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Abstract

Heart regeneration after myocardial infarction requires new cardiomyocytes and a supportive
vascular network. Here, we evaluate the efficacy of localized delivery of angiogenic factors from
biomaterials within the implanted muscle tissue to guide growth of a more dense, organized, and
perfused vascular supply into implanted engineered human cardiac tissue on an ischemia/
reperfusion injured rat heart. We use large, aligned 3-dimensional engineered tissue with
cardiomyocytes derived from human induced pluripotent stem cells in a collagen matrix that
contains dispersed alginate microspheres as local protein depots. Release of angiogenic growth
factors VEGF and bFGF in combination with morphogen sonic hedgehog from the microspheres
into the local microenvironment occurs from the epicardial implant site. Analysis of the 3D
vascular network in the engineered tissue via Microfil® perfusion and microCT imaging at 30
days shows increased volumetric network density with a wider distribution of vessel diameters,
proportionally increased branching and length, and reduced tortuosity. Global heart function is
increased in the angiogenic factor-loaded cardiac implants versus sham. These findings
demonstrate for the first time the efficacy of a combined remuscularization and revascularization
therapy for heart regeneration after myocardial infarction.
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Graphical Abstract
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1. Introduction

Repair of the heart after myocardial infarction is an ongoing challenge because of the need
to replace functional cardiomyocytes in a persistently ischemic region of the heart. Novel
therapeutic strategies based on inducing cardiomyocyte cell cycle re-entry [1, 2] or
implanting cardiomyocytes [3, 4] are being investigated with the ultimate goal to restore the
contractility of injured hearths. Over a decade of work has shown that the delivery of
neonatal cardiomyocytes or cardiomyocytes derived from human pluripotent stem cells
(hPSCs) improves cardiac function and thickening of the infarct scar in rodent, porcine and
non-human primate infarct models [5-13]. Natural polymeric biomaterials such as collagen,
fibrin and alginate have been successfully used in cardiac implants to immobilize cells prior
to implantation and improve retention and structural organization [14, 15]. Indeed, these
approaches have resulted in human engineered cardiac tissue with coverage areas at the
centimeter scale [6, 9, 10, 16-18].

Despite cardiac engraftment successes, vascularization of large engineered cardiac tissue
remains limited, yet is required to support the long term survival of transplanted cells in
thick tissues.1! Different approaches have been investigated to establish the formation of
new vessels in implantable cardiac scaffolds, including: (1) cells only approaches with the
immobilization and co-culture of endothelial and stromal cells in engineered tissues [19-21];
(2) microfabrication approaches with micropatterned grooves to guide endothelial cells [22]
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or microfluidic channels to provide a built-in geometry for immediate anastomosis and
perfusion [23]; (3) drug delivery strategies with the localized delivery of growth factors from
biomaterials to alter host remodeling [2, 24, 25]; and (4) the decellularization of vessels and
whole hearts for providing pre-templated matrix for reseeding of vascular and cardiac
compartments [26, 27]. While each of these approaches has been successful to some extent,
the appropriate use of cells, biomaterials, and technologies must be carefully integrated for
application in the heart after myocardial infarction.

The lumen density of vessels obtained in large engineered constructs with diameters in the
range of capillaries and small arterioles (<40 um) is still one order of magnitude lower than
the capillary density of the native tissue. Average lumen density measured in implanted
constructs is 70-200 lumens/mm? [17, 28-32], which is one-tenth of the capillary density of
native myocardium [33, 34]. Thus, ongoing work must continue to develop a vascular bed
for efficient perfusion with large vessels and a hierarchy that also enables the formation of
capillaries at high density in engineered myocardium. Drug delivery strategies and
chemically modified biomaterials have been investigated for the controlled and localized
release of growth factors such as IGF-1, HGF and VEGF [2, 24] to enhance vascularization
in the infarcted myocardium, however, a bioengineering approach integrating the functional
benefits of engineered cardiac constructs with revascularization therapy is still missing.

To address this challenge, we have developed a hybrid biomaterial-cell system leveraging
host vascular cell responses to initiate and instruct angiogenesis into an implanted
engineered cardiac tissue. Our ultimate goal is to achieve functional recovery of the heart
through integration and vascularization of implanted engineered cardiac tissue. Our
approach consists of embedding alginate microspheres in aligned hiPSC-derived cardiac
tissues to deliver a cocktail of angiogenic factors stimulating recruitment and morphogenesis
of host endothelial cells in the implant. The pro-angiogenic therapy is here optimized first in
vitro to provide maximum synergy between physical cues from microspheres surfaces and
biochemical stimulation of endothelial cells. We evaluate efficacy of vascularization and
global cardiac function after engineered tissue implantation in a rat model of ischemia/
reperfusion myocardial infarction. Our results show for the first time the beneficial effects of
integrating cardiac engineered tissues with a localized angiogenic therapy. With this
combined therapy, we are able to induce the formation of new functional and perfused
vessels in the implanted cardiac tissue, the revascularization of the ischemic heart, and the
improvement of whole heart function.

2. Methods

2.1 Cell culture

Primary human umbilical vein endothelial cells (HUVECSs) and normal human dermal
fibroblasts (NHDF) were supplied by EssenBioScience and cultured in Growth Medium and
Complete Assay Medium (EssenBioScience) for the 2D network formation assay.

For the 3D angiogenesis assay, HUVECs were purchased from Lonza (C2519A), expanded
and cultured in EGM-2 SingleQuots Kit media (Lonza). The cell medium was changed
every 3 days. HUVECs below passage 6 were used for all the in vitro experiments.
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Cardiomyocytes were differentiated from hiPSCs in chemically defined conditions following
established methods with slight modifications [35, 36] and were used for producing cardiac
engineered constructs between day 14 and day 21 of differentiation.

2.2 Production of alginate microspheres

Alginate microspheres were formed using Var J1 bead generator (Nisco, Switzerland).
Briefly, 1% (w/v) alginate (Sigma Aldrich) in PBS was mixed with the desired concentration
of growth factors, then the solution was extruded by a syringe pump (flow rate= 18mL/h) in
a 0.15M CaCl;, bath. The assisted use of a coaxial nitrogen flow (P= 100 mbar) during
extrusion allows the production of microspheres with average diameter of 70 um [17]. After
preparation, microspheres were filtered using cell strainers with 40 um porosity, washed
twice with distilled water and immediately used for the release studies or for the preparation
of engineered constructs.

2.3 In vitro biotin-VEGF release studies

To quantify the release of growth factors from alginate microspheres, VEGF (Life
Technologies) was biotinylated (biotin-VEGF) with ProtOn biotin labeling kit (\ectors
Laboratories), according to the manufacturer’s suggested protocol. 1% alginate
microspheres loaded with 4 pg of biotin-VEGF were produced and incubated in dH,0 up to
3 days. At each time point (1h, 8h, 1 day, 3 days and 7 days), 200 uL aliquots of the
incubation solutions were taken and frozen at —80 °C until processed for western blot
analysis. Equal amounts of samples per lane were separated on custom-made 12% SDS-
polyacrylamide (Tris/glycine) gels and transferred to Nitrocellulose membranes (Bio-Rad).
After transfer, IRDye infrared dye-labeled Streptavidin (Li-Cor, 925-32230) was used to
detect biotin in the test samples. Blots were scanned with Li-Cor Odyssey Clx Infrared
Scanner, and ImageJ software (NIH, Bethesda, MD) was used for quantification of bands
density. A water control was included on every blot for normalization.

2.4 Two-dimensional network formation assay

The two-dimensional network formation assay was performed using Essen BioScience
CellPlayer Angiogenesis PrimeKit, containing early passage hormal human dermal
fibroblasts (NHDF) and early passage normal human endothelial cells (HUVECS)
transfected with CytoLight Green. NHDF were seeded in 96-well plates and left at room
temperature for 1h, according to the manufacturer’s indications. HUVECs were
subsequently plated onto NHDF, cells were allowed to settle for 1h at room temperature,
then the plate was transferred in the Essen BioScience Incucyte for live cell imaging. After 2
days of culture in the Growth Medium (Essen BioScience, CellPlayer Angiogenesis
PrimeKit), cells were treated with 150 uL/well of Complete Assay Medium (Essen
BioScience, CellPlayer Angiogenesis PrimeKit) containing control (no growth factors
added) and test materials as follows: bFGF in low (4ng/mL) and high (10 ng/mL)
concentrations, VEGF in low (4ng/mL) and high (10 ng/mL) concentrations, and
combinations of bFGF and VEGF in low (4ng/mL bFGF and 4ng/mL VEGF) and high (10
ng/mL bFGF and 10 ng/mL VEGF) concentrations.

Biomaterials. Author manuscript; available in PMC 2021 October 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 5

Wide field images of each well were acquired every 3 hours, up to 10 days. Incucyte ZOOM
software was used to assess angiogenesis by quantification of fraction network number, area,
length, width and number of branch points.

2.5 Three-dimensional angiogenesis assay

Collagen type | from rat tail was purchased from Advanced BioMatrix or extracted from rat
tails following a well-established protocol [37] with slight modifications. Briefly, collagen
fibers were dissected from rat tail tendons and dissolved for 72 hours in 0.1% acetic acid at
4°C. The solution was centrifuged (12,000 xg) to remove undissolved tissue fragments.
Extracted collagen was then precipitated in NaCl, pelleted by centrifugation (12,000 xg),
and redissolved in 0.1% acetic acid. Collagen concentration was determined by
lyophilization. The production of engineered constructs was performed with either
commercial and extracted collagen, and no significant changes were observed in terms of
cell viability, compaction of collagen matrix and endothelial network formation when using
the two different collagen sources.

For the production of hydrogels and engineered tissues, collagen was diluted to obtain a 2.5
mg/mL solution, and pH was adjusted to 7 — 7.4 with 1M NaOH. Collagen solution was
mixed with HUVECSs suspended in EBM2, to obtain a final collagen concentration of 1.25
mg/mL and a cell density of 1x108 HUVECs/mL. To track HUVECs morphogenesis in the
scaffolds, cells were treated with the green fluorescent CellTracker™ Green BODIPY® Dye
(Thermo Fisher) according to the supplier protocol prior to immobilization in the collagen
scaffolds.

Alginate microspheres containing different doses of growth factors were incorporated to the
collagen-cells mixture in low (50 mg of microspheres/mL of collagen) or high (100 mg of
microspheres/mL of collagen) densities. The test conditions included single, double and
triple combinations of bFGF, SHH and VEGF (0.67 pg/mL of 1% alginate) loaded in the
microspheres. Alginate microspheres were mixed into liquid collagen with cells to form
constructs by casting them in untreated 96-well plates with 30 pL of gel/cell/microspheres
mix per well. Constructs were left to gel at room temperature for 1 h, then they were
incubated at 37°C and culture medium was changed every other day. Samples having growth
factors-loaded microspheres were cultured in bFGF- and VEGF- free EGM2 medium, while
samples with dispersed unloaded microspheres were cultured either in in bFGF- and VEGF-
free EGM2 media (Lonza) and complete EGM2 media (Lonza), as positive and controls,
respectively.

Fluorescence imaging was performed with Nikon Eclipse Ti-E inverted microscope, up to 7
days. For quantification, a Cell Profiler [38] code was specifically set up to analyze multiple
images. For each iteration, a binary network mask was obtained and networks were
identified applying an intensity mask. Network area, number and length were quantified
from the intensity mask using Skeletonize3D and Analyze Skeleton Plugins in ImageJ [39].

2.6 Aortic ring assay

All the animal procedures were conducted in accordance with the US NIH Policy on
Humane Care and Use of Laboratory Animals and the Brown University Institutional
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Animal Care and Use Committee (IACUC, protocols No. 1310000025 and 1702000256).
The aortic ring assay was performed following Aplin et al. and Zorzi et al. protocols [40,
41], with slight modifications. Briefly, male Sprague Dawley rats (Charles River), wild type
genotype, with average weight of 300 — 3509 (8-12 weeks old), were sacrificed by heart
excision and exsanguination under 4% isoflurane. The descending aorta was dissected,
cleaned from fat tissue and cut into 1-2 mm thick rings, that were serum-starved overnight
in serum-free EBM2 medium. The rings were embedded in 180 uL of acellular collagen gel
(1.25 mg/mL) mixed with 50 mg/mL alginate microspheres releasing double and triple
combinations of VEGF, bFGF, and SHH in medium (0.67 pg/mL of alginate) and high
concentrations (1.34 pg/mL of alginate).

Cell migration and network formation were evaluated by bright field microscopy up to 7
days. For immunofluorescent staining, the rings embedded in the collagen — alginate
microspheres gels were cultured on 50 mm glass Petri dishes. At day 5, gels were treated
with 0.02 mg/mL Texas red tomato lectin (Vector Laboratories) in PBS for 10 minutes, fixed
with 4% paraformaldehyde (Sigma Aldrich) for 10 minutes at 4°C and imaged as whole-
mounts with Olympus FV-1000-MPE Multiphoton Microscope. Z-stack images of the
endothelial cells labeled with Texas red tomato lectin were acquired every 2 microns to
study the 3-dimensional morphology and spatial organization of the newly formed networks.

2.7 Morphological and functional assessment of engineered cardiac tissues

Cardiac constructs were formed by mixing 1.25 mg/mL collagen, 50 mg/mL alginate
microspheres and 33x10% hiPSC-derived cardiomyocytes/mL and allowing them to gel at
T=37°C for 1h. Cardiomyocyte morphology and function were assessed in constructs
containing unloaded or VEGF- loaded alginate microspheres (0.5 ug/mL and 4 pug/mL).
Histology was performed by fixing the constructs in 4% PF, de-hydrating them in 30%
sucrose in PBS and by embedding them in frozen blocks using OCT® polymer. 20 um thick
frozen sections were cut with Leica CM3050S cryostat and stained with picrosirius red-fast
green and cardiac troponin T (cTnT) to visualize collagen and cardiomyocytes. Acellular
scaffolds were produced as control, and microspheres were immersed in 100 pL/mL alcian
blue for 5 minutes prior to gel formation, to visualize the microspheres in the frozen
sections.

Functional activity of cardiomyocytes in the collagen — alginate microsphere constructs was
performed by mechanical analysis at day 7 and 30 of culture. Passive and active mechanical
properties of cardiac tissues were measured with a Small Intact Muscle Apparatus (model
801C, Aurora Scientific). Tissue strips were mounted on two hooks (attached to a force
transducer and motor arm), bathed in Tyrode’s solution at 34°C, and electrically field
stimulated. Force exerted by the tissue was measured with a 5 mN load cell (Aurora
Scientific). Tissues were initially stretched to Lo, determined as the shortest length at which
individual contractions could be detected by the force transducer. The tissues were then
stretched by steps of 5% L to 30% stretch. Once at 30% stretch, tissues underwent a force-
frequency protocol wherein they were consecutively paced at increasing frequencies and the
fastest frequency they could follow was measured and recorded as the maximum capture rate
(MCR). The force frequency protocol was not run on constructs that broke off the mechanics
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hooks during the length step process. The following calculations were made based on the
data obtained from mechanical testing. Active stress, a,, was determined at each length by
averaging the amplitude of twitch force, F,, of at least 5 contractions after stress relaxation
due to the length step had reached a plateau and normalizing by the cross-sectional area
(CSA), assumed to be elliptical with depth equal to 0.5 width (measured optically through
the microscope). Upstroke velocity was measured by calculating the change in force over
time between the minimum and maximum amplitude of at least 5 contractions for each
length step, and the time to 50% relaxation (T50) and 90% relaxation (T90) were calculated
by locating the time to reach 50% and 90% of the difference between peak and minimum
force output for at least 5 contractions at each length step.

Stiffness of each tissue strip was calculated by plotting the passive stress produced by each
tissue against the strain. Passive stress, oy, was calculated by normalizing the passive (or
baseline) force produced by the tissue at each step, Fp,, by the CSA and is reported in units of
kPa. Strain, ey, at each step, Ly, was determined as (Ly — Lg)/Lg. A near-linear relationship
of these data allowed for a regression line to be fit to each stress vs. strain plot, and the
stiffness (Young’s modulus) is reported as the slope of the line for each tissue.

2.8 Implantation of the engineered constructs in infarcted rat hearts

All animal experiments were conducted according to the U.S. NIH Policy on Humane Care
and Use of Laboratory Animals and the Brown University IACUC. Male and female
Sprague Dawley athymic nude rats (Charles Rivers), with an average weight of 218g + 30g
(8-12 weeks old), received a myocardial infarct by ischemia/reperfusion, following the
procedure described in detail previously [16]. Echocardiography was performed 3-4 days
post myocardial injury with a GE Vivid 7 Dimension ultrasound system equipped with a
pediatric 10S 4-10 MHz transducer probe (General Electrics), with mild sedation (isoflurane
1.5% - 2%) to avoid suppression of cardiac function and heart rate. Images were obtained in
systole and diastole from longitudinal- and short-axis views of the left ventricle at the apical
level.

The rats meeting the inclusion criterion (fractional shortening < 45%) were randomly
distributed in four groups: (1) sham implants, (2) engineered constructs with only
cardiomyocytes (CM), (3) engineered constructs with CM and 50 mg/mL unloaded alginate
microspheres and (4) engineered constructs with CM and 50 mg/mL alginate microspheres
loaded with 4ug of VEGF, 4ug of bFGF and 4ug of SHH. The cardiac constructs were
prepared the same day of the implant (day 4 post Ml, Figure 4A) as follow: 1.25 mg/mL
collagen was mixed with 8 mg/mL fibrinogen, 20 U aprotinin, 5 pL of 200 U/mL thrombin
and a cell suspension of 7-10 x108 hiPSC-derived cardiomyocytes in PBS to a final volume
of 720 pL. The constructs were allowed to gel at 37°C for 1h in a PDMS mold appositely
designed to adapt to the rat left ventricle and to recapitulate the fiber orientation of the
ventricular wall (Figure 4B and C) [16]. To embed the loaded or unloaded alginate
microspheres, these were added to the collagen-cells mixture prior to casting and gelling. All
of the procedures were conducted with sterile techniques.

For implantation, the cardiac constructs were positioned over the myocardium and sutured
with three 7-0 polypropylene sutures (VP702X, Surgipro Il, Covidien), as we previously
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described 16. Rats received buprenorphine (0.01-0.05 mg/kg) on the day of surgery and 2
days post-surgery, or a single injection of Buprenorphine SR™ (0.8 — 1.2 mg/kg)
administered preoperatively. Heart function was monitored weekly after implantation by
echocardiography measurements. Rats were sacrificed at 7 days or 1 month post
implantation by pentobarbital overdose (180 mg/kg) or exsanguination for vascular
perfusion, then the heart was excised and fixed in 4% PF overnight.

2.9 Histological assessment of the explanted tissues

Twenty-three (23) explanted rat hearts were sectioned into transverse slices (short axis) with
thickness of 1 mm (Zivic Instruments). For each heart, sections at the papillary level were
analyzed to quantify infarct area by picrosirius red-fast green staining, and sections between
1 mm (section 2) and 5 mm (section 5) from the apex were used for evaluating
cardiomyocyte morphology (cTnT and a-actinin), tissue engraftment at 7 and 30 days by
cTnT staining, macrophage infiltration (CD68), and vessel counts (RECA-1 and aSMA).
Vessel count by blinded analysis was performed by 4 researchers on n= 3 (engineered
constructs with unloaded microspheres group) or 4 (sham, engineered constructs with cells
only and loaded microspheres groups) heart samples. For each heart, vessels stained with
Reca-1 and identified with a full circular lumen were counted in the remote, infarct and
implant regions in two different heart sections (usually the second and third sections from
the apex at 2 mm and 3 mm, respectively, or in more basal sections if cardiac implants were
not visible in more apical sections). To assess variability between researchers, vessel count
analysis of one heart section per group was performed by 2 different researchers and no
differences found.

2.10 Qualitative evaluation of vessels perfusion by Texas Red-tomato lectin

Four (4) hearts were perfused with Texas Red-tomato lectin (Vector Laboratories) at
sacrifice. Short-axis thick slices were cut with a vibrating microtome after embedding the
hearts in 7% agar, up to a maximum thickness of 400 pm. Sections were then cleared with
Visikol® HISTO reagents to acquire images with a florescence microscope (Nikon Eclipse
Ti-E inverted microscope) and to create 3D reconstructed images using confocal z-stacks
(Olympus FV3000 Confocal Microscope).

2.11 Quantification of angiogenesis by Microfil® perfusion followed by microCT imaging
and 3D reconstruction of perfused vasculature

Microfil® (Flow Tech, Carver, MA) perfusion was performed as previously described [42]
at sacrifice on a subset of hearts (n= 2 sham, n= 2 engineered constructs with only
cardiomyocytes, n= 2 engineered tissues with unloaded microspheres, and n=5 engineered
tissues with growth factors-loaded microspheres). After Microfil® polymerization and
overnight fixation in 4% PF, hearts were imaged by microcomputed tomography (microCT;
Scanco vivaCT 40) with isotropic voxel dimensions of 10x10x10 um. MicroCT images were
cross-registered with picrosirius red-fast green histological images to identify remote, infarct
and implant regions. 3D reconstructions of the z-stacks and vessel tracing by blinded
analysis were obtained with IMARIS and Vesselucida 360 software, respectively, and
Vesselucida Explorer automated vessels analysis has been used to quantify number of
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vessels, vessels length, surface area, volume, diameter, tortuosity and number of branch
points in each region of interest.

2.12 Statistical Analysis

Statistical difference between groups was evaluated with one-way and two-way analysis of
variance (ANOVA), followed by post-hoc Tukey’s or Bonferroni’s test. P <0.05 was
considered statistically significant.

3. Results

3.1 VEGF is released from alginate microspheres over 3 days

Monodispersed populations of alginate microspheres, with average diameter of 70 um, were
produced based on the optimization of processing parameters and characterization of
varying microspheres formulations as we previously reported [17]. The release of
biotinylated growth factor (biotin-VEGF) provides high sensitivity for detection by Western
blotting (= 5 ng of protein detectable via biotin) and allows precise definition of the release
profile from alginate microspheres. The loading dose of the growth factor is within the range
used for cell treatments. Results show an initial burst release of biotin-VEGF (50% released
at 8 h) and a subsequent sustained release phase, lasting for at least 72 h. No protein was
detected in the incubation solution after 7 days (168 hours) of incubation (Figure 1A,B).
Because physical interactions, such as ionic bonds, entanglement and other steric effects, are
the forces regulating growth factor retention in alginate microspheres, diffusion is the
primary driving force for growth factor/morphogen release [43]. The release profile of
VEGF from alginate microspheres that we have measured with the Western Blot assay is
comparable to the release profiles of growth factors measured in other studies [44, 45] that
indicate a 3-7 days release from alginate hydrogels, and our previous study in microspheres
using a-chymotrypsin [17].

3.2 VEGF, bFGF and SHH enhance endothelial network formation in 2D and 3D
environments

In a 2-dimensional vascular network formation assay, human umbilical vein endothelial cells
(ECs) cultured over a monolayer of neonatal human dermal fibroblasts (NHDF) were used to
inform the concentration and combination of growth factors to use in the alginate
microspheres (Figure 1C-G). Low (4 ng/mL) and high (10 ng/mL) bFGF and VEGF doses
were selected from previous works as they have been shown to induce proliferation and
morphogenesis of endothelial cells in vitro [46]. Growth factors induced changes in EC
morphology and their reorganization into network-like structures as early as 1 day of culture,
while no evidence of network formation was observed for the negative control (with no
growth factors added in the culture medium). Network area, network length, number of
networks and number of branch points increased in the first 2 days of culture for each of the
tested formulations compared to the negative control and were maintained until the end of
the experiment (day 10). While no significant increase in network formation was observed
by increasing the amount of VEGF from 4 ng/mL to 10 ng/mL, a minimum dose of 10
ng/mL of bFGF was required to promote endothelial cells re-organization in network-like
structures (Figure 1F and Supplemental Figures S1 and S2). Furthermore, when treating
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endothelial cells with bFGF and VEGF in combination, an improved network area and
length resulted (Figure 1G). Network width was not affected by growth factor treatment and
declined slightly throughout the experiment, suggesting remodeling of the network
structures that stabilize at 10 — 20 um in diameter (Supplemental Figures S1 and S2).

Based on the results of the 2D network formation assay, we selected 10 ng/mL as the target
dose of each of VEGF and bFGF to be released from the alginate microspheres within the
first day to induce angiogenesis. To isolate the effects of combinatorial growth factor
stimulation on ECs (without stromal cells), a 3D network formation assay is used where ECs
and microspheres are embedded in a collagen gel (1.2 mg/mL) and assessed through 7 days
of culture. Alginate (1% w/v) is mixed with 0.67 pg/mL bFGF and 0.67 pg/mL VEGF to
provide a daily release of at least 10 ng/mL and 20 ng/mL when embedding microspheres in
low and high density, respectively, over at least 3 days. Further, sonic hedgehog (SHH), a
morphogen known to regulate multiple angiogenic cytokines involved with arteriogenesis,
capillary formation in wound healing, and remodeling of blood vessels [47, 48], is included
(loading dose= 0.67 pg/mL) to support endothelial network maturation and stabilization.
ECs immobilized in the collagen-microspheres scaffolds re-organize in the three-
dimensional matrix, create cell-cell contacts, and establish network structures in the first day
of culture, consistent with the peak release of growth factors from alginate microspheres.
While no significant changes are observed in the number of formed networks for any single,
double, or triple growth factor combination versus complete EGM2 medium (positive
control; Figure 1H), network area and length is increased by the local release of growth
factors (Figure 11 and Supplemental Figures S1 and S2). Interestingly, angiogenesis,
quantified as the increase of network area and length, is enhanced in some of the
formulations, most notably the triple combination of VEGF, bFGF, and SHH released from
50 mg/mL alginate microspheres compared to the positive control (complete EGM2 culture
medium). The average length of the networks formed in the 3D gels was 63.60 + 8.85 um,
with a maximum measured network length of 835.60 um (Supplemental Figure S1). The use
of low density of microspheres (50 mg/ml) dispersed in the collagen gels, loaded with
double and triple combination of growth factors, results in an enhanced angiogenic response.
Notably, the 3D EC-only assay (lacking stromal cells) shows peak network formation at day
1 followed by a pruning phase of the newly formed EC networks from day 3 to the end of
the experiment, day 7 (Figure 11).

3.3 Heterocellular outgrowth from aortic rings is stimulated by growth factor-releasing
alginate microspheres

We use the aortic ring assay in a defined collagen type 1 gel to validate and expand the
results obtained with the 2D and 3D network assays in an ex vivo environment with
heterogeneous native vascular cell populations. The morphogenic effects of the growth
factors released from microspheres embedded in the collagen are assessed by cell migration
distance from the aortic rings over 7 days (Figure 2A). Cells from the aortic rings are able to
invade the 3D collagen-microspheres gel starting from 1 day of culture (Figure 2B and 2C),
and their morphology appears similar to that of the more traditional aortic ring assays
performed on Matrigel (Figure 2B) [49]. Maximum coverage (= 80% of the available area)
is reached at day 7 for most of the growth factor-loaded test conditions (Figure 2D). Similar
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to the results of the 3D network formation assay, significant differences (p<0.05) are
observed in cell sprouting and morphogenesis when compared to the negative control (no
bFGF and VEGF added in EGM2 media). The release of double or triple combination of
growth factors provides comparable vascularization to the unloaded positive control cultured
in complete EGM2 medium (Figure 2D). Because different cell types (including endothelial
cells, smooth muscle cells, pericytes, macrophages and fibroblasts) are present in the aortic
ring preparation, Texas red tomato lectin is used to bind to the endothelial glycocalyx to
confirm the presence and pattern of ECs in the sprouting cells. Z-stacks acquired by
confocal microscopy reveal the 3-dimensional network of ECs emanating from the aortic
ring into the collagen gel (Figure 2E).

3.4 Engineered cardiac tissue function is preserved with VEGF-releasing microspheres

Because the goal of this work is to utilize growth factor-releasing microspheres in an
implanted cardiac patch to stimulate host vascularization, we also test the effect of VEGF-
releasing microspheres on the functional performance of engineered cardiac tissue /n vitroto
determine if growth factor release impacts tissue mechanics. Cardiac tissues are formed with
2x106 hiPSC-derived cardiomyocytes (average cardiomyocyte purity was 50.42 + 4.14% by
flow cytometry for cardiac troponin T) in a collagen gel with unloaded control, VEGF (0.5
ug/mL), or high VEGF (4 ug/mL) loaded microspheres and cultured for four weeks.
Microspheres are mixed with the gelling cardiac construct and show homogeneous
dispersion after gel formation (Supplemental Figure S3). Tissues in all groups similarly
compact the collagen matrix (Figure 3A) with no statistical significance across groups at
each time point up to 30 days (end of experiment). Maximum compaction occurs within 4-5
days after casting. Tissues form a beating syncytia (Supplemental Movie M1), indicating
that microsphere inclusion alone or VEGF release from embedded microspheres do not
inhibit tissue formation and electrical connectivity of hiPSC-derived cardiomyocytes.

Mechanics analysis at one and four weeks demonstrates a significant decrease in stiffness of
unloaded microsphere tissues from 0.230 = 0.049 kPa to 0.068 + 0.023 kPa, and a significant
increase in high VEGF-loaded microsphere tissues from 0.281 + 0.098 kPa to 1.159 + 0.264
kPa (Figure 3B). The modulus of the high VEGF-loaded group is also significantly higher in
comparison to the other microsphere groups, but not the collagen control (0.403 + 0.088 kPa
for collagen, 0.068 + 0.023 kPa for unloaded, and 0.414 + 0.111 for low VEGF
microspheres). Peak active stress, the active twitch force normalized by cross-sectional area
as analyzed at 15% stretch, is not different across groups at one and four weeks except in
high VEGF loaded microsphere tissues at week 4 (Figure 3C). Further, relaxation time T50
increases in the high VEGF loaded group at 4 weeks, suggesting increased contractile work
with high VEGF at late time points with little effect on excitability as measured by
maximum capture rate (Supplemental Figure S4). The mechanical characteristics of these
engineered hiPSC-derived cardiomyocyte tissues are within the same magnitude that we
have reported by our group previously [50-52] and other engineered hiPSC-CM tissues [53—
57].These data suggest that transient VEGF release had little influence on the mechanical
function of hiPSC-derived cardiomyocytes in engineered tissues.
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3.5 Release of growth factors from cardiac constructs promotes neovascularization in the
implants and improves heart function in a rat model of myocardial infarct.

Myocardial infarct is induced by occluding the left anterior descending coronary artery for
60 minutes of ischemia followed by reperfusion in 46 athymic Sprague Dawley rats. Of the
37 rats surviving the infarct, 23 meet exclusion criteria for reduced cardiac function (%FS <
45%) and are included in this study (Figure 4A). Large cardiac constructs (2 x 1.5 cm) are
implanted on the epicardial surface of the left ventricle 4 days after infarct. Customized
constructs with diamond-shape anisotropic posts and cut corners (Figure 4B-E) are used to
match the circumferential orientation of the epicardial fibers of the left ventricle and for ease
of surgical positioning with the heart’s apex [16]. HIPSC-CMs are dense and uniformly
distributed throughout the tissue, showing striations (Figure 4C,D). Animals included in this
study (34 £ 8% fractional shortening; Table 1, Figure 4F and Supplemental Figure S5) are
randomized into 4 groups, receiving 1) sham implants, 2) engineered cardiac constructs (10
%106 hiPSC-CMs in a collagen-fibrin hydrogel) 3) engineered cardiac constructs with
embedded unloaded alginate microspheres and 4) engineered cardiac constructs containing
VEGF (4 pg), b-FGF (4 pg) and SHH (4 pg) loaded microspheres. The dose of growth
factors to be immobilized in alginate microspheres has been selected considering the amount
of protein lost during hydrogel production, the release profiles of alginate microspheres, the
results of the in vitro screening, and the average area of the infarcts (Figures 1-3). Based on
our calculations, the microspheres provide a release of at least 200 ng of proteins every day
for the first 3 days after implantation.

The weight of the animals, heart function before and 3 days after infarct (but before
construct implantation) and the infarct size at sacrifice was not significantly different among
groups (Table 1 and Figure 4E). All explanted hearts show scar formation with some
myocardial sparing as expected with reperfusion (Supplemental Figure S4). Functional
measurements assessed by echocardiography show a decrease in % fractional shortening
(%FS) over time in the sham group, as opposed to the increasing trend exhibited by animals
receiving hiPSCs-cardiac implants. Cardiac function is significantly higher in the groups
implanted with the cardiac engineered tissues containing alginate microspheres, with 30.5%
and 34.3% fractional shortening increase and 14.34% and 18.6% ejection fraction increase
for unloaded and loaded microspheres respectively, compared to the sham group at 30 days
(Figure 4D and Supplemental Figure S5). Other dimensional parameters (heart rate,
interventricular septum thickness, left ventricular internal diameter and anterior wall
thickness at end diastole and end systole) do not show significant functional changes for
different groups at 30 days post implantation (Supplemental Figure S5). Both male and
female rats were enrolled in this study.

Survival and retained spatial structural organization of the engineered constructs, manifested
as the presence of elongated and aligned hiPSC-derived cardiomyocytes, is evident at 7 and
30 days post implantation (Figure 5A-E; Supplemental Figure S6). Measure of viable
cardiac tissue in the implants (quantified as the area occupied by cTnT positive cells from
histological images) indicate an average of 42% and 50% engraftment by area for unloaded
and loaded groups respectively at day 7, that is maintained for the unloaded and loaded
groups at 30 days (p>0.05) (Figure 5B). Minimal compaction of the construct on day 0 may
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cause an underestimation of engraftment by area quantification. Histological assessment of
explanted hearts shows characteristic changes due to ischemia, including cTnT depletion in
the scar and the presence of macrophages in the scar compared to the remote myocardium
(Figure 5C-H). Macrophage infiltration into the implant may be enhanced by the presence of
alginate microspheres, where CD68-positive cells localized (Figure 5G (arrows) and
Supplemental Figure S6).

Angiogenesis and neovascularization is robust in the cardiac tissues containing unloaded and
loaded alginate microspheres, while poor vascular integration is observed in the grafts
containing only hiPSC-derived cardiomyocytes. Host endothelial cells penetrate the
collagen-alginate microspheres scaffolds and formed capillary-like structures in close
proximity to alginate microspheres, as shown with RECA-1 staining (Figure 6A-B).
Recruitment of aSMA-positive cells to larger vessel-like structures suggests stabilization of
arteriole-sized (20 — 100 um) neovessels in the implants (Supplemental Figure S7). Notably,
a 1.6- fold increase in vessel density is observed in the implants containing growth factors-
loaded microspheres, compared to the unloaded controls at 30 days post implant (Figure
6C). In addition, vessel development and persistence are promoted in the infarct region of
the experimental group treated with growth factors, as a more dense vasculature is present in
the infarct zone of this treatment group with respect to the infarcted tissues of animals
receiving engineered tissues with cells only or cells with unloaded microspheres (Figure
6C). The presence of alginate microspheres (either loaded or unloaded) may shift the
distribution of vessel diameter in the implants towards larger (40 pm) vessels, as shown in
the histograms of Supplemental Figure 7D. Texas red tomato lectin perfusion via the aorta
prior to sacrifice enabled our initial identification of host vessels invading the engineered
tissues (Figure 6D), confirming perfusion of these penetrating vessels.

Patent blood vessels in healthy, infarct and cardiac tissues are assessed by Microfill®
perfusion at sacrifice followed by microcomputed tomography (microCT) analysis and 3-
dimensional reconstruction of the vasculature (Figure 7 and Supplemental Figure 8).
Automated 3D analysis of networks traced in the implant volumes shows increased number
of perfused vessels in the engineered tissues containing growth factors-loaded alginate
microspheres (p<0.05 compared to the cells only control group) and presence of larger
vessels with higher number of branches with respect to the engineered tissues containing
unloaded alginate microspheres (Figure 7 B-D). The average diameter of traced vessels is
41. 67 £13.61 pm, 37.99 £ 3.00 pm and 37.45 £ 5.96 um for implants containing cells only,
unloaded and loaded microspheres, respectively, with more than 90% of the invading vessels
exhibiting diameters in the range of 20 — 100 pm (Figure 7E).

The different shape and dispersion of the violin plots displaying number of network
segments, surface area, volume and length indicate a slight though not statistically
significant increase of vascular density in the therapeutic implants providing localized
release of growth factors (Supplemental Figure S8). Typically, larger vessels give rise to
more branches (Figure 7F), and the linear regression between vessel diameter and number of
branch nodes becomes stronger for the growth-factors loaded implants compared to the cells
only and unloaded controls (R2 = 0.39, 0.53 and 0.84 for cells only, unloaded and growth-
factors loaded groups, respectively). This suggests that more complex network structures
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form, better resembling the architecture of the native vascular tree. Furthermore, the
tortuosity index (defined as the ratio of the actual curved length of the segment over the
linear distance between the endpoints of the segment) is significantly lower in the vessels
developing in the engineered tissues containing loaded alginate microspheres compared to
the other groups, indicating decreased complexity, twisting and distortion of the network
paths (Figure 7G).

4. Discussion

The main goal of this study was to demonstrate the efficacy of integrating proangiogenic
drug delivery with cardiac tissue engineering in a clinically relevant ischemia/reperfusion
model of myocardial infarction. Because of the mass of transplanted tissue and growing
metabolic needs of maturing hiPSC-derived cardiomyocytes, we hypothesized that localized
angiogenic factor release would increase the density of perfused vessels in the engineered
tissue, resulting in better tissue integration and whole heart function in vivo. In this study,
we deliver hiPSC-CMs in engineered tissues that also contain alginate microspheres loaded
with angiogenic factors VEGF, bFGF, and sonic hedgehog. Upon careful analysis of the
vascular density in 2D and 3D, we confirm that perfused vessel density is increased in the
implanted engineered tissue (Figures 6-7). Moreover, 3D analysis reveals longer vessel
segments with greater branching, a wider distribution of vessel diameters, and reduced
tortuosity, suggesting that a more hierarchical, straight vasculature forms with our
angiogenic-cardiac tissue co-therapy (Figure 7).

The ability of biomaterials to sequester, localize, and release biologics such as proteins has
been broadly demonstrated [43]. In the setting of revascularization therapies for cardiac
repair, multiple groups have shown improved vascularization and heart function by various
2D metrics at 1-4 weeks [2, 24, 58]. Through sequestration and protection of the protein
biologics from degradation, a controlled release strategy improves the otherwise short
biological half-life of angiogenic growth factors following intravenous or intracoronary
administration [59, 60]. While some literature suggests that prolonged release of growth
factors, over weeks or even months, could be beneficial for the formation of stable vascular
networks [45, 61], it is clear that unregulated and continuous expression of VEGF in the
heart leads to deleterious side effects in vivo, such as the formation of vascular tumors
resembling hemangiomas [62]. Our data demonstrates a temporally restricted 3-day release
profile (Figure 1B). VEGF and bFGF have been included in our angiogenic therapeutic as
they are critical factors for angiogenesis and vasculogenesis during embryo development and
have shown synergistic effects on revascularization in the adult [63-65], while SHH is a
morphogen that is activated early in the embryo to promote 3D organization and stability of
the newly formed vessels [66, 67]. We found that the benefits of VEGF and bFGF delivery
were additive in 2D in vitro vascularization assays, and addition of sonic hedgehog (SHH) in
3D modified aortic ring vascularization assays with VEGF and/or bFGF provided robust
vessel growth responses (Figures 1, 2). Our approach for localized delivery within the
implanted engineered tissue shows a robust vascular response in both the implant and the
infarct region of the left ventricle (Figures 6C and 7). Alginate has been widely used as
biomaterial for cardiac regeneration, and injectable or implantable alginate hydrogels have
been previously used as drug or cell delivery systems to the MI. Enhanced left ventricle
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remodeling and cardiac function has been observed by Landa et al [68], following
intramyocardial injection of alginate biomaterials. Ceccaldi et al showed that cardiac G-type
alginate implants loaded with mesenchymal stem cell exhibit higher structural and
mechanical properties after implantation [69]. Furthermore, we have recently demonstrated
that delivering immunomodulatory cues in the Ml via in situ gelling- alginate hydrogels
promote a local phenotypic change in the immune cell population, facilitating the initiation
of healing processes [70].

Microsphere incorporation and VEGF release had overall little effect on engineered cardiac
tissue formation and function (Figure 3). The size of microspheres relative to the engineered
hiPSC-CM tissues (approximately 17 mm x 3 mm) formed for compatibility with our
mechanical analysis apparatus may displace cardiomyocytes and interfere with cell-cell
adhesions during formation. While we did see a significant increase in stiffness at 4 weeks in
the high-VEGF group, we did not see similarly significant increases in active stress or
contraction kinetics (Figure S3). Regular media changes every other day in vitro likely
impacted the release and exposure of our engineered hiPSC-derived cardiomyocyte tissues
to VEGF. Further studies need to be performed to see what specific pathways VEGF may be
influencing the cells in the engineered tissues. Literature suggests VEGF and its downstream
signaling pathways may improve cardiac contractility through a positive inotropic response
in L-type calcium channels [71-73]. The mechanical parameters of our tissues are
comparable with those of other cardiac tissue engineering groups in both contractile strength
and kinetics [53-55, 57, 74] after normalization for cross-sectional area and could be
improved in future studies by purification and metabolic maturation of the input
cardiomyocytes [75].

Transplantation of hiPSC-derived cardiomyocytes in engineered tissues on the epicardium
with our biomaterials-driven angiogenic therapy improves whole heart function versus sham
treatment (Figure 4F), which appears similar to results shown by other groups [4, 6-9, 15,
54, 76]. However, our work alone targets both cardiomyocyte engraftment and
vascularization as a dual-pronged approach to heart regeneration therapy and demonstrates
efficacy with smaller sample size. The significant improvement of cardiac function that we
observe after implantation of the unloaded collagen/alginate microspheres constructs (Figure
4F) could derive partially from mechanical and biological effects induced in the infarct by
the biomaterials. Implantation or injection of acellular biomaterials in the MI has been
previously demonstrated to alter local stress profiles, with normalized ventricular stress
distribution, and to reduce myocardial dilatation [77, 78]. Furthermore, alginate biomaterials
are known to induce localized changes in the immune and inflammatory cell populations,
possibly facilitating reparative and pro-angiogenic processes [70, 79]. Although we
demonstrate some functional recovery with our treatments, a major limitation of this study
and many others remains the persistence of a fibrotic scar in the infarcted region (Figure 4F),
that might lead to adverse tissue remodeling [80]. To overcome this limitation, other groups
are working on how to orchestrate regression of scar [81, 82], and our ongoing studies are
aimed at integrating the cardiac constructs with novel factors that could better regulate the
wound healing process.
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Animals receiving the cardiomyocyte-angiogenic factor combined therapy show enhanced
host angiogenesis in the engineered tissues and as well as an added beneficial
vascularization in the infarct itself, where there is a 49.8% increase in vessel density
compared to the unloaded formulations (Figure 6C). The localized release of VEGF, bFGF
and SHH was successful in recruiting host-derived neovessels into the implants to increase
volumetric vessel density, branching, and diameter of perfused vessels while minimizing
tortuosity (Figure 7). The increase in perfused vessels in the cardiac tissue implants is likely
due to the local release of the angiogenic factors that we hypothesize create local gradients
for stimulating endothelial cells to increase angiogenic sprouting. The long-term stability of
these vessels after 1 month supports the well-accepted idea that implanted engineered tissue
requires a greater vascular supply [14]. Indeed, our echocardiography data shows evidence
of improved cardiac function beyond that observed with cardiomyocytes alone (Figure 4F),
justifying the use of the angiogenic factor-loaded microspheres approach in engineered
cardiac tissue.

Although we cannot distinguish between a direct effect of released angiogenic factors versus
a paracrine effect from implanted cells (or both) as the cause of increased infarct vessel
density (Figure 5B), reduced host tissue ischemia likely contributes to functional gains of
our novel therapeutic approach. Because the proangiogenic combination delivered in vivo in
this study is quickly released from the microspheres by diffusion mechanisms (Figure 1A
and 1B), the significant enhancement of cardiac function and angiogenesis at 30 days
(Figures 4-7) suggests a successful initiation of a more robust host vascular response to
create a durable vascular bed.

While several studies have been recently focusing on promoting angiogenesis in implanted
scaffolds and engineered tissues [6, 10, 21, 24, 31, 58], a rigorous, standardized method for
quantifying neovessel formation in vivo has not been broadly adopted. Often, quantification
protocols rely on immunohistochemical staining of vessels in 2-dimensional thin sections [6,
10, 31]. With this approach, several limitations exist, including little ability to coordinate
lumens with a connected and perfused vessel, no ability to assess vessel length/branching/
tortuosity. To overcome these limitations, we use a robust method [42] for perfusing
vasculature at physiological pressures with radiopaque dye and imaging with
microcomputed tomography to assess angiogenesis in 3-dimensional reconstructions of heart
samples after 1 month. Only a few studies report 3D measures of density and diameter of
vessels in the injured heart using such a perfusion method [42, 83], and we are the first to do
this for implanted engineered human cardiac tissue. Our 3D analysis enables quantitative
assessment of vessel density and morphology of the entire microvasculature in the
engineered tissues implanted on the injured heart. With high spatial resolution (10x10x10
um3 voxel size), smaller arterioles can be resolved to result in more reliable and accurate
measurements of new vessels. Our results demonstrate increased 3D vessel density and
diameter, with decreased tortuosity. These results suggest that greater convective blood flow
is possible into the engineered tissue due to larger diameter vessels and that a less tortuous
vascular bed increases perfusion efficiency.
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Conclusions

Restoration of cardiac function utilizing engineered tissue will ultimately require an
efficiently perfused vascular bed in the implanted tissue, and here we show that this is
feasible through leveraging smart biomaterials to direct host vascularization of implanted
engineered human cardiac tissue. This novel platform is efficacious in the setting of
myocardial repair post M1 and provides a template for developing a diverse array of
combinatorial regeneration-revascularization therapies.
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Highlights:

. Heart regeneration requires new muscle, which we deliver with engineered
tissue

. We created a dual therapy to deliver hiPSC-cardiomyocytes and vasculogenic
proteins

. Alginate microspheres embedded in the engineered tissue are local protein
depots

. New vessels perfuse the human cardiac implant at 1 month, shown by 3D
analysis

. This new dual therapy improves heart function
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Figure 1. In vitro VEGF, bFGF and SHH signaling affects endothelial cells plasticity in 2D and
3D assays.

A) Representative blot for biotinylated VEGF released from 1% (w/v) alginate microspheres
incubated in dH20. B) The cumulative release profile was measured from blot optical
density and expressed in arbitrary units. C) Wide field fluorescence image of 2D network
formation for green-labeled HUVECs treated with VEGF (10ng/mL) and b-FGF (10ng/mL)
at 7 days. The red box indicates the area showed in D. D) Skeleton mask applied on image
C), to determine the number of networks, number of branch points and network length.
Scale bars = 900 pm. (E) Wide field florescence image of 3D network formation assay for
green-labeled HUVECs treated with VEGF (0.67uL/mL of alginate) at day 3, scale bar= 300
um. (F) Network mask applied on image E), to measure network width and area. (G)
Network number, area and length measured in HUVECs cultured on top of NHDFs on tissue
culture plastic for up to 10 days. Red bars indicate the day of media change and refreshing
of growth factor. At 150 hours (~6 days), one-way ANOVA with post-hoc Tukey’s test
(*p<0.05, **p<0.01, ***p<0.001) shows 10 ng/mL VEGF + 10 ng/mL bFGF (dark blue
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curve) is significantly larger than multiple other treatment groups (shown by color-coded
asterisks). Colored symbols indicate the statistical significance between VEGF + bFGF high
group (dark blue curve) and VEGF low (pink), bFGF low (light green) and VEGF + bFGF
low (light blue). Quantification of 3D network formation assay: (H) number and (l) area of
endothelial networks measured at 1 day of culture from network intensity masks. Network
number and area are relative to the negative control (samples cultured in EGM2 media
without VEGF and b-FGF). One-way analysis of variance (ANOVA) followed by Bonferroni
post-test was used to determine significance against positive (*p<0.05, **p< 0.01 and ***
p<0.001) and negative (#p<0.05, ##p< 0.01 and ###p<0.001) controls, i.e. samples cultured
in EGM2 or EGM2 without VEGF and b-FGF, respectively.
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Figure 2. Host endothelial cells invade the collagen-alginate microspheres scaffolds and organize
in tubular structures in the aortic ring assay.

A) Endothelial cell migration from the aortic ring was measured at 8 locations around the
ring and averaged across =3 replicates. Scale bar= 500 um. Formation of endothelial
networks in a control gel matrigel (B) compared to the collagen-alginate microspheres
scaffold (C). Alginate microspheres are indicated with yellow arrows. Scale bars= 100 um.
D) Migration length increased for multiple double- and triple-combinations of VEGF (V),
bFGF (F), and SHH (S) at high (h) and medium (m) concentrations. E) Host endothelial
cells were labeled with Texas red tomato lectin, and the 3-dimensional tube organization was
evaluated at day 5 by multiphoton z-stack imaging. The ring is identified with a star. Scale
bar= 100 pum.
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Figure 3. Human iPSC-derived cardiomyocyte engineered tissues function mechanically with
microspheres and VEGF inclusion.

(A) Compaction of engineered tissues. The inset represents a cardiac tissue containing
VEGF-loaded (4 g) alginate microspheres at 7 days of culture. (B) Stiffness (Young’s
modulus) of engineered tissues. (C) Peak active force at 1 Hz stimulation (*/<0.05). Bars
report mean + SEM, open and solid symbols indicate data measured at 7 and 30 days of
culture, respectively, for each test group.
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Figure 4. Release of proangiogenic growth factors from engineered cardiac constructs improve
cardiac function.

A) Experimental design of rat surgery and functional, histological and morphological
evaluation. B) Cardiac tissue are designed with diamond-shaped internal features and cut
corners, for optimal alignment of cardiomyocytes with the epicardial fibers of the left
ventricle, scale bar= 1cm. C) cTnT staining (DAB) of hiPSC-CMs immobilized in the
construct after preparation (day 0) shows homogeneous dispersion of the cells in the
construct, scale bar= 0.5 cm. D) After 7 days of in vitro culture, hiPSC-CMs show elongated
and striated morphology, scale bar= 30 pm. The image on the right shows the dashed white
square at higher magnification. E) The constructs are implanted 4 days after myocardial
infarction (post MI) over the scar and surrounding healthy tissue. F) Echocardiographic
evaluation of heart function, measured as the variation of % fractional shortening (%FS) at 3
days post MI versus 1 month after implantation surgery. Two-way ANOVA test shows
significance (# £<0.05 compared to the unloaded group post Ml and */~<0.05 and **/~<0.01
compared to the sham group at 30 days). G) Infarct area measured at 30 days at the papillary

Biomaterials. Author manuscript; available in PMC 2021 October 12.

«

Sham
Cells only
Unloaded
Loaded



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Munarin et al.

Page 28

muscles level by quantification of the red-stained fibrotic scar in the left ventricle. Inter-
individual shape differences are eliminated by normalizing the infarct area to the total area
of the left ventricle.
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gigure 5. Release of growth factors from alginate microspheres promotes cell viability up to 30
ays.

A)yPicrosirius red-fast green staining on whole cross-sections of the heart show a well-
integrated implant (cardiac engineered tissue with loaded microspheres), scale bar = Imm.
B) Quantification of hiPSC-cardiac tissue engraftment by cTnT positive area measurements
at 7 and 30 days, normalized to the hiPSC-CMs area measured in implants at day 0
(evaluated with the same histological method to compare area after 7, 30 days to initial
area). C) Cardiac troponin T and different cardiomyocytes density in the healthy (1), infarct
(2) and implant (3) regions at 7 days post M1 (scale bar= 1mm). Cardiomyocytes structure
and organization are visible at lower (D, scale bars= 100 um) and higher (E, scale bars = 30
um) magnification, with striations in the remote region and aligned cardiomyocytes in the
implant. Microspheres are indicated with black arrows. G) Macrophages, stained with
CD68, are visible in the infarct and in the cardiac tissues at 1 week post implantation. Scale
bars= 100 um.
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Figure 6. Host endothelial cells invade the collagen-alginate microspheres cardiac scaffolds and
promote angiogenesis in the implant and infarct scar.

A) Implanted heart stained by picrosirius red (pink) and fast green (green) and RECA-1
enable identification of (1) remote, (2) infarct and (3) implant regions. The implant is
demarcated with the red dashed line. RECA-1 (DAB, brown) staining of endothelial cells in
remote, infarct and implant regions at 1 month post MI show vessel density and morphology
for an implanted construct containing unloaded alginate microspheres (harvested 30 days
after implantation). The black debris visible in vessel lumens is residual Microfil® post-
processing. B) Images at higher magnification show healthy endothelial cell phenotypes in
the remote and implant areas, with thin endothelial cells lining lumenal structures and/or
microspheres. In contrast, morphologically round cells visible in the infarct (black arrows)
are indicative of the presence of macrophages phagocytizing cells expressing RECA-1. Scale
bars = 30 um. C) Quantification of vessels density in the remote area (R), infarct (1) and
implant (Imp). An average of 1510 + 252, 809 + 140 and 592 + 113 vessels were counted in
R, I and Imp regions of interest, respectively. Two-way ANOVA test indicates statistical
significance (*P<0.05 and **P<0.01). D) Texas red tomato lectin perfusion of a healthy rat
heart shows vessels originating from the host that invade the collagen/alginate microspheres
scaffold. Voids (arrows) may represent microspheres locations.

Biomaterials. Author manuscript; available in PMC 2021 October 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Munarin et al.

Page 31

Cross-registration of
histological images
and microCT
z-stacks and seg-
mentation of infarct
(red) and implant
(yellow) volumes

Y

3D reconstruction of
the vasculature of
the heart and of the
vessels penetrating
in the implant

\4

Quantification of
angiogenesis met-
rics from 3D recon-

structed heart

Numberof segment Average
segments diameter Tortuosity

Samples 3 27.78 117
5 55.35 121
3 27.03 1.22
3 61.32 101
0 = B _
xE £ § 6
S E 2 =
2= 204 5 o
o - - c
c o ] S 4
« E £ 1004 5 ’
2 2 3 %
g2 2 104 o = 24
ES g 2
e E o
e >
T T L T T T T T T
Cells only Unloaded Loaded Cells only  Unloaded Loaded Cellsonly Unloaded Loaded
150 F - G 1
'g -&- Cells only —_—
= = - Unloaded s
= =
; 100 S 20 -#- Loaded é‘ 10+
o s @
c o] [}
o o 3
g s s 5
= < 10 - 69
H
0 Z o — T T T T T
0 200 400 600 800 0 10000 20000 30000 Cells only Unloaded Loaded
Diameter (um) Length (um)

Figure 7. In vivo perfusion and 3D image reconstruction are used to visualize ingrowth of vessels
from the host to the cardiac constructs and to quantify multiple angiogenic metrics.

(A) Microfil® is perfused via the aorta in the heart vasculature (I). Samples are then scanned
through microCT. By cross-registering histological images (I1) with microCT z-stacks (l11),
the volumes occupied by the infarct scar tissue (red) and by the implant (yellow) are
segmented, as shown in (IV). 3D reconstruction of heart vasculature is obtained with
IMARIS software (V) and identification of the vasculature invading the engineered tissues is
identified in green (V1). Images at higher magnifications (VI1) allow identification of the
origin of the vessels penetrating in the implant (indicated by the yellow arrows). (VI111) 3D

Biomaterials. Author manuscript; available in PMC 2021 October 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Munarin et al.

Page 32

reconstruction of vessels present in the cardiac constructs are traced with Vesselucida360
software (IX) and processed through Vesselucida Explorer software (X-XI) for automated
analysis. The image in X shows a representative pool of vessels (networks 1 through 4) with
varying diameters and total length. Branching nodes are highlighted in red. Segments are
defined as any portion of vessel between two branching nodes and are labeled (1, I1, 111} in
network 1 (blue vessel) as an example. Panels B-G show multiple angiogenic metrics
quantified with automated analysis of 3D-reconstructed vessels in implant volumes. n= 184
vessels were identified and analyzed for implants containing only cardiomyocytes (cells
only), n= 371 for implants containing unloaded alginate microspheres and n= 1858 for
implants loaded with alginate microspheres releasing 4ug VEGF, 4ug bFGF and 4ug SHH.
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Number, weight and heart function of rats enrolled in the study

Table 1.

N Weight() o4 Fs baseline® % FSpostMI™ o4 MI/LV area”
Sham 8 225+ 37 57+3 42+3 26+4
Cells only 4 225+ 38 55+7 39+6 25+8
Microsph - unloaded 5  214+32 61+7 34+8% 36+6 %7
Microsph - loaded 6 212+ 29 657 42+3 34+3%

§% Fractional shortening before myocardial infarction

*
% Fractional shortening 3 days after myocardial infarction

# . .
% Infarcted left ventricle area/Total left ventricle area* p<0.05 compared to the sham group

#p<0.05 compared to the cells-only group

Biomaterials. Author manuscript; available in PMC 2021 October 12.

Page 33



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Cell culture
	Production of alginate microspheres
	In vitro biotin-VEGF release studies
	Two-dimensional network formation assay
	Three-dimensional angiogenesis assay
	Aortic ring assay
	Morphological and functional assessment of engineered cardiac tissues
	Implantation of the engineered constructs in infarcted rat hearts
	Histological assessment of the explanted tissues
	Qualitative evaluation of vessels perfusion by Texas Red-tomato
lectin
	Quantification of angiogenesis by Microfil® perfusion followed by
microCT imaging and 3D reconstruction of perfused vasculature
	Statistical Analysis

	Results
	VEGF is released from alginate microspheres over 3 days
	VEGF, bFGF and SHH enhance endothelial network formation in 2D and 3D
environments
	Heterocellular outgrowth from aortic rings is stimulated by growth
factor-releasing alginate microspheres
	Engineered cardiac tissue function is preserved with VEGF-releasing
microspheres
	Release of growth factors from cardiac constructs promotes neovascularization
in the implants and improves heart function in a rat model of myocardial
infarct.

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

