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ABSTRACT

The potential for fibrosis across most organ systems may stem from connections to wound healing and the widespread presence
of vascular endothelium. Endothelial cells (ECs) and angiogenesis have been heavily implicated in many organ-specific fibrotic
conditions, but little has been established in terms of how EC phenotype governs tissue healing vs. fibrosis. Here, we examined
a murine lung injury model enabling EC lineage tracing and observed the invasion of aberrant ECs from the bronchial
microvasculature following injury, along with concurrent densification of surrounding extracellular matrix fibers. To investigate
mechanisms governing their appearance, we established a microphysiological system of human microvessels embedded within a
tunable stromal matrix and found that heightened fiber density drives endothelial to mesenchymal transition to promote aberrant
tip EC (ATEC) invasion into the matrix. ATECs remained adherent to fibrotic matrix and possessed a pro-inflammatory phenotype
that secretes TGF-32. Mechanistically, we identify ATEC formation was gated by destabilization of EC adherens junctions upon
adhesion to fibrous matrix and associated regulation of TGF-f signaling through a novel VE-cadherin - TGF-BR2 interaction.
Altogether, this work identifies how enhanced fiber density associated with fibrogenesis regulates EC phenotype to generate
pro-inflammatory ATECs and suggests new contributions of ECs to fibrotic progression.
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1 | Introduction

Fibrotic tissue remodeling across many tissues and organ systems
is often characterized as a persistent or excessive wound healing
response. While myofibroblasts (MF) have been regarded as the
direct cellular driver of fibrotic matrix remodeling and therefore
primary focus of therapeutic targeting to date, accumulating
evidence has highlighted the role of other cell types includ-
ing endothelial cells (ECs), epithelial cells, and immune cells
including macrophages as additional contributors [1]. ECs and
the angiogenic process are central to wound healing; as such,
it is plausible that changes to the extracellular matrix (ECM)
in a fibrotic microenvironment may derail the EC angiogenic
response from acting to restore tissue homeostasis to instead
promoting disease-driving cell function and associated signaling.

Supporting the involvement of ECs in fibrosis, histological
examination of various murine models of fibrosis has consis-
tently revealed microvascular abnormalities, but the direction
(increased vs. decreased vascularity) [2-4], underlying mecha-
nisms, and role of these changes in driving fibrosis have not been
established. In vivo lineage tracing in various murine models
of fibrotic disease (e.g. cardiac, cancer, lung, liver, and kidney)
suggest as many as 30% of myofibroblasts may originate from EC
precursors that undergo endothelial to mesenchymal transition
(EndMT) prior to myofibrogenic differentiation [5-11]. Addition-
ally, angiocrine signaling from ECs have been shown to control
a switch between tissue regeneration vs. fibrotic progression in
acute injury models of lung and liver fibrosis [12-14]. Fibrosis
consistently involves progressive increases in matrix density and
crosslinking which alter or impair parenchymal cell function,
ultimately leading to organ failure. However, it remains unclear
if and how these biophysical changes to the ECM influence EC
signaling and function after tissue injury and in fibrotic diseases.

Observations consistent across in vivo and in vitro models of
angiogenesis support a critical, initiating step of EC activation fol-
lowed by the invasion of tip cells into the surrounding interstitial
matrix that lead multicellular sprouts to extend capillaries. Given
clear parallels to epithelial cell invasion enabled by epithelial-
mesenchymal transition, previous work has implicated EndMT
in the initiation of angiogenesis [7, 15-18]. A separate body of
work suggests ECs can directly contribute to fibrosis in vitro and
in multiple organ systems via EndMT and subsequent myofibro-
genesis [10, 11, 19-26]. The established central role of MFs along
with evidence that EndMT induces a multipotent EC phenotype
has led many to explore whether ECs drive fibrotic progression
by transdifferentiating into bona fide MFs (i.e. possessing a-
smooth muscle actin™ F-actin stress fibers). However, the varied
identification of these cells in different organ fibroses despite
consistent vascular abnormalities raises the question of whether
ECs may drive fibrosis through alternative, yet equally important,
mechanisms.

Previous work on EndMT has largely focused on biochemical and
genetic mediators [10, 11, 19-23], however studies of epithelial-
mesenchymal transition indicate that physical ECM cues can
potently modulate the impact of such signals [27-30]. A parallel
but currently unexplored concept may extend to EndMT and
the angiogenic response, which is supported by observations
that angiogenesis is highly sensitive to physical properties of the

surrounding ECM [31-34]. Interestingly, critical to angiogenesis
is the dynamic regulation of vascular adherens junctions (AJs),
which mechanically stabilize EC-EC connections and directly
regulate effector signaling pathways governing EC fate and behav-
ior [35, 36]. Further, biochemical and mechanical cues mediate
signaling at EC-ECM adhesions which in turn influence the
assembly and stability of EC AJs. Thus, dissecting the potential
relationship between physical and soluble microenvironmental
cues that may underlie EC fate and function requires inte-
grative systems that can sufficiently replicate the native tissue
microenvironment while providing experimental control.

Informed by observations in the murine bleomycin lung injury
model, here we integrated tunable fibrous hydrogel compos-
ites and microphysiological systems to explore the influence
of fibrotic matrix (i.e. heightened perivascular fiber density)
on arteriole/venule-scale microvascular endothelium and inves-
tigated how EC-ECM interactions modulate the activation of
quiescent microvessel ECs into invasive and aberrant tip ECs
(ATECs). We demonstrate heightened fiber density via EC
mechanosensing destabilizes EC AJs, diminishes vascular barrier
function, and simultaneously increases ATEC formation via
EndMT. Using unbiased proteomics, we identify fiber-induced AJ
destabilization decreases a VE-cadherin — TGFS-R2 interaction
which underlies fiber-mediated enhancement of EC TGF-S sig-
naling. Further, transcriptomic and secretomic characterization
of ATECs revealed that these cells transition toward a secretory,
pro-inflammatory phenotype, and are additionally a significant
source of TGF-B2, a key pro-fibrotic growth factor that may act
on macrophages, fibroblasts, but also ECs resident to parental
vasculature [10, 21]. Indeed, exposure of parent vessel endothe-
lium to TGF-B2 leads to heightened EC apoptosis as a function
of perivascular fiber density, consistent with observations of
arteriolar/venular EC apoptosis in the bleomycin mouse model.
Together, our studies describe how changes in perivascular
ECM fiber density destabilize EC AJs, promote EndMT, and the
formation of inflammatory and pro-fibrotic ATECs. Furthermore,
this work provides evidence for a fibrotic feedforward cycle
mediated purely by ECs that may act in parallel or synergistically
with myofibroblast driven fibrotic activity.

2 | Results

2.1 | Characterization of EC Expansion in a
Murine Model of Pulmonary Fibrosis

To track the location and morphology of pulmonary ECs during
injury-induced lung fibrogenesis, we developed a 3D lung tissue
imaging pipeline combining a genetically engineered mouse
model enabling EC lineage tracing, precision cut lung slices
(PCLS, 200 pm thick), optical clearing methods, and volumet-
ric confocal imaging. Adult male Tie2-Cre/mTmG, where Tie2
(TEK)-driven Cre recombinase activity drives a permanent switch
from membrane-localized tdTomato to GFP expression, were
administered a single intratracheal instillation of bleomycin (0.04
U/mouse) to induce lung injury and initiate fibrotic remodeling
(i.e. matrix deposition and crosslinking), which typically peaks
in severity after 2-3 weeks. (Figure 1a). Following cardiac per-
fusion and lung extraction, PCLS were sectioned by vibratome
and cleared using the CUBIC method [37], immunostained
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FIGURE 1 | Emergence of aberrant ECs in the bleomycin lung injury model. (a) Breeding strategy and study timeline for EC lineage tracing during

bleomycin injury-induced lung fibrogenesis. (b) Pipeline for 3D imaging of lung tissue. Representative low magnification whole-lobe tile-scan images
and high magnification single z-slice images of peribronchial vasculature in (c) uninjured control lung and (d) bleomycin-treated lung tissues 21 days
post-injury. Movie S1: same image set presented as a slice-through movieshowing multiple vessels and abundant single ECs. (e) Representative high
magnification single z-slice images (left, middle) and 3D rendering (right) depicting cross-sectional and longitudinal views of bronchial vasculature
from day 21 bleomycin treated mice. Yellow arrow heads mark individualized Tie2-Cre-GFP positive cells expressing aSMA. BA: bronchial arterioles,

BV: bronchial venules, BE: bronchial epithelium. Movie S2, S3: same image sets presented as slice-through movies.

for a-smooth muscle actin (aSMA), counterstained with DAPI
and Alexa Fluor succinimidyl ester (AFSE, which fluorescently
labels all amine-containing ECM and cellular proteins), and
imaged by laser-scanning confocal microscopy (Figure 1b). Low
magnification tile-scan imaging of entire lung sections across
healthy control (day 0) and tissues at the peak of the fibrotic
response (day 21) revealed marked changes in GFP* EC and
aSMA* MF density resulting from bleomycin-induced lung
injury. In control lungs, EC density within alveolar regions
was uniform and aSMA expression was restricted to smooth
muscle cell linings of airways and larger-scale vasculature
(Figure 1c). In contrast, bleomycin injured lungs revealed het-
erogeneously distributed regions of densified ECs and regions
enriched for aSSMA* MFs both proximal to central bronchial

airways as well as in the distal lung (Figure 1d and Movie
S1).

Higher magnification confocal imaging revealed intriguing
changes specific to the bronchial microvasculature (50-200 pm
diameter, thereby excluding capillaries) and the perivascular
ECM supporting these vessels (Figure 1d,e and Movies S2 and S3).
Bronchial arterioles (BA, identified by the presence of an a-SMA™*
smooth muscle cell lining in large vessels proximal to bronchi)
consistently possessed a surrounding fibrous matrix, as visualized
by AFSE-labeling, which typically radiated outward from the BA.
Bronchial veins (BV) appeared proximal to BAs, lacked smooth
muscle cell investment, and typically possessed a markedly
thinner vessel wall [38]. This structural difference likely reflects
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the distinct pressures experienced by the bronchial arterial and
venous systems. Bronchial arterioles originate from the high-
pressure system circulation and therefore contain smooth muscle
and adventitial support that enable them to withstand pulsatile
blood flow and regulate vascular tone. In contrast, bronchial
venules return blood at much lower pressure. Three weeks after
bleomycin-induced injury, perivascular fiber density increased
around BA/BVs and numerous GFP* ECs were found to be
embedded within this densified ECM. Interestingly, these ECs
did not constitute multicellular sprouts typically associated with
angiogenesis, but instead appeared as dispersed, individualized
cells lacking intercellular connections. A subpopulation of these
ECs found proximal to BAs/BVs were additionally a-SMA*
(Figure 1d,e, yellow arrows), suggestive of EndMT, although
high magnification imaging revealed an absence of a-SMA local-
ization to stress fibers and instead diffuse staining throughout
the cytosol. As macrophages have also been shown to express
Tie2 [39, 40], we immunostained for pan-monocyte/macrophage
marker F4/80 and confirmed that the majority of GFP* cells
(including those that were dually GFP* and aSMA™) were not
macrophages (Figure S1 and Movies S4 and S5).

Overall, these studies indicate that following lung injury, the
density of perivascular matrix fibers increases surrounding
arteriole/venule-scale bronchial vasculature and concurrently, a
population of aberrant ECs that lack intercellular connections
appear and adhere to the perivascular matrix. Whether these two
observations are linked, and if so, how ECM fiber density may
regulate EC signaling and behavior remain unknown. Given the
high degree of spatiotemporal heterogeneity in tissue response to
bleomycin-induced injury and the fact that there are no means to
directly modulate ECM fiber density in vivo, we turned to in vitro
biomaterial and microphysiological system (MPS) approaches to
answer these questions.

2.2 | Heightened Matrix Fiber Density Induces
Formation of Aberrant ECs in the Absence of
Soluble Cues

To test whether perivascular matrix fiber density modulates a
switch between EC quiescence vs. activation and subsequent
invasion, we integrated a previously established multiplexed MPS
containing perfusable arteriole/venule-scale microvessels [41-43]
with tunable, hybrid natural-synthetic hydrogel-fiber composites
previously established by our group for modeling interstitial
or stromal matrix [44-46]. Each MPS contains two parallel
microchannels (@ = 140 uym) fully embedded within a user-
defined hydrogel, with each channel terminating in individually
addressable media reservoirs (Figure 2a). Here, we used fibrin
(10 mg/ml), a naturally derived hydrogel commonly employed
to model ECM during wound healing [47] which is known to
leak from hyperpermeable vasculature and accumulate in the
extravascular space during lung injury and fibrosis [48]. One of
each pair of channels was seeded with ECs, which self-assembled
into a patent, arteriole/venule-scale parent microvessel overnight
(16 h post cell seeding) possessing VE-cadherin-enriched AJs and
low vessel wall permeability [43].

Chemokines can be added to the adjacent, unseeded channel
to generate a diffusive chemoattractant gradient that drives

endothelial tip cell formation and subsequent angiogenic sprout-
ing (Figure 2a) [41-43]. To confirm that this platform enables
a robust, quantitative assessment of tip cell formation, we
introduced a well-established EC chemoattractant, sphingosine-
1-phosphate (S1P) [43, 49], to the chemokine channel at varying
concentrations. Indeed, the number and invasion depth of invad-
ing tip cells increased as a function of S1P concentration and
resulting gradient strength (Figure 2b-d), establishing a robust
assay and quantitative metrics for subsequent studies. Our prior
work demonstrates that balance between a chemokine gradient
(S1P) and mitogen are required for multicellular sprout invasion
leading to the formation of perfusable capillaries and that changes
in matrix density can lead to the invasion of single ECs that fail to
form functional vasculature [43, 33].

Individual microenvironmental cues presented by fibrin hydro-
gels are challenging to decouple and orthogonally tune (e.g.
hydrogel stiffness, adhesive ligand density, and porosity all
vary as a function of fibrinogen density). Furthermore, our
above characterization of increased density of perivascular fibers
revealed matrix fibers with multi-micrometer diameters far
greater than the <200 nm diameters characteristic of fibrin
[50] (Figure 1). Thus, we implemented our recently established
composite hydrogel approach where a natural or synthetic bulk
hydrogel can be combined with chemically and mechanically
defined synthetic fiber segments that possess the geometry and
mechanics of collagen fibrils prominent in the interstitial ECM
of patients with idiopathic pulmonary fibrosis and other forms of
interstitial lung disease [45]. Cell-adhesive fiber segments were
generated via electrospinning of a synthetic polymer solution,
dextran vinyl sulfone (DexVS), followed by segmenting fibers
to defined lengths, and functionalization with the cell-adhesive
peptide RGD. DexVS fiber segments were then incorporated into
the fibrin hydrogel precursor solution at controlled v/v % to define
the fiber density (0-2 v/v %) of the resulting hydrogel composite
(Figure 2e). Modulation of DexVS-RGD fiber density did not alter
the stiffness of the bulk fibrin hydrogel as measured by AFM
nanoindentation (Figure 2f), but likely influences local, cell-scale
mechanics given that these fibers individually are considerably
stiffer than bulk fibrin [42, 51]. In prior work employing this
composite approach, we demonstrated that heightened fiber
density promotes myofibroblast activation and fibrogenic activity
of encapsulated fibroblasts, in contrast to simply increasing the
density or crosslinking/stiffness of an amorphous bulk hydrogel
that lacks fibrous microstructure [45]. Here, we employed this
approach to examine whether perivascular matrix fiber density
modulates the activation of quiescent ECs into invasive tip cells.

Additionally, to model the matrix fiber alignment characteristic of
the perivascular matrix observed in our in vivo studies (Figure 1),
we adopted a flow-induced fiber alignment methodology previ-
ously utilized for aligning collagen fibrils within type 1 collagen
matrices [52, 53]. To generate fiber alignment perpendicular to
the long axis of the parent vessel (90° alignment) as we observed
in vivo, the hydrogel precursor solution was injected orthogonal
to inserted channel-molding needles to generate a fluid flow
profile that aligns fibers radially with respect to the eventual
vessel (Figure 2g). To align fibers parallel to the long axis of
the parent vessel (0° alignment), hydrogel precursor solution
was first injected into the device and subsequent insertion of
acupuncture needles resulted in fluid flow profiles that aligned
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FIGURE 2 | Heightened matrix fiber density induces spontaneous tip cell formation in the absence of soluble cues. (a) Schematic of microvessel
microphysiological model and tip cell formation assay. (b) S1P-induced tip cell formation over 4-days within 10 mg/ml fibrin hydrogels as a function
of SIP concentration. Nuclei (magenta), F-actin (cyan), yellow dashed lines indicate parent vessel edge. (c) Quantification of number of tip cells (data
representative of N>3 replicate studies with n>5 fields of view analyzed per condition) and (d) tip cell invasion depth as a function of [S1P] (data
representative of N>3 biological replicates with n>7 invading tip cells per group). (e) 3D rendering of fiber-embedded fibrin hydrogels at varying fiber
density. Synthetic DexVS fiber segments (cyan), fluorescently labeled fibrin hydrogel (magenta). (f) Quantification of fiber density and Young’s modulus
as a function of input fiber stock volume. N > 3 individual hydrogels per group. (g) Flow-induced fiber alignment perpendicular (0°) or parallel (90°)
to the long axis of the parent vessel. (h) Fiber-induced tip cell formation (without SIP added to the chemokine channel) over 4-days within 10 mg/ml
fibrin hydrogels and indicated fiber density (FD). Nuclei (magenta), F-actin (cyan), fibers (white), yellow dashed lines indicate parent vessel edge. (i)
Quantification of number of tip cells (data representative of N>3 replicate studies with n>8 fields of view analyzed per condition) and (j) tip cell invasion
depth as a function of fiber density (data representative of N>3 replicate studies with n>4 invading cells analyzed per condition). Blue indicates 90°
fiber alignment. All experiments were conducted with HUVECs. All data presented as means + standard deviations; * indicates a statistically significant
comparison with p<0.05 (one-way analysis of variance).

the fibers in the direction of needle insertion (i.e. parallel to even- migration. To our surprise, however, we found that despite the
tual parent vessels). Prior to cell seeding, microchannels were absence of any exogenous soluble gradient, heightened perivas-
coated with basement membrane proteins (Matrigel) to establish cular fiber density (FD) was sufficient to drive an invasive EC
equivalent initial matrix ligand composition and topography for phenotype. Over 3 days, we observed a significant increase in ECs
ECs adhering to microchannel walls, despite variations in fiber detaching from the parent vessels as a function of fiber density
alignment and density in the surrounding matrix. Indeed, 16 h (Figure 2h-j). These cells invaded the surrounding matrix as
after EC seeding, parent vessels in non-fibrous control vs. fibrous individual, disconnected cells. We termed them aberrant tip ECs
fibrin hydrogels did not differ in vessel diameter, cell density, (ATECs) because their morphology resembled the leading tip
or permeability as assessed by fluorescently labeled dextran cells of an angiogenic sprout, but they completely lacked intercel-
diffusion across the vessel wall (day 1 control condition shown  lular adhesion characteristic of multicellular sprouts. This finding

in Figure 4a,b). suggests that physical cues from the matrix can independently
promote EC activation and invasion. The formation of ATECs
Angiogenic sprouting is typically driven by exogenous chemotac- proved highly dependent upon fiber orientation with respect to

tic gradients, such as VEGF, that drive EC activation and directed the parent vessel, as an equivalently high density (2% v/v) of
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fibers, but aligned parallel to the parent vessel axis (0° alignment),
resulted in virtually no EC invasion (Figure 2h-j). These results
strikingly demonstrate that both fiber density and alignment of
perivascular matrix fibers regulate the activation of ECs and their
subsequent invasion into the surrounding matrix, drawing clear
parallels to prior work on EMT and epithelial cell migration in
the context of cancer metastasis [54, 55].

The studies above employed human umbilical vein ECs as
a model EC due to their frequent use throughout the field
of vascular biology. To assess whether ECs specific to tissues
known to be susceptible to fibrosis would similarly respond to
densified, radially aligned fibers surrounding an arteriole/venule-
scale vessel, we performed identical studies with primary human
liver, lung, and dermal microvascular ECs. Heightened fiber
density led to increased ATEC formation and invasion in liver
and lung microvascular ECs (Figure S2a-c). However, dermal
microvascular ECs did not activate or invade to any degree. While
our synthetic matrix-like fibers are chemically and mechanically
defined, and thus highly tunable, their dextran-based compo-
sition is non-native to mammalian tissues; thus, we sought to
confirm whether a similar phenomenon occurred in response to
natural collagen fibers given that fibrotic tissue is rich in fibrillar
collagen. To do so, we adopted a recently established approach to
generating larger, micrometer-scale collagen fibers that possess
comparable diameters to collagen fibers observed in vivo (@ >
1 ym), in contrast to those comprising traditionally prepared
collagen hydrogels (@ = 250-500 nm) [45, 53]. Micrometer
scale collagen fibers were isolated and suspended within fibrin
hydrogels and identical studies as described above demonstrated
that collagen fibers also induced ATEC formation (Figure S3).
Bronchial microvessels observed in vivo were thin-walled with
maximally a single layer of smooth muscle cells; however,
perivascular cells including pericytes and smooth muscle cells
promote vascular stability and their interaction with ECs can be
disrupted during fibrogenesis. We therefore incorporated human
mesenchymal stem cells (MSCs), which are widely used to model
perivascular cells due to their transcriptional and functional
similarities to pericytes and smooth muscle cells, to generate
perivascular cell-invested microvessels. Despite the presence of
perivascular cells, heightened fiber density still induced ATEC
formation and interestingly led to perivascular cell divestment
and polarized migration into the surrounding matrix as compared
to non-fibrous controls (Figure S4).

2.3 | ATEC Formation due to Increased Interstitial
Fiber Density Involves Matrix Mechanosensing and
EndMT

EndMT has been previously implicated in the transition of
quiescent vessel-lining ECs into invasive tip cells [7, 11, 56]
and in separate work, associated with EC mechanosensing of
stiffened ECM [6]. However, prior studies primarily relied on
EC cultures on 2D substrates with tunable stiffness. In contrast,
angiogenesis is inherently a 3D process involving the proteolytic
invasion of ECs through a surrounding fibrous ECM. Thus, we
examined whether ECM fiber density similarly influenced EC
mechanosensing and EndMT in our 3D model. Invading ATECs
possessed thinner to nearly no AJs as evidenced by VE-cadherin
immunostaining, in contrast to the more robust maintenance of

AJs in adjacent ECs within the parent microvessel (Figure 3a).
Supporting an EndMT-mediated activation of tip cells, SNAI1
(Snail) immunostaining revealed overall heightened cytosolic
and nuclear SNAII localization in invading ECs compared to
lower SNAII intensity in parent vessel ECs (Figure 3c). Con-
sistent with these findings, ECs cultured on fibrous substrates
increased their expression of EndMT-associated genes (SNAII,
SNAI2, CDH2), while decreasing VE-cadherin expression in
contrast to controls on biochemically identical surfaces lacking
fibrous topography (Figure S5). YAP immunostaining revealed
similar expression levels and distribution to Snail. In the parent
vessel ECs (Figure 3b), YAP appeared diffuse and was largely
absent from nucleus, consistent with ECs in a quiescent state.
In contrast, invading ATECs possessing higher overall levels of
YAP and comparable distributions between cytosolic and nuclear
compartments.

Toward identifying critical cellular requirements for the activa-
tion and invasion of ATECs, we utilized a panel of pharmacologic
inhibitors targeting mechanosensing and EndMT-associated cell
functions. We tested requirements for matrix proteolysis and acto-
myosin contractility, both of which have been previously shown
to be gained by ECs that have undergone EndMT [10]. Treatment
with marimastat, a broad-spectrum inhibitor of MMP-mediated
proteolysis, decreased both the number of ATECs and their
invasion depth, as ECs were unable to degrade the surrounding
matrix and generate sufficient space for invasion (Figure 3d-
f). Treatment with a myosin II inhibitor (blebbistatin) or ROCK
inhibitor (Y-27632) decreased ATEC formation, in line with the
premise that actomyosin contractility is a key requirement for cell
migration in 3D and matrix mechanosensing (Figure 3d-f). As the
protrusions of invading ECs were observed to extend along fibers
(Figure 3a-c), we next tested whether direct integrin-mediated
adhesion to fibers was critical for ATEC invasion. Indeed, identi-
cal studies performed with fibers lacking RGD functionalization
resulted in reduced ATEC numbers and invasion distances
(Figure 3g-i), indicating that direct EC engagement to matrix
fibers is a requirement for ATEC formation. Lastly, recent studies
in addition to the studies described above have demonstrated
that fibrous matrices can modulate YAP/TAZ signaling in EC
monolayers to promote cell migration [57]. Providing further sup-
port for the involvement of YAP/TAZ signaling in EC activation
and invasion in this setting, treatment with dimethyl fumarate, a
potent although non-specific inhibitor of the YAP/TAZ signaling
pathway [58], decreased ATEC formation (Figure 3g-i). Overall,
these studies establish that proteolysis, actomyosin contractility,
cell-matrix adhesion, and mechanosensing through YAP/TAZ are
all required for the transition from EC quiescence to activation
and invasion into a surrounding fibrous matrix

2.4 | Fiber-Induced AJ Destabilization Decreases
Vessel Barrier Function and Promotes ATEC
Invasion

Taken together, our results demonstrate that ECs within
arteriole/venule-scale vessels sense heightened perivascular
fiber density, which promotes EndMT signaling to drive ATEC
formation from an otherwise quiescent endothelium. Although
microvessel morphology, cell density, and barrier function were
all equivalent on day 1, three additional days of culture led to a
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FIGURE 3 | Fiber-mediated ATEC activation and invasion share signaling and cellular functions previously implicated in EndMT and angiogenic
tip cells. (a—c) Representative confocal images (maximum intensity projections) depicting the differential localization of immunostained VE-cadherin
(a), YAP (b), and SNAII1 (c) invading ECs and ECs within the parent microvessel (red arrow) after 4 days of culture. Top row: nuclei (magenta), F-actin
(cyan), DexVS-RGD fibers (grey), yellow dashed lines indicate parent vessel edge. Bottom row: inverted grayscale images, magenta dashed lines indicate
boundaries of nuclei, yellow dashed lines indicate parent microvessel edge. (d-f) Representative images (d) of vehicle control (DMSO 1:1000 dilution),
marimastat (1 um), blebbistatin (30 um), or Y27632 (25 um) treated microvessels (treated over days 1-4 of culture) within fibrin + FD 2% hydrogels after
4 days of culture, along with corresponding quantification of the number of invading ECs (e: N=3 replicate studies with n>6 fields of view analyzed per
condition) and EC invasion depth (f: N=3 biological replicates with n>9 invading cells analyzed per condition. (g-i) Representative images (g) of vehicle
control microvessels with RGD-functionalized fibers (fibrin + FD 2%), control microvessels within fibrin + FD 2% hydrogel but where fibers that were
not functionalized to enable cell adhesion (No RGD, and dimethyl fumarate (100 nm) treated microvessels with RGD-functionalized fibers (fibrin + FD
2%) after 4 days of culture. (h,i) Corresponding quantification of the number of invading ECs (h: Data representative of N=3 replicate studies with n>4
fields of view analyzed per condition for number of tip cells (h) or n>7 invading tip cells per condition for cell invasion depth (i). Note that the number
of invading tip cells in conditions lacking RGD or with DMF treatment were exceedingly low. All experiments were conducted with HUVECs. All data
presented as means + standard deviations; * indicates a statistically significant comparison with p < 0.05 (one-way analysis of variance with Tukey’s
post hoc test).

5-fold increase in permeability for vessels exposed to a heightened
perivascular fiber density (FD 2%) as compared to controls (FD
0%), which retained low permeability throughout the duration of
study (Figure 4a—d). As increased vessel permeability and EndMT
signaling have both been associated with the destabilization of
VE-cadherin-based AJs [9, 59] we next examined whether EC
adhesion to a fibrous topography directly modulated AJs.

We assessed AJs via VE-cadherin immunostaining in confluent
EC monolayers cultured on ‘flat’ substrates (lacking fibrous
topography) as compared to ~2D substrates composed of iden-
tical fibers deposited on glass coverslips [51, 60]. In line with
our observations of decreased barrier function as determined
by microvessel permeability measurements, EC monolayers on
fibrous substrates were characterized by decreased overall VE-
cadherin intensity at AJs and VE-cadherin-containing AJ width

(Figure 4e,f). We next examined relative VE-cadherin stability
in response to fibrous topography by live pulse-labeling with a
non-perturbing, fluorescently tagged anti-VE-cadherin antibody
that binds to the extracellular domain of VE-cadherin. Relatively
higher intensity of pulse-labeled VE-cadherin would be indicative
of slower VE-cadherin turnover [61]. EC monolayers on a fibrous
topography possessed lower levels of pulsed anti-VE-cadherin
antibody intensity at AJs as compared to non-fibrous ‘flat’
controls (Figure 4e,f), suggesting that decreased junctional VE-
cadherin observed in EC monolayers on fibrous topography may
be due in part to increased turnover rates at which VE-cadherin
is internalized from AlJs.

VE-cadherin abundance at AJs appeared to be modulated by EC
interactions with a fibrous topography, and previous studies have
implicated AJ stability vs. disassembly to be critical determinants
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FIGURE 4 | VE-cadherin destabilization increases vessel permeability and ATEC activation. (a,b) Representative maximum intensity projection
images of microvessels with or without FD 2% cell-adhesive fibers after one day of culture (a) along with corresponding quantification of vessel wall cell
density and microvessel diameter (b). Data representative of N=4 replicate studies with n>24 fields of view analyzed per condition. (c) Representative
single z-slice (at mid-plane of microvessel) following fluorescent dextran perfusion on day 4 of culture. (d) Quantification of vessel wall diffusive
permeability of microvessels cultured for 1 or 4 days in FD 0% or 2% hydrogels. N = 4 biological replicates with n>12 fields of view analyzed per
condition. (e,f) Representative images (e) of EC monolayers cultured for 2 days on glass coverslips or electrospun DexVS fiber matrices along with
corresponding quantifications of VE-cadherin signal per cell, pulsed VE-cadherin signal per cell, and adherens junction (AJ) width as determined by
segmentation of VE-cadherin® cell-cell junctions (f). N=3 replicate studies with n>20 fields of view analyzed per condition for. Data representative of
N=3 replicate studies with n>20 fields of view per condition. (g,h) Representative images (g) of EC monolayers cultured for 2 days on fibrous matrices
treated with vehicle (PBS), VEGF (50 ng/ml), TNFa (50 ng/ml), or thrombin (2 U/ml) along with corresponding quantifications (h) of VE-cadherin signal
per cell, pulsed VE-cadherin signal per cell, and adherens junction (AJ) width as determined by segmentation of VE-cadherin™ cell-cell junctions. Data
representative of N=3 replicate studies with n>25 fields of view analyzed per condition. (i,j) Representative maximum intensity projection images (i) of
microvessels with FD 2% cell-adhesive fibers treated with vehicle (PBS), VEGF (50 ng/ml), TNFa (50 ng/ml), or thrombin (2 U/ml) after 4 days of culture
along with quantification (j) of vessel wall diffusive permeability and number of invading ECs. Data representative of N=4 replicate studies with n>6
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of EC quiescence vs. activation. To test whether destabilization of
AJs promotes fiber-induced ATEC formation, we next examined
ATEC formation after treatment of parent vessels with three
well-established vessel permeability agonists - VEGF, TNF«, and
thrombin, all of which have been implicated in the lung injury
response [62-64]. We first confirmed that previously reported
concentrations of VEGF, TNF«a, or thrombin decreased VE-
cadherin AJ localization, AJ width, and pulsed VE-cadherin
signal intensity when delivered to EC monolayers cultured on
‘flat’ substrates relative to vehicle control (Figure 4gh). As
expected, applying the same concentrations of the three perme-
ability agonists to microvessels in nonfibrous control hydrogels
(FD 0%) resulted in modest but significant increases in vessel wall
permeability, however EC invasion did not occur and microves-
sels remained morphologically identical to controls (Figure 4i,j
and Figure S6). In contrast, microvessels with heightened perivas-
cular fiber density (FD 2%) in combination with any of the three
permeability agonists resulted in significantly higher permeabil-
ity values relative to vehicle or nonfibrous control microvessels
(Figure 4i,j). Concurrent with these decreases in barrier function,
treatment with all three molecules led to increases in ATEC
formation as quantified by invading ECs above levels of vehicle
controls. To directly test the role of VE-cadherin in gating fiber-
induced ATEC formation, we examined an extreme scenario of
ECs completely lacking VE-cadherin by complete knockout of
VE-cadherin (VE-cadherin knockout, VECKO) via CRISPR-Cas9
editing (Figure S7). Microvessels formed from VECKO ECs in
matrices with heightened fiber density revealed heightened EC
invasion as compared to scrambled gRNA controls (Figure 4k,1).
Collectively, these results demonstrate that EC adhesion to matrix
fibers destabilizes VE-cadherin at AJs, thereby enabling ATEC
activation and invasion, an effect further exacerbated by lung
injury-associated mediators such as VEGF, TNF«, and thrombin.

2.5 | Transcriptomic Analysis of ATECs Reveals
EndMT Signaling and a Proinflammatory Phenotype

We next explored the EC transcriptome as a function of EC
organization (i.e. multicellular microvessels vs. isolated cells) and
engagement with a 3D fibrous topography with the goal of char-
acterizing differential gene expression and biological processes
characteristic of ATECs. For multicellular samples, mRNA was
harvested from pooled MPS microvessels cultured for 3 days
and normalized to a control consisting of a confluent monolayer
cultured on fibrin (Figure 5a-c). Given the limited number of
ATECs formed per MPS microvessel (~50) and our inability to
isolate them from ECs within microvessels, we modeled ATECs
(i.e.isolated ECs adhering to matrix fibers) at sufficient quantities
by embedding ECs in fibrous (FD 2% v/v) fibrin hydrogels (ATEC
model) and included a non-fibrous (FD 0% v/v) condition with
the goal of segregating the effects of 3D encapsulation from

those arising from cell adhesion to matrix fibers. Encapsulated
ECs cultured for 3 days (prior to harvest for transcriptomic
analysis) in FD 2% matrices possessed greater projected spread
areas and longer protrusions compared to non-fibrous controls
(Figure 5a), in line with our prior studies demonstrating that cell-
adhesive fibers promote EC spreading [65, 66]. Although ECs in
this condition lacked a shared orientation due to the random
orientation of fibers in bulk-casted gels, individually these cells
adopted a uniaxial, spindle morphology and extended protrusions
along fibers, identical to invading ATECs in our MPS studies
(Figure 2).

Comparing confluent 2D EC monolayers adhering to fibrin to
ECs isolated from MPS microvessels, relatively few differentially
regulated genes were identified (Figure S8a), indicating compa-
rable gene expression programs despite fluidic perfusion in MPS
cultures and minor differences in substrate curvature. We next
focused our analysis on whether single ECs engaging a matrix
with heightened fiber density adopted a transcriptomic signature
that might promote fibrosis-associated signaling as compared to
quiescent ECs within multicellular microvessels.

ECs cultured in 3D in FD 0% and 2% fibrin hydrogels possessed
294 and 1071 differentially expressed genes, respectively as com-
pared to EC monolayers (Figure S8b,c). Heightened fiber density
(FD 2% v/v), which gave rise to ATECs in earlier MPS experiments
(Figures 2-4), significantly changed Gene Ontology (GO) terms
associated with cell migration, cell adhesion, angiogenesis, and
positive regulation of EMT, all of which involved genes implicated
in tip cell activation, migration, or function (Figure 5e). Support-
ing our earlier observations of increased SNAIl immunostaining
in ATECs (Figure 3c) and gene expression resulting from EC
adhesion to a fibrous topography (Figure S5), SNAII gene expres-
sion increased along with several other EndMT-associated genes
such as MMPI14 and multiple TGF-f-associated genes (TGFB2,
BMP2, SMAD3) (Figure 5c). Expression of CTHRCI, recently
established as a unique marker of disease-associated myofibrob-
lasts in the heart and lung, was comparably increased in both FD
0% and FD2%, although we noted decreased expression of genes
associated with matrix secretion and remodeling (COLIA2 and
POSTN), two well-accepted markers of myofibroblasts, suggest-
ing that although ECs may undergo EndMT, transition to bona
fide myofibroblast may require additional soluble and/or physical
factors not present in these studies [7, 10, 67]. Consistent with
these findings, only a sub-population of lineage-traced ECs were
also aSMA™, and aSMA within these cells did not localize to
stress fibers but instead appeared uniformly diffuse throughout
the cytosol (Figure 1).

Pathway analysis based on differentially expressed upstream
predicted to regulate these genes identified several inflammatory
cytokines and growth factors including TNFa, IL13, EGF, and
HGF (Figure 5f). Cytokine, chemokine, and inflammatory signal-

fields of view analyzed per condition. Yellow dashed lines indicate parent vessel edge. (k-m) Western blot showing successful VECAD-knock out (k) and
representative maximum intensity projection images (1) of microvessels with FD 2% cell-adhesive fibers composed of scramble control of VE-cadherin

KO ECs after 4 days of culture along with corresponding quantification (m) of the number of invading ECs and their invasion depth. Data representative

of N=3 replicate studies with n>8 fields of view analyzed per condition number of invading cells and n>50 cells for invasion depth. All experiments

presented were conducted with HUVECs. All data presented as means + standard deviations; * indicates a statistically significant comparison with

p<0.05 (b, c, f, I: student’s t-test, h: one-way analysis of variance with Tukey’s post hoc test, j: two-way analysis of variance with Tukey’s post hoc test).
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FIGURE 5 | Transcriptomic analysis of ATEC suggests an inflammatory and pro-fibrotic secretory phenotype. (a) Representative maximum

intensity projection images of HUVECs embedded within control fibrin (FD 0%) or fibrous (fibrin + FD 2%) hydrogels cultured over 3 days to model
ATECs at sufficient numbers for transcriptomic analysis. Corresponding quantification of EC spread area. Images and quantification representative
of N=3 replicate experiments. (b) Schematic depiction of conditions for transcriptomic analysis. Experiment was performed once with n>2 technical
replicates. (c) Expression of several curated gene categories relative to parent microvessels after 3 days of culture. (d) Volcano plot visualizing differentially
expressed genes of HUVECs in fibrin + FD 2% hydrogels compared to parent microvessel HUVECs after 3 days of culture. (e) p-value and number of
differentially regulated genes for Gene Ontology (GO) terms comparing HUVECs in Fibrin + FD 2% to parent microvessel HUVECs. (f) Top 10 genes due
based on differentially expressed genes predicted to be upstream regulators of these identified genes. (g) Top 10 differentially regulated GO terms based on
impacted pathways. (h) Differentially expressed genes within GO term “positive regulation of EMT. (i) Predicted interactome for differentially expressed
genes relevant to fibrosis. (j) Curated genes of interest differentially expressed by HUVECs in fibrin + FD 2% relative to parent microvessel HUVECs.
(k) Cytokine antibody membrane array detection of CCL2 (MCP1) and IL-8 (CXCL8). Experiment was performed once with n=2 technical replicates.
All experiments were conducted with HUVECs. All data presented as means =+ standard deviations; * indicates statistically significant comparison with
p<0.05 (a: student’s t-test. k: two-way analysis of variance with Tukey’s post hoc test).
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ing, gap junctions and cell adhesion, senescence, and apoptosis
were among the top 10 impacted pathways. Examining the GO
term “positive regulation of EMT” revealed heightened expres-
sion of the majority of genes within fibrin + FD 2% hydrogels
as compared to control hydrogels (FD 0%), with TGF-(2 expres-
sion uniquely upregulated in modeled ATECs (Figure 5h). The
predicted interactome for differentially expressed genes relevant
to fibrosis indicated positive feedback between growth factors
(TGFpB2, PDGFB), inflammatory cytokines and chemoattractants
(IL6, CCL2, CXCLS, and CX3CLI), and integrins (ITGAV, ITGB3),
with significantly heightened expression by modeled ATECs
compared to parent microvessel HUVECs (Figure 5i,j).

Furthermore, we utilized a cytokine antibody membrane array
to detect whether other secreted cytokines were elevated in
response to heightened fiber density. An inflammatory cytokine
immunoblot array indicated elevated levels of MCP1 (CCL2) and
IL8 (CXCL8) secreted by modeled ATECs compared to parent
vessel ECs (Figure 5k and Figure S9). In line with these findings,
both CCL2 and CXCL8 were significantly upregulated at the
transcriptomic level (Figure 5¢). Taken together, our data demon-
strates ATECs express genes associated with EndMT markers
and angiogenesis, as well as pro-inflammatory and pro-fibrotic
cytokines suggestive of a disease propagating phenotype that is
distinct from EndMT-derived myofibroblasts.

2.6 | A VE-Cadherin-TGF-BR2 Interaction Gates
Fiber-Induced TGF-g Signaling in ECs

Our data suggest that EC adhesion to a fibrous topography
destabilizes AJs, thereby enabling EndMT signaling and ATEC
formation (Figure 4), and that ATECs express TGF-32 which has
been shown to drive EndMT (Figure 5). As AJ and VE-cadherin
turnover have previously been shown to regulate EC behavior in
response to growth factors such as VEGF [68], we next sought to
identify potential molecular mechanisms by which VE-cadherin
stability at AJs might regulate TGF-§ signaling in ECs. To do
so, we employed proximity ligation mass spectrometry (BioID)
to profile proteins that associate with VE-cadherin in quiescent,
confluent monolayers reflecting the adhesive state of ECs within
quiescent microvessels (Figure 6a,b), supported by the above
finding that EC monolayers on fibrin and in MPS microvessels
are transcriptionally similar. In quiescent 2D EC monolayers,
analysis of the most abundant proteins identified via mass spec-
trometry expectedly revealed prominent associations with core
AJ plaque proteins including «, 8, y, and d-catenins. However,
among the most abundant (top 15) VE-cadherin interactors, we
unexpectedly identified a prominent association between VE-
cadherin and the receptor tyrosine kinase transforming growth
factor 8 receptor 2 (TGF-SR2) (Figure S10). As our transcriptomic
and functional analyses associate EndMT signaling with ATECs,
and TGF-B signaling has been established to drive EndMT,
we next investigated whether this putative VE-cadherin-TGF-
PBR2 interaction is modulated by EC engagement to a fibrous
topography.

To test whether TGF-SR2 and VE-cadherin association is influ-
enced by EC engagement to matrix fibers, EC monolayers were
cultured on ‘flat’ glass substrates or substrates with fibrous
topography, lysed, and VE-cadherin interactors were analyzed

by co-immunoprecipitation. We confirmed that VE-cadherin
co-immunoprecipitates with TGF-BR2 and that less TGF-SR2
associates with VE-cadherin in ECs cultured on fibers compared
to those cultured on flat substrates (Figure 6¢), suggesting that EC
engagement to a fibrous topography attenuates this VE-cadherin-
TGF-BR2 interaction. Corroborating this finding, expression of
an mEmerald-fusion tagged TGF-BR2 in ECs on flat vs. fibrous
topographies showed decreased enrichment of TGF-SR2 at AJs
in ECs engaging a fibrous topography (Figure 6d). To directly
test whether VE-cadherin interactions with TGF-SR2 modulated
the EC response to TGF-g ligands independent of topography,
we next assayed TGF-SR2 phosphorylation [69] in scrambled
control vs. VECKO EC monolayers on glass substrates (Figure 6e).
Stimulation with TGF-g ligand did not alter TGF3-R2 phosphory-
lation in control EC monolayers. In VECKO EC monolayers, basal
TGF-BR2 phosphorylation was lower than control ECs; however,
in contrast, TGF-BR2 phosphorylation markedly increased in
response to stimulation with TGF-§ (Figure 6e). Taken together,
we identify a VE-cadherinTGF-SR2 interaction that is disrupted
upon EC engagement with a fibrous matrix, thereby permit-
ting increased TGF-BR2 phosphorylation in response to TGF-§
ligands.

To test whether TGF-f signaling is modulated by VE-cadherin
and AlJ stability, we next performed mosaic studies with scramble
control and VECKO ECs at varying ratios to modulate VE-
cadherin localization to AJs while maintaining a constant cell
density. To assess TGF-f signaling, we treated cells with TGF-32,
as our prior findings demonstrated that ATECs express this TGF-
B ligand, and quantified nuclear SMAD3 localization, as TGF-{32
binding to TGF-g receptors leads to downstream nuclear translo-
cation of SMAD2/3/4 transcription factor complexes [70]. Indeed,
increased ratios of VECKO:control ECs resulted in decreased VE-
cadherin intensity at AJs and corresponding increases in TGF-32
induced SMAD3 nuclear localization (Figure 6f-h). Additionally,
we employed a scratch wound assay to vary AJs within the same
samples where ECs at the scratch margin should possess less
AJs than those fully surrounded by neighboring cells. At the
scratch wound margin, ECs possessed decreased VE-cadherin
and increased nuclear SMAD3 compared to those in regions
distal to the scratch with increased VE-cadherin and decreased
nuclear SMAD3 (Figure Slla—c). Directly modulating cell-cell
adhesion and AJ assembly by tuning EC seeding density similarly
resulted in increased nuclear SMAD3 with lower cell density
and resulting AJ formation (Figure S11d-f). Lastly, we compared
control (FD 0%) with fibrous (FD 2%) matrices and found that
fibrous topography in the absence of TGF-52 led to increased
nuclear SMAD3, which was further increased in the presence
of TGF-32 (Figure 6i-k). Altogether, these studies demonstrate
that VE-cadherin at AJs inhibits downstream TGF-f-signaling
(as evidenced by decreased nuclear SMAD3 expression) via an
interaction with TGFB-R2, and that this interaction is disrupted
upon VE-cadherin destabilization when ECs engage fibrous
ECM.

2.7 | TGF-f2-Induced EC Apoptosis May Underlie
Fibrosis-Associated Microvascular Rarefaction

Given the implication of EC TGF-$2 secretion in the above
studies (Figures 5 and 6) and the broad role of TGF-3 growth
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FIGURE 6 | EC engagement to fibrous topography modulates TGF-g signaling via VE-cadherin-TGF-BR2 dependent interactions. (a) Diagram
depicting VE-cadherin BioID construct. hMVECs stably expressing VE-cadherin-BioID were incubated in media containing biotin and then stained
for VE-cadherin and biotinylated proteins (Streptavidin-AF568). (b) Schematic of VE-cadherin-BioID mass spectrometry screen to identify proteins
interacting with VE-cadherin. (c) Western blot micrograph of TGF-SR2/VE-cadherin co-immunoprecipitation from ECs cultured on flat glass or DexVS-
RGD fibrous substrates. Blot representative of N=3 replicate experiments. (d) Representative images of hMVECs expressing TGF-SR2-mEmerald cultured
on flat substrates or fibrous topographies immunostained for VE-cadherin along with quantification TGF-SR2 localization to VE-cadherin AJs. (e)
Western blot of scrambled control or VECKO HUVEC lysates treated with or without TGF-f2 ligand (10 ng/mL). Blot representative of N=3 replicate
experiments. (f-h) Representative images (f) and quantifications of total VE-cadherin intensity (g) and nuclear SMAD3 (h) as a function of varied ratios
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SMAD3 (k) as a function of HUVEC adhesion to pure fibrin (FD 0%) or fibrin + FD 2%. Images and quantification representative of N=3 replicate studies
each with n>6 field of view analyzed per condition. All data presented as means + standard deviations; * indicates statistically significant comparison
with p<0.05 (d: two-sided student’s t-test. g-h: two-way analysis of variance with Tukey’s post hoc test).
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potentiates apoptosis in vitro and in vivo. (a) Schematic of study conditions

and timeline for assessing TGF-2 secretion from ECs encapsulated in fibrin with (FD 2%) or without (FD 0%) heightened fiber density. (b) Quantification
of TGF-B2 secretion in culture media was performed via microfluidic ELISA. Data presented is from a single experiment with n=3 biological replicates.
(c) Schematic of study conditions and timeline to assess the impact of heightened perivascular fiber density on TGF-fB2-mediated apoptosis. (d)
Representative images of parent vessel EC apoptosis in response to TGF-32 (10 ng/ml) via caspase3 immunostaining and corresponding quantification
(e). (f) Representative images of large airways, alveolar space, arterioles, and venules from saline control and bleomycin treated mouse lungs at 3 weeks

with TUNEL* apoptotic ECs shown in white.

factors as potent mediators of fibrosis via influencing fibroblast-
myofibroblast activation and EndMT, we employed a microfluidic
ELISA assay to quantitatively measure protein levels as a function
of EC engagement to matrix fibers. TGF-32 secretion from ECs
encapsulated in matrices with heightened fiber density was 3-4
fold higher than nonfibrous controls, which were comparable to
baseline levels of TGF-(2 within the serum component of EGM2
(Figure 7a,b).

Together, our transcriptomic and secreted factor analyses impli-
cate ATECs as a potential fibrosis-propagating EC phenotype
via inflammatory cytokine and TGF-32 secretion, which may
drive fibrosis through action on other tissue resident cells (i.e.
macrophages, fibroblasts, parental endothelium). Focusing on
the latter possibility, we tested whether ATEC-secreted TGF-
B2 may influence arteriole/venule-scale parent vasculature, by
exposing parent microvessels in control (FD 0%) and fibrous
(FD 2%) hydrogels to exogenous TGF-32 (Figure 7c). TGF-f2

induced apoptosis to a greater degree in microvessels with
heightened perivascular fiber density as determined by positive
immunostaining for cleaved-caspase-3 [71] (Figure 7d,e). Addi-
tionally, blocking TGF-SRI (Alk5) via LY2109761 in microvessels
with heightened perivascular fiber density (FD 2%) significantly
reduced apoptosis and intriguingly led to more ATEC invasion
(Figure S12), adding further support for a relationship between
TGF-f2 and apoptosis of parent microvessel-resident ECs. In line
with these in vitro findings, TUNEL staining confirmed evident
EC apoptosis in bronchial arterioles and venules of bleomycin-
dosed lungs 3 weeks after injury, in stark contrast to saline-treated
controls (Figure 7f). Cells resident to airways or alveolar regions
demonstrated no indication of apoptosis, although abundant dual
positive GFP/aSMA ECs were present.

A common observation across multiple animal models of lung
fibrosis is microvasculature rarefaction toward the late-stage of
the disease, during which both fiber density and TGF-g levels
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increase [72-74]. Our data demonstrates that ECs engaging a
fibrous topography destabilize VE-cadherin which renders ECs
more susceptible to TGF-f ligands and downstream signaling.
The finding that VE-cadherin localization to AJs confers pro-
tective shielding from TGF-B-induced apoptosis may offer a
promising therapeutic approach to prevent microvascular injury,
rarefaction, and resulting tissue hypoxia in fibrotic diseases.

3 | Discussion

While numerous soluble factors have been identified as activating
signals for quiescent ECs and mediators of tip cell invasion [75],
the role of physical cues presented by the ECM in directly driving
this process or synergizing with soluble cues is understudied.
EC activation and changes in ECM properties, such as fibril-
lar matrix density and organization, have both been observed
following wound healing and during pathologic processes such
as fibrosis. Here, we demonstrate how perivascular ECM fiber
density directly influences ECs of arteriole/venule-scale endothe-
lium. Using an MPS platform of microvessels embedded within
a tunable fibrous hydrogel composite, we found that YAP-
mediated mechanosensing of perivascular fiber density results
in ATEC activation and invasion in part mediated by EndMT
signaling. ATECs were often individualized cells and did not
form lumenized capillaries, similar to those observed in our in
vivo EC-lineage tracing studies. Mechanistically, elevated fiber
density destabilizes VE-cadherin at AJs, diminishes vessel barrier
function, and enhances TGF-8 signaling via disruption of a
previously unreported VE-cadherin-TGF-SR2 interaction. Fur-
thermore, ATECs engaging matrix with heightened fiber density
possessed transcriptomic profiles and secreted factors sugges-
tive of a pro-inflammatory and pro-fibrotic state. Altogether,
our work identifies how enhanced perivascular fiber density
observed during fibrogenesis regulates EC phenotype to generate
ATECs which may play unappreciated roles in reinforcing fibrotic
cascades (Figure 8).

Given that ECM remodeling in response to bleomycin and in
human idiopathic pulmonary fibrosis is highly heterogeneous
across the lung, we employed fibrous hydrogel composites
integrated with a microvessel MPS to better control the local
microenvironment and interrogate underlying pathophysiology.
Using this approach, we found that adhesion of microvessel ECs
to surrounding fibers led to decreased vessel barrier function
and junctional weakening through increased turnover of VE-
cadherin at AJs. These observations raise the question of whether
endothelial mechanosensing of discrete fibers is similar to, or
distinct from, that induced by bulk matrix stiffening. Notably,
increasing bulk matrix stiffness (e.g. via density or crosslinking)
would restrict cell invasion, in contrast to the permissive envi-
ronment provided by fibrous hydrogel composites. Cell adhesion
to ECM fibers in other contexts has recently been demonstrated
to result in focal adhesions with distinct integrin and focal
adhesion compositions [76], which may underlie our observed
differences in ECs plated on flat vs. fibrous substrates presenting
the same adhesive ligand. Modeling increased subendothelial
stiffness using hydrogels with tunable stiffness has been reported
to increase EC TGF-{2 secretion [77], which we also observe in
response to heightened fiber density. Therefore, it is plausible
that both conventional means and more physiologic strategies

Homeostasis:

Normal matrix VE-cadherin
fiber density
and organization \TGFBR2
® TGFp ligand

4 VE-cadherin/TGFBR2
association
v TGFR signaling

4VE-cadherin at AJs
v Vessel wall permeability

EC quiescence and
microvessel stability
Injury Response:

Increased density
of radially aligned
matrix fibers

VE-cadherin

\TGFBRZ

\ALK1 or ALK5

® TGFp ligand

- VE-cadherin/TGFBRZ
association
4 TGFB signaling

¥VE-cadherin at AJs
4 Vessel wall permeability

Endothelial to
mesenchymal
transition

Matrix proteolysis,
Actomyosin contractility

Spontaneous stromal ' Persistent population
invasion of ATECs of perivascular ATECs

FIGURE 8 | Summary schematic of key findings and outstanding
questions (denoted with question mark).

to modulate matrix stiffness, as explored here, can drive similar
downstream gene regulatory network changes.

Fibrotic tissues have been characterized by microvascular abnor-
malities, but the relationship between angiogenesis and fibroge-
nesis remains unclear. Many studies report an increased angio-
genic response based on increases in EC numbers (e.g. CD31*
cells in a histological section) within a given injured or fibrotic
tissue, but careful analysis of the connectivity, perfusability,
permeability, and therefore overall functional state of these newly
formed EC structures has not been previously performed. Here,
in a bleomycin-induced lung injury model, we use a Tie2Cre-
mTmG lineage-tracing murine model to show that ECs in the
murine lung markedly expand by the peak of the bleomycin-
induced fibrotic response when a-SMA* stress-fiber bearing
myofibroblasts are most abundant. Coinciding with this expan-
sion, we observed increased fibrillar ECM surrounding bronchial
vasculature and the appearance of individualized, asSMA™* ATECs
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adjacent to bronchial arterioles and venules. Previous single
cell RNA sequencing studies of tissues from interstitial lung
disease patients identified a disease-specific expansion of ECs,
which were broadly termed peribronchial ECs [78-80]. Why ECs
of large airway-associated vasculature may be more susceptible
to fibrosis-associated activation remains unclear; however, one
working model informed by our findings is rapid perivascu-
lar ECM remodeling following lung injury. Notably, bronchial
venules possess thin walls with limited adventitia, and this lack
of mural matrix support may increase EC sensitivity to changes in
the perivascular matrix and/or more easily permit ATEC invasion
into the perivascular space. Perhaps related to this, blood flow
through the bronchial venous system is significantly (~30%)
reduced due to shunting of incoming blood flow to the pulmonary
vasculature, which may further exacerbate this vulnerability [79,
81, 82].

Canonically, perivascular cells (PCs), including pericytes and
smooth muscle cells, are critical mechanosensors and regulators
of vascular stability and function. Recent work has refined this
view, suggesting that PCs act in a matrix context-dependent
manner to regulate endothelial barrier function. In soft matrices,
EC-PC crosstalk modulated by NOTCH signaling stabilized VE-
cadherin at adherens junctions and reinforced the quiescent
endothelial state [83]. In contrast, a matrix composed of stiff
and bundled (larger) collagen fibers promoted a loss in barrier
function, which was amplified when PCs were present but
prevented by silencing NOTCH3 in PCs [84]. Stabilizing PC-EC
interactions are known to be disrupted during fibrogenesis [13].
A large body of evidence suggests that in pathological states,
perivascular cells uncouple or dissociate from the endothelium
and may differentiate into myofibroblasts that contribute directly
to fibrotic matrix deposition [85-87]. Indeed, we observed a
similar dissociation of MSCs (known to share transcriptional and
functional similarities with perivascular cells including pericytes
and smooth muscle cells [88-92]) in response to heightened
perivascular fiber density, with ATEC formation proceeding
similarly independent of the presence of mural cells (Figure
S4). Microvessels composed of only ECs and a surrounding
fibrous matrix therefore recapitulate the loss of perivascular
support and allow us to directly interrogate the EC-intrinsic
mechanosensing response to newly deposited fibrillar ECM,
without the confounding contributions of PC-derived ECM
remodeling, paracrine factors, and juxtacrine signaling that arise
from co-culture designs.

An intriguing observation was the non-responsiveness of dermal
MVECs to heightened fiber density, contrasting the robust ATEC
formation seen in liver- and lung-derived ECs. This discrepancy
highlights the concept of EC heterogeneity and organ-specificity
[93]. The peribronchial ECs identified in vivo may be conditioned
by the highly compliant mechanical environment of the airways,
priming them to respond to pathological increases in perivascular
matrix density. In contrast, dermal MVECS reside within a com-
paratively stiffer tissue environment and may therefore exhibit
a more stable junctional phenotype or differential expression of
key mechanosensors, thereby limiting ATEC formation. Thus, the
EC-intrinsic feed-forward loop we present here may represent
a pathological pathway with varied importance across organs.
As such, further studies into the organ-specific appearance and
function of ATECs are needed.

In mice, EC activation by bleomycin-induced injury occurs
through YAP/TAZ signaling [78], and here we demonstrate
that YAP inhibition via DMF blocks the formation of ATECs.
YAP/TAZ signaling has been implicated in driving epithelial-
to-mesenchymal transition and related transcriptional repro-
gramming in response to mechanical cues [27] which may
extend to ECs. Consistent with this, previous studies in lung
and other organs suggest a role for EndMT in fibrosis by
directly contributing to the myofibroblast population [10, 19,
94]. In contrast, here we posit that fibrous ECM-induced
EndMT promotes the formation of a disease-mediating ATEC
phenotype. Transcriptomic analysis, microfluidic ELISA, and
cytokine profiling indicate that fibrous topography drives ECs
toward a pro-inflammatory, TGF-f2-secreting phenotype. This
is consistent with single-cell RNA-seq studies in bleomycin-
treated mouse lung, which identify expanded EC populations
derived from bronchial venous ECs with specialized inflam-
matory functions [95]. It is therefore plausible that ATECs
may play a key role in reinforcing fibrotic cascades through
interactions with the neighboring microvasculature and other
stromal cells including fibroblasts and macrophages. Supporting
an EC-centric feedback loop, exogenous addition of TGF-52 to
simulate ATEC secretion resulted in elevated apoptosis in parent
microvessels with heightened perivascular fiber density. As TGF-
B2 and fibrillar collagen density are both elevated during later
phases of fibrosis [96], these studies may provide insight into
the molecular mechanisms underlying the common observation
of microvasculature rarefaction. Thus, rather than contributing
to productive angiogenesis, ATECs may represent a maladaptive
endothelial state that actively promotes fibrosis.

This work describes a novel VE-cadherin-gated mechanism
controlling TGF-@ signaling dependent on AJ stability. Using
BioID and mass spectrometry with confirmation via co-
immunoprecipitation experiments, we found that TGF-8R2
directly interacts with VE-cadherin, and that this interaction is
modulated by EC adhesive state. In ECs engaging fibrous ECM,
reduced association of TGF-BR2 with VE-cadherin coincided
with VE-cadherin destabilization at AJs and increased TGF-
B signaling, reflected by elevated TGF-SR2 phosphorylation
and downstream SMAD3 nuclear localization. In turn, EC
adhesion to fibrous ECM destabilized VE-cadherin from
AJs and increased TGF-f signaling as evidenced by elevated
TGF-fR2 phosphorylation and downstream SMAD3 nuclear
localization. The precise mechanotransductive pathway linking
fiber engagement to disruption of the VE-cadherin/TGF-SR2
complex remains to be defined. One possibility is that inside-
out signaling from fiber-associated focal adhesions alters
cytoskeletal tension at AlJs, promoting VE-cadherin turnover.
Additionally, VE-cadherin association with TGF-BR2 may
regulate receptor accessibility or heterodimerization, thereby
modulating downstream signaling. Future work should also
investigate the role of the canonical TGF-f type I receptors
ALKI1 and ALKS5, which compete for TGF-SR2 binding and
differentially regulate EC fate. Previous work in other contexts
demonstrate that ALK5-driven SMAD2/3 signaling (promoting
EndMT, quiescence, or apoptosis) and ALK1-driven SMAD1/5/8
signaling (promoting proliferation and migration) is critical for
vascular homeostasis [97]. Our observations of both EndMT-
driven ATEC formation and parent vessel apoptosis suggest
that the fiber-induced, VE-cadherin-gated mechanism we

Advanced Science, 2026

150f23

8517 SUOLULLIOD dAIES1D) 3[cealdde au) Ag peuseAoB a2 SaoiLe YO ‘SN JO S3|NI 0} Aeiq)i T UliUO AB]IAN UO (SUORIPUOI-PUR-SLLIBY WD A8 | M Aeiq U1 |UO//SHNY) SUORIPUOD PUe SLLB | 8U) 39S *[9202/90/.T] uo Afeiqiauliuo AB|im * Ariqi ueBiudi JO Ais AN - te- Buopnx Ag 8yy0TSZ0Z SAP/Z00T OT/I0P/LIY &3] 1M Afeld 18Ul U PaoURADe//SANY WOy pepeojumod ‘0 ‘¥8E86TZ



identify may disrupt this balance, potentially favoring the
ALK5-SMAD2/3 axis. Together, these findings suggest that
conditions that destabilize AJs - such as engagement with
fibrous ECM, inflammatory cues, or thrombin and VEGF
signaling - may potentiate TGF-SR2-dependent signaling, with
broader implications for vascular dysfunction in fibrosis and
inflammatory disease [98].

Lastly, it is also important to clarify that while ATECs studied
in vitro share morphological characteristics with those observed
in vivo, further studies are needed to assess transcriptomic
or functional similarities. Our MPS model was intentionally
reductionist to isolate the physical microenvironmental cues
and phenotypic requirements for ATEC formation. This system,
however, lacks the complex, multicellular signaling environment
of a fibrotic lung, most notably the important contributions of
immune cells. It is therefore highly likely that the ATECs in
vivo possess a distinct and more complex phenotype, further
modulated by paracrine interactions and reciprocal cross-talk
with immune cells. Our study suggests an EC-intrinsic feedback
loop where ATECs drive microvessel injury, but future work
incorporating immune and other stromal cells will be essential
to fully understand the effect of ATECs in heterocellular set-
tings. Nonetheless, these studies provide new insights into how
physical microenvironmental cues regulate EC phenotype, how
pro-inflammatory ATECs may contribute to the pathogenesis of
fibrosis, and identify new mechanisms that may be targetable
for treating pulmonary fibrosis and potentially other fibrotic
diseases.

4 | Materials and Methods
4.1 | Reagents

All reagents were purchased from Sigma-Aldrich and used as
received, unless otherwise stated.

4.2 | Lung Injury Model in a Mouse Line Enabling
EC Lineage Tracing

Male B6.Cg-Tg(Tek-cre)lYwa/J transgenic mice were crossed
with female Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo
mice to create Tie2cre/mTmG mice where all cells at baseline
express membrane-localized tdTomato, but upon Tie2-driven Cre
recombinase expression, flip expression to membrane-localized
GFP. 8-12 week-old male mice were injected intratracheally
with a single dose of 0.04 units bleomycin solubilized in PBS.
Only male mice were used in this study as males exhibit a more
severe response to bleomycin. Control mice lung were collected
3 weeks after dosing with PBS. Injured mice lungs and blood
were harvested at week 3 after bleomycin instillation to examine
the peak fibrotic response following lung injury. Warm PBS was
perfused through the left ventricle at 5 ml/min until the liver
turned white to clear lung tissue of red blood cells. Lungs were
then inflated with 1.5 ml of 2% w/v low melting agarose (Sigma
A9025) in 4% w/v PFA via a catheter inserted into the upper
trachea. Upon agarose gelation, the entire lung was extracted and
immediately fixed in 4% w/v PFA overnight at 4°C then washed
with PBS three-times the next day and stored in PBS with 0.01%
sodium azide at 4°C until PCLS sectioning.

4.3 | Lung Tissue Sectioning, Optical Clearing,
Immunofluorescent Staining, and Imaging

The entire lung was first separated into left and right lobes
then glued vertically on specimen holder to reflect original
anatomical position. Lobes were then embedded in 2% w/v low
melting agarose in PBS, to approximately match the stiffness
of the tissue with the surrounding material during vibratome
sectioning. PCLS (200 um) were cleared using the advanced
clear, unobstructed brain imaging cocktails (CUBIC) clearing
method [37]. Specifically, lung sections were cleared in dH20
with 50% CUBIC-L containing 10% w/w N-butyldiethanolamine,
and 10% w/w Triton X-100 in dH20 for one day, and then
100% CUBIC-L for another day. Following clearing, lung tissue
was permeabilized for one day in PBS solution containing 20%
v/v DMSO, 0.1% v/v tween-20, 0.1% v/v triton X-100, 0.02% v/v
SDS, 0.1% w/v deoxycholate and 0.1% w/v tergitol NP40. Tissue
sections were blocked and stored in PBS solution containing 0.2%
v/v TritonX-100, 6% v/v goat serum, and 10% v/v DMSO until
staining.

Tissue was incubated with anti-aSMA antibody (1:1000, Abcam
#AB7817) or F4/80 antibody (1:250, Cytoskeleton #70076S)
overnight in PBS containing 1 mg/ml heparin, 0.2% v/v tween-
20, 5% v/v DMSO, 3% v/v goat serum, and 1% w/v bovine serum
albumin followed by a 12 h PBS wash overnight and overnight
incubation in buffer containing Alexa-conjugated secondary anti-
bodies (1:1000, Invitrogen #A-21133). Tissue was then stained by
DAPI and NHS-ester (1:3000, Invitrogen# A20006) sequentially,
each for 30 min at room temperature with 3x PBS washes
in between. Tissues were imaged in CUBIC-R+M composed
of 45% w/w antipyrine, 30% w/w N-methylnicotinamide, and
0.5% v/v N-butyldiethanolamine in dH2O via a laser-scanning
confocal microscope (Zeiss LSM800). TUNEL staining (Fisher,
#C10619) following the manufacturer’s instructions was utilized
for visualizing DNA damage. Lung tissue stained by TUNEL did
not go through CUBIC clearing due to chemical incompatibility
and 25 um Z-stacks with 1 um step size were taken using confocal
at 20x only at the center of the tissue to avoid false positive signals
at the plane of sectioning.

4.4 | Organotypic Model Device Fabrication

Device moulds were designed in AutoCAD and printed via
stereolithography (SLA) by Protolabs (Maple Plain, MN). Poly-
dimethylsiloxane (PDMS, 1:10 crosslinker:base ratio) devices
were replica-casted from SLA printed moulds, cleaned with
isopropyl alcohol and ethanol, and bonded to glass coverslips
with a plasma etcher. Devices were treated with 0.01% (w/v) poly-
l-lysine (PLL) and 0.5% (w/v) glutaraldehyde sequentially for 1 h
each to covalently crosslink ECM to the walls of the device, thus
preventing potential hydrogel compaction from cell-generated
forces. 160 um stainless steel acupuncture needles (Lhasa OMS,
Weymouth, MA) were dip-coated with 1% w/v gelatin to facilitate
removal without hydrogel fracture, inserted into each device,
and sterilized by UV ozone. Hydrogel precursor solution was
then injected into each device and polymerized around needles.
Hydrogels were hydrated in EGM2 media at 37°C overnight (or
greater than 12 h) to dissolve the gelatin layer and needles were
extracted to form 3D hollow channels fully embedded within a
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crosslinked hydrogel and positioned 500 um away from PDMS
and glass boundaries. A chilled solution of 100 pg/ml matrigel
diluted in PBS was perfused through channels and allowed to
adsorb onto the hydrogel channel surface at 4°C overnight.
Residual Matrigel was then rinsed with PBS twice.

4.5 | Dextran Vinyl Sulfone Polymer Synthesis

Dextran (MW 86,000 Da, MP Biomedicals, Santa Ana, CA) was
functionalized with vinyl sulfone groups as in [45, 46, 99]. Briefly,
dextran (5 g) was dissolved in 0.1 M sodium hydroxide solution
(250 mL) at room temperature. Divinyl sulfone (3.875 ml, Ther-
moFisher Scientific, Waltham, MA) was added and the reaction
was carried out for 4 min with vigorous stirring (1500 RPM) at
room temperature. The reaction was terminated by adjusting the
pH to 5.0 with the addition of hydrochloric acid. The reaction
product was dialyzed against milli-Q water for 3 days with
two water exchanges daily. The dialyzed reaction product was
lyophilized for 3 days and characterized by 'H-nuclear magnetic
resonance spectroscopy in D,0. The degree of vinyl sulfone
functionalization was calculated as the ratio of the proton integral
(6.91 ppm) and the anomeric proton of the glucopyranosyl ring
(5.166 and 4.923 ppm); a vinyl sulfone/dextran repeat unit ratio of
0.66 was determined.

4.6 | Fiber Segment Fabrication

DexVS fiber segments were generated as in Matera et al. [45]
DexVS was dissolved at 0.6 g ml~ in a 1:1 mixture of Milli-Q water
and dimethylformamide with 0.015% Irgacure 2959 photoinitiator
and 0.5 mM methacrylated rhodamine to enable visualization
(Polysciences Inc., Warrington, PA). This polymer solution elec-
trospun into fibers within an environment-controlled glovebox
held at 21°C and 30% relative humidity. Electrospinning was
performed at a flow rate of 0.3 ml hour™!, gap distance of 5 cm, and
voltage of —10.0 kV onto a grounded collecting surface attached
to a linear actuator. Fiber mats were collected on glass slabs
and primary cross-linked under ultraviolet light (100 mW cm™2).
After polymerization, fiber segments were resuspended in a 3 ml
volume of PBS. The total volume of fibers was then calculated
via a conservation of volume equation: total resulting solution
volume = volume of fibers + volume of PBS. After calculating
total fiber volume, solutions were re-centrifuged, supernatant
was removed, and fiber pellets were resuspended to create a 10%
v/v fiber stock solution, which were then aliquoted and stored
at 4°C. To enable cell adhesion, 2 mM arginylglycylaspartic acid
(RGD, CGRGDS; GenScript, George Town, KY) was coupled to
vinyl sulfone groups along the DexVS backbone via Michael-type
addition chemistry for 30 min, followed by quenching of excess
VS groups in a 300 mM cysteine solution for 30 min.

4.7 | Fibrin-Fiber Composite Hydrogels

Fibrin hydrogels were prepared with fibrinogen from bovine
plasma dissolved in PBS at 50 mg ml™' stock concentrations.
10 mg ml™! fibrinogen was prepared in PBS and crosslinked with
thrombin (6 units per mg of fibrinogen) for 20 min at 37°C.
For fibrous hydrogels, DexVS fiber segments were incorporated

within the fibrin hydrogel precursor solution over a 0-2% v/v
density. To generate fiber alignment perpendicular to the long
axis of the parent vessel (0° alignment), fibrin precursor solution
containing fibers were injected such that flow across acupuncture
needles (rigid cylinder) generated a flow profile that aligned
fibrils in the direction of flow. To generate fiber alignment parallel
to the long axis of the parent vessel (90° alignment), fibrin
precursor solution containing fibers were first injected into the
device. Subsequent insertion of acupuncture needles generated
flow profiles to align fibers in the direction of needle insertion.
To generate collagen bundle-embedded fibrin hydrogels, type I
collagen rat tail (4.8 mg ml™") was adjusted to a pH of 7.4 with
sodium hydroxide and PBS on ice. Next, 80°C MQ water was
added in a 1:1 ratio (2.4 mg ml™ final concentration) and imme-
diately vortexed for 30 s. Collagen bundles formed immediately
during vortexing and were isolated via centrifugation (500 g for
4 min) and resuspended in fibrin hydrogels similarly to DexVS
fibers.

4.8 | Mechanical Testing

The Young’s modulus of composite hydrogels were measured by
atomic force microscopy (AFM; Nanosurf, Liestal, Switzerland)
in contact mode. Indentations were made at a loading rate of
2 um/s with silicon nitride cantilevers (AppNano, Mountain
View, CA) with a nominal spring constant of 0.046 N/m and a
5 ym diameter spherical glass bead. Force-displacement curves
were taken at a minimum of 3 regions on each hydrogel and fit to
the Hertz model assuming a Poisson’s ratio of 0.5 to estimate the
elastic modulus.

4.9 | Microphysiological Model Seeding and
Culture

Human umbilical vein, liver, lung, and dermal endothelial cells
(Lonza, Switzerland) were cultured in endothelial growth media
(EGM2, Lonza). HUVECs were passaged upon achieving con-
fluency at a 1:4 ratio and used in studies from passages 4 to 9.
Liver, lung, and dermal ECs were passaged at a 1:4 ratio and used
in studies from passages 2 to 6. A 10 ul solution of suspended
ECs (10 million cells ml™! density) was added to one reservoir
of the endothelial channel and inverted for 30 min to allow cell
attachment to the top half of the channel, followed by a second
round of seeding with the device upright for 30 min to allow
cell attachment to the bottom half of the channel. ECs reached
confluency and self-assembled into stable parent vessels over
24 h. Media and chemokines were refreshed every 24 h and
devices were cultured with continual reciprocating flow utilizing
gravity-driven flow on a seesaw rocker plate at 0.33 Hz. Tip cell
formation in response to S1P gradients was assessed by adding 0-
50 nM S1P diluted in EGM2 media added only to the chemokine
channel for 3 days beginning 16 h after cell seeding. Fiber-induced
tip cell formation studies were cultured in EGM2 media alone for
3 days after 16 h post cell seeding. Agents for permeability agonist
(VEGF121, TFNa, and thrombin) or pharmacologic (marimastat,
blebbistatin, Y27632, dimethyl fumarate, and LY2109761) dosing
studies were incorporated into EGM2 media and added to both
the endothelial and chemokine channels for 3 days after 16 h post
cell seeding. For studies examining the effect of supporting mural

Advanced Science, 2026

17 of 23

8517 SUOLULLIOD dAIES1D) 3[cealdde au) Ag peuseAoB a2 SaoiLe YO ‘SN JO S3|NI 0} Aeiq)i T UliUO AB]IAN UO (SUORIPUOI-PUR-SLLIBY WD A8 | M Aeiq U1 |UO//SHNY) SUORIPUOD PUe SLLB | 8U) 39S *[9202/90/.T] uo Afeiqiauliuo AB|im * Ariqi ueBiudi JO Ais AN - te- Buopnx Ag 8yy0TSZ0Z SAP/Z00T OT/I0P/LIY &3] 1M Afeld 18Ul U PaoURADe//SANY WOy pepeojumod ‘0 ‘¥8E86TZ



cells on EC activation, human mesenchymal stem cells (hMSCs,
Lonza) were cultured in high-glucose DMEM containing 5% fetal
bovine serum and 1% P/S and were passaged upon achieving
confluency at a 1:3 ratio and used from passages 3-6. For studies
incorporating mural cells, hMSCs were first seeded into device
channels as described above, at a 10 pl solution of 1.5 million cells
ml~!. Endothelial cells were seeded as described above 1 h after
hMSC seeding and attachment.

4.10 | Diffusive Permeability Measurements

Diffusive permeability was quantified as in Polacheck et al. [100,
101] Briefly, fluorescent dextran (70 kDa Texas Red, Thermo
Fisher) was dissolved in EGM2 media at 12.5 ug ml~!, perfused
through endothelialized channels, and imaged at 1 s intervals
to measure the flux of dextran across the endothelium into the
ECM. The resulting diffusion profile was fit to a dynamic mass-
conservation equation as in [102] with the diffusive-permeability
coefficient (Pp) defined by J = Pp(Cyessel — Crem)> Where J is the
mass flux of dextran, ¢, is the concentration of dextran in the
vessel, and cpcy, is the concentration of dextran in the perivascular
space.

4.11 | VE-Cadherin/TGF-g Signaling Studies

For studies examining SMAD3 localization (Figure 6F-K and
Figure S10), ECs were first treated with mitomycin C (20 pg ml™
for 2 h) to inhibit cell proliferation and enable control over
cell density throughout the duration of culture. For variable cell
density SMAD3 studies (Figure S10d-f), ECs were seeded onto
10 mg ml™ fibrin hydrogels adhered to 18 mm coverslips treated
with PLL and glutaraldehyde at a low (25 K cells cm~2), medium
(50 K cells cm™2), or high (100 K cells cm~2) cell density. The
following day, samples were treated with 0 or 10 ng ml™' TGF-
B2 (Peprotech) in EGM2 media (without serum or fibroblast
growth factor (FGF), as FGF has previously been shown to
inhibit TGF-8 signaling) and maintained for two days with
media refreshed daily. For VECKO mosaic studies (Figure 6f-h),
scrambled CRISPR control HUVECs and VECKO ECs (Figure S9)
were seeded at varying ratios (0%, 50%, 75%, and 100% VECKOs)
at a constant 100 K total cells cm™ density onto 2D 10 mg ml™
fibrin hydrogels. For 2D studies comparing fibrin vs. fibrin +
DexVS-RGD fibers (Figure 6i-k), hydrogel composites (“fibrin
+ fibers”) were generated by electrospinning DexVS fiber mats
onto a dried gelatin-coated coverslip. DexVS fiber mats were
functionalized with RGD as in 3D studies. A solution of fibrin
hydrogel was then added to the DexVS fiber mat and a second
PLL/glutaraldehyde treated coverslip (as above) placed on top of
the fibrin solution. After fibrin polymerization and hydration,
the dried-gelatin coverslip was removed, resulting in a DexVS-
RGD fibers localized to the top surface of the fibrin hydrogel. ECs
were seeded on to fibrin control or fibrin + fiber substrates at
a 100 K cells cm™2 density and dosed with TGF-32 as described
above. For scratch wound studies (Figure S10a-c), glass coverslips
were seeded with ECs at 100 K cells cm™ density, physically
ablated with a P1000 tip the following day, and dosed with TGF-£32
identical as described, but with culture durations limited to 1 day,
as at longer timepoints ECs were observed to completely close the
scratched region.

412 | Western Blotting

Samples for western blotting were collected from confluent
EC monolayers cultured on glass coverslips with or without
deposited electrospun DexVS-RGD fiber [60] for 2 days after cell
seeding and were treated with either EGM2 media, or EGM2
media containing 50 ng ml~! VEGFI121 (Peprotech, Cranbury, NJ),
50 ng ml~! TNFa, or 2 U ml~! Thrombin. To collect protein lysates,
cells were collected with a cell scraper in chilled PBS solution and
centrifuged to generate cell pellet. Supernatant was removed and
replaced with RIPA buffer containing protease and phosphatase
inhibitors. Following freeze-fracture of cell membranes (10 min
at —80°C), samples were centrifuged for 10 min at 20 000 g,
and the supernatant was collected which contained the purified
protein lysate. Protein lysate concentrations were measured using
a BCA assay, and 30 ug ml™! protein was loaded into a 4%-20%
Tris-Glycine Novex wedge well. Proteins were separated with
electrophoresis for 90 min at 120 V in running buffer. Protein
gels were then transferred to a PVDF membrane for 60 min
at 20 V in transfer buffer at 4°C. PVDF membranes were then
blocked in 5% w/v blocking grade milk buffer, and stained with an
anti-VE-cadherin primary antibody (sc-9989, 1:1,000, Santa Cruz
Biotechnology, Dallas, TX) and S-tubulin (66240-1-Ig, 1:10 000,
Proteintech, Rosemont, IL) overnight on an orbital shaker at
4°C. Membranes were then rinsed in TBST and stained with
horseradish peroxidase and imaged on a gel imager.

For TGFSR2 immunoprecipitations, samples were prepared as
described in “VE-cadherin/TGF-52 signaling studies” (above).
Proteins were separated by SDS-PAGE on 4%-12% Bis-Tris gels
and transferred to a nitrocellulose membrane at 4°C. Nitrocel-
lulose membranes were blocked in 5% w/v dry milk powder
dissolved in tris-buffered saline with 0.1% Tween-20 (TBST) for
at least one hour. Membranes were incubated with mouse anti-
VE-cadherin antibody (1:1000; sc-9989, Santa Cruz Biotechnology,
Dallas, TX) and rabbit anti-TGFSR2 antibody (1:1000; PA535076,
Invitrogen) dissolved in blocking buffer for at least two hours.
Blots were washed three times with TBST following primary
antibody incubation and were subsequently incubated with
IRDye 800CW donkey anti-rabbit IgG (1:10 000; LICOR) or IRDye
680RD donkey anti-mouse IgG (1:10 000; LICOR) for at least one
hour. Membranes were then rinsed at least three times with TBST
and imaged using an Odyssey CLx LICOR Imaging System.

4.13 | Transcriptomic Analysis

Samples for microarray analysis included 1) confluent EC mono-
layers cultured on 10 mg/ml fibrin hydrogel slabs, 2) confluent EC
monolayers cultured in channels within 10 mg/ml fibrin hydro-
gels, 3) encapsulated, single ECs embedded within FD 0% 10 mg
ml™ fibrin hydrogels, and 4) encapsulated, single ECs embedded
within FD 2% 10 mg ml™" fibrin hydrogels. All conditions were
cultured for 3 days upon which nattokinase (100 fibrinolytic
units ml™") was incorporated into EGM2 media for 15 min to
digest the surrounding fibrin hydrogel to release attached ECs.
ECs were pelleted and RNA isolation was performed via RNeasy
mini kit per manufacturer’s protocol. Purified RNA samples were
submitted to the University of Michigan Sequencing Core for
microarray analysis on an Affymetrix chip. Gene expression data
was analyzed utilizing Advaita Bioinformatics software [103].
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4.14 | Cytokine and Growth Factor Secretion
Analysis

To assess how fibrous topography influenced EC cytokine secre-
tion, we employed a recently established microfluidic ELISA
and an antibody cytokine detection array membrane. For both
assays, samples were cultured for 7 days, with supernatant media
refreshed every 2 days. Conditioned media collected for analysis
contained 2 days of cell secreted factors (i.e. over days 5-7).
As cell-secreted factors such as TGF-f2 can become bound
to the extracellular matrix (i.e. latent TGF-f complexes) upon
secretion, the fibrin hydrogel was digested utilizing nattokinase
as described above. To release TGF-52 from the latent complex,
conditioned media was adjusted to pH 5 with hydrochloric
acid. Microfluidic-based ELISA was performed as previously
described in detail in Tan et al. [104] Inflammatory cytokine
detection array membrane was performed per manufacturer
protocol (R&D Systems, Proteome Profiler Human Cytokine
Array, #ARY005B). All samples were stored at —80°C and
thawed immediately prior to microfluidic ELISA or cytokine
assay.

4.15 | Lentiviral-Mediated Gene Expression

The TGFBR2-mEmerald fusion protein was assembled into
a lentiviral pRRL vector at the KpnI and EcoRI sites and
expressed using a CMV promoter. The TGFSR2 coding sequence
was amplified from a HUVEC cDNA library using forward
primer 5-TCTATGACGAGCAGCGG-3’ and reverse primer 5-
CTATTTGGTAGTGTTTAGGGAG-3. The mEmerald coding
sequence was a gift from M. Davidson’s lab. DNA fragments
were assembled using NEBuilder HiFi DNA Assembly Master
Mix. Lentivirus was generated in HEK-293T cells as previously
described [105].

4.16 | VE-Cadherin BioIlD

VE-cadherin-BioIlD constructs were generated previously and
transduced into hMVECs (Lonza) as previously described [106].
hMVECs stably expressing VE-cadherin-BirA* or cytoplasmic
(non-fusion-tagged) BirA* were generated via lentiviral transduc-
tion. For each condition, EGM2-MV containing 50 uM biotin was
added to two confluent 15 cm plates for 20 h. After incubation,
hMVEC monolayers were lysed in RIPA buffer (pH 7.4, 50 mM
Tris, 150 mM NacCl, 1% v/v Triton-X, 0.1% w/v sodium dodecyl
sulfate, 0.5% w/v sodium deoxycholate) and biotinylated proteins
were extracted by incubating lysates with Dynabeads MyOne
Streptavidin C1 (Invitrogen) beads for 1 h at room temperature.
Beads were washed three times in RIPA buffer and biotinylated
proteins were denatured and eluted in 2X sample buffer contain-
ing biotin at 95°C for 10 min. Samples were isolated by gel top
SDS-PAGE extraction. In-gel tryptic digestion was performed, and
peptides were desalted using POROS Oligo R3 beads (Thermo
Fisher Scientific). Peptides were washed with 0.1% formic acid
and peptides were eluted with 50% acetonitrile and 0.1% formic
acid. Peptides were dried via lyophilization and resuspended in
5% acetonitrile and 0.1% formic acid before analysis by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) by MS
Bioworks.

4.17 | Fluorescent Staining

Samples were fixed with 4% paraformaldehyde and permeabi-
lized with a PBS solution containing Triton X-100 (5% v/v),
sucrose (10% w/v), and magnesium chloride (0.6% w/v) for
1 h each at room temperature. AlexaFluor 488 phalloidin (Life
Technologies, Carlsbad, CA) was utilized to visualize F-actin.
4, 6-diamidino-2-phenylindole (DAPI, 1 pug ml™?) was utilized
to visualize cell nucleus. To visualize VE-cadherin, YAP, SNAI1,
vimentin, SMAD3, or cleaved caspase3, samples were sequen-
tially blocked in bovine serum albumin (0.3% w/v), incubated
with primary antibody [mouse monoclonal anti-VE-cadherin
(1:500, Santa Cruz Biotechnology, sc-9989), mouse monoclonal
anti-YAP (1:500, Santa Cruz Biotechnology, sc101199), rabbit mon-
oclonal anti-SNAII (1:500, Cell Signaling Technologies, #3879S),
mouse monoclonal anti-vimentin (1:500, Sigma, V63890), rabbit
monoclonal anti-SMAD3 (1:500, Cell Signaling Technologies,
9523S), or rabbit polyclonal anti-Caspase-3 antibody (1:100, Invit-
rogen)|, and incubated with secondary AlexaFluor 647 goat
anti-mouse or anti-rabbit IgG (H+L) (1:1000, Life Technologies)
each for 1 h at room temperature. For TGF-BR inhibition studies,
apoptosis was visualized by CellEvent Caspase-3/7 Detection
Reagent (5 uMm, Invitrogen, C10423) added to samples one hour
prior to fixation. For live cell VE-cadherin pulse studies, a
mouse monoclonal anti-VE-cadherin antibody (55-7H1 clone)
pre-conjugated with AlexaFluor 647 was added to cell culture
media (1:500, BD Biosciences, 561567) for 30 min followed by
media rinses as described in [107].

For TGFBR2-AJ localization studies, MVECs were transduced
with TGFSR2-mEmerald lentivirus and were seeded on glass
coverslips coated with 10 ug/ml fibronectin (Fisher CB40008A)
or on fibers functionalized with RGD as described above. Cells
were fixed with 4% PFA in PBS for 10 min at 37°C. Samples were
permeabilized with 0.1% Triton X-100 at room temperature for
10 min and blocked in 2% w/v BSA in PBS at room temperature
for at least one hour. Samples were incubated with mouse anti-
VE-cadherin (1:300; F-8; Santa Cruz Biotechnology) primary
antibody diluted in blocking buffer, washed with PBS, and
subsequently incubated with AlexaFluor647 goat anti-mouse IgG
(1:300) diluted in blocking buffer for one hour at room tem-
perature. Samples were mounted using ProLong Gold Antifade
Mountant prior to imaging.

4.18 | Microscopy and Image Analysis

Fluorescent images were captured on a Zeiss LSM800 confocal
microscope. To quantify tip cell formation, the number and
distance of tip cells were measured in FIJI. Tip cells were defined
morphologically as the leading cell of an invading strand or as a
single invading cell. VE-cadherin signal intensity was quantified
by summing the total VE-cadherin signal and normalizing to the
number of cells in each field of view. Nuclear SMAD3 intensity
was quantified by first masking the SMAD3 signal with a nuclear
mask, then summing SMAD3 intensity and normalizing to the
number of cells in each field of view. Performing these analyses
on a field of view basis allowed for Pearson’s correlation analysis
between nuclear SMAD3 and VE-cadherin. Measurements of VE-
cadherin junctional width was performed as described previously
[62, 64,108]. Briefly, high resolution images of VE-cadherin were
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acquired on a confocal microscope. Images across conditions
were thresholded under the same parameters. A line orthogonal
to the long axis of the junction was drawn to measure the intensity
profile and obtain VE-cadherin junction width.

TGFBR2-mEmerald immunofluorescent staining was imaged
using a Yokogawa CSUI10 spinning disk confocal on a Nikon
TE2000 microscope with a Cool-SNAP HQ2 camera (Photomet-
rics), controlled by NIS Elements software (Nikon). To determine
TGFBR2 junctional enrichment, an image threshold was gener-
ated using the VE-cadherin signal. TGFSR2-mEmerald intensity
was calculated within and outside the VE-cadherin threshold
area and the ratio of junctional to cytoplasmic intensity was
calculated.

4.19 | Statistics

Statistical significance was determined by one-way analysis of
variance (ANOVA) or two-sided student’s t-test where appro-
priate, with significance indicated by p<0.05. Sample size is
indicated within corresponding figure legends and all data are
presented as mean =+ standard deviation.
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