1993 that such a
structure could transmit forces almost instantaneously throughout an integrated cytoskeletal
network.[34 He and others later demonstrated that forces could be transferred directly to the
nucleus to distort the nuclear envelope,[3%] and that this mechanical transmission could occur
on timescales an order of magnitude faster than growth factor signaling.[36] A physical
connection between the nucleus and cytoskeleton has since been provided by discovery of
the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex.[371
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The cytoskeleton can directly pull on the nucleus, which in turn responds to tension. Nuclear
mechanotransduction models aim to link mechanical stimuli with gene expression and
control of cellular behavior on longer timescales. Understanding the physical contributions
of lamins and other structural proteins will aid in understanding these mechanosensing
loops. For example, nuclear viscoelasticity is dependent on the ratio of lamin A (LMNA)
and lamin B (LMNB), and LMNA interacts with chromatin.[38] Nuclear membrane
complex-associated transcription factors may bind to and transcribe exposed regions of the
genome. One pair of transcription factors linked with mechanotransduction is Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ). YAP/TAZ
plays a key role in RhoA/actomyosin dependent mechanotransduction of substrate stiffness
and cell shape.[391 Inactive phosphorylated YAP/TAZ remains localized in the cytoplasm,
whereas activated YAP/TAZ translocates to the nucleus and promotes upregulation of target
genes. Activated YAP/TAZ has been shown to mediate the inflammatory response of ECs to
oscillatory shear, with high proliferation and turnover in oscillatory shear and cell cycle
suppression under laminar shear.[40] YAP/TAZ may also be regulated by VE-cadherin/PI3K,
[41] integrins,[42] and GPCR signaling.[43]

Epigenetic regulation is increasing noted for its important role in flow-regulated vascular
function.[4] MicroRNAs,[#5-47] histone deacetylases,[48] and DNA methyltransferases
(DNMTSs) provide mechanosensitive control of gene expression to produce heritable
phenotypic heterogeneities in endothelial cells. DNA methylation is one such epigenetic
mechanism for silencing of genes and plays important role in normal vascular physiological
function and disease pathology.[4®] DMNTS are responsible for adding methyl groups to
DNA to repress transcription.[50] Shear stress affects expression nuclear localization of
DMNT1 to differentially regulate DNA methylation /n vitro and in vivo under oscillatory
and laminar flow conditions.[4°]

3. Mechanical Stimuli in the Vasculature

ECs in living organisms exist in a highly dynamic mechanical environment. Blood flow
through the vasculature supplies hemodynamic forces along with biochemical factors, while
vessel architecture and composition provide stiffness and spatial cues. The mechanosensitive
endothelium integrates these diverse stimuli through cell-matrix adhesions, cell-cell
junctions, and intricate yet robust transduction mechanisms. Thus, physical forces play a key
role in normal EC function as well as the pathology of vascular diseases such as
atherosclerosis.

3.1 Shear stress

Hydrodynamic stresses from blood flow provide key mechanical stimuli for vascular
adaptation and homeostatic function. The endothelium is subjected to shear stresses of 0.1
0.6 Pa (1-6 dynes » cm~2) in veins and 1-7 Pa (10-70 dynes « cm™2) in arteries.[1] Blood
flow is highly pulsatile in arteries and less pulsatile in veins.[2] Unidirectional laminar flow
in blood vessels with orderly fluid streamlines producing wall shear stresses of ~1.2 Pa is
considered protective against the accumulation of lipids that contribute to atherosclerosis.
Conversely, complex patterns of disturbed flow in which fluctuating shear stresses can drop
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to 0 Pa and exhibit disordered changes of direction have been implicated in endothelial
dysfunction. Complex disturbed flow often occurs in curved or branched vessel regions,
such as arterial bifurcations and the aortic arch.[3] The increased endothelial permeability to

lipid uptake can make these sites susceptible to the formation of atherosclerotic plaques.
[54,55]

Flow-induced shear stress has traditionally been recognized as a key mechanical stimulus
directing EC behavior. Bovine aortic ECs (BAECs) reorganize and align along the direction
of shear flow, orienting their cytoskeleton accordingly and elongating parallel to the flow
direction.[6:571 BAECs subjected to 1.52 Pa shear stress first reinforced substrate adhesions
as indicated by vinculin staining and increased the number of F-actin stress fibers in order to
remain attached. After 6 hours, cells overcame the restrictions of cell-cell adhesions and
reoriented in line with the flow direction. Eventually the BAECs elongated along the flow
direction and strengthened cell-substrate and cell-cell adhesions to reinforce the tight
monolayer. The resulting ellipsoidal shape and spatial rearrangement of cells appeared to
minimize intracellular stresses.[>8]

The endothelial response to hemodynamic forces varies with flow regimes. Sustained and
uniform laminar flow confers protective benefits from atherosclerosis by maintaining non-
proliferative and anti-inflammatory gene expression profiles. Laminar shear stimulates
production of NO and expression of eNOS, while irregular patterns of disturbed flow inhibit
NO production and contribute to oxidative stress.[1%l. Sustained inflammatory and
proliferative signals during disturbed flow lead to higher EC turnover and increased
monolayer permeability, which are key events in atherogenesis.[%1 Confluent BAEC
monolayers were sensitive to turbulent flow at wall shear stresses as low as 0.15 Pa, while
0.8 Pa was required for laminar flow reorganization. EC turnover increased under turbulent
flow as compared to static or laminar conditions, with significant cell rounding and increases
in DNA synthesis by 16 hours of flow exposure preceding gap formation in the monolayer at
24 hours (Figure 2).[59] Confluent human umbilical vein EC (HUVEC) monolayers
subjected to varying flow regions in a step channel were more elongated in regions of higher
stress. Well-organized cytoskeletons with thick, aligned actin stress fibers were observed in
fully developed laminar flow regions, while cells experiencing stress fluctuations and high
shear gradients in disturbed flow regions displayed increased cell rounding and DNA
synthesis.[61]

Active cytoskeletal reorganization is closely linked to both cell-substrate and cell-cell
adhesions. VE-cadherin is an adhesive protein which plays an important role in maintaining
EC junctional integrity and regulating endothelial permeability. Flow patterns and the
resulting wall shear characteristics can modulate the distribution of such proteins along cell-
cell junctions. VE-cadherin staining at EC borders was stronger in long, straight regions of a
rat thoracic aorta where laminar flow dominated, while it was weaker in regions of disturbed
flow such as the aortic arch and downstream of an induced vessel constriction. These /in vivo
observations were supported by findings following exposure of confluent BAEC monolayers
to pulsatile flow (1.2 + 0.4 Pa) and oscillatory flow (0.05 £ 0.4 Pa) /n vitro. After six hours,
the ECs in both flow groups displayed intermittent staining of VE-cadherin, while static
control samples showed continuous VE-cadherin staining along the cell borders. Beyond 24
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hours, pulsatile flow conditions led to recovery of continuous and uniform VE-cadherin
staining, whereas ECs under oscillatory conditions continued to display intermittent gaps in
staining. Interestingly, immunoblots revealed that the flow conditions affected neither
protein expression levels nor the membrane-cytosol fraction of VE-cadherin, suggesting that
VE-cadherin redistribution was modulated by the temporal characteristics of shear stress and
was responsible for the observed differences in junctional integrity.[62]

VE-cadherin, along with VEGFR2 and CD31, form a key mechanosensory complex at EC
junctions responsible for flow sensing. Blocking any of the components of this complex
eliminated the morphological responses of cytoskeletal rearrangement, elongation, and
alignment with flow.[30] Interestingly, tension across VE-cadherin decreases upon shear
whereas it increases across CD31.[63] This was suggested to be evidence of an active rather
than passive cytoskeletal response, in which flow sensing by a different mechanosensory
component triggers vimentin cytoskeleton association with CD31 to bear tension from
myosin across cell-cell junctions and form the mechanosensory complex with VE-cadherin
and VEGFR2.152] Tension on CD31 sets off a cascade of signaling in response to flow,
which first requires that the transmembrane domain of VVE-cadherin functions as an adaptor
and binds to the transmembrane domains of VEGFR2 and VEGFR3. This event then triggers
P13K activation, production of NO, and vasodilation. PI3K also activates integrin binding to
align cells in the direction of flow.[5]

Hydrodynamic drag on the nucleus may provide an upstream mechanism of EC flow
sensing. It was shown that confluent HUVEC monolayers exposed to shear stress of 0.72 Pa
or greater became gradually polarized against the flow, in which the nucleus was pushed
downstream relative to the microtubule organizing center (MTOC) or Golgi apparatus. For
ECs on the upstream side of a monolayer scratch wound, cytoskeletal reorganization
produced a dense lamellar mesh of actin that prevented nuclear displacement and produced
polarization along rather than against the direction of flow. Although confluent ECs
displayed cortical actin bundles localized to cell-cell junctions, these bundles disappeared
upon wounding and were replaced by lamella and lamellipodia. The opposing polarity in
each of the two conditions highlighted the importance of cell-cell contacts and cytoskeletal
organization in flow sensing. In confirmation of this prediction, destabilization of the actin
cytoskeleton by latrunculin or myosin-11 inhibition enhanced downstream nuclear
displacement and polarization against flow in non-confluent ECs. Furthermore, application
of a large hydrodynamic force for less than 5 seconds pushed EC nuclei an average of 8um
downstream and induced polarization that persisted for over an hour in the absence of flow.
This model for EC flow sensing suggests that the cytoskeleton resists nuclear drag and thus
modulates the sensitivity of polarization to wall shear.[84] Together, these studies
demonstrate the strong influence of shear stress in the modulation of EC function and
behavior.

3.2 Topography and Spatial Patterning

Given the hierarchically organized architecture of the native vascular environment,
topography and spatial arrangement of the ECM might provide instructional cues to guide
EC behavior and fate. Increased spreading of bovine capillary ECs on square, fibronectin-
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coated islands from 75 to 3000 um? correlated with increased DNA synthesis and decreased
apoptosis. This trend of enhanced growth and reduced cell death with increasing cell
spreading area continued for ECs spread across arrays of small, closely-spaced circular
islands which equalized the total ligand contact area.[6°]

Follow-up studies of bovine capillary ECs confined to 10 and 30 um-width lines displayed a
similar relationship between increased spreading area and the balance of cell growth and
death. ECs were most spread (projected area = 3112 um#) on unpatterned surfaces as
compared to 30 pm lines (2200 um?2) and 10 pm lines (1042 pm?), with only one or two cells
extending across the pattern width for 10 um columns. The most highly spread cells
proliferated nearly twice as fast as the least spread cells in the first 24 hours. By 72 hours,
proliferation stopped altogether on the 10um patterns and ECs formed multicellular capillary
tubes with a hollow lumen aligned along the linear pattern. Continuous staining of CD31
along the lumen indicated a complete junctional seal and fibronectin remodeling produced a
single organized tendril aligned beneath the tube. ECs also elongated and aligned their
cytoskeletons along the 30um linear patterns and stained for CD31 along cell-cell junctions,
but they did not form lumens or coalesce the remodeled extracellular fibronectin fibrils.[66]

Similar micropatterned strips of collagen were used to demonstrate the role of geometric
cues in migratory behavior of ECs. BAECs on narrow (15um) patterns were more elongated
(cell shape index ~0.3), less spread, and more oriented in the direction of the pattern than on
30um and 60um patterns. Subsequently, BAECs displayed more persistent directional
migration and significantly higher migration speeds on thinner patterns. The migration
velocity component V, along the axis of linear patterns was higher than the orthogonal
component Vy, for all line widths, but a significantly larger (~4-fold) difference was
observed for the 15um strips.[87] The direction of EC migration may be influenced by the
distribution of traction forces exerted by the cell on the ECM. When cultured on square
patterns, bovine capillary ECs developed diagonally-oriented stress fibers as visualized by
phalloidin staining of actin filaments. These cells preferentially extended F-actin containing
lamellipodia and filopodia from the corners of the patterns, where tractional stresses were
highest, whereas cells on round patterns extended randomly distributed protrusions. These
protrusions disappeared upon disruption with myosin or ROCK inhibitors.[68]

ECs are also capable of sensing topographical cues and gradients therein. BAECs on
elastomeric substrates with rounded 0.45 um deep grooves showed increasing alignment
with the pattern and elongation with decreasing periodicity of the parallel ridges and grooves
from 4.5 to 2.5 um.[%9] Alignment and elongation of rat aortic ECs increased significantly as
pattern dimensions of a periodic array of titanium grooves decreased from 100 pm to 750
nm. Additionally, ECs required less time to reach confluency as the topographical length
scale of surface patterning decreased.[”0] Endothelial progenitor cells (EPCs) on
nanotopographically patterned surfaces with 600 nm-wide grooves and ridges were aligned
and elongated, and exhibited reduced proliferation and enhanced directional migration
velocity as compared to EPCs on flat substrates. Furthermore, while cells on flat substrates
eventually formed confluent monolayers, those on patterned surfaces formed distinct band-
like multicellular structures with alignment and organization that persisted over long term
six-day culture. Upon addition of Matrigel, EPCs on the nanopatterned surfaces displayed
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higher frequency and efficiency of capillary tube formation, with longer and more organized
tubes.[71] Aligned collagen was used to generate anisotropic nanoscale topography without
requiring cellular confinement within micro-grooves. Primary human dermal microvascular
ECs showed greater cellular alignment and organization of focal adhesions as visualized by
paxillin staining, with focal adhesions clustered at the front and back of cells on anisotropic
nanofibers vs uniformly distributed throughout for randomly oriented collagen. Timelapse
microscopy also revealed preferential orientation of protrusions and quicker migration along
the fibril direction.[72]

Several studies have explored the effects of combining multiple, distinct mechanical stimuli.
HUVECs on electrospun fibers were exposed to simultaneous chemical gradients of vascular
endothelial growth factor (VEGF). Whereas persistent directional migration was maximized
when the chemical gradient was parallel to the fiber direction, the chemotactic effect was
abrogated when fibers were oriented perpendicular to the VEGF gradient. This suggested
that topography could dominate over biochemical cues in directing cellular migration.[73!
Similarly, nanotopographical cues dominated over flow direction for primary human dermal
ECs exposed to spatially varying shear flow. ECs adopted and retained an elongated
morphology and migrated along the direction of aligned nanofibrillar collagen films even in
regions where shear stress was applied orthogonal to the fibril alignment. Furthermore, the
aligned spatial patterning produced significant reductions in pro-inflammatory function as
quantified by monocyte adhesion and intercellular adhesion molecule 1 (ICAM-1)
expression, as well as reduced EC turnover. CD31 junctional thickness and continuity were
similarly enhanced by topographical alignment (Figure 3).[74 Given the influence of cell
shape in directing endothelial growth, death, morphogenesis, and function, spatial patterning
warrants further study. The limited present understanding of topographical cues has already
seen direct translation to tissue engineering applications, which will be covered in a later
section.

3.3 Extracellular Matrix Stiffness

Substrate stiffness plays a major role in cellular behavior across a range of cell types and has
been reviewed extensively elsewhere.[75] The rigidity of substrates underlying or
encapsulating cells can directly instruct morphology, function, and even differentiation.[®]
Stiffness can produce varied effects between cell types.[”7] Here, we will focus on the effects
of stiffness on ECs (Table 1).

The endothelium in blood vessels sits on a thin intimal basement membrane surrounded by
thick medial and adventitial layers providing strength and elasticity. Measurements of
vascular stiffness are complicated by the inclusion or exclusion of these varying structural
components and by non-uniform testing methods. As a result, the reported range of ECM
stiffnesses relevant for ECs can vary greatly. Pressure-strain relationships give an indication
of the bulk properties of a vessel but are dependent on the global geometry. Local material
properties may be more accurately assessed by methods such as atomic force microscopy
(AFM), in which a small cantilever tip is used to indent the specimen and the resulting
deflection is tracked to calculate the elastic modulus.
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Porcine carotid artery stiffness was 5 to 8 kPA as measured by AFM indentation on the
medial layer, which consists of primarily smooth muscle tissue.[78] Additional AFM
measurements of elastic modulus have produced values of 3.2 kPa for murine femoral artery
and 4.3 kPa for the murine thoracic aorta for mice,[”®! and ~2.5 kPa for the subendothelial
layer in bovine carotid arteries after scraping.[89] The relative size and proximity of the
various layers may make bovine samples the best analog for human vessels.[81] The stiffness
of blood vessels also increases with age and injury.[82:83] Pathological stiffening has been
reported to exceed 100 kPa in the calcified lesions of atherosclerotic rabbit thoracic arteries
as measured by local pipette aspiration.[83]

Meanwhile, the stiffness of standard tissue culture polystyrene(~3 GPa) and glass (~50 GPa)
are markedly higher and greatly exceed that of any tissue in the body.[84]

Engineered substrates that mimic a more physiologically relevant range of matrix rigidity
show clear morphological effects on ECs in vitro. BAECs sparsely cultured on soft 0.18 kPa
gels were rounded whereas on stiffer (2.9 kPa and 28.6 kPa) gels they were more spread and
spindle-like. However, these morphological differences disappeared once cell-cell contacts
were established and ECs on both soft and stiff gels were able to divide and form visually
identical confluent monolayers.[””] The proliferation of HUVECs on polyacrylamide (PA)
gels increased with increasing gel stiffness from 1.72 kPa to 21.5 kPa, and matrix rigidity
regulated the activity of cell cycle-associated proteins. As with prior studies, cells on stiffer
gels were more spindle-like and spread with higher F-actin staining than the smaller,
rounded cells on the more compliant substrate. ECs on softer gels had higher concentrations
of actin at the peripheral cortical layer as compared with ECs on stiffer gels. Softer gels led
to lower RhoA activity compared to stiffer gels, with stiffer gels promoting activation of
a5B3 integrins, increased formation and distribution of actin stress fibers, and enhanced
proliferation. The addition of constitutively active RhoA to ECs on softer gels lead to
increased stress fiber formation and a corresponding increase in the number of ECs entering
the cell cycle.[8]

A study of primary porcine ECs on PA gels suggested that a balance of EC contractility and
cell-cell junction integrity may be necessary for directed collective migration. ECs migrated
farthest on the most rigid 50 kPa gels but had the highest nuclear alignment in the migration
direction on 14 kPa intermediate stiffness gels and the highest junction integrity on the
softest 4 kPa gels. Elevation of cytoskeletal tension above a certain threshold by actomyosin
contractility may overcome the junction’s ability to remain intact. Depletion of contractility
by ROCK inhibition did not affect the migration distance significantly on stiff gels but did
increase migration distance on 4 and 14 kPa gels. ROCK inhibition also equalized the
fraction of cells aligned in the migration direction for all conditions by increasing alignment
on stiffer gels. ECs remodel the ECM as they align during collective migration, and this
study observed that EC-deposited fibronectin fibers were more aligned in the migration
direction on stiffer gels. Finally, knockdown of the a5p1 integrin reduced migration for ECs
on 14 and 50 kPa gels and eliminated differences in migration distance between the 3
stiffness conditions tested.[86]
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BAECs cultured for 4 hours on 2.5 kPa PA gels with covalently bound RGD ligand at
varying ligand densities showed quicker and more isotropic spreading on surfaces with
higher ligand density and contraction, which was linearly correlated with cell spreading area.
Furthermore, significant cellular traction forces could be generated within minutes of plating
and before the formation of actin stress fibers and vinculin-containing focal adhesions.
Stress fiber formation and focal adhesions appeared within one hour and F-actin peaked at
three hours.[87 A follow-up study found that spreading area and stiffness were key
predictors of force generation in BAECs and suggested that cell-cell adhesions and
cytoskeletal reorganization preceded an increase in contractility. Traction forces elevated
when cells came into contact and the relative increase was greater on higher stiffness. 88l

Stiffness plays a key role in endothelium integrity, which is of great pathological importance
in atherosclerosis. Traction force microscopy (TFM) of HUVEC monolayers patterned on
1.2 kPa to 90 kPa PA gels revealed that cells were more contractile on stiffer gels. Adding
thrombin to induce hyperpermeability enhanced traction forces on both soft and stiff gels.
For soft gels, this increase was primarily located at the monolayer edges and resulted in
increased staining of diffuse F-actin, whereas on more rigid gels the traction force hot spots
were distributed throughout the monolayer. On stiff gels, the addition of thrombin resulted in
formation of distinct actin stress fibers and large gaps in the monolayer at the locations of
greatest traction force. When a VE-cadherin blocking antibody was incubated with the cells
to break cell-cell junctions, it was shown that VVE-cadherin sustained higher forces on stiffer
substrates and represented roughly half of the overall monolayer forces in all conditions. The
addition of thrombin resulted in significant enhancement of ROCK activity on all substrates,
with the greatest enhancement appearing for the most rigid gels. ROCK inhibition with
Y-27632 reduced overall baseline forces and protected monolayers from gap formation even
with thrombin stimulation on the stiffer 11 kPa substrates.[8% Similar /n vitro results showed
increased permeability of BAEC monolayers to dextran dye as stiffness of PA gels increased
from 3.5 to 10 kPa. These findings were validated with a mouse model of aging. The relative
subendothelial stiffness of thoracic aortas increased significantly between 10 and 25 months
and corresponded to greater dye permeability as well as greater VE-cadherin junction width
with age.[81]

The balance of inter- and intra-cellular forces by Rho-mediated contraction appears to play a
key role in regulating the response of endothelial monolayers to stiffness and changes in
barrier function. Multiple mechanical stimuli can be integrated by a global cytoskeletal
network, and loading at specific locations not only triggers local changes but can lead to
junctional remodeling in distant cells.[31] Magnetic twisting cytometry was used to activate
VE-cadherin mechanosensing for human pulmonary aortic ECs on 1.1 kPa and 40 kPa PA
gels or glass substrates. Two minutes of loading triggered increases in cell stiffness and VE-
cadherin gap formation, with greater increases in cell stiffness on softer gels and
significantly larger increases in gap area on the stiffer substrates. Bead twisting also resulted
in significant increases in paxillin-stained focal adhesion number and size on stiffer
substrates but not on the softer gel, potentially indicative of inside-out signaling. TFM and
MSM (monolayer stress microscopy) revealed that increasing matrix rigidity raised the
average EC monolayer stress as well as enhanced fluctuations in monolayer stress, thus
increasing susceptibility to gap formation.[53] Accordingly, Stroka and Aranda-Espinoza
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found that the fraction of neutrophils transmigrating across tumor necrosis factor-a. (TNF-
a)-stimulated HUVEC monolayers increased with increasing stiffness (0.42 to 280 kPa) of
PA gels. This increased transmigration produced large holes in the monolayer on more rigid
substrates and was not the result of changes in ICAM-1 expression, which remained constant
with changing rigidity. Disrupting cell-cell junctions with a VE-cadherin antibody reduced
the number of transmigrating neutrophils but only on soft 0.87 kPa substrates, while
blocking contraction with a myosin light chain kinase inhibitor reduced transmigration on
stiffer (5 kPa and 280 kPa) substrates almost to the level of the soft gels.[90]

Motivated by findings that intima stiffness heterogeneity can increase with age,[®11 Burdick
and colleagues cultured BAECs on photopatterned hyaluronic acid-based hydrogels with a
checkerboard array of 2.2 kPa and 10.3 kPa squares. Larger and more mature vinculin-
stained focal adhesions were produced on stiffer matrix regions, and increased spatial
stiffness heterogeneity disrupted junctional integrity of confluent endothelial monolayers as
visualized by the size and frequency of intercellular gaps in VE-cadherin staining.[92]

Researchers have also studied the influence of hydrodynamic forces on stiffness sensing.
Sub-confluent BAECs exposed to flow for 24 hours aligned at lower levels of shear on more
rigid substrates. Substantial alignment was observed at 0.6 Pa shear on 10 kPa gels, while
2.2 Pa shear was required to achieve similar alignment on 100 Pa substrates. The impact of
flow on spreading area was reduced for cells on 10 kPa substrates, but there was a significant
increase in spreading on 100 Pa gels at shear stress above 1.2 Pa. AFM measurements of cell
stiffness increased for all experimental groups with flow as compared to static controls,
though this change was more rapid and of larger magnitude for decreasing matrix rigidity.
Finally, disruption of the glycocalyx component hyaluronan by blocking synthesis or
degrading existing hyaluronan for cells on soft 100 Pa gels did not affect spreading under
static conditions but blocked spreading at all applied levels of shear, up to 2.2 Pa.[%3

Substrate stiffness plays a key role in endothelial cell migration, turnover, junctional
integrity, and vascular morphogenesis. Traction forces are both produced and balanced by
the actomyosin cytoskeleton to regulate the effects of matrix rigidity. This understanding has
far-reaching and direct implications in research. As an example, many studies are still done
on rigid surfaces, which may markedly affect cytoskeletal organization, force generation,
and signaling as compared to substrates of physiological stiffness.

3.4 Cyclic Stretch

ECs /n vivo are subjected to cyclical stretch as blood vessels expand and contract. A strain
of 5 to 10% is considered normal for arteries, while levels greater than 20% such as those
seen in hypertension are considered pathological.[94] Stretch has been implicated in vessel
adaptation in the form of matrix metalloproteinase (MMP) remodeling by as well as
vasodilation.[9%:9] physiological levels of stretch are believed to maintain vasculature
health by regulating endothelial morphology, migration, proliferation, inflammation, and
angiogenesis. Many of these effects have been reviewed in depth elsewhere.[%7]

ECs on unpatterned surfaces appear to align perpendicular to the direction of applied stretch,
with the development of stress fibers playing a key role.[%] Complex strain fields can make
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it difficult to distinguish the contributions of elongation and compression to endothelial
morphology. Pulling a substrate in one direction will contract it in the orthogonal direction
and complicate the evaluation of causation. Subjecting sparsely seeded human aortic ECs to
3 different stretch conditions enabled direct comparisons. Compression is highest at 90
degrees from the primary stretch direction for simple unconstrained elongation, while no
deformation is allowed perpendicular to the stretch axis in the uniaxial configuration. ECs
oriented perpendicular to the direction of cyclic 10% uniaxial stretch within 3 hours and
could re-orient along a new axis when the stretch direction was rotated 90 degrees. ECs
specifically aligned along the direction of minimal substrate deformation, which was 70
degrees from the stretch direction for simple elongation and 90 degrees for uniaxial stretch.
Meanwhile, equal biaxial stress resulted in tent-like protrusions out of the stretch plane.
Additionally, the magnitude of stretch dominated over stretch rate at early time points under
2 hours.[%9]

Cell turnover plays an important role in atherosclerosis and may also be subject to regulation
by stretch. BAECs were subjected to cyclical strain at 1 Hz and changes in cell viability,
DNA laddering, and caspase-3 activity were tracked. While physiologically normal levels of
6% and 10% stretch negated the cytotoxic effects of TNF-a., 20% strain increased TNF-a-
mediated apoptosis. 6% strain activated Akt, which is downstream of PI3k, and P13k
inhibitors reversed the protective effects.[100]

HUVECs subjected to 20% strain at 1 Hz displayed up to 3-fold and 3.7-fold higher mRNA
expression and protein levels at 18 hours of MMP-2 and MMP-14, respectively. Meanwhile,
MMP levels for ECs with 10% stretch at 1 Hz were unchanged from unstretched controls.
Cyclic 20% stretch increased TNF-a production beginning from 2 hours following initiation
of stretch and reaching a maximum at 12 hours. The effects of stretch on MMP activity were
abrogated by addition of a TNF-a blocking antibody.[9°]

The early influences of cyclic strain (7 and 24%) at 1 Hz on focal adhesion proteins have
been explored. The phosphorylation of focal adhesion kinase and vinculin increased within
30 minutes and 4 hours, respectively, and mirrored the spatial rearrangement of these
proteins along F-actin filaments. Inhibiting phosphorylation with tyrphostin blocked these
strain-induced increases as well as the morphological alignment of cells perpendicular to
stretch.[192] TRPV4 was shown to be at least one of the SA ion channels responsible for this
reorganization. Static stretch of 15% applied to bovine capillary ECs triggered calcium
influx within 5 seconds, and SA-channel activation was necessary for downstream activation
of PI3K within 1 minute of static stretch and activation of a5p1 integrins to stimulate further
fibronectin binding. This sequence was necessary for the reorganization of ECs in response
to cyclical stretch for both bovine and human CEs.[102]

Blood flow produces shear stress and cyclic vessel stretch which, along with topography and
stiffness, combine to regulate endothelial cell structure, behavior, and function in vascular
homeostasis and disease. Through a continual process of mechanosensing, ECs actively
integrate these active and passive physical cues into specific cellular responses (Table 2). In
the following sections we will discuss how this mechanotransduction machinery contributes
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to regulatory and pathological phenomena, as well as how our understanding may translate
to improved clinical outcomes in medical applications.

4. Applications of Vascular Mechanobiology

4.1 Endothelial-to-mesenchymal transition

Endothelial-to-mesenchymal transition (EndMT) is the process by which ECs undergo
changes in gene expression, morphology, and behavior to acquire a multipotent
mesenchymal-like state.[193] As in the related process of epithelial to mesenchymal
transition (EMT), these cells disassemble cell-cell adhesions and alter morphology to
become more migratory and spindle-like. During EndMT cells lose typical EC markers such
as VE-cadherin, CD31, and von Willebrand factor (VWF). They begin to express
mesenchymal markers such as fibroblast-specific protein-1 (FSP-1), alpha-smooth muscle
actin (a-SMA), and vimentin,[104 and may transdifferentiate into smooth muscle cells,
fibroblasts, and even osteoprogenitors.[193] Accompanying the transition to a mesenchymal-
like phenotype is an increase in MMP activity (e.g. MMP-2 and MMP-9) which degrades
the basal lamina. Furthermore, EndMT-derived cells may secrete more collagen I and Il and
fibronectin, with upregulation of stiffer ECM proteins and remodeling leading to loss of
elasticity and fibrosis (Figure 4).[104]

EndMT plays an important role in cardiovascular formation during normal embryonic
development.[105] However, it is also implicated in a wide range of fibrosis-related
pathologies including vascular disease,[106] and as source of cancer associated fibroblasts.
[107,108] Recently, the contribution of endothelial-derived fibroblast-like cells to intimal
atherosclerotic plaques was demonstrated by lineage tracing in mice. EndMT produced a
population of cells distinct from both normal endothelial cells and fibroblasts which showed
increased expression and release of MMPs, a trademark of atherosclerotic plaque instability,
but less collagen gene expression as compared to fibroblasts. The number of transitioning
EndMT-derived fibroblast-like cells correlated with increased likelihood of rupture in
complex human plaques.[109] Similar lineage tracing techniques uncovered roles in cardiac
fibrosis for transforming growth factor beta (TGF-B)-mediated EndMT.[110]

TGF-p is a pleiotropic secreted cytokine widely recognized as a major regulator of EndMT.
TGF- signaling through activation of the ALK1 receptor inhibits EndMT, but TGF-p
signaling through ALK5 promotes EndMT by activating Smad2/Smad3, which form a
complex with Smad4 that interacts with the EndMT-associated transcription factors Snail,
Slug, and Twist in the nucleus.[197] These transcription factors contribute to the expression
of mesenchymal target genes. Rho activation by TGF-p can assist in the expression of
EndMT-related transcription factors,[111] while fibroblast growth factor (FGF) signaling
through the adaptor molecule FGF receptor substrate 2 (FRS2) suppresses TGF- signaling
via miRNA control.[1121 FGFR1 may also inhibit EndMT by MAP4K4 antagonization of
integrin p1-related TGF-B signaling.[*13] Apart from TGF-B, Notch and Wnt/B-catenin
signaling have also been implicated in EndMT.[114.115]

4.1.1 Mechanical stimuli in EndMT—Mechanical stimuli may provide direct EndMT
signaling cues by the mechanisms described in previous sections, as well as tune the
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sensitivity of ECs to biochemical stimuli such as TGF-. TGF-p itself requires integrin
binding of RGD sequences to mechanically unfold and activate latent stores in the ECM by
force.[116] A number of mechanical contributors to the EndMT program have been covered
in a recent review, with a focus on atherosclerosis.[117]

Flow: Egorova et. al. showed that cells lacking primary cilia, which can act as a
mechanosensory component in low flow regions, were susceptible to shear-induced EndMT.
[118] K ruppel-like factors KLF2 and KLF4 are involved in suppressing EndMT by inhibition
of NFxB, reduced Smad2 and TGF-B signaling, and diminished ROS formation.[11%] Low
levels of 0.5 Pa shear applied to non-ciliated mutant mouse embryonic ECs induced EndMT
in a TGF-B /ALK5-dependent manner, as indicated by loss of CD31 and upregulation of
Snail, a-SMA, and N-cadherin. Shear-induced TGF-p signaling led to a loss of KLF4, but
KLF4 overexpression, cilia rescue, or TGF-p receptor disruption could prevent shear-
induced EndMT. These /n vitro results corresponded well with in vivo observations of
EndMT in low-shear regions of the vasculature of cilia-deficient mice.[118]

Transcriptome-wide analysis of differential gene expression at sequential time points during
24-hour exposure of HUVECS to pulsatile vs oscillatory flow provided a glimpse into the
timeline of cell transitions. Oscillatory shear promoted significant downregulation of the EC
genes such as endothelial nitric oxide synthase, VWF, and CD34 by six hours and
upregulation of mesenchymal markers at 12 hours including cadherin-2 (CDH2), fibulin-5
(FBLNS), and tropomyosin a-1 chain (TPM1).[120] Oscillatory flow may instigate EndMT
by disrupting the balance of FGF/ TGF-p signaling,[121] activating Twist/Gata4,[122] and
promoting inflammatory signaling by NFxB.[120] Meanwhile, high laminar shear (2 Pa)
seems to protect against EndMT by the MEK/ERK signaling pathway and Rac/Rho-
mediated junctional stability.[117] ERK activation was found to confer protective effects by
KLF-mediated suppression of EndMT related transcription factors and mesenchymal genes.
[123] |_ow oscillatory shear of approximately 0.5 Pa applied to HUVECs within an orbital
shaker was found to promote increased expression of Snail and mesenchymal markers Slug
and N-cadherin as compared with those exposed to high 1.5 Pa uniform shear. The increased
Snail expression was also apparent in atheroprone regions of murine aortas experiencing low
wall shear stress and was downstream of Twist activation.[124] Together, these studies

suggest involvement of EndMT in linking disturbed flow to inflammation and atherogenesis.
[125]

Strain: HUVECSs subjected to 10% cyclical stretch at 1Hz showed reversible progression
towards a smooth muscle phenotype. These cells increased expression of adult smooth
muscle marker SM22-a and a—SMA at the mRNA and protein levels after 48 hours, but
these values recovered when cells were returned to static conditions.[126] Pathological
stretch has been shown to activate Rho and destabilize junctions,[127] and upregulate
MMP-1, MMP-2, and MMP-9,[128] which may each contribute to EndMT. Excessive stretch
can also lead to production of ROS which enhances EndMT by oxidative stress, [109.129] and
TGF-B upregulation by NLRP3 inflammasome activation.[130]

Stiffness: Matrix rigidity has a well-studied role in the related process of epithelial to
mesenchymal transition (EMT),[231] though its contribution in EndMT is less thoroughly
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examined. HUVECs cultured on stiff 491kPa PLL/HA multilayer films showed significant
loss of endothelial markers vVWF and CD31 after 2 weeks in the absence of growth factor
supplements, while softer 317 kPa substrates promoted maintenance of the endothelial
phenotype. Stimulation by TGF-B1 produced stiffness-dependent changes in morphology as
cells became more elongated with increasing stiffness, as well as the appearance of the
smooth muscle markers a—SMA and calponin.[132]

The transition of ECs to a mesenchymal-like phenotype produces corresponding changes in
cellular biomechanical properties. Sancho et. a/. used overexpression of MSX-1, a mediator
of Bone Morphogenetic Protein 2 (BMP2)signaling,[*33] in transfected HUAECs to induce
EndMT. The transition was confirmed by reduced expression of CD31 and VVE-cadherin and
up-regulation of stem cell markers CD10 and CD90 and mesenchymal markers FSP-1, a-
SMA, and Slug, as well as morphological elongation and flattening. MSX-1 overexpressing
cells disassembled VE-cadherin and ZO1-stained cell-cell-junctions and became more
polarized. These cells redistributed vinculin focal adhesions to the cell periphery at the ends
of newly developed stress fibers. According, cells became stiffer as compared to controls.
Using an AFM-based technique to quantify the difference between detachment force for
single cells, compared to those in a monolayer, the group determined that MSX-1-induced
EndMT reduced intercellular adhesion strength.[134] This is consistent with the observed
cytoskeletal remodeling and reorganization of adhesions. Together, these and other studies
point towards a link between matrix rigidity, cell stiffness, intracellular tension, and EndMT.
In support of this connection, TGF-p activation of Smads activated Rho signaling to promote
expression and nuclear accumulation of MRTF which lead to EndMT in mouse pancreatic
microvascular ECs.[111]

As established in previous sections, RhoA signaling is enhanced in ECs on stiffer substrates.
[85] RhoA activation by TGF-p and stiffness-induced nuclear twist accumulation are each
drivers of mesenchymal transition in epithelial cells,[131.135] suggesting the possibility of
similar mechanisms in EndMT. High stiffness also promotes activation of YAP/TAZ in
vascular cells, [136] which interact with Snail and Slug in skeletal stem cells and regulate
TGF-B/Smad signaling in fibroblasts.[137] While there may be also be relationship between
spatial patterning cues and EMT via cytoskeletal organization,[*38] more work would be
needed to establish a definitive correlation in EndMT. Novel strategies for /n-vitro
recapitulation of EndMT, real time imaging of population transition dynamics, and studies
of functional changes such as gain of contractile ability or loss of monocyte adhesiveness in
addition to expression of cell markers may help to dissect the molecular mechanisms
responsible for endothelial plasticity as well as the critical roles of mechanical stimuli. [125]

Engineering and Vascular Grafts

Cardiovascular disease is globally responsible for millions of deaths each year, with
coronary artery occlusion representing roughly half of this number.[23%] Viascular grafts can
be used to bypass narrowed and obstructed vessels, and hundreds of thousands of these
surgeries are performed each year in the United States.[14%] Viascular grafts are commonly
taken from another part of the patient’s vasculature, such as the saphenous vein. However, a
suitable replacement vessel is not always guaranteed, and the autologous graft may itself be
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dysfunctional or prone to atherosclerosis. Mechanosensing also appears to play a role in
failure of autologous grafts, for example by YAP/TAZ activation or Erk1/2 signaling.[141:142]
Tissue engineered vascular grafts (TEVGs) may be used as alternative bypass conduits, but
these approaches have not yet reached the success of autografts.[13%] Major challenges in the
performance of small diameter synthetic vascular grafts include thrombosis and intimal
hyperplasia, or thickening of the tunica intima. These are generally caused by lack of a
protective endothelium and a mismatch in mechanical properties between the graft and
native vessel.[243] The inability to recapitulate these features often results in graft failure and
low patency. Therefore, much focus has been placed on developing TEVGs which permit
endothelialization of the surface while retaining mechanical integrity and compliance.[144]

In 1999, Niklason and Langer introduced the concept of pre-conditioning TEVGs with
mechanical stimulation. They applied pulsatile flow for 8 weeks to bovine aortic SMCs
seeded on biodegradable polyglycolic acid (PGA) scaffolds within bioreactors, then seeded
BAECs on the inner lumen and continued to flow media at low 0.01-0.03 Pa shear for 3
days. The resulting engineered vessels showed greater rupture strength, suture retention, and
more closely resembled the architecture of native vessels as compared to non-pulsed
controls. Pulsed vessels implanted into the right saphenous artery of Yucatan miniature
swine remained free of narrowing, while non-pulsed vessels developed thrombosis by three
weeks. Several similar strategies have since emerged using biomimetic flow to improve graft
mechanical properties.[14°]

A multilayered 6-mm diameter graft consisting of three cell types isolated from bovine
aortas was subjected to flow replicating that of aortic circulation, with pulsatile pressure and
flow of 120/80mmHg and 1.4/0.2 L min~1, respectively. ECs were seeded on the lumen of a
6 mm diameter tube consisting of SMCs and fibroblasts wrapped in polycaprolactone (PCL)
and polyglycolic acid (PGA) sheets. ECs spread across the lumen and aligned with flow
direction. These grafts had suitable rupture strength (827 kPa vs 882 kPa for native vessel)
and elastic modulus (3.75 MPa vs 3.31 MPa for native vessel), with elastin production
approaching that of native arteries.[146] Multilayered grafts containing synthetic human
elastin and PCL exhibited similar elastic behavior and suitable burst pressures to internal
mammary artery samples, as well as minimized coagulation and platelet adhesion and
promoted EC attachment.[147]

While much focus has been placed on improving the graft bulk mechanical properties,
scaffolds may also incorporate passive spatial cues to direct endothelial function. Suturable
poly(vinyl alcohol) hydrogel (PVA) tubes with 2um luminal gratings improved
endothelialization and reduced thrombotic occlusion as compared to non-patterned grafts.
[148] Electrospinning is a powerful tool commonly used to generate fibrous scaffolds
mimicking the architecture and topography of native extracellular matrix,[249 and may be
supplemented with further spatial patterning. Electrospun polyurethane (PU) scaffolds with
longitudinally aligned 3.6 um ridges of 0.9 pm height patterned on the luminal surface had a
physiologically relevant longitudinal elastic modulus of 0.43 MPa. BAECs formed confluent
monolayers with individual cells aligned along the grooves and remained responsive to
TNF-a stimulation.[t30] Pressed fibrous hyaluronan mats promoted adherence and
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monolayer formation of human saphenous vein ECs over a 20 day period, as well as
deposition of laminin, fibronectin, and collagen types IV and VI111.[251]

A large number of studies have demonstrated the potential of nanofibrous scaffolds in
stimulating endothelial adhesion, proliferation, and functional gene expression.[152]
Recently, however, Dong et. al. reported a smooth graft surface for enhanced
hemocompatibility. HUVECs on smooth ultrathin PCL membranes showed reduced platelet
adhesion and activation, quicker migration, enhanced monolayer formation and NO
production as compared to randomly oriented nanofibrous (0.61 um diameter) or
microfibrous (9.9 um diameter) substrates. Acellular hybrid vascular grafts with a smooth
inner layer and a fibrous electrospun outer layer reduced thrombosis, platelet adhesion, and
infiltration of plasma proteins in an arteriovenous shunt assay as compared to those with
fibrous lumens.[233] Varied reports on the optimal degree of topographical patterning along
with a diverse selection of reported materials may underscore the need for a more
mechanistic approach.[!54] A greater understanding and consideration of cell-substrate
interactions in endothelial cell mechanobiology should facilitate rational design of effective
tissue engineered scaffolds (Figure 4). It should be noted that this article covers a limited
selection of approaches for tissue engineered vascular grafts, which have been reviewed in
greater detail elsewhere. [139.155]

5. Future Outlook and Conclusion

ECs regulate the vascular environment by responding to a wide range of biophysical cues,
including mechanical forces imposed by blood flow, passive properties of the ECM, and
dynamic intercellular interactions. Accordingly, EC mechanosensing has contributed to our
understanding of the progression of vascular diseases such as atherosclerosis. Although
mechanotransduction has drawn the attention of numerous studies in recent years, further
investigations are required to better understand the specific mechanosensing mechanisms by
which ECs interpret complex signals in the vascular environment. Firstly, more complete
and rigorous characterization of /n-vivo mechanical properties is needed. This will require
new tools and standardization of measurement techniques for both cell and substrate
properties.[38] These results will inform the development of better engineered in-vitro
biomimetic microenvironments.

Microfluidic organs-on chip can be used to study the synergistic effects of complex
mechanical cues as well as co-culture with different cell types (e.g. smooth muscle cells and
fibroblasts) on EC function.[156] Cell-cell interactions and biophysical signals present within
these culture systems can reveal insights not apparent in simplified models.[157:158] Given
the importance of substrate stiffness and shear stress in dictating EC mechanosignaling and
function, future studies of endothelial mechanobiology would be well-advised to incorporate
these stimuli at physiologically relevant levels. Ultimately, these biomimetic microsystems
should allow for controlled application and quantification of mechanical perturbations on
multiple scales. Platforms that facilitate advanced imaging and computational tools will feed
into models of signal transduction linking the cytoskeleton to the nucleus and allow us to
probe the mechanisms by which ECs translate physical cues into changes in behavior, gene
expression, and epigenetics.
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Unraveling the complexity of synergistic mechanical, biochemical and intercellular cues will
require contributions from diverse disciplines from systems biology to biofabrication and
biomaterials. The knowledge gained can be applied to disease models that enable the
dissection and manipulation of dynamic pathological processes such as EndMT as they
unfold. This can be further translated to the clinic through therapeutic targeting of
mechanosensitive pathways implicated in vascular dysfunction, or by better replication of
the in-vivo environment for tissue engineering and regenerative medicine.
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Figure 1. A complex, organized mechanotransduction system integrates mechanical signalsin the
endothelial environment.

Components of the mechanosensory network include ion channels, the glycocalyx, cell-
ECM adhesions, intercellular junctions, and the cytoskeleton.
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Figure 2. Endothelial monolayer responsesto fluid shear stress.
A. Bovine aortic endothelial cells (BAECS) in a confluent monolayer under static conditions

(left) exhibit a polygonal configuration with no preferred orientation. ECs exposed to 16
hours of turbulent 0.15 Pa flow (middle) show variable cell shape, lack of alignment, and
significant cell rounding. Monolayers after 24 hours of exposure to 0.8 Pa laminar flow
(right) show alignment with the direction of flow, indicated by the arrow. Adapted with
permission from [69]. B. Representative atheroprotective (left) and atheroprone (right)
waveforms were generated from computational simulations of flow patterns in human
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carotid arteries. C. HUVEC cytoskeletal organization after 24h exposure to static (left),
atheroprone (middle), or atheroprotective (right) waveforms generated using a dynamic cone
and plate flow system. Atheroprone waveforms enhanced NF-xB nuclear translocation.
B&C Adapted with permission from [1591. Copyright 2004 National Academy of Sciences.
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Figure 3. Aligned nandfibrillar collagen filmsregulate proliferation, inflammatory properties,
junctional thickness, and cytoskeletal organization in primary human dermal microvascular ECs
despite exposure to spatially varying fluid shear stress.

A. Randomly-oriented vs. parallel-aligned nanofibrillar collagen films generated by shear-

mediated extrusion. B. Aligned scaffolds downregulate expression of ICAM-1, an
inflammatory adhesion molecule. C. Aligned scaffolds reduce the fractions of Ki67
expressing cells, indicating reduced EC turnover. D-F. Aligned scaffolds promote CD31
junctional thickness (D), cytoskeletal organization and elongation along the direction of
anisotropy (E), as shown by merged images (F). Adapted with permission from [74].
Copyright 2016 American Chemical Society.
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Figure 4. Mechanical forcesand extracellular matrix properties provide essential cuesto
regulate the process of endothelial-to-mesenchymal transition.

The knowledge gained can inform the design of tissue-engineered vascular grafts.
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Passive mechanical and geometric cues derived from extracellular matrix interactions direct endothelial cell
(EC) behavior and function

Mechanical Stimulus

Cell Type

Stimulus Parameters

Results

Reference

Micropatterning
Micropatterning

Micropatterning

Micropatterning

Topography

Topography

Topography

Topography

Topography and shear
flow

Substrate stiffness

Substrate stiffness

Substrate stiffness

Substrate stiffness

Bovine capillary EC

Bovine capillary EC

Bovine aortic EC

Bovine capillary EC

Rat aortic EC

Endothelial progenitor cell

Primary human dermal
microvascular EC

Human umbilical vein EC

Primary human dermal EC

Human umbilical vein EC

Primary porcine EC

Human umbilical vein EC

Bovine aortic EC

Square patterns, 75 to 3000
pm?

10 and 30 pm-width lines

15, 30 and 60 pm-width lines

Square and round patterns,
900-2500 pm?

Titanium grooves, ~150—
300nm height, 750nm to
100um spacing

Parallel grooves and ridges,
600 nm-width

Aligned or randomly oriented
collagen fibrils

Aligned electrospun hyaluronic

acid-based fibers

Aligned nanofibrillar collagen
and spatially varying flow up to
2.5Pa

1.72 to 21.5 kPa
polyacrylamide (PA) gels

4, 14, and 50 kPa PA gels

1.2 to 90 kPa PA gels

3.5to 10 kPa PA gels

Increased DNA synthesis and
reduced apoptosis with greater
spreading

Capillary tube formation and
ECM fibril remodeling on 10 um
columns

Greater elongation and alignment,
reduced spreading, higher
migration speeds, and more
persistent directional migration
on 10 um columns

Diagonally-oriented F-actin stress
fibers on square patterns,
preferential protrusions from
corners, ROCK/myosin
dependent

Greater alignment and elongation
and reduced time to confluency
with decreased periodicity

Reduced proliferation and
enhanced directional migration
compared to flat substrates,
enhanced capillary tube
formation

Distinct focal adhesion
organization, greater alignment,
and quicker migration along fiber
direction for aligned collagen

Fiber orientation dominated over
chemical VEGF gradient for
instruction of cell migration

Elongation and migration along
fibers even when orthogonal to
flow direction, reduced monocyte
adhesion and ICAM-1
expression, reduced turnover,
enhanced CD31 thickness and
continuity

Soft gels: rounded cells,
peripheral actin Stiffer gels:
spread and spindle-like cells,
increased proliferation, more F-
actin stress fibers, higher RhoA
activity and activation of 3
integrins

Soft gels: highest junction
integrity Stiff gels: furthest
migration, alignment of deposited
ECM

Increased baseline contractility
on stiffer gels; increased gap
formation and ROCK activity
with thrombin especially on

stiffer gels

Increased permeability to dextran
dye with increased stiffness
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[70]

71

[72]
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[85]
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Mechanical Stimulus

Cell Type

Stimulus Parameters

Results

Reference

Substrate stiffness

Substrate stiffness

Substrate stiffness

Substrate stiffness

Substrate stiffness

Substrate stiffness

Substrate stiffness and
shear flow

Human pulmonary aortic EC

Human umbilical vein EC

Bovine aortic EC

Bovine aortic EC

Human blood outgrowth EC
and Human umbilical vein EC

Human umbilical vein EC co-
culture with human
mesenchymal stem cell

Bovine aortic EC

1.1 and 40 kPA PA gels, glass

0.42 to 280 kPA PA gels

Heterogenous hyaluronic acid-
based gels, checkerboard
pattern of 2.2 and 10.3 kPa
regions

1.7 and 9 kPa 2D PA gels; 125
and 500 Pa 3D collagen gels

Floating and constrained 3D
collagen gels

3D collagen/fibrin gels

100 Pa and 10 kPa PA gels; 0.6
to 2.2 Pa shear

Greater increases in cell stiffness
with VE-cadherin activation by
magnetic twisting on softer gels;
increased focal adhesion
formation with bead twisting,
monolayer stress, and
susceptibility to gap formation on
stiffer substrates

Greater fraction of transmigrating
neutrophils on stiffer gels with
TNF-a stimulation, reduced
transmigration with contractility
inhibition
Large focal adhesions on stiff
regions; larger and more frequent
gaps in VE-cadherin junctions
with increased heterogeneity

Greater cell stiffness on top of
and embedded within stiffer gels

Optimal ratio of effective gel
stiffness and contractility
supported enhanced capillary
morphogenesis

Decreased vessel formation with
increased stiffness

Higher shear required for
alignment with flow on softer
gels; greater impact of shear on
cell spreading on softer gels;
spreading blocked by hyaluronan
disruption

[53]

[90]

[92]

[160]

[161]

[162]

[93]
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Active mechanical stimuli experienced by endothelial cells (ECs) under hemodynamic conditions modulate
cell behavior and function

Mechanical Stimulus

Cell Type

Stimulus Parameters

Results

Reference

Shear flow

Shear flow

Shear flow

Shear flow

Shear flow

Shear flow

Stretch

Stretch

Stretch

Stretch

Stretch

Stretch

Bovine aortic EC

Bovine aortic EC

Bovine aortic EC

Human umbilical vein
EC

Bovine aortic EC

Human umbilical vein

Bovine capillary EC

Bovine aortic EC

Human aortic EC

Bovine aortic EC

Human umbilical vein
EC

Human umbilical vein
EC

1.52 Pa, unidirectional, laminar

2 Pa, unidirectional or alternating
directions with 30min interval

Turbulent, 0.15 Pa check

Disturbed flow in step channel:
stress fluctuations and high shear
gradients

Oscillatory flow, 1Hz, 0.05 + 0.4
Pa

Unidirectional, laminar, 0.72 Pa

Static 15% strain

7 and 24% cyclic stretch, 1Hz

10% cyclic stretch

6-10 and 20% cyclic stretch, 1
Hz

10 and 20% cyclic stretch, 1 Hz

7% cyclic stretch

Elongation and orientation along flow
direction, stress fiber formation

Cytoskeletal reorganization precedes
alignment, periodically alternating flow
reduces alignment

Cell rounding, DNA synthesis,
monolayer gap formation

Cell rounding, DNA synthesis

Intermittent VE-cadherin along cell
junctions

Nucleus pushed downstream, cells
polarized against flow

Calcium influx within 5 seconds of
stretch, SA channel activation of PI3K
and 1 integrins leading to
reorganization

Phosphorylation and redistribution of
focal adhesion kinase and vinculin with
strain leading to alignment
perpendicular to stretch

Alignment along direction of minimal
substrate deformation (i.e.
perpendicular to uniaxial stretch or 70
degrees from direction of simple
elongation)

Increased TNF-a-mediated cell death
for 20% strain

Increased TNF-a production with
stretch, increased MMP-2 and
MMP-14 levels with 20% stretch

Enhanced directional migration, sprout
formation, and production of
angiogenic factors

[58]

[56]

[60]

[61]

[62]

[64]

[102]

[101]

[99]

[100]

[95]

[163]
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