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Cell therapy has been a promising strategy for cardiac repair after injury or infarction; however,
low retention and engraftment of transplanted cells limit potential therapeutic efficacy. Seeding
scaffold material with cells to create cardiac patches that are transplanted onto the surface of the
heart can overcome these limitations. However, because patches need to be freshly prepared to
maintain cell viability, long-term storage is not feasible and limits clinical applicability. Here, we
developed an off-the-shelf therapeutic cardiac patch composed of a decellularized porcine
myocardial extracellular matrix scaffold and synthetic cardiac stromal cells (synCSCs) generated
by encapsulating secreted factors from isolated human cardiac stromal cells. This fully acellular
artificial cardiac patch (artCP) maintained its potency after long-term cryopreservation. In a rat
model of acute myocardial infarction, transplantation of the artCP supported cardiac recovery by
reducing scarring, promoting angiomyogenesis, and boosting cardiac function. The safety and
efficacy of the artCP were further confirmed in a porcine model of myocardial infarction. The
artCP is a clinically feasible, easy-to-store, and cell-free alternative to myocardial repair using
cell-based cardiac patches.

INTRODUCTION

Coronary heart disease is a leading cause of death in the United States, killing more than
360,000 people a year (1). Current myocardial infarction (MI) treatment approaches,
including limiting the initial injury and blocking secondary maladaptive pathways, greatly
reduce cardiovascular morbidity and mortality. However, the remodeling process after acute
MI still frequently leads to arrhythmias and heart failure and contributes to cardiovascular
morbidity and mortality (2). Cell therapies focus on using cells derived from different
sources to promote myocardial regeneration by altering the cardiac remodeling process and
reducing scar size caused by MI (3-5). Heart-derived cardiac stromal cells (CSCs) offer
regenerative therapeutic benefits through secretion of paracrine factors (6-8) and direct
interaction with the injured cardiomyocytes (9). Safety and moderate beneficial effects from
CSC therapy have been confirmed in clinical trials for patients with mild-moderate Ml (10—
13).

Clinical applications of cell therapy for heart repair have several limitations (14-16). First,
cells are very fragile and have to be carefully preserved to retain viability and functionality
before transplantation (17). Consequently, live cells cannot be considered an off-the-shelf
product for clinical application. Cell therapy is costly in terms of labor and material
expenses. The modes of action for cell therapy products also remain elusive, making it
difficult to standardize product release criteria. These issues are further complicated by the
fact that some undifferentiated cells can exhibit uncontrolled cell growth or become
tumorigenic after transplantation (14, 18). Furthermore, immunogenicity is a concern when
allogeneic cells are used. Transplantation of autologous cells offers some advantages (19),
but generation of these cells is expensive and time-consuming because each patient’s cells
represent an independent batch (14). In addition, the extremely low cell retention and
engraftment regardless of the delivery route are a major hurdle that hampers the efficacy of
cell therapy (20, 21). Such rapid cell loss after transplantation is not mainly due to cell death
(22) but rather the “washing away” of the cells from the site of deliver by the actively
contracting heart (23-25).
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Recently, multiple scaffold materials spiked with stem cells have been engineered to serve as
cardiac patches for myocardial regeneration (26-38). However, the aforementioned
limitations associated with natural cells remain unsolved for cellular cardiac patches. To
overcome these challenges, we designed and fabricated an artificial cardiac patch (artCP) by
embedding synthetic CSCs (synCSC) in decellularized myocardial extracellular matrix
(ECM) (myoECM). myoECM derived from decellularized porcine myocardium offers an
optimal scaffold material, providing native ultrastructural and material properties. myoECM
retains bioactivity that has been shown to promote constructive remodeling and
vascularization after transplantation (28, 38, 39). synCSCs were fabricated by encapsulating
human CSC-secreted factors into biodegradable polylactic-co-glycolic acid (PLGA)
microparticles (40, 41). When combined, the three-dimensional (3D) reticulate structure of
myoECM offers mechanical support (42) to the native myocardium, whereas the embedded
synCSCs secrete regenerative factors. Both components are acellular, overcoming the
shortages of using live cells and providing an off-the-shelf product with an extended shelf
life (Fig. 1A). Here, we tested the mechanical and biological properties and cryostability of
the artCP in vitro and determined its therapeutic benefits in rodent and porcine models of
MI. By exploiting cell and ECM biology, the artCP offers an acellular, clinically feasible,
off-the-shelf potential therapeutic for cardiac repair.

Fabrication and characterization of artCP

myoECM was derived from decellularized porcine myocardium to function as the basal
material for the artCP. To test whether the myoECM had appropriate structure and
mechanical characteristics for heart transplantation, we compared myoECM with native
porcine heart tissue (NHT) via histology and mechanical testing (Fig. 1, B to F). The results
indicated that myoECM was produced efficiently by decellularization, and the remaining
fibrillar collagen provided mechanical stability, structural support, and retained tissue
morphology (Fig. 1B). The compliance of myoECM was similar to that of NHT with a
similar thickness (Fig. 1, C to E). Decellularization effectively removed DNA (Fig. 1F).
These results confirmed that decellularized myoECM preserved its reticular structure and
maintained a relatively similar elasticity as NHT, rendering a mechanically feasible scaffold
for heart transplantation.

To fabricate the final artCP product, we embedded synCSCs (fig. S1A) into myoECM via a
vacuum filtration process (Fig. 2A). The vacuum force drove the synCSC particles into the
myoECM structure. To confirm synCSC embedding efficiency and retention, artCPs were
fluorescently labeled, washed three times with phosphate buffered saline (PBS), and then
subjected to microscopic observation. synCSCs remained in the artCP after washing (Fig. 2,
B and C). Scanning electron microscope (SEM) confirmed that synCSCs were efficiently
embedded in the reticulate structure of myoECM with negligible structural changes (Fig.
2D). Confocal imaging further confirmed that synCSCs were successfully embedded into
myoECM and uniformly distributed (fig. S1B). In the presence of collagenase, the artCP
degraded (fig. S1C). Together, vacuum filtration was able to embed synCSCs into myoECM
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to form the artCP without damaging the structural integrity of either the myoECM or
synCSCs.

Cryostability of artCP

One major advantage of an artCP over a cardiac patch containing live cells is its foreseeable
cryostability. CSCs rely on secretion of factors to exert their regenerative potency (13). We
assessed the concentrations of three regenerative factors [vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), and insulin-like growth factor (IGF)] released by
artCPs that had been cryostored for various time periods (Fig. 3A). After cryostorage, artCPs
were rinsed three times with sterile PBS and soaked in 1 ml of sterile PBS for a 4-day
incubation period at 37°C (Fig. 3A). The results indicate that the factor-releasing ability of
the artCP was not affected by cryostorage (Fig. 3, B to D). As a quality control, we
confirmed that the initial total protein amounts in the synCSCs of different batches of artCPs
were similar (Fig. 3E). In addition, we further evaluated the mechanical properties of
cryostored and freshly fabricated artCPs. Results indicate that 28 days of cryostorage did not
affect the mechanical properties of the patch (fig. S1, D to F).

Regenerative potency of artCP in vitro

As an in vitro potency assay, we incubated fresh or cryopreserved artCPs with neonatal rat
cardiomyocytes (NRCMs) for 3 days and assessed cell viability and proliferation. Equal
amounts of synCSCs, myoECM, or empty artCP (myoECM embedded with empty PLGA
particles without CSC factors) were included as controls. NRCMs cultured in media were
used as a negative control. Proliferating NRCMs were identified by Ki67* expression (Fig.
4A). Our data suggested that incubation with synCSCs, cryopreserved artCP, or fresh artCP
promoted NRCM proliferation (Fig. 4B). Coincubation with synCSCs, cryopreserved artCP,
or fresh artCP increased cell viability and decreased cell death, resulting in an increase in
overall cell numbers (Fig. 4, C and D). Terminal deoxynucleotidyl transferase—-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) assay revealed that coculture
inhibited cell apoptosis (Fig. 4, E and F), and artCP promoted tube formation of endothelial
cells (fig. S2, A to C). We also used human-induced pluripotent stem cell (iPSC)-derived
cardiac progenitor cells (CPCs) to assess the effects of artCP on cardiac differentiation using
cardiac troponin T (cTnT) expression as an indicator. Comparing to CPCs that were treated
with the Wnt inhibitor XAV939 (positive control) and CPCs cultured with basal media
(negative control), culture with synCSCs or artCP encouraged the differentiation of CPCs
(fig. S3, A and B). In all assays, the potency of cryostored artCPs was similar to that of fresh
artCPs. Together, these data support that artCPs retain the regenerative potency of synCSCs
regardless of cryostorage.

Biodistribution of synCSCs and biocompatibility of artCPs

For biodistribution studies, we induced acute MI by left anterior descending artery (LAD)
ligation [as previously described; (43-46)] in Sprague-Dawley (SD) rats. After LAD ligation
was confirmed by color alteration of the left ventricle (LV), a circular piece of artCP
(diameter = 5 mm) containing ~2 x 108 synCSCs was sutured onto the M1 area. We
compared application of labeled artCP to myoECM and intramyocardial injection of labeled
synCSCs. Twenty-four hours after treatment, all groups of animals were euthanized, and
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major organs were collected for ex vivo fluorescence imaging. artCP effectively retained
synCSCs within the infarcted region with minimal off-target loss into other organs (fig. S4,
A to C). Intramyocardially injected synCSCs were “washed away” from the heart to other
organs such as the lungs (fig. S4C). These results were consistent with our previous study
(40). The off-target lung distribution was due to vessel damage caused by needle injection
and subsequent venous drainage (43). To evaluate the biocompatibility of artCPs, we
performed an independent experiment by transplanting artCPs onto post-infarct hearts of SD
rats. The hearts were harvested for analysis of immune rejection 7 (fig. S5, Ato C) and 21
(fig. S5D) days after transplantation. T cell and macrophage infiltration was evaluated with
CD3/CD8 and CD68 staining, respectively. artCP transplantation elicited negligible T cell or
macrophage infiltration as only few CD3* and/or CD8* T cells, and CD68* macrophages
were detected in the hearts.

artCP therapy in rats with acute Ml

To test the therapeutic potency of artCP, we induced Ml in SD rats and sutured a circular
piece of artCP (diameter = 5 mm) containing ~2 x 108 synCSCs onto the M area. Rats in
the empty myoECM control treatment group received an empty myoECM patch (diameter =
5 mm) without synCSCs. Negative control animals did not receive any treatment after Ml.
All animals were euthanized 21 days after the surgery, and hearts were harvested for
histological analysis (Fig. 5A). The surgeon and the analyzer were blinded to the treatment
groups. Echocardiography was performed before MI induction, 4 hours after the operation
(injury baseline), and before the animals were euthanized on day 21 (end point) (Fig. 5B).
Left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS)
before surgery and 4 hours after surgery were indistinguishable among all three groups (Fig.
5, C and D), indicating uniform cardiac function and degree of initial injury. Three weeks
after treatment, the hearts that had received artCP transplantation had the greatest LVEFs
(Fig. 5, E and F), LVFSs (Fig. 5, G to J), and cardiac contractility (fig. S6). Hematoxylin and
eosin (H&E) staining revealed the structures of artCP and myoECM 3 weeks after
transplantation (Fig. 6A). According to morphology, cells residing in the structures were
likely fibro-blasts, smooth muscle cells, and endothelial cells (fig. S7). Masson’s trichrome
staining (Fig. 6B) indicated that artCP transplantation promoted reduction in infarct size
(Fig. 6C), increase in viable tissue in the risk area (Fig. 6D), and increase in LV wall
thickness (Fig. 6E). A large amount of viable cardiac tissue in the infarcted region was
covered by the artCP (Fig. 6, A and B). Consistent with previous studies (39, 44), empty
myoECM transplantation also generated some therapeutic effects; however, the embedding
of synCSCs in the artCP further amplified the therapeutic benefits.

artCP’s therapeutic effects are not affected by cryostorage

We performed a separate animal study to compare the therapeutic potency of cryopreserved
artCPs to their freshly made counterparts. Immediately after Ml induction, rats received
fresh or cryopreserved artCPs (cryostored for 28 days at —80°C). Animals receiving Ml
without treatment or treatment of empty artCP (no synCSCs) were used as controls. LVEFs
and LVFSs were determined before MI, 4 hours after MI, and 3 weeks after M1 (fig. S8, A to
P). The LVEFs and LVFSs before MI and 4 hours after MI were indistinguishable among
groups, indicating a similar degree of initial injury (fig. S8, A and B). Twenty-eight days of
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cryostorage did not affect the artCP’s ability to protect cardiac function (fig. S8, Ato P). In
addition, infarct sizes were reduced to a similar degree by treatment with cryopreserved or
fresh artCP (fig. S9, A and B). Viable tissue in the risk area (fig. S9C) and infarct wall
thickness (fig. S9D) were increased by both therapies. These results demonstrated the
cryostability of artCP products. On day 21, the serum concentrations of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), creatinine, and blood urea
nitrogen (BUN) (fig. S10) were indistinguishable among all groups, indicating no toxicity
from artCP transplantation.

artCP therapy promotes angiomyogenesis in rats with Ml

ArtCP transplantation increased capillary density in the infarct area (Fig. 7, A and B). To
further explore whether cardiac functional improvement was accompanied by myocardial
repair, we stained tissue sections with three cell cycling markers [Ki67, phosphorylated
histone H3 (pH3), and Aurora B kinase (Aurora B)]. The myocyte and nonmyocyte
localizations of these markers were confirmed by z-stack confocal imaging (Fig. 7, C to G).
Results indicate that Ki67* and pH3*expressions in artCP-treated hearts overlaid with
cardiomyocyte nuclei (fig. S11). Aurora B* (fig. S12, A and B) staining confirmed the
ability of artCP and myoECM therapy to promote cell proliferation. TUNEL assay indicated
that artCP transplantation decreased cell apoptosis in the infarct border zone (fig. S13, A and
B). The proregenerative and antiapoptotic mechanisms of artCP therapy were further
confirmed by Western blot analysis (fig. S13, C to F). Moreover, fresh or cryopreserved
artCP therapy promoted angiomyogenesis to a greater extent than application of empty
artCP (fig. S14, A to G). Together, transplantation of artCPs strengthened angiomyogenesis
while reducing cell apoptosis.

artCP therapy in a porcine model of Ml

A porcine model has been used widely as a translational tool in cardiovascular research
because pigs have similar cardiac anatomy to humans (45). A porcine MI model was created
in Yorkshire pigs (female, 20 to 30 kg) by open-chest surgery and LAD ligation distal to the
second diagonal branch (Fig. 8A). A piece of artCP (diameter = 3.5 cm) was transplanted
onto the surface of the porcine heart to cover the Ml area. Control animals did not receive
any treatment. All animals were euthanized 7 days after treatment, and the hearts were
harvested for morphometry and histology studies. Blood samples and electrocardiograms
(ECGs) were collected before MI, 24 hours, and 7 days after MI. Induction of MI was
verified by the elevation of ST segment on ECG and increased serum cardiac troponin |
concentration 24 hours after M1 (Fig. 8, B and C). Control animals still had ST segment
elevation at day 7, whereas this abnormality disappeared in the artCP-treated animals (Fig.
8B). After the last echocardiography session, animals were euthanized, and all hearts were
collected and cryosectioned transversally (1 cm in thickness) from apex to level of ligation
for triphenyl tetrazolium chloride (TTC) staining. The infarct size in each slice was
quantified by ImageJ analysis. Macroscopic images from TTC staining suggested that the
infarcted area of artCP-transplanted hearts was significantly smaller on slice 2 (P= 0.0158;
Fig. 8, D and E). Masson’s trichrome staining revealed that artCP treatment reduced
myocardial fibrosis at the microscopic level qualitatively (Fig. 8F).
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Echocardiography data were collected at 24 hours (baseline) and 7 days after Ml (end point)
for cardiac function analysis (fig. S15, A to H). Results show that artCP treatment improved
cardiac function (measured by ALVEF) and cardiac contractility (measured by ALVFS). To
assess the safety of artCP transplantation, we evaluated liver and kidney toxicity of artCP
using blood samples from before MI, 24 hours after MI, and 7 days after MI. The
concentration of ALT and AST was indistinguishable among groups (fig. S16, A and B),
indicating that artCP transplantation did not lead to hepatic damage. Furthermore, blood
creatinine and BUN measurements indicated that artCP transplantation did not generate
kidney injury (fig. S16, C and D). To address the potential immune reaction against the
artCP, we quantified white blood cells, polymorphonuclear leukocytes, and lymphocytes. No
changes were detected in the artCP-treated animals over 7 days after Ml (fig. S17, A to D).
Compared to untreated animals, reactive lymphocytes in artCP-treated animals were
suppressed 24 hours after Ml (fig. S17D). These results further support that artCP is
biocompatible and safe in the porcine model.

DISCUSSION

As emerging strategies in tissue engineering and regenerative medicine, cardiac patches (26,
46, 47) and cell therapy (13, 48-50) have become the focus of studies targeting myocardial
tissue repair during the past decade. A cardiac patch is typically created by spiking a
scaffold material with stem cells (50-54). In general, these patches rely on the added cells to
impart functional benefits to injured tissue. However, as a living component, the cells also
make the cardiac patch product vulnerable to ambient storage and shipping conditions (14).
Therefore, methods to generate therapeutic cardiac patches that are stable at room
temperature and offer ready-to-use convenience remain of interest. Recent development in
synthetic strategies provides alternatives to patches that incorporate living cells (40, 41, 54—
56). Here, we embedded therapeutic synCSCs within decellularized myoECM to generate a
fully acellular artCP. The artCP approach adopts a “particle in matrix” design harnessing the
proven beneficial effects of synCSCs and myoECM: The synCSCs mimick the therapeutic
features of live stem cells while overcoming their storage and survival problems, and the
myoECM preserves the ECM structures and bioactivity found within native cardiac tissue.

We confirmed the stability and therapeutic potency of artCPs after 28 days of cryostorage. If
not stored and handled properly, then traditional cardiac patches (with live stem cells) would
suffer from cell death within the patch and subsequent negative effects or lack of therapeutic
efficacy after transplantation. Our cryopreserved artCPs retained potency as assessed by in
vitro culture with rodent myocytes. The myoECM in the artCP supports the cardiac retention
of synCSCs upon application to the heart, whereas the synCSCs release proregenerative
factors. In our previous work, synCSCs were directly injected into the myocardium (40).
Despite encouraging proof-of-concept results, this delivery strategy was insufficient:
synCSCs accumulated in the lungs, distant from the site of injection. This finding was
confirmed in the present study. In contrast, the artCP approach reinforced the retention of
synCSCs on the heart and diminished their off-target biodistribution to other organs. In both
rodent and porcine models of MI, we demonstrated that transplantation of artCPs improved
heart pump function, reduced fibrosis/infarct size, increased viable myocardial tissue, and
promoted angiomyogenesis.
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Our study has several limitations. As a pilot study, the sample size of the pig study is small.
However, the observations are in line with those results from rodent studies, which were
sufficiently powered. Future large animal studies with larger sample sizes and longer follow-
up duration are needed before clinical translation. For tracking long-term heart infarct size
changes in large animals, magnetic resonance imaging would be an ideal tool due to its
noninvasive nature and reliability. In addition, to reduce the injury associated with open-
chest surgery, minimally invasive approaches of patch delivery need to be developed in
future iterations (55, 57-59). A recent study showed that intracardiac injection of two types
of adult stem cells can stimulate recruitment and activation of CCR2* and CX3CR1*
macrophages, which then rejuvenate the injured heart via modulating cardiac fibroblast
activities (60). Although we detected Ki67* and pH3™ cardiomyocytes in the infarcted area
after artCP treatment, the full extent of proliferation induced by the artCP remains to be
determined. Further mechanistic studies on myocardial regenerative pathways (61-63) and
tracing the origin of proliferating cardiomyocytes could help elucidate the modes of action
of artCP therapies. Furthermore, the duration of factor release and artCP degradation in vivo
need to be optimized to match the post-MI LV remodeling. Nevertheless, the present study
shows the potential therapeutic effects of using synCSCs with myoECM in an acellular
cardiac patch for myocardial regeneration.

MATERIALS AND METHODS

Study design

The purpose of this study was to design an off-the-shelf artCP for myocardial repair after
infarction to overcome the limitations of using living stem cells. The artCP was fabricated
by embedding PLGA-encapsulated factors secreted from human CSCs (synCSCs) into a
decellularized porcine myocardial scaffold (myoECM). In vitro, we performed studies to
determine the 3D structure, mechanical properties, cryostability, degradation, and
therapeutic potency of artCPs. In vivo, rat models of MI were used to determine the safety
and efficacy of artCP therapy. In addition, a pilot porcine study was used to confirm the
results from rodent studies. We compared cryopreserved and freshly prepared artCPs in vitro
and in vivo (rat studies) to assess patch cryostability. Animals were randomized to treatment
groups. Cardiac function measurement and histological analysis were performed in blinded
fashions. All animal work was compliant with the Institutional Animal Care and Use
Committee at the North Carolina State University.

Preparation of conditioned media

Conditioned media from human CSCs were prepared as previously described (40, 64).
Briefly, 2 x 10% human CSCs from nine cell lines that derived from primary cells in-house
were cultured in T-75 flasks with 15 ml of 20% fetal bovine serum (FBS) media in 5% CO,
at 37°C. When cells reached 80% confluency, cells were rinsed with 10 ml of FBS-free
media once per 30 min for 12 times in total. Then, cells were incubated in 15 ml of FBS-free
media for 14 days in 5% CO, at 37°C without media change. The media were collected and
centrifuged at 1000¢ for 10 min to remove the cells and large fragments. To diminish the
variable batch quality, conditioned media from nine cell lines were mixed before
lyophilization and storage. For additional details, see the Supplementary Materials.
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Fabrication of synCSCs

Conditioned media contain growth factors secreted by CSCs. As a biocompatible and
biodegradable polymer, PLGA has provided a safe and nontoxic building block for various
controlled release systems. synCSCs were fabricated according to previously described
polymer encapsulation approaches (40). Briefly, we fabricated CSC factor—loaded synCSCs
by a water/oil/water (w/o/w) emulsion technique. We mixed human CSC—conditioned media
containing polyvinyl alcohol (PVA) (0.1%, w/v) as the internal aqueous phase in methylene
chloride (DCM) containing PLGA as the oil phase. The mixture was sonicated on ice for 30
s and immediately introduced into water with PVA (0.7%, wi/v) to produce a w/o/w
emulsion. The secondary emulsion was emulsified for 5 min on a high-speed homogenizer.
The w/o/w emulsion was continuously stirred overnight at room temperature to promote
solvent evaporation. The solidified synCSCs were centrifuged, washed with sterilize PBS,
lyophilized, and stored at —80°C. Varying the volumetric ratio of w/o/w and the amount of
PLGA in the oil phase produces PLGA microparticles with different sizes and shell
thicknesses.

Preparation of myoECM

Porcine hearts were decellularized as previously described (42). Briefly, whole hearts of
market-weight pigs were obtained from the Nahunta Pork Center. Heart tissue was cleaned
of excess nonmyocardial tissue and washed thoroughly with tap water. The tissues were then
patted dry and placed at —80°C for at least 48 hours. The heart was sliced into 1-mm thin
pieces and agitated in a series of washes. The tissues were first rinsed with deionized water
and washed twice with PBS before washing for 2 hours in 0.05% trypsin (Thermo Fisher
Scientific), 2 hours in 2% Tween 20 (Sigma-Aldrich), and 2 hours in 4% sodium
deoxycholate solution (Sigma-Aldrich). Five-minute deionized water and two 15-min PBS
washes were performed between the trypsin, Tween 20, and sodium deoxycholate steps. The
heart slices were then sterilized with a 0.1% peracetic acid solution (Sigma-Aldrich) and
washed three times with sterile 1x PBS. Decellularized myoECM was then placed flat on
aluminum foil and lyophilized for at least 24 hours. Lyophilized myoECM scaffolds were
then sterilized using ethylene oxide.

DNA quantification of myoECM

Samples of heart tissue (~10 mg) were taken before and after decellularization and were
digested at 60°C overnight with papain (0.2 mg/ml; Sigma-Aldrich). The samples were then
analyzed for DNA content using the Quant-IT Picogreen dsDNA Assay (Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s instructions. Samples (100 pl)
were read at 538 nm with an excitation at 485 nm using a fluorescence spectrometer. Before
decellularization, samples contained 418.8 + 27.33 ng of DNA/mg of tissue (n7=8), and
after decellularization, samples contained 17.66 + 3.869 ng of DNA/mg of tissue (7= 8).

Characterization of myoECM

Biopsy punches (7 mm) were taken of the heart tissue before and after decellularization,
fixed with 4% paraformaldehyde (Sigma-Aldrich) overnight, and stored in 70% EtOH. Cross
sections were cut at 5 um and stained for Van Gieson’s, Gémdri’s trichrome, and Alcian
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blue. Slides were imaged using an AZ100 multipurpose zoom microscope system.
Mechanical testing was done on an Instron 5944 with a 50 N load cell. Samples of
myocardium were randomly cut into rectangular pieces, hydrated in 1x PBS until testing,
and then secured at opposite ends onto customized clamps. Samples of NHT were 12.62 +
0.60 mm in width and 1.79 £ 0.13 mm for 7= 5 in thickness. Processed myoECM samples
were 10.05 + 0.59 mm in width (9.47 = 0.60 mm for n=15) and (1.54 + 0.13 mm for 7= 15)
in thickness. Samples were preconditioned using five cycles at a rate of 1% strain/s with a
preload of 0.06 N. This was followed by a uniaxial stretch of until failure at a rate of 1%
strain/s. Data were collected using Bluehill 3 Testing Software and processed.

Fabrication and characterization of artCPs

myoECM (diameter = 3.5 cm) was hydrolyzed with sterilized PBS for 24 hours and then
placed on the filtration area of the 50-ml vacuum filtration system (Steriflip filter units).
synCSCs suspended in sterilized PBS (7 x 10%/ml) were added evenly on top of the
myoECM so that the vacuum extraction force drove the synCSCs into the reticulate structure
of myoECM during vacuum filtration and formed artCP. The artCP was cut into round
pieces (diameter = 5 mm) with a size 10 scalpel for both in vitro study and in vivo rat study.
The artCP for the in vivo porcine study was a round piece with a diameter of 3.5 cm. The
morphology of artCP was studied by SEM (Philips XL30 scanning microscope, Philips).
Freeze-dried samples were mounted on aluminum stubs with double-sided tape and coated
with a thin layer of gold. The coated samples were then scanned and photographed under the
microscope at an acceleration voltage of 15 kV. To examine the embedding efficiency and
retention of synCSCs in vitro, we prelabeled myoECM with anti—collagen I (1:100;
ab34710, Abcam) and fluorescein isothiocyanate (FITC)-conjugated secondary antibodies
(1:200). Also, we prelabeled synCSCs with red fluorescent Texas Red succinimidyl ester (1
mg/ml; Invitrogen). Then, the artCP (7= 6) was produced for imaging before and after
sterilized PBS wash. Images were taken with an epifluorescence microscope (Olympus
IX81). The retained synCSCs were characterized and compared from the same images using
the National Institutes of Health (NIH) ImageJ software.

Cryostability analysis of artCPs

We created five batches (7= 4 in each batch) of artCP every 7 days. For the first four
batches, the artCPs were washed with PBS and cryostored in —20°C directly after
fabrication. On day 28, the first four batches were thawed, and the fifth batch of artCP was
freshly made. Then, we rinsed all batches of artCP with sterile PBS three times and soaked
in 1 ml of sterile PBS. After that, we incubated artCPs in a 37°C incubator for 4 days.
Regenerative factors (VEGF, HGF, and IGF) in the supernatant were assessed through
enzyme linked immunosorbent assay (ELISA) kits (R&D Systems). Total protein content of
synCSCs used for artCP batch creation was determined as in previous studies (40). Briefly,
10 mg of freeze-dried synCSCs was dissolved in 1 ml of DCM for 60 min. Then, 1 ml of
PBS was added into solution followed by agitation for 10 min to extract protein from DCM
into PBS. After centrifugation, the concentration of protein in the aqueous phase was
determined by the BCA (bicinchoninic acid) Protein Assay Kit (Thermo Fisher Scientific).
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In vitro potency of artCPs

NRCMs were derived from SD rats as previously described (65). We cultured NRCMs on
four-well chamber slides. Small pieces (1 mm?) of fresh artCP, cryopreserved artCP,
myoECM, or 1.2 pl of synCSC solution (7 x 108/ml; synCSCs suspended in sterilized PBS)
were added into NRCM culture chamber for 3 days. An NRCM culture without any
additions to the media (standard culture conditions) was included as a control. Cell
proliferation was evaluated by the percentage of sarcomeric a.-actinin—positive (a-SA*)
(1:100; a7811, Sigma-Aldrich)/Ki67* (1:100; ab15580, Abcam) NRCMs. For assessment of
cell apoptosis, the cells were incubated with TUNEL solution (Roche Diagnostics GmbH)
and counterstained with 4”,6-diamidino-2-phenylindole (DAPI) (Life Technologies, NY,
USA). A LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fisher Scientific) was used to
determine the cell viability of NRCMs. Images were taken with a confocal fluorescence
microscope (ZEISS LSM 880). Tissue morphology was characterized by images using the
NIH ImageJ software and ZEN lite software.

Angiogenesis assay

Human umbilical vein endothelial cells (American Type Culture Collection, PCS-100-010)
were coincubated with PBS, small pieces (1 mm?2) of myoECM, cryopreserved artCP, or
freshly prepared artCP for 24 hours and then plated on growth factor—deprived Matrigel (BD
Biosciences) to evaluate angiogenesis (66). Eight hours later, tube formation was measured
with a white light microscope and analyzed with NIH ImageJ software.

Differentiation assay

Human iPSC—derived cardiac progenitor cells (iCell Cardiac Progenitor Cells, Fujifilm
Cellular Dynamics) were used as an in vitro cellular model to evaluate the effects of artCP
on cardiac differentiation (67). Briefly, CPCs were cultured with XAV939/SB431542
(positive control)—, synCSC-, myoECM-, or artCP-containing maintenance medium for 2
days and then switched to maintenance medium for 4 to 6 days. Negative control was CPCs
cultured with maintenance medium for 7 days. Immunohistochemistry (IHC) for cTnT was
performed. Images were taken with a confocal fluorescence microscope (ZEISS LSM 880).
Tissue morphology was characterized using the NIH ImageJ software and ZEN lite software.
Also, cells in each group were fixed in 2% paraformaldehyde for 30 min at room
temperature and permeabilized and blocked in flow buffer for 1 hour. Cells were incubated
with mouse anti-cTnT antibody (1:400; Thermo Fisher Scientific) for 1 hour at 4°C and then
incubated with anti-mouse Alexa Fluor 488 antibodies for 30 min. The samples were
analyzed using flow cytometry (CytoFlex flow cytometer, Beckman Coulter). Data analysis
was processed with the FlowJo software.

Rat model of Ml

Five- to 7-week-old female SD rats (Charles River Laboratories) were anesthetized with a
1.5% isoflurane-oxygen mixture before intraperitoneal administration of anesthetic
combination (0.8 to 0.9 pl/g; ketamine and xylazine with a proportion of 2:1). Under
artificial ventilation with a rodent ventilator (SAR-1000 Small Animal Ventilator), M1 was
induced under sterile surgical conditions. Briefly, the heart was exposed by left thoracotomy
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at the fourth intercostal space, and acute M1 was produced by permanent ligation of LAD
(60 prolene, eSutures). Then, the rats were left in situ for 20 min [open chest covered with
a sterile PBS-soaked cotton gauze pad (Fisherbrand)]. The heart was randomized to receive
one of the following three treatments: (i) MI induction without any treatment (MI group),
(ii) Ml induction with application of empty myoECM patch sutured onto the surface of the
discolored infarcted area (M1 + myoECM group), or (iii) MI induction with artCP sutured
onto the surface of discolored infarcted area (M1 + artCP group). After chest closure and
completion of surgery, rats were extubated and observed for about 30 min until they were
able to move. Twenty-one days (rat 21 days is equal to human 1.5 years) (68) after Ml, the
animals were euthanized for further study.

Immunohistochemistry

Heart cryosections were fixed with 4% paraformaldehyde solution, permeabilized and
blocked with 0.01% saponin (Sigma-Aldrich) Dako solution, and then incubated with
primary antibodies overnight at 4°C: mouse anti-a.-SA (1:100; a7811, Sigma), rabbit anti-
Ki67 (1:100; ab15580, Abcam), rabbit anti-von Willebrand factor (1:100; ab6994, Abcam),
rabbit anti- pH3 (1:100; ab5176, Abcam), rabbit anti—-Aurora B (1:100; ab2254, Abcam).
FITC- or Texas Red secondary antibodies (1:200) were obtained from Abcam Company and
used with these primary antibodies for 1.5 hour at room temperature. Samples were then
treated with DAPI (Life Technologies) and mounted in Prolong Gold Mounting Media (Life
Technologies). For assessment of cell apoptosis, heart cryo-sections were incubated with
TUNEL solution (Roche Diagnostics GmbH) and counter-stained with DAPI (Life
Technologies). Images were taken with an epifluorescent microscope (Olympus 1X81) and
confocal fluorescent microscope (ZEISS LSM 880). Tissue morphology was characterized
from the images using the NIH ImageJ software and ZEN lite software.

Immunogenicity detection after artCP transplantation

SD rats with intact immune systems were anaesthetized with ketamine and xylazine cocktail
(proportion of 2:1). Under sterile conditions, the heart was infarcted by LAD ligation. ArtCP
was transplanted onto the heart (6-0 prolene, eSutures). After 7 days, all rats were
sacrificed, and hearts were collected for cryosections as previously described. IHC was
performed with primary antibodies including rabbit anti-CD3 (1:100; ab16669, Abcam),
mouse anti-CD8 alpha (1:100; mca48r, AbD Serotec), and mouse anti-CD68 (1:100; ab955,
Abcam). FITC-conjugated secondary antibodies (1:200) were obtained from Abcam
Company and used with these primary antibodies. Nuclei were stained with DAPI (Life
Technology). Images were taken by an Olympus epifluorescence microscopy system.

synCSC retention and distribution in vivo

To track the synCSCs in vivo, we fabricated artCPs with DiR (1,1-dioctadecyl-3,3,3,3-
tetramethy-lindotricarbocyanine iodide)—labeled synCSC and transplanted them in rat Ml
models. To prepare DiR (D12731, Invitrogen, Life Technologies)-labeled synCSC, the
filtered CSC membrane was collected as previously described (40) and was incubated with 1
UM fluorescent lipophilic tracer DiR at room temperature for 20 min. Then, we cloaked the
synCSC with DiR-labeled CSC membrane so that the DiR fluorescence could be traced. The
animals received intramyocardial injection of DiR-labeled synCSCs (n7= 3) or
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transplantation of empty myoECM as controls (7= 3). Animals were euthanized, and organs
were harvested 24 hours after treatment. We placed hearts and other organs in the Xenogen
IVIS Imaging System (Caliper Life Sciences) to detect red fluorescent protein fluorescence
for biodistribution analysis.

artCP transplantation in a porcine Ml model

Yorkshire pigs (20 to 30 kg) were used for surgical (open-chest) Ml models. While porcine
were in their quarters, they were sedated with TKX cocktail [Telazol, a commercially
available combination of tiletamine and zolazepam, rehydrated with 2.5 ml each of ketamine
(100 mg/ml) and xylazine (100 mg/ml) yielding a final concentration of 50 mg/ml of each of
the four components, 1 ml/13 to 30 kg, intramuscularly]. Animals were intubated, and
anesthesia was maintained with a mixture of isoflurane (0 to 5% in 100% oxygen) at the
constant rate infusion of 5 to 10 ug/kg per hour. While under anesthesia, the pigs were
monitored per veterinary hospital guidelines. A partial midline sternotomy was performed
under sterile conditions, and the pericardium was sectioned. M| was created by permanent
ligation (4-0 prolene, B. Braun Suture) at the distal LAD artery after the second diagonal
branch. Heparin (5000 1U, intravenously) was administered just before LAD occlusion. Ten
minutes later, the artCP was transplanted by suturing (4-0 prolene, eSutures) on the heart
surface downstream of the LAD, where there was a sign of ischemia (discoloration of
tissue). During surgery, positive pressure ventilation was maintained at a rate of 10 to 12
breaths/min, and normal saline (10 ml/kg/hour) was infused through the venous cannula in
the auricular vein to maintain preload stability. After the study, arterial oxygen tension,
locomotor activity, respiratory changes, body temperature, and food and water intake were
closely monitored by veterinary services staff. Pigs were followed until 7 days after Ml
surgery.

Statistical analysis

All results are expressed as means + SD. Comparison between two groups was performed
with two-tailed Student’s #test. Comparisons among more than two groups were performed
using one-way analysis of variance (ANOVA) followed by post hoc Bonferroni test.
Differences were considered statistically significant when £ < 0.05. Auxiliary supplementary
data are provided in tables S1 and S2.
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Fig. 1. Histological and mechanical comparison of decellularized myoECM and NHT.
(A) Schematic showing fabrication of artCP. (B) Histological comparison of NHT (top) and

decellularized myoECM (bottom) including Alcian blue, Gormori’s Blue, Van Gieson’s,
Masson’s trichrome, and H&E staining. Scale bars, 200 pm. (C and D) Uniaxial testing on
NHT and myoECM (7= 5). (C) Plots of tension versus strain. (D) Plots of stress versus
strain. (E) Thickness comparison of NHT and myoECM samples for uniaxial testing. (F)
DNA quantification before and after myoECM decellularization (n7= 8). All data are means
+ SD. Comparisons between two groups were performed using two-tailed unpaired
Student’s ftest. NS indicates £> 0.05. ****/£< 0.0001.
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Fig. 2. Generation of artCP by embedding synCSCs into myoECM via vacuum filtration.
(A) Schematic showing the vacuum filtration method. (B) Representative fluorescence

images showing artCPs before and after PBS wash. synCSCs (red) were prelabeled with
Texas Red succinimidyl ester, and myoECM (green) was prelabeled with anti—collagen | and
FITC-conjugated secondary antibodies. Scale bars, 25 um. (C) Quantitation of embedded
synCSCs before and after wash as in (B) (n= 6). All data are means = SD. Comparisons
between two groups were performed using two-tailed unpaired Student’s #test. NS indicates
P> 0.05. (D) Representative SEM images showing the cross-sectional view of myoECM
and artCP. synCSCs are pseudocolored red.
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Fig. 3. Cryostability of artCPs.
(A) Schematic of the study design. (B) Hepatocyte growth factor (HGF), (C) insulin-like

growth factor (IGF), and (D) vascular endothelial growth factor (VEGF) analyzed by ELISA
(n=4). myoECM and empty-artCP (myoECM embedded with empty-synCSCs) were used
as controls. W, week. (E) Total protein amounts in different synCSC batches measured by
the BCA Protein Assay Kit (1= 3). All data are means + SD. Comparisons among groups
were performed using one-way ANOVA followed by post hoc Bonferroni test. NS indicates
P>0.05. **P<0.01 and ****P < 0.0001.
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Fig. 4. Effects of artCP on cardiomyocytes in vitro.
(A) Representative fluorescence micrographs showing Ki67* expression (green) in NRCMs.

Scale bars, 50 um. a-SA, sarcomeric a-actinin. (B) Quantitation of Ki67* cells in (A) (7=
3). (C) Representative fluorescence micrographs of LIVE/DEAD assay to determine the
viability of NRCMs. Scale bars, 50 pm. (D) NRCM viability measured from (C) using
ImageJ software (7= 3). (E) Representative fluorescence micrographs of cell apoptosis
detected by terminal deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick
end labeling (TUNEL) expression (red). Scale bars, 50 pm. (F) TUNEL* NRCM percentage
determined from (E) using ImageJ software (n= 3). All data are means + SD. Comparisons
among groups were performed using one-way ANOVA followed by post hoc Bonferroni
test. The comparisons between samples are indicated by lines, and the statistical significance
is indicated by asterisks above the lines. *£< 0.05 and **~< 0.01.
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Fig. 5. Transplantation of artCPs in rats with M.
(A) Schematic showing the study design. Cardiac function was assessed before Ml, 4 hours

after Ml (baseline), and 21 days after Ml (end point). (B) Representative M-mode
echocardiography images at baseline and end point taken from one animal in each group.
LVEF was analyzed before Ml (C), 4 hours after MI (D), and 21 days after Ml (E).
Treatment effects were determined as the change in LVEF from 4 hours after MI to 21 days
after MI (F). n=5 in each group. LVFS was also analyzed before MI (G), 4 hours after Ml
(H), and 21 days after M1 (1), and treatment effects were calculated as the change in LVFS
from 4 hours after Ml to 21 days after M1 (J). 7=5 in each group. All data are means + SD.
Comparisons among groups were performed using one-way ANOVA followed by post hoc
Bonferroni test. The comparisons between samples are indicated by lines, and the statistical
significance is indicated by asterisks above the lines. NS indicates > 0.05. *P< 0.05, **P
<0.01, and ***P < 0.001.
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Fig. 6. Rat cardiac morphometry assessed through H&E and Masson’s trichrome staining.
(A) H&E staining was performed on 10-pm cryosections of rat hearts 21 days after MI.

Insets outlined by red dashed boxes are shown at higher magnification in the bottom row.
Yellow dashed lines indicate the location of myoECM and infarcted tissue (middle) or viable
tissue, infarcted tissue, and artCP (right). Scale bars, 250 pm. (B) Masson’s trichrome
staining performed on 5-um cryosections. Insets outlined by red dashed boxes are shown at
higher magnification in the bottom row. Yellow dashed lines indicate the location of
myoECM and infarcted tissue (middle) or viable tissue, infarcted tissue, and artCP (right).
Scale bars, 500 um. Morphometric parameters including infarct size (C), the percentage of
viable myocardium at risk area (D), and infarct wall thickness (E) were measured from the
Masson’s trichrome—stained slides via NIH ImageJ software. 7= 5 in each group. All data
are means + SD. Comparisons among groups were performed using one-way ANOVA
followed by post hoc Bonferroni test. The comparisons between samples are indicated by
lines, and the statistical significance is indicated by asterisks above the lines. NS indicates P
>0.05. *P<0.05, **P< 0.01, and ***P< 0.001.
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Fig. 7. IHC of rat cardiac tissue to explore the potential therapeutic mechanism of artCP.
(A) Endothelial cell marker von Willebrand factor (vVWF) (green) was detected at day 21 in

the heart-infarcted area that interfaced with transplanted artCP or myoECM. Scale bars, 200
um. (B) The pooled data of vVWF* signal per high-power field (HPF) assessed by ImageJ
software (7= 5). (C) Ki67" expression (green) detected on the infarct periphery. Scale bars,
50 um. Scale bars (zoomed snapshot), 10 um. Insets are outlined by dashed white lines
shown at higher magnification in the lower row. (D) Ki67* cells per HPF assessed by ImageJ
software (n7=5). (E) Phosphorylated histone H3 (pH3") expression (green). Scale bars, 25
pum. Insets are outlined by dashed white lines shown at higher magnification in the lower
row. Scale bars (higher magnification snapshots), 10 pm. (F) pH3* cells and (G) pH3*
cardiomyocytes (nuclei inside of a-SA* cells that overlaid with pH3* signals) per HPF as
assessed using ImageJ software (7= 5). CMs, cardiomyocytes. All data are means + SD.
Comparisons among groups were performed using one-way ANOVA followed by post hoc
Bonferroni test. The comparisons between samples are indicated by lines, and the statistical
significance is indicated by asterisks above the lines. *£< 0.05, **P< 0.01, and ***P<
0.001.
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Fig. 8. Transplantation of artCP to porcine MI models.
(A) Schematic showing the study design. The representative pictures show the porcine Ml

model creation via LAD ligation (left) and artCP transplantation (right). (B)
Electrocardiogram (ECG) was collected before MI and 24 hours and 7 days after MI. Ml
was indicated by ST segment elevation. (C) Serum cardiac troponin I (cTnl) was measured
before MI and 24 hours and 7 days after MI in each group of animals (7= 3). (D) Heart
sectioning for gross assessment of infarct size. The top left image (MI control) shows the
area of infarction due to successful Ml creation (red dashed circle) and five sections (1 cm in
thickness; dashed line) cut from apex to level of ligation. The bottom left image shows the
artCP transplanted area (red dashed circle). The images on the right show the TTC staining
of five heart sections from one heart in the MI-only group (top) and the artCP-treated group
(bottom). The white area in the TTC-stained heart sections indicates infarction. The position
of artCP was indicated with green arrows. (E) Infarction area percentage measured in heart
slices 2, 3, and 4 using ImageJ software (7= 3). All data are means £ SD. Comparisons
among groups were performed using one-way ANOVA followed by post hoc Bonferroni
test. The comparisons between samples are indicated by lines, and the statistical significance
is indicated by asterisks above the lines. *£ < 0.05 and ***P< 0.001. (F) Masson’s
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trichrome staining of the infarct periphery performed to detect the myocardium integrity.
Scale bars, 400 pm.
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