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Tissues with Patterned Vessels or Protein Release Induce
Vascular Chemotaxis in an In Vitro Platform

Rajeev J. Kant, BS, Colette F. Bare, ScB, and Kareen L.K. Coulombe, PhD

Engineered tissues designed for translational applications in regenerative medicine require vascular networks to
deliver oxygen and nutrients rapidly to the implanted cells. A limiting factor of in vivo translation is the rapid and
successful inosculation, or connection, of host and implanted vascular networks and subsequent perfusion of
the implant. An approach gaining favor in vascular tissue engineering is to provide instructive cues from the
engineered tissue to enhance host vascular penetration and connection with the implant. Here, we use a novel
in vitro platform based on the aortic ring assay to evaluate the impact of patterned, endothelialized vessels or
growth factor release from engineered constructs on preinosculative vascular cell outgrowth from surrogate host
tissue in a controlled, defined environment, and introduce robust tools for evaluating vascular morphogenesis and
chemotaxis. We demonstrate the creation of engineered vessels at the arteriole scale, which develop basement
membrane, exhibit tight junctions, and actively sprout into the surrounding bulk hydrogel. Vessel-containing
constructs are co-cultured adjacent to rodent aortic rings, and the resulting heterocellular outgrowth is quantified.
Cells originating from the aortic ring migrate preferentially toward constructs containing engineered vessels with
1.5-fold faster outgrowth kinetics, 2.5-fold increased cellular density, and 1.6-fold greater network formation
versus control (no endothelial cells and growth factor-reduced culture medium). Growth factor release from
constructs with nonendothelialized channels and in reduced factor medium equivalently stimulates sustained
vascular outgrowth distance, cellular density, and network formation, akin to engineered vessels in endothelial
growth medium 2 (EGM-2) medium. In conclusion, we show that three-dimensional endothelialized patterned
vessels or growth factor release stimulate a robust, host-derived vascular cell chemotactic response at early time
points critical for instructive angiogenic cues. Further, we developed robust, unbiased tools to quantify metrics of
vascular morphogenesis and preinosculative heterocellular outgrowth from rat aortic rings and demonstrated the
utility of our complex, controlled environment, heterocellular in vitro platform.
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Impact Statement

Using a novel in vitro platform, we show that engineered constructs with patterned vessels or angiogenic growth factor
release, two methods of instructing host revascularization responses, equivalently improve early host-derived vascular
outgrowth. Our platform leverages the aortic ring assay in a tissue engineering context to study preinosculative vascular cell
chemotaxis from surrogate host vascular cells in response to paracrine cues from co-cultured engineered tissues using
robust, open-source quantification tools. Our accessible and flexible platform enables translationally focused studies in
revascularization using implantable therapeutics containing prepatterned vessels with greater environmental control than
in vivo studies to advance vascular tissue engineering.

Introduction engineered constructs for clinical translation, vasculariza-
tion becomes a crucial design criterion due to oxygen

MAJOR FOCUS in tissue engineering is the creation diffusion limits of 100-200 um'™ in thick, cellularized tis-

of implantable, cellularized therapeutics that replace sue. Vascularization is particularly important in applica-

or augment damaged tissue. In considering the scalability of  tions such as cardiac, skin, bone, liver, and pancreatic tissue
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CUES TO INDUCE VASCULAR CHEMOTAXIS IN AN IN VITRO PLATFORM

engineering that necessitate dense and hierarchically orga-
nized tissues, and thus require efficient convection of oxygen
and nutrients via a robust vascular transport system.*> Such
tissues fabricated without vasculature and thicker than oxygen
diffusion limits can suffer hypoxia and form necrotic cores.**
Providing adequate conduits for the convection of oxygen and
nutrients is necessary for the survival and function of im-
planted tissues both before and after implantation.””
Engineering vasculature within tissues in vitro can be
achieved by using many different techniques, but it primar-
ily involves combinatorial manipulation of physical cues
(e.g., co-culture vessel stabilization,8 fabricated geome-
tries,g_” biomaterials,2’12’l3 or three-dimensional [3D] bio-

printing'*'%) and chemical cues (e.g., peptide'® and growth
factor treatment/release,'” or co-culture paracrine signal-
. 8,18

ing®'®) to orchestrate vessel formation.>'” Prevascularizing
a patch before implantation has demonstrated perfusion
of the imgplanted networks and improved survival of the
construct.” """ The overall mechanism by which this occurs
is termed inosculation, or the connection of disparate vas-
cular networks.”® In this process, independent vessels rec-
ognize and sprout toward one another over tens to hundreds
of microns, anastomose, and remodel to form a continuous,
integrated network for blood flow.?! Inosculation can enable
rapid perfusion to implanted tissues within 1-6 days after
implantation,“’zz_24 which has implications for the survival,
engraftment, and function of the implant.

Despite the great need for rapid vessel perfusion on implan-
tation, preinoculative dynamics of endothelial and vascular
stromal cells are not well understood. Primary literature in this
area focuses on in vitro monolayer-based or microfluidic mod-
els that do not sufficiently recreate the complex environment
and stimuli of angiogenesis at larger scales with engineered
tissues,>* " or in vivo experiments that report intra-patch vessel
structures or perfusion at terminal endpoints.”'"***® Thus,
there is a need to examine signaling and migration patterns
between host and engineered tissues before inosculation at
intermediate scales in terms of time and complexity. Further,
several cellular populations and microenvironmental cues en-
gage in the inosculation process from both the host and im-
planted tissue and understanding how these cues drive this
process is necessary to engineer an adaptive and timely vas-
cularization response on tissue implantation.

Utilizing animal-derived tissue provides a compromise
between the simplicity of in vitro systems and complexity
of in vivo models®*”**7? and is often used to study vas-
cularization mechanisms, often by treatment with angio-
genic agents or genetic alteration.*”** One such assay is the
heterocellular aortic ring assay, which examines microvessel
sprouting in a matrix protein (historically Matrigel) from
sectioned rodent aortas stimulated primarily by VEGEF,
bFGF, and/or fetal bovine serum (FBS) over a 7-14 day
period.>”*? The primary outputs of this assay are micro-
vessel counts, histological staining of endothelial and sup-
portive stromal cells (including smooth muscle cells,
fibroblasts, pericytes, etc.), and morphological assessment
in response to treatment with an agent.'’>*>*® The aortic
ring assay provides a useful starting point from which to
develop a defined, robust platform for bridging studies in
vascularization between in vitro and in vivo research.

In the present study, we describe and evaluate our in vitro
platform for examining preinosculative vascular outgrowth
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from aortic rings in response to vascularization cues from
engineered constructs in a defined and controlled environ-
ment by using a novel adaptation of the aortic ring assay.
We report the global and regional migratory responses of
outgrowing vascular cells adjacent to constructs containing
engineered vessels and evaluate responses to physical, cel-
lular, and chemical effectors of migration and angiogenesis
by using unbiased automated analyses (in MATLAB and
available online). Our data demonstrate that preinosculative
outgrowth from aortic rings is sensitive to vascular stimuli
and co-culture with engineered constructs, and that endo-
thelialized vessels or growth factor release similarly prompt
early vascular morphogenesis, sustained vascular outgrowth,
cellular density, and cohesive network formation. We show
that this platform is useful for investigation of preinocu-
lative vascular communication and signaling between sur-
rogate host and engineered tissues.

Methods

Sacrificial alginate fiber fabrication and construct
gel casting

Alginate fibers were fabricated by using a wet spinning
process. Briefly, 1% w/w sodium alginate (MilliporeSigma)
solution was extruded through a 30G needle by using a
syringe pump at 50 pL/s into a cross-linking bath of 100 mM
calcium chloride (Acros Organics). Wet fibers were col-
lected and dried on a mandrel (Supplementary Fig. S1).

Custom polydimethylsiloxane (PDMS) molds were fab-
ricated as previously described.’’ Briefly, vector-based
design templates were created in Adobe Illustrator (Adobe,
Inc.) and etched into a 1/4" acrylic sheet by using a Uni-
versal Laser Systems 6.75 Laser Cutter (Universal Laser
Systems, Brown Design Workshop). Sylgard 184 (Dow) was
cast on the acrylic master and cured overnight, creating an
autoclavable PDMS mold for use in sterile tissue culture
(Fig. 1A). Dried sections of alginate fibers were embedded
between the walls of autoclaved molds by using a 23G
needle. A temporary PDMS gate was placed to prevent
collagen from spilling into the ring area, and a 2mg/mL
type-1 collagen solution (Advanced BioMatrix) was then
cast in the construct region. The plate was incubated at 37°C
and 5% CO, for 30min; then, the construct gel was im-
mersed in phosphate-buffered saline (PBS; Gibco).

Channel patency was established by treating the construct
gels with chelation media containing 1 mM sodium citrate
(Fisher Scientific) in PBS for 10 min on an orbital shaker
to un-crosslink the calcium alginate, and patency was con-
firmed by perfusion of fluorescent FluoSpheres (Fisher
Scientific) or PBS (Supplementary Movie S1). To create
growth factor-loaded construct gels, 10ng/mL VEGF and
10ng/mL bFGF were mixed into the collagen solution be-
fore casting, and chelation media contained VEGF and
bFGF as well to ameliorate early burst release before ring
placement. Construct gels were typically fabricated 2 days
before aortic ring placement, except for growth factor re-
leasing constructs that were created the day of ring placement.

Endothelial cell culture

Human umbilical cord endothelial cells (HUVECs; Lonza)
were cultured on 0.1% gelatin- coated (MilliporeSigma)
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FIG. 1.

Mold and experimental design. (A) Adobe Illustrator design file and corresponding PDMS mold embedded with

sacrificial alginate fibers to pattern (B) empty channels (fop) and engineered vessels (botfom; 4 X magnification) within
construct gels and co-culture next to outgrowing aortic rings (10X magnification). (C) Experimental preparation and
timeline indicating media exchange. (D) Experimental conditions tested, denoted as engineered vessels (+ EC) or empty
channels (- EC) cultured in EGM-2 or RF EGM-2 media (+ ECR), and constructs with empty channels but loaded with
growth factors in RF EGM-2 (- ECrg). EGM-2, endothelial growth medium 2; PDMS, polydimethylsiloxane; RF EGM-2,
reduced factor medium (complete EGM-2 without VEGF and bFGF). Color images are available online.

10cm? tissue culture plates (Fisher Scientific) in endothelial
growth medium 2 (EGM-2; Lonza) with media exchange
every day. Cells were passaged every 4-5 days at 75% con-
fluency by enzymatic dispersion with 0.05% trypsin (Life
Technologies) in versene (0.5 mM EDTA [MilliporeSigma]
and 1.1 mM b-glucose [MilliporeSigma] in PBS). Cells be-
tween passages 2 and 7 were used in experiments.

Engineered vessel formation

Patent channels in constructs were seeded with 3.75x
107 cells/mL of HUVECs through the channel opening ad-
jacent to the aortic ring and incubated upside down for
45min and then right side up for 30min to facilitate
HUVEC attachment along the entire channel circumference.
Constructs were then gently washed in PBS, changed into
EGM-2 or reduced factor medium (EGM-2 without VEGF
and bFGF; RF EGM-2), and gently perfused the next day to
rinse out nonadherent cells.

Aortic ring harvest and placement

Aortas were harvested from male wild-type Sprague
Dawley rats between 2 and 3 months of age and prepared by
using standard protocols.*® Briefly, rodents were anesthe-
tized by using 4% isoflurane. The chest cavity was exposed
by thoracotomy, and connective tissue was cut away to
isolate the thoracic aorta. The excised aorta was cleaned
of fat and connective tissue, sectioned into 1 mm tall rings,
and finally serum-starved overnight in endothelial basal
medium-2 (EBM-2; Lonza) +0.1 mg/mL penicillin-streptomycin

(MilliporeSigma). The next day, the medium was aspirated, a
2mg/mL collagen gel was cast adjacent to the construct gel
in the ring area, and aortic rings were aligned on the central
platform. Ring-construct setups were incubated for 30 min and
then immersed in EGM-2 or RF EGM-2. All procedures were
approved by the Institutional Care and Use Committee (IACUC)
in Brown University JACUC Approval No. 1702000256).

Imaging

Setups were imaged daily on a Nikon Eclipse Ti-E micro-
scope (Nikon) with tiling capabilities. Histologically stained
whole-mount tissues were imaged by using an Olympus
FV3000 Confocal Microscope (Olympus, Brown University
Leduc Bioimaging Facility). Whole-mount tissues were flat-
tened between a glass slide and coverslip for tiling.

Outgrowth measurements

Outgrowth measurements were performed in Imagel.
Outgrowth area was calculated by drawing a region around
outgrowing cells and subtracting it from the initial area
of the ring. Outgrowth distance was measured in 15° in-
crements around the ring, originating at the outer edge of the
aortic ring for each angle. Regional measurements averaged
60° angle bins facing the construct gel (interface [IF] region)
or away from the gel (remote [RM] region). Outgrowth
velocity was calculated as the distance of each day’s out-
growth subtracted by the previous day’s outgrowth at each
angle increment. A MATLAB (MathWorks) script was
written to generate polar plots with error bars and extract
centroid shift data.
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Model protein release

The rate of growth factor release from collagen gels pre-
loaded with protein was extrapolated based on bovine serum
albumin (BSA) release using the bicinchoninic acid (BCA)
assay. Due to the more negative charge of BSA compared
with growth factors VEGF and bFGF at physiological pH and
the charge interactions retaining the protein governed by
negatively charged collagen, the release profile of BSA may
overestimate the release kinetics. Briefly, 50 pg/mL. BSA was
loaded into collagen gels and cultured for 7 days in PBS
+0.02% sodium azide following an identical media exchange
schedule as experiments with aortic rings. Each day, 600 pL.
of media was removed and replaced with fresh PBS, and the
aliquot was frozen. At the end of the 7 days, all media aliquots
were thawed and analyzed for BSA content on a Cytation 3
Cell Imaging Multi-Mode Reader (BioTek). Values were
normalized relative to cumulative release on the last day.

Immunohistochemistry

Setups were fixed in 4% paraformaldehyde (Millipore-
Sigma) for 15 min at room temperature, then washed with
PBS, and finally stored at 4°C in the short term. Whole-
mount histology was performed for most samples to pre-
serve spatial information. Setups were blocked with 1%
BSA (MilliporeSigma) in PBS for 2 h followed by overnight
incubation with primary antibody in fresh blocking buffer
and 0.1% Triton-X (MilliporeSigma). The next day, the
setups underwent two 2-h washes in PBS, blocking for 2 h,
and finally secondary antibody treatment overnight in PBS
+1% BSA. On the third day, setups were treated with bis-
benzimide H-33342 trihydrochloride (Hoechst; Millipore-
Sigma) in PBS for 15min, three 1-h washes, and finally
stored in PBS at 4°C until they were imaged. All incubation
and wash steps for whole-mount histology were performed
on an orbital shaker at room temperature. Some engineered
vessels were fixed, processed into frozen blocks, and sec-
tioned on an Avantik QS12 cryostat (Brown University
Molecular Pharmacology, Physiology, and Biotechnology).
Histology then proceeded as described earlier. Primary and
secondary antibodies used are provided in Table 1.

Image analyses

Histological analysis was performed in MATLAB by first
defining regions of interest (ROIs) within inner and outer
subdivisions of the IF and RM regions. Within ROIs,
Hoechst stains were evaluated by watershed segmentation to
obtain nuclear counts. Nearest-neighbor analysis was per-
formed by implementing a pixel search algorithm to find
particles within 20 um of each other. Nuclear orientation
was determined by excluding uniform nuclei based on as-
pect ratio and normalizing each particle’s major axis ori-
entation by the angle of outgrowth from the ring. Network
area measurements were taken from vimentin stains and
separated into isolated cell or network masks. All MATLAB
codes are hosted online and free to download and use via the
Harvard Dataverse.

Statistical analysis

Statistics were calculated by using one-way or two-way
repeated-measures analysis of variance as appropriate, fol-
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TABLE 1. LIST OF ANTIBODIES USED
FOR IMMUNOHISTOCHEMISTRY
Catalog No.;
Antibody/fluorophore Dilution company
Mouse monoclonal 1:200 V6630-100 UL;
anti-vimentin MilliporeSigma
Mouse monoclonal 1:100 SAB4200709-
anti-collagen IV 100 UL;
MilliporeSigma
Rabbit polyclonal 1:50 36-190-0; Fisher
anti-human
VE-cadherin
Bisbenzimide 1.5pug/mL  B2261-100MG;
H 33342 MilliporeSigma
trihydrochloride
(Hoechst)
Goat anti-mouse 1:400 A-11001; Invitrogen
Alexa Fluor 488
Goat anti-rabbit 1:400 A-11005; Invitrogen
Alexa Fluor 594
Griffonia Simplicifolia  1:400 DL-1207-.5;

Isolectin B4, Dylight Vector Labs

594-labeled

lowed by the Tukey-Kramer method of post hoc analysis
with p-values <0.05 being considered statistically signifi-
cant. All analysis was performed in Prism 8 (GraphPad).
Sample size denoted as n refers to individual aortic rings.
Each condition contains between three and eight biological
replicates (aortas from distinct animals) from which be-
tween two and four aortic rings were quantified per group.

Experiment

Culture mold design enables co-culture of aortic rings
with constructs containing engineered vessels

Our PDMS mold-making process as previously published
for in vitro and in vivo implant fabrication'” was adapted to
enable the co-culture of rodent aortic rings next to a con-
struct.”” For this design, cylindrical posts were arranged in
the construct area to anchor the gel in place during culture
(Fig. 1A). A larger cylindrical platform centrally located in
the ring region enabled precise placement of aortic rings at the
same distance (2mm) from the construct gel without con-
tacting the ring intima. The overall mold size was optimized
to accommodate imaging of vascular cell outgrowth over
7 days and fit a construct approximating the size appropriate
for subcutaneous or epicardial implantation in rats (Fig. 1B).

Setups were imaged daily, fed every third day, and fixed
on day 7 for immunohistochemical staining and analysis
(Fig. 1C). Our experimental conditions were selected to
elucidate specific contributions of endothelial cells and
growth factors to vascular outgrowth, and thus inform
in vivo implant design choices (Fig. 1D). Construct gels con-
tained either nonendothelialized channels (— EC) or engi-
neered vessels (+ EC) and were fed with either EGM-2 or
RF EGM-2 (denoted as + ECg). Lastly, to determine how
spatiotemporal presentation of growth factors affected
outgrowth response in comparison to stagnant media-
solubilized presentation, we loaded 10ng/mL. VEGF and
bFGF into construct gels without HUVECs and co-cultured
those with aortic rings in RF EGM-2 (- ECgg).
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Endothelialized channels form functional engineered
vasculature and exhibit sprouting

Alginate fibers were fabricated by using a wet spinning
technique (Supplementary Fig. S1) and utilized as sacrificial
templates to pattern perfusable, arteriole-scale channels in
construct gels with an average diameter of 461.5+15.6 um
(Supplementary Movie S1). Engineered vessels were estab-
lished by seeding HUVECs into channels, which prolifer-
ated to fill the circumference as confirmed by CD-31
staining (Fig. 2A and Supplementary Fig. S2A). En face
sections of the vascular wall showed a confluent monolayer
with tight junctions marked by VE-cadherin and deposition
of the basement membrane protein collagen IV, indicative
of appropriate vascular structure (Fig. 2B). Engineered
vessels cultured in RF EGM-2 were similarly able to form
fully confluent walls with VE-cadherin expression and main-
tain patency, although delamination from the collagen gel
wall occurred to varying degrees in 88% of engineered
vessels by later time points (Fig. 2C, inset, dashed lines). In
contrast, engineered vessels cultured in EGM-2 medium did
not exhibit any delamination. For all experiments, HUVECs
were seeded in channels 2 days before embedding aortic rings
(denoted as day -2) to allow for infill of the vessel wall.

Diameter measurements over the study revealed a re-
duction to about 80% of initial diameter independent of
culture media (79.1% +£2.37% and 78.0% +2.82% for + EC
and + ECg groups, respectively) due to HUVEC remodel-
ing of the construct gel matrix (Fig. 2D). Nonendothe-
lialized channels exhibited a slight increase in diameter
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(108.2% % 1.82%), likely due to sagging of the channel into
an ellipsoid cross-section during the experiment.

Vascular sprouting was evident from engineered vessels
in both media compositions (Fig. 2E-H). Engineered vessels
cultured in EGM-2 demonstrated peak sprouting at 3—4 days
after seeding followed by divergence into two distinct mor-
phologies, with 57% of samples developing dense vascular
plexuses with active tip-stalk sprouting throughout the ex-
periment (Fig. 2A, E, inset, white arrows) and the rest ex-
hibiting transient sprouting followed by regression and
quiescence of the main vessel (Supplementary Fig. S2B).
Live/dead staining of quiescent vessels at day 7 showed that
the main vessel maintained full coverage with a few apo-
ptotic cells, attributed to either sprout regression or death
during the seeding process (Supplementary Fig. S2C). In con-
trast, engineered vessels cultured in RF EGM-2 had sig-
nificantly fewer sprouts with a peak at day -1 followed by
quick regression of all sprouts (Fig. 2F, inset).

Sprouting morphology varied between groups, with sim-
ple spur sprouts being the dominant morphology across + EC
and + ECy occurring either transiently or persistently in 92%
and 83% of engineered vessels, respectively, during culture
(Supplementary Fig. S2D, E). Split sprouts (multiple spurs
with a common root) occurred in 69% of + EC vessels;
however, it occurred in only 17% of + ECg vessels. Sprouts
from + EC vessels additionally exhibited branches (spurs with
a sprouting node above the root; 77%), loops (distinct spurs
that form a linked vessel; 69%), and complex sprouts (combi-
nations of the described morphologies including plexuses; 46%).
Together, our data show that perfusable engineered vessels
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FIG. 2. Endothelialization of empty channels. (A) Whole-mount histology of engineered vessel in complete media
(10 x magnification) and (B) section view of the vessel wall (60 x magnification). (C) Engineered vessel cultured in RF
EGM-2 (10 x magnification). Inset shows partial delamination of vessel from vessel wall (dashed lines). (D) Quantification
of engineered vessel diameter. (E) Sprouting behavior in engineered vessels in EGM-2 (20 X magnification). Inset shows tip-
stalk phenotype of sprouts, with arrows indicating tip cells. (F) Sprout regression in RF EGM-2 (20 X magnification). (G, H)
Quantification of sprouting behavior from engineered vessels. + EC (n=14), — EC (n=11), + ECg (n=6). *p<0.05,
**p <0.01, ***p <0.001, ****p <0.0001. Color images are available online.
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formed in construct gels demonstrate structural properties of
native vasculature and actively sprout into the construct bulk
gel in the presence of soluble pro-angiogenic growth factors.

Global vascular outgrowth is natively influenced
by physical cues but overridden by paracrine
or chemical signaling

After placement of the aortic rings adjacent to construct
gels, daily phase-contrast images showed consistent out-
growth in all directions relative to the outside edge of the
ring (Fig. 3A). Experiments were performed without engi-
neered vessel perfusion to study a static, nonperfused tissue
microenvironment as would occur immediately on implan-
tation if used for translational in vivo studies where surgical
vascular anastomosis is not used. Outgrowth measurements
were taken in 15° increments around the rings each day,
from which we found significant differences between + EC
and — EC groups at day 3 (Supplementary Fig. S3A). Area
quantification revealed improved outgrowth for the — ECrg
and + ECy groups compared with the — EC group by day 5
and a significant increase in area between the + EC and
— EC groups by day 6 (Supplementary Fig. S3B).

By visualizing the data by using polar plots, we noted
nonuniform outgrowth in aortic ring setups that appeared to

210
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be dependent on the presence of engineered vessels and
growth factors solubilized in media or locally released
(Fig. 3B). We quantified this bias by calculating the aver-
age horizontal shift in the centroid of outgrowth over the
course of the experiment (Fig. 3C) and observed an appar-
ent rightward shift in cellular migration (away from con-
struct gels with nonendothelialized channels) most severe in
the — ECr group, indicating a rightward bias in outgrowth
that may be due to collagen fiber orientation during gelation,
mechanical differences due to imperfect coupling of the
construct and ring gels, or overall mold geometry. However,
this effect was ameliorated in the — EC group and entirely
reversed to a left-ward bias in migration toward engineered
vessels in both media compositions as well as growth-factor
loaded construct gels in RF EGM-2, showing a strong outgrowth
bias in response to growth factors and engineered vessels.
In examining population velocity per day, the + EC group
showed a significant increase in migration velocity at day 2
in comparison to all groups except — ECrg, which itself al-
most reached significance relative to — ECg (p=0.084)
(Fig. 3D and Supplementary Fig. S3D). On day 3, we found
increased outgrowth velocity for both + EC and — ECgg
relative to — EC. At later time points, the average velocity
values per day slowly decreased with no significant differ-
ences between groups. Lastly, we used the BCA assay to
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FIG. 3. Population outgrowth from aorta-derived cells. (A) Aortic outgrowth progression (4 X magnification) and (B)
polar plots of vascular outgrowth for each condition (i-vi). (C) Average left-right centroid shift in population outgrowth for
each group. (D) Average population velocity of aortic outgrowth at days 2 and 3. + EC (n=17), — EC (n=15), + ECy
(n=11), — ECg (n=11), — ECrg (n=28). *»<0.05 and ****p <(0.0001. Color images are available online.
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quantify release from collagen gels, which revealed signif-
icant burst release within the first day followed by lower,
sustained release over the next 3 days (Supplementary
Fig. S3E). These data suggest that a combination of physi-
cal, cellular, and chemical signals bias vascular cell out-
growth distance and velocity. The culture design appears to
impart a physical cue that influences migration away from
the engineered construct, but this directional growth is over-
ridden by endothelial cell paracrine signaling from engineered
vessels. Further, angiogenic growth factor release from gels
provides a similarly strong and sustained stimulus as com-
pared with endothelial cell paracrine signaling, despite early
burst release and in otherwise reduced factor conditions, for
improving and biasing overall vascular cell outgrowth.

Vascular outgrowth distance is increased toward
constructs by paracrine signaling from endothelial cells
and growth factors

To further investigate specific biases in outgrowth direc-
tion, we binned the outgrowth measurements into 60° in-
tervals toward or away from the construct gel, referred to as
the IF and RM regions, respectively (Fig. 4A). Using this
methodology, we were able to see significant increases in
outgrowth distance in the IF region as early as day 2 be-
tween both + EC and — ECgg relative to — ECy that were
sustained throughout the rest of the experiment. (Fig. 4B, C).
At day 3, we found additional significant increases for both
+ EC and — ECgg relative to — EC that were similarly sus-
tained. By day 7, the + EC and — ECgrg groups reached
an average IF outgrowth distance of 2076.32+88.04 um
and 1966.57 £ 62.67 um, respectively, whereas the — EC and
— ECr reached IF outgrowth values of only 1607.67t
83.35um and 1632.48+50.67 pum. We were unable to find
significant differences for the + ECgr group (193545+

& +EC g +ECr

- ECra
.- & O
m.- EC . ECr

2 4 6
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102.12 um) relative to — EC (p=0.13) or — ECg (p=0.11).
In comparing IF and RM outgrowth at day 7, we found a
significant difference only within the + EC group (Fig. 4F,
+ signs). Further, we examined regional velocity at early
(days 1-4) and late (days 4-7) time points and found sig-
nificantly increased early migration velocity in the IF region
for + EC and — ECgg groups relative to — EC, although
neither reached significance when compared with — ECg
(p=0.12 and p=0.20, respectively) (Fig. 4D). In stark con-
trast, we did not find any significant differences between
groups in the RM region in either outgrowth distance or
velocity (Fig. 4E-G).

We further examined chemical effectors of outgrowth by
supplementing some + EC setups with additional FBS up
to 10% (+ EC,grps) and saw greater increases in population
and regional outgrowth, area, and velocity in comparison to
+ EC, attributed to the greatest increases in the RM region
(Supplementary Fig. S4A-E). Setups supplemented with
FBS also experienced greater compaction, which affected
outgrowth measurement accuracy of some samples, and day
7 measurements were omitted from analysis due to hyper-
compaction.

Together, these data show that endothelial cells and growth
factors bias vascular cell outgrowth and morphogenesis.
Paracrine signaling from engineered vessels in EGM-2 re-
sulted in outgrowth matched only by growth factor release
in RF EGM-2, which was sustained for the entire 7 days
despite loaded factor burst release and media exchange.
Engineered vessels in RF EGM-2 may provide an inter-
mediate level of benefit in outgrowth but they suggest that
implanted engineered vessels without growth factors do not
provide as favorable a microenvironment as media tailored
to endothelial cell growth. These cellular and chemical
stimuli caused microenvironmental changes to influence
outgrowth distance and velocity in the local IF region.
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FIG. 4. Regional outgrowth analysis. (A) Binning methodology for IF and RM regions (4 X magnification). (B, E)
Outgrowth over time with (C, F) differences highlighted at days 2 and 7, and (D, G) regional average Velocity for IF and

RM regions, respectively. + EC (n=17), — EC (n=15), + ECg (n=11), — ECg (n=11), —ECRG (n=8). - #* !

L && %% < 0,01, *FEp < 0.001, T
and — EC. Slgmﬁcance between + EC and ECk.

&, %p < (.05,

p<0.0001. #Slgmﬁcance between + EC and — EC. Slgmﬁcance between — ECrg
Slgnlﬁcance between — ECR and — ECgg. *Significance between IF

and RM regions for indicated group at day 7. IF, interface; RM, remote. Color images are available online.
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Paracrine endothelial cell signaling and growth factor
release improve IF region outgrowth density
and cell clustering

Imaging revealed multiple layers of outgrowth that formed
over time, and we noted stark differences in morphology on
comparing vascular outgrowth in the IF and RM regions
between groups (Supplementary Fig. S5A). The + EC and
— EC groups reliably exhibited dense outgrowth relative to
+ ECgr and — ECg (as demonstrated by the greater white
contrast, particularly adjacent to the ring), with the least
density and networking apparent in the — ECg group. Growth
factor release in the — ECrg group appeared to ameliorate
this, with average density between EGM-2 and RF EGM-2
groups. This pattern was upheld when considering net-
work formation between neighboring cells (Supplementary
Fig. SSA, white arrows). We additionally observed relatively
greater density and networking in the IF regions of + EC,
+ ECg, and — ECrg groups when compared with their re-
spective RM regions.

We thus sought to quantify the differences in density
and networking observed between treatment groups through
whole-mount histology at day 7 to best preserve gross
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morphology and orientation. Histological analysis in
MATLAB was performed by defining inner and outer sub-
regions for both IF and RM regions from which to specify
ROIs (Fig. 5A). This subdivision allowed us to capture
heterogeneity in cellular density at different areas within
the outgrowth regions that were otherwise not as clear in
whole-region analysis (Supplementary Fig. S6A-C). Nu-
clear density was quantified on Hoechst stains followed
by nearest-neighbors analysis in a 20 pm search radius to
characterize local clustering as a microenvironmental output
of cell—cell interactivity relative to the macroscale-focused
nuclear density metric (Fig. 5B, C). In the inner IF subre-
gion, the + EC group had significantly higher nuclear den-
sity at 2749.65+271.29 nuclei/mm? relative to both RF
EGM-2 groups (1507.91 + 154.90 nuclei/mm?” and 1116.00 +
184.23 nuclei/mm? for + ECr and — ECg, respectively).
The — EC (2230.39+138.80 nuclei/mmz) and — ECgg
(2288.50+305.71 nuclei/mm?) groups were significantly
higher compared with — ECg, but not relative to + ECg (p=
0.164 and p=0.202, respectively). We also found significant
decreases in nuclear count in the outer subregions for
+ EC (1186.03+174.57 nuclei/mm), — EC (935.62+120.09
nuclei/mm), and — ECgg (859.52 £ 85.85 nuclei/mm) groups

Nearest Neighbors

s 2] 4

FIG. 5. Histological evaluation of
outgrowth regions. (A) Subregion speci-
fication within IF and RM regions used
for quantification (4 X magnification) due
to (B) observed differences in density and
morphology in outgrowing cells
(10 x magnification). Quantification of
(C, D) nuclear density and (E, F) nearest
neighbors within 20 pm in the IF and RM
regions. 'Significance between inner and
outer subregion for that condition. + EC
(n=8),—EC (n=8), + ECg (n=6), — ECg
G .
’;*"' p<0.01, *'**’ "p<0.001,
“7p<0.0001. ‘Significance between
inner and outer subregions within that
group. Color images are available online.

RM Outer

RM Outer
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when compared with their inner region counterparts (indi-
cated with exclamation points). In contrast, we found shifts
in the inner RM region that did not quite reach significance
between + EC (2239.85%+213.96 nuclei/mm) and both
+ ECg (1444.40+138.90 nuclei/mm, p=0.053) and — ECy
(1451.17£205.70 nuclei/mm, p=0.056) groups, and signif-
icant differences in inner-outer subregion density for the
+ EC, — EC, and — ECgg groups (Fig. 5D).

Nearest-neighbors analysis revealed greater clustering in
the + EC group (6.3610.51 neighbors) relative to + ECg
(3.95+£0.49 neighbors) and — ECr (3.06+0.31 neighbors)
groups (Fig. 5E). The — EC group (5.59%0.55 neighbors)
was significant only compared with — ECg (p=0.306 rela-
tive to + ECR). — ECrg (5.44 £ 0.78 neighbors) did not reach
significance relative to + ECg (p=0.600) but was almost
significant when compared with — ECr (p=0.063), sug-
gesting a possible contribution of short-term factor release
to clustering in depleted factor conditions. Clustering in the
IF outer regions dropped significantly for + EC (3.06£0.42
neighbors), — EC (2.99 £0.33 neighbors), and — ECrg (2.92
0.50 neighbors) groups, and by comparison, only decreased
appreciably between the RM subregions for the + EC (5.13 £
2.69 neighbors to 2.69+0.27 neighbors) and — EC (4.74t
2.68 neighbors to 2.68 +0.29 neighbors) groups (Fig. 5F). In
quantifying numbers of cells without neighbors in the 20 pm
search radius, we found significant increases in the IF re-
gion between — ECg and both + EC and — EC, but not + ECg
(p=0.183) or — ECrg (p=0.205) groups (Supplementary
Fig. S6D). We additionally examined nuclear orientation
of segmented particles within the inner and outer regions of
each group (Supplementary Fig. S6E.i—v). Histogram plots
showed a relatively flat distribution of cell angles, although
the RF EGM-2 groups appeared to have greater variability
in distribution at extreme angles.

Inner IF
A ) Image ROI

N

FIG. 6. Vascular histo-
morphological evaluation in
outgrowth regions. (A)
Representative histological
stains in the inner IF and RM
regions for each group and
corresponding isolated cell
and network masks

(10 x magnification). White
arrows indicate true net-
works, and yellow arrows
indicate overlapping cells.
Cell area as quantified by
vimentin stains in the (B) IF
and (C) RM regions. + EC
(n=5), - EC (n=7), + ECr
(n=06), — ECg (n=0),

— ECgrg (n=5). * 'p<0.05,
"p<0.01. 'Significance
between inner and outer
subregions within that group.
Color images are available
online.
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These results show that engineered vessels and growth
factor conditions drive differences in regional and sub-
regional nuclear density and clustering. Growth factors had
a dominant effect on these parameters when presented in
media with engineered vessels or if factor release was
controlled, whereas engineered vessels in RF EGM-2 were
unable to significantly improve outgrowth. Release of growth
factors improved outgrowth density and clustering in a
manner comparable to groups in EGM-2 media without
endothelial cells and was most pronounced in the IF re-
gion, indicating regional differences in the microenviron-
ment closer to the construct.

Network morphology shows cohesive structures
with locally released growth factors or endothelial cells
in a growth factor-rich environment

Lastly, we sought to quantify population-level network
formation in the heterocellular outgrowth as it is a vital com-
ponent of preinosculative migration. Histological staining
with isolectin B4 (IB4) confirmed the presence of outgrow-
ing endothelial cells but did not quite capture all outgrowing
cells (Supplementary Fig. S7A). In contrast, staining for the
intermediate filament protein vimentin (present in a variety
of cell types including endothelial cells,* pericytes,*® and
smooth muscle cells*'**?) showed wide expression in out-
growing cells and was thus chosen for population-level
quantification. Vimentin stains in each defined subregion
were analyzed by applying threshold masks to distinguish
networks and isolated cells based on size (Fig. 6A). In
comparing our original ROIs and network masks, we noted
differing morphologies that corresponded to either true
network-like structures associated with multiple nuclei,
cell—cell adhesions, and tube-like structures (Fig. 6A, white
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arrows), or elongated cells that did not appear to robustly
interact with neighboring cells or were overlapping from a
different plane (Fig. 6A, yellow arrows). These true net-
works were most often seen in both EGM-2 groups and
comparably in the — ECgrg group. The mask of isolated cells
additionally captured two distinct cell morphologies con-
sisting of cells with elongated projections characteristic of
mesenchymal cells and more compact, amoeboid-like mor-
phologies. Isolated cells appeared most frequently in the
+ ECg and — ECy groups and to a relatively lesser extent in
the — ECrg group, although the masking algorithm errone-
ously labeled some clusters or overlapping cells as networks.

Consequently, in quantifying average vimentin stain area,
we found significant increases in vimentin area in the + EC
group at 38.5% *1.8% compared with 24.0% £2.9% for
— ECg in the inner IF region and significantly decreased area
between inner and outer subregions for + EC and — EC
groups in both IF and RM regions (Fig. 6B, C). Vimentin area
for the — ECgrg group (34.2% £ 4.4% in IF inner, 21.9% £ 2%
in IF outer, IF inner-outer p =0.095) was not quite significant
relative to — ECr (p=0.21) and not different compared with
+ EC (p=0.98). We were also unable to find any significant
differences across sub-regions nor in our regional analysis
of single-cell and network masks (Supplementary Fig. S§A—
D) due to the multi-layered outgrowth observed and con-
firmed with high-magnification Z-stacks showing a distinct
and dense primary layer of extended and networked cells,
and additional upper layers of sparsely populated and in-
creasingly compact and noninteractive cells (Supplementary
Fig. S8E).

Together, these results show that vascular outgrowth is
multilayered and heterocellular in nature. Network forma-
tion is most significantly impacted by paracrine signaling
from engineered vessels in medium containing angiogenic
factors, and removal of these cues impacts robust network
interactions. Growth factors alone, whether solubilized in
media or presented via localized release from the hydrogel,
are similarly able to initiate early endothelial cell mor-
phogenesis and develop a comparable amount of cohesive
network formation despite the lack of endothelialized
channels in the latter case. This suggests the importance of
timely presentation of chemical factors and paracrine sig-
naling from engineered vessels for preinosculative network
formation, stromal cell recruitment, and chemotaxis toward
engineered constructs.

Discussion

Inosculation is a crucial process in establishing blood
flow to implanted, engineered tissues containing prepatter-
ned vasculature, and thus it is imperative to understand how
engineered tissues influence host-derived pro-inosculative
migration and cell recruitment in a complex but controlled,
heterocellular environment. In this study, we utilized our
novel co-culture platform between heterocellular aortic rings
and engineered constructs (Fig. 1) containing patterned,
arteriole-scale engineered vessels (Fig. 2) to investigate fac-
tors beneficial for preinosculative outgrowth. Migration dis-
tance was regionally biased by engineered vessels and
growth factors whether in the culture medium or locally
released (Figs. 3 and 4), and both tissue-engineered appro-
aches also improved cellular density and clustering (Fig. 5).
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Combined endothelial cell signaling and culture medium
containing angiogenic factors best improved network forma-
tion relative to control, with growth factor release inducing
comparable network formation (Fig. 6). Our novel in vitro
co-culture platform demonstrates that preinosculative out-
growth can be spatiotemporally directed by appropriate and
timely presentation of cellular or chemical cues to facilitate
equivalently effective early vascular morphogenesis and
chemotactic sprouting toward engineered vasculature.

Selection of an assay or system for evaluating angio-
genesis and vascular morphogenesis is an important design
choice based on the desired outcome and downstream goals.
In vitro assays27 such as the two-dimensional (2D) network
formation assay or Boyden chamber can provide a highly
simplified approach to characterizing basic angiogenic phe-
nomena, and organ-on-chip systems can provide more so-
phisticated methods of fabricating tightly controlled systems
to study specific mechanisms such as capillary perfusion*?
and interstitial flow.? However, these are not inherently
translational systems designed to accommodate large en-
gineered tissues, can be limited to shorter duration studies,
and typically do not involve complex, dynamic, heterocellu-
lar environments. In vivo assays such as the arterio-venous
(AV) loop** and dorsal skinfold chamber*>*® provide op-
portunities for studying vascularization at the arteriole and
capillary scales, respectively, and can be relatively con-
trolled in comparison to subcutaneous or organ-specific
implantation sites due to the isolated chambers in which an
implanted tissue is cultured. However, size and throughput
are limiting factors for assessing preinosculative vascular
dynamics, and they do not provide the same design flexi-
bility of the aortic ring assay. Other assays using animal
derived tissues such as the chicken chorioallantoic mem-
brane? or murine/leporine retina®® assays can also provide a
complex, heterocellular pro-angiogenic site with which to
evaluate a therapeutic, with the latter being similar in nature
to the aortic ring assay. However, the former assay utilizes an
actively developing, multi-organ, and nonmammalian tissue.

Thus, we selected the aortic ring assay as an appropriately
complex, mammal-based, medium throughput for the goals
of the study. Previous literature has utilized the aortic ring in
a co-culture environment, with the inferior vena cava of
rodents to study AV anastomosis*’ and co-culture with hu-
man plaques to examine atherosclerotic-induced angiogen-
esis.*® To the best of our knowledge, this study is the first to
examine aortic ring co-culture with vascularized engineered
constructs in a translationally relevant platform to investi-
gate preinosculative host-implant vascular growth. In our
study, we focused primarily on pertinent chemical and cel-
lular cues driven by engineered construct composition, and
their effect on surrogate host vascular morphogenesis and
chemotaxis using robust quantitative tools.

The diameter of engineered vessels in our constructs was
informed by published literature showing an inability of
patterned microvessels <200 pum diameter to maintain ge-
ometry and perfusion after implantation, whereas larger
vessel diameters promoted greater perfusion. Redd et al.
demonstrated rapid vascularization and perfusion of cardiac
patches with microfabricated 150 pm diameter vessels im-
planted on the relatively avascular postinfarct rat heart but
were unable to confirm the maintenance of original channel
geometry,” whereas Baranski et al. successfully maintained
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the geometry of patterned, ~75pum diameter endothelial
cords for 14 days and were perfused in as little as 3 days
after implantation on the parametrial fat pad of athymic
mice."' Debbi et al. recently reported improved inoscu-
lation, perfusion, and vessel coverage of subcutaneously
implanted patches with self-assembled capillaries and
~350 pm patterned vessels when compared with those with
only microvasculature, but reported finding perfused vessels
no larger than ~ 50 pm at explant.”® These findings indicate
that implant location, host tissue state, and remodeling play
important roles in the maintenance of patterned vessel ge-
ometries. Further, Mirabella et al. showed that patterned
400 um vessels were better able to direct collateralization
and rescue perfusion in an ischemic hind limb model com-
pared with 200 um channels,"> suggesting that patterned
vessel diameter is a key consideration for developing vessel-
patterning therapeutics and enabling oxygen and nutrient
transfer to ischemic regions. Our wet spinning parameters
were consequently optimized to create alginate fibers and
thus channels with an initial diameter of ~450 pum before
compaction by resident HUVECs. The vessels were pat-
terned in collagen gels with dimensions suitable for future
in vivo subcutaneous or epicardial implantation studies in
rodents,'” as well as appropriately sized for co-culture with
aortic rings.

The engineered vessels exhibited sprouting into the con-
struct gel in EGM-2 medium, often in localized regions and
forming complex vascular plexuses. We hypothesize that
nonuniform concave pockets in alginate fibers due to rapid
cross-linking kinetics* and swelling could result in channel
wall concavities, causing heterogenous HUVEC seeding and
thus plexus formation. Conversely, uniform fibers would
allow homogenous seeding and correspondingly less sprout-
ing into the bulk. Sprout regression followed to varying
degrees, as was expected in vessel sgrouts with no pericytes
or other supportive stromal cells.’® The contrasting engi-
neered vessel phenotypes observed could differentially
bridge a host-implant vascular gap via a bottom-up approach
of angiogenic sprout inosculation or a hierarchical top-down
style of inosculation with a quiescent vessel. Studies, in-
cluding Redd et al.’ and Debbi et al.,*® suggest there are
benefits to this multi-scaled approach to implant vasculari-
zation, and our platform provides an adequately complex
foundation from which host-implant vascular interactions
and preinosculative migration can be pursued without
many of the complications or considerations of in vivo
experiments.?’>>!

Two growth factors, VEGF and bFGF, are secreted by
endothelial cells and vascular stromal cells and are primary
drivers of angiogenic outgrowth, necessitating careful con-
sideration of their presence (or absence) in our study. An-
giogenesis is mediated by Notch signaling upstream of
VEGF activation via DII-4 and molecularly linked Wnt
signaling to enable tip cell specification and consequent
stalk cell specification of surrounding endothelial cells.’*>?
This enables new sprouts to form from activated endothe-
lial cells and undergo chemotaxis along pro-angiogenic
growth factor gradients and has been demonstrated in aortic
rings.*>*® bFGF is shown to participate in angiogenesis via
multiple downstream sisgnaling cascades, including PI3K,
Ras, and Src pathways.>* Other angiogenic signaling mol-
ecules may also initiate and modulate vascular responses,
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such as angiopoietins, which can induce inflammatory-
mediated angiogenic remodeling via the TEK pathway to
generate new sprouts and recruit mural cells for stabiliza-
tion.?*>% These angiogenesis pathways are highly relevant
during inosculation wherein separate vascular sprouts mi-
grate toward each other and anastomose to form a cohesive
network. However, it is not clear what pathways facilitate
the recognition process preceding migration, or whether
paracrine and autocrine regulatory mechanisms differentiate
between independent sprouting and inosculation processes
in endothelial cells, which are questions that further studies
could address.

The vascular outgrowth we observed was modulated
by engineered vessels and presentation of growth factors,
suggesting that these cues heightened growth factor gradi-
ents to drive preinosculative directional migration. In con-
trast, the reduced factor culture medium composition (no
exogenous VEGF and bFGF) may be more akin to an in vivo
microenvironment with regards to readily available growth
factors, likely compromising the proliferative, migrative,
and tubulogenic capacity of outgrowing cells as well as the
ability of engineered vessels to engage in paracrine signal-
ing and appreciably affect outgrowth.’®>” Nuclear analysis
in our study confirmed deficits in cellular outgrowth density
and clustering with RF EGM-2 medium for the + ECr and
— ECr groups when compared with the growth factor-
containing EGM-2 counterparts. Further studies could elu-
cidate specific mechanisms through histological staining of
intracellular proteins®® and analysis of media with protein
detection Kkits to refine our understanding of the angiogenic
and preinosculative signaling between engineered vessels
and the vascular outgrowth population. In contrast, nonendo-
thelialized channels were similarly unable to stimulate a similar
level of outgrowth over the 7 days. Literature showed that
channels lacking endothelial monolayers do not inosculate with
the host in vivo," though they may play a role in facilitating
heterocellular ingrowth after migration to the construct™ and
could be pursued in future studies using our platform.

Owing to the short half-life of soluble growth factors both
in vitro and in vivo, controlled release from a biomaterial is
a common method of presenting multiple angiogenic stimuli
simultaneously'” or delayed®® to mimic chemotactic gradi-
ents and direct vascularization.® We explored the efficacy of
growth factor signaling in the absence of endothelialized
vessels by loading 10 ng/mL VEGF and bFGF into construct
gels cultured in RF EGM-2 and examining the vascular
outgrowth response. This concentration was chosen based
on our previously published work,'” and it is low or on
par with reported literature on the aortic ring assay (10—
50 ng/mL)***%€° and other tissue engineering literature
(10-100+ ng/mL).>!%-%:¢!

Increased — ECgg outgrowth as early as day 2 relative to
— ECk kept pace with + EC outgrowth up to day 7, sug-
gesting an equivalently strong and sustained migratory
stimulus despite burst release of factor from the constructs®>
and washout from medium exchange on days 3 and 6. Nu-
clear density and clustering with growth factor release were
comparable to the + EC group, and we found no significant
differences in — ECgrg vimentin-based network formation
relative to the negative control or + EC but observed simi-
larly cohesive morphologies to the latter group. These data
suggest that local growth factor release is effective in
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inducing early and somewhat sustained network-like
vascular outgrowth on par with EC-optimized medium
containing VEGF and bFGF. Proper combinatorial orches-
tration of angiogenic factors may effectively instruct che-
motactic vascular outgrowth and, in the case of in vivo
implementation, host inosculation, thus enabling blood flow
throughout the bulk of the implant. In translational im-
plementation, there are important tradeoffs to consider in
pursuing either localized growth factor release or 3D endo-
thelialized, patterned engineered vessels. Growth factors
typically benefit from facile implementation and reduced
regulatory burdens but are finite in reserve, whereas pat-
terned, cellularized channels require greater biological en-
gineering to provide an appropriate environment for survival
but can persist longer to instruct host vascularization for
inosculation. Practical implementation in studies of inoscu-
lation necessitate patterned vessels, so future studies could
pursue combinatorial implementation of growth factor re-
lease from tissues with patterned vessels to provide syner-
gistic benefits in revascularization.

Heterocellular interactions are essential for matrix re-
modeling and vessel stabilization to vascularize tissues, and
histomorphological evaluation of vimentin-positive stromal
cells tagged almost all outgrowing cells (verified by nuclear
co-staining) and enabled population-level analysis inclu-
sive of the heterocellular population. In addition to the
prominent role of endothelial cells (commonly stained using
CD-31, IB4) (Supplementary Fig. S6), other cells that sup-
port angiogenesis and vascular bed stabilization include
pericytes (often labeled by a-SMA, NG-2), smooth muscle
cells (x-SMA, SM22), fibroblasts (many possible overlap-
ping markers), and, to a lesser extent, macrophages (CD-45)
and dendritic cells (CD-54).27°%3* These cell types are
present in aortic rings and engage in complex paracrine
signaling pathways between endothelial, stromal, and in-
flammatory cells®® that potentially provide a more physio-
logically relevant setting for evaluating angiogenesis, but
also additional difficulty in data interpretation.®** Fibro-
blasts have been shown to be beneficial in supporting the
development of functional vasculature,”” even if only tran-
siently present.®* VEGF and bFGF additionally act on
vascular stromal cell types in a variety of ways (e.g., stim-
ulating smooth muscle migration,®> proliferation and re-
modeling in fibroblasts,®® and inhibiting pericyte vessel
stabilization®’). IGF and EGF are other growth factors
present in media compositions and angiogenesis in vivo that
facilitate endothelial cell growth and tubulogenesis.*®

We observed qualitatively more cohesive network
morphologies in the + EC and — ECgrg groups that could be
due to greater network formation between endothelial cells
and/or recruitment of pericytes or other stromal cells to
stabilize new networks and prevent regression. Additional
immunohistochemical staining could better elucidate the
causes of network differences and identify specific sup-
portive cell types recruited to aortic ring-derived neovessels.
Our platform presents a unique foundation to better perturb
these complex paracrine signaling interactions in angio-
genesis,* as they relate to host vascular migration toward
inosculation with prepatterned vessels to advance transla-
tionally focused tissue engineering.

The versatility of our PDMS mold-based platform allows
controlled examination of a broad array of parameters rel-
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evant to engineered tissue design, angiogenesis, and com-
plex paracrine and host-implant signaling interactions with
aortic rings. Perturbations may include physical cues such
as perfusion, distance between and relative orientation of
engineered vessels and aortic rings, channel diameter, and
gel composition and cellular interactions such as doping in
stromal populations into engineered constructs. Further, our
platform and the provided analysis tools are adaptable to
specific soft tissue engineering applications without the
need for significant redesign (e.g., cardiac,’ skin,”® or pan-
creatic™®® tissue engineering) by mixing appropriate organ-
specific cell types into the collagen-casting mix and seeding
in molds with a desired channel geometry, or by placing
a prefabricated cellularized scaffold in the construct region.

The platform is also compatible with other prevasculari-
zation systems such as self-assembled capillaries®** and
patterned cords,'®!!" although our sacrificial templating
process provides an additional layer of customization by
arranging alginate fibers in different orientations or casting/
3D bioprinting alginate in premade temglates to create
more complex 3D vascular structures.”*® This provides
additional benefits relative to 2D angiogenesis assays, en-
dothelial cell monolayers seeded on 3D gels that are often
utilized in microfluidic/organ-on-a-chip systems, or EC-
coated beads embedded in 3D gels.”’ These systems are
often highly specialized to focus study on specific mecha-
nisms of vascular biology, such as barrier function® and
flow dynamics,25 but can result in limited flexibility with
regards to cell—cell interactions and thus signaling, macro-
morphology,® appropriate substrates and stiffnesses,”* or
otherwise be unsuitable for direct comparison to an im-
plantable therapeutic at preclinical scales.”®

The platform that we designed and used in this study has
limitations due to adoption of the aortic ring assay itself. As
with any animal-based study, there is an inherent hetero-
geneity between animals, including factors controlled for in
study design (e.g., animal age, location of aortic sections,
intima damage during preparation®’). The larger volume and
intermittent exchange of media necessary to accommodate
larger engineered tissues in our platform can dilute paracrine
signaling from both rings and engineered vessels.®>’! A
broader translational limitation of the platform is its inabil-
ity to fully predict the host inflammatory response, which
plays a key role in stimulating angiogenesis and remodeling
during wound healing.”* Further, longer term (>14 days)
assessment of aortic rings is typically not possible as they
begin to shift into a regressive state in which sprouts begin
to recede and undergo apoptosis. Importantly, there is a lack
of perfusion through the aortic rings, which in vivo would
induce mechanotransductive and mechanochemical signal-
ing to affect endothelial cell outgrowth.”> However, our plat-
form allows for perfusion of engineered vessels, providing
additional versatility that may elucidate flow-driven mech-
anisms of pro-angiogenic vascular signaling between host
and implanted tissue.

Conclusions

In summary, our novel platform uses the aortic ring assay
in co-culture with engineered constructs in a complex, de-
fined environment to investigate preinosculative vascular
cell outgrowth with greater ability to control environmental
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signals as compared with in vivo studies. Using robust,
open-source quantitative tools, we report for the first time
that both endothelial cell-lined vessels and local growth fac-
tor release comparably promote early chemotaxis from sur-
rogate host heterocellular host vascular populations, which
is less pronounced with nonendothelialized channels, media
lacking key angiogenic growth factors, or both. Our plat-
form provides a flexible foundation for perturbing effectors
of preinosculative heterotypic vascular outgrowth and eval-
uating host-instructive vascularization cues from engineered
therapeutics for regenerative medicine applications.
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