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Human pluripotent stem cell-derived cardiovascular progenitor cells (hCVPCs) and cardiomyocytes (hCMs)
possess therapeutic potential for infarcted hearts; however, their efficacy needs to be enhanced. Here we tested
the hypotheses that the combination of decellularized porcine small intestinal submucosal extracellular matrix
(SIS-ECM) with hCVPCs, hCMs, or dual of them (Mix, 1:1) could provide better therapeutic effects than the SIS
alone, and dual hCVPCs with hCMs would exert synergic effects in cardiac repair. The data showed that the SIS
patch well supported the growth of hCVPCs and hCMs. Epicardially implanted SIS-hCVPC, SIS-hCM, or SIS-Mix
patches at 7-day post-myocardial infarction significantly ameliorated functional worsening, ventricular dilation
and scar formation at 28- and 90-day post-implantation in C57/B6 mice, whereas the SIS only mildly improved
function at 90-day post-implantation. Moreover, the SIS and SIS-cell patches improved vascularization and
suppressed MI-induced cardiomyocyte hypertrophy and expression of Coll and Col3, but only the SIS-hCM and
the SIS-Mix patches increased the ratio of collagen III/I fibers in the infarcted hearts. Further, the SIS-cell patches
stimulated cardiomyocyte proliferation via paracrine action. Notably, the SIS-Mix had better improvements in
cardiac function and structure, engraftments, and cardiomyocyte proliferation. Proteomic analysis showed
distinct biological functions of exclusive proteins secreted from hCVPCs and hCMs, and more exclusive proteins
secreted from co-cultivated hCVPCs and hCMs than mono-cells involving in various functional processes essential
for infarct repair. These findings are the first to demonstrate the efficacy and mechanisms of mono- and dual-
hCVPC- and hCM-seeding SIS-ECM for repair of infarcted hearts based on the side-by-side comparison.

1. Introduction

Heart failure (HF) following myocardial infarction (MI) remains a
leading cause of morbidity and mortality worldwide [1]. Current
treatments improve the symptoms and survival but cannot compensate
for the MI-caused irreversible loss of contractile myocardial tissue due to
extensive cardiomyocyte loss and massive vascular disruption [2,3]. Cell
therapy by implantation of stem/progenitor cells and their derived
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cardiovascular cells offers new opportunities for repair of infarcted
hearts [3-8]. However, more studies are needed to determine suitable
cell types, mechanisms underlying, and optimal approaches for
enhancing the therapeutic efficacy and safety of cell therapy for
infarcted hearts.

Among various implantable cells, cardiovascular lineage cells
derived from human pluripotent stem cells (hPSCs), including human
embryonic stem cells (hESCs) and human induced pluripotent stem cells
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(hiPSCs), are promising sources for promoting repair of infarcted hearts,
with the aims of stimulating endogenous repair mechanisms and
providing healthy cardiovascular cells [4,5,7,9,10]. Accumulating evi-
dence demonstrates improvements of cardiac function and reduction of
fibrosis formation after implantation of hPSC-derived cardiovascular
progenitor cells (hCVPCs) or cardiomyocytes (hCMs) at acute and sub-
acute stages of MI in rodent infarcted hearts [11-13]. The efficacy of
these cells for improving cardiac function, revascularization and/or
remuscularization of infarcted hearts are further confirmed in MI models
of non-human primates (NHP) [4,5,10] and swine [14,15]. The safety of
first clinical trials using of hCVPCs [16] and hCM patches [17] in pa-
tients with severe ischemic cardiomyopathy have been reported. How-
ever, the low engraftment of hCVPCs and incidence of ventricular
arrhythmias following intramyocardial injection of hCMs derived from
hPSCs or NHP iPSCs were observed in NHP and swine models of MI [4,5,
10,13,15]. Whether these cells share comparable therapeutic effects for
infarcted hearts and implantation of dual hCVPCs and hCMs would exert
synergistic beneficial effects for infarcted hearts need to be investigated.

Because MI causes loss of not only cardiomyocytes but also
myocardial tissue and the infarct scar expands with the thinner infarcted
wall, the cardiac patches by use of hCMs or cell combinations with
tissue-derived extracellular matrix (ECM) have been explored. The ECM
provides a critical microenvironment that supports cell survival and
function as well as promotes adaptive reparative processes of damaged
cardiovascular tissues [18-20]. Implantation of hCM and vessel
cell-fibrin patches does not adversely affect the electrical stability of
infarcted swine hearts [14]. Decellularized ECM scaffold from intact
porcine small intestinal submucosa (SIS)-ECM has superior biocompat-
ibility as well as naturally structural, mechanical, and biochemical
properties [18,19,21,22]. It releases various growth factors after
implanted to MI hearts of rodents [19,23] and large animals [24,25] to
stimulate paracrine responses, vascularization, and reparative inflam-
matory response and has been utilized in clinic for paediatric cardio-
vascular surgery and aortic valve replacement [26,27]. The SIS-ECM
material, containing various types of ECM components, supports phys-
ical attachment and active growth for cells, such as human bone
marrow-derived mesenchymal stem cells (BMMSCs) [21], mouse
ESC-derived Isl1™ cardiac progenitor cells (mCPCs) [28], and neonate
cardiac progenitor cells [29]. However, it is unknown whether the
SIS-ECM can support the survival of hCVPCs and hCMs and whether
these cell-seeding SIS patches can promote the repair of infarcted hearts
better than the SIS-ECM alone.

To address above questions, in the present study, we did side-by-side
comparison of epicardial implantation of the SIS patches alone and the
SIS-seeded hiPSC-derived hCVPC-, hCM-, and hCVPC + hCM (Mix)
patches at 7 days post-MI in a mouse model of MI to determine (i) the
biocompatibility of the SIS to hCVPCs and hCMs; (ii) therapeutic effi-
cacy of epicardial implantation of hCVPC-, hCM-, and Mix-seeding SIS-
patches as well as SIS alone for infarcted hearts; and (iii) mechanisms
underlying the promotion of cardiac repair mediated by these treat-
ments. The results from this study confirmed the feasibility of seeding
hPSC-derived mono- and dual-cardiac lineage cells on the SIS patches,
demonstrate similar and unique characteristics of therapeutic effects,
and revealed paracrine mechanisms of the mono- and dual-hCVPC +
hCM-seeding SIS patches for infarct repair. These findings would pro-
vide the new knowledge and approaches for promotion of infarct
healing.

2. Methods

2.1. Construction of a green fluorescent protein (GFP') hiPSC reporter
line

The hiPSCs, generated as we previously reported [30], were used to
generate GFPT hiPSCs with the CRISPR/Cas9 system to insert a
GFP-T2A-luciferase sequence into the genomic safe harbor AAVS1 site as
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previously reported [31]. Briefly, the sequence “CACCGGGTCTTCGA-
GAAGACCTGTTT” was inserted into Bbsl restriction site of pX459
(#48139) to construct pX459-AAVS1. The sequence between Sall and
Mlul of pAAVS1-CAG-hrGFP (#52344) was replaced with
GFP-T2A-luciferase sequence to construct a pAAVS1-CAG-GFP-T2A-Luc
vector. The hiPSCs were nucleofected with the pX459-AAVS1 and
PAAVS1-CAG-GFP-T2A-Luc plasmids. Then the hiPSCs were selected
with puromycin at 48 h post-nucleofection, and selected 5000 cells were
re-plated in a 10 cm dish supplemented with Rho-associated protein
kinase inhibitor Y-27632 (Sigma-Aldrich, Carlsbad, USA) to maintain
cell viability. About 2 weeks later, the single cell-derived clones were
large enough to be picked and then amplified. The hiPSCs expressing
GFP were confirmed by puromycin selection, immunocytochemical
staining and flow cytometry analysis.

2.2. hiPSC culture and cardiac lineage cell differentiation

The hiPSCs were routinely maintained in mTeSR medium (Stem Cell
Technologies) on Matrigel-coated plates. The induction of hCVPCs from
hiPSCs was followed the protocol reported previously [4,12,32,33].
Briefly, undifferentiated hiPSCs were dissociated with Accutase (Stem
Cell Technologies), and then plated onto Matrigel-coated culture dishes
at a density of 5 x 10* cells/em? in hCVPC-induction medium
(DMEM/F12, 1 x B27 supplement without vitamin A, 1% r-Glutamine,
1% penicillin/streptomycin, 400 uM 1-thioglycerol, 50 pg/mL ascorbic
acid, 25 ng/mL bone morphogenetic protein 4, and 3 pM CHIR99021).
The hCVPCs were harvested after 3 days of differentiation and charac-
terized by the expression of sialyl-glycolipid stage-specific embryonic
antigen 1 (SSEA1), mesoderm posterior bHLH transcription factor 1
(MESP1), GATA binding protein 4 (GATA4), ISL LIM homeobox 1 (ISL1),
and NK2 homeobox 5 (NKX2-5).

The hCM induction from hiPSCs was followed the protocol reported
previously [34] with the differentiation medium (Complete RPMI)
consisted of RPMI-1640 media (Life Technologies, 11875-085) supple-
mented with B27® minus insulin (Life Technologies, A1895601) (RPMI
-+ B27-1). On the first day (D0O) of differentiation, CHIR 99021 (LC
Laboratories, C-6556) at 6 pM was added and maintained for two days.
On D2, the media was aspirated and replaced with RPMI + B27-1. On
D3, the media was aspirated and replaced with 5 pM of IWR-1 in RPMI
+ B27-1. On D5, the media was replaced with RPMI + B27-1 and RPMI
plus B27 supplemented with insulin (RPMI + B27) on D7. The hCMs
were generally began spontaneously beating on D7 and maintained in
RPMI + B27 with a medium change every other day. Then the hCMs
were characterized by the expression of cardiac troponin T (cTnT),
cardiac troponin I (cTnl), and a-actinin. hCMs were purified with
glucose-depleted culture medium containing abundant lactate as
described previously [35].

2.3. Alkaline phosphatase (ALP) staining

The ALP activity was determined with an ALP substrate kit III (Vector
Laboratories, Burlingame, CA, USA) as we previously described [36,37].
Briefly, the hiPSC clones were fixed in 4% paraformaldehyde and
incubated with the fresh vector blue substrate solution for 30-45 min
according to the manufacture’s instruction. The colonies were imaged
with a microscope after washing with the PBS.

2.4. Immunocytochemical staining

The immunocytochemical staining were performed according to the
protocol described previously [4,38]. Briefly, cells seeded on slides or
SIS patches were fixed with 4% paraformaldehyde (4% PFA) and per-
meabilized in 0.4% Triton X-100 (Sigma). After blocking with 10%
normal goat serum (Vector Laboratories), the cells were then incubated
with primary antibodies against octamer-binding transcription factor 4
(OCT4, Abcam, ab19857, 1:100), nanog homeobox (NANOG, Abcam,
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ab21624, 1:100), SSEA4 (Millipore, MAB4304,1:300), MESP1 (Abcam,
ab77013, 1:100), ISL1 (Abcam, ab178400, 1:200), and NKX2-5 (Abcam,
ab91196, 1:200), cTnT (Abcam, ab8295, 1:400), cTnl (Abcam,
ab47003, 1:400), a-actinin (Abcam, ab9465, 1:400), or GATA4 (Stem
Cell, SC-25310, 1:100) in 4 °C overnight and detected by DyLight 488-
or 549-conjugated secondary antibodies. Nuclei were stained with
Hoechst33258 (Sigma). Zeiss fluorescence microscope was used for slide
observation and image capture.

2.5. Flow cytometry analysis and fluorescence-activated cell sorting
(FACS)

The hiPSCs, hCVPCs and hCMs analyzed by flow cytometry as pre-
viously described [32,33,37] and incubated with antibodies:
PE-conjugated SSEA4 (eBioscience, 12-8843-42, 1:100), PE-conjugated
SSEA1 (eBioscience, 12-8813-42, 1:50), or un-conjugated cTnT
(Abcam, ab8295, 1:200) and ki67 (Abcam, ab16667, 1:200) with
PE-conjugated secondary antibody (eBioscience, 12-4010-87, 1:200) or
isotype-matched negative controls. Cells were then analyzed by FACS
(FACS tar Plus Flow Cytometer, Becton-Dickinson, San Jose, CA, USA).

Cell sorting was performed using a FACS sorter (Beckman Moflo
Astrios) based on the SSEA1 detection as we reported previously [37].
Briefly, The Mix cells were dissociated 0.05% Trypsin-EDTA (Thermo
Fisher Scientific) for 5 min at 37 °C and washed once with the wash
buffer (1% FBS in Dulbecco’s phosphate-buffered saline, DPBS, Invi-
trogen, 14190144) after collected. The cells were then incubated with
the primary antibody (PE-conjugated SSEA1, eBioscience, 12-8813-42,
1:50) for 1 h at 4 °C after blocking. Then the suspensions were filtered
with a 40 pm cell strainer and sorted using Beckman Moflo flow cy-
tometer. The SSEA1™ cells (Mix-hCVPCs) and SSEA1" cells (Mix-hCMs)
were collected and used for further analysis.

2.6. Preparation of cell-seeding SIS patches

The hCVPCs (D3), hCMs (D20-D23), and cell mixtures (Mix, hCVPCs:
hCMs, 1 : 1) were seeded on the matrigel pre-coated SIS patches in 5 mm
width and 9 mm length (Shanghai Baiyiyuan Bioengineering Company)
with the cell density of 3 x 10°/cm? to make cell-seeding SIS patches
(about 2 x 10° cells total in the SIS patch), named SIS-hCVPC, SIS-hCM,
and SIS-Mix patches, respectively. The SIS and cell-seeding SIS patches
were cultured at 37 °C with 5% CO; for 36-42 h before implantation.

2.7. Cells viability analysis

To determine the biocompatibility of SIS with hCVPCs, hCMs, and
Mix, the cell viability was measured with Cell Counting Kit-8 (CCK-8,
Dojindo Laboratories, Cko4) as we previously described [39]. Briefly,
the culture medium was replaced with 200 pL fresh medium containing
20 pL CCK-8 following the instructions after cultivation of the SIS or
cell-seeding SIS patches in 24-well plate overnight. Then, the cells were
incubated for 4 h at 37 °C with 5% CO followed by the absorbance read
at 450 nm as a reference wavelength to indicate the cell viability state.
Each CCKS8 assay repeated three times.

2.8. MI model and study designs

All surgical procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication, 8th Edition, 2011) and
were approved by the Institutional Animal Care and Use Committee of
Shanghai Institutes of Nutrition and Health. Male C57BL/6J mice (8-10
weeks, purchased from the Shanghai Slac Laboratory Animal Co. Ltd.,
China) were maintained in a specific-pathogen-free environment.

The MI surgery was performed as previously described [12,40].
Briefly, male mice aged 11-12 weeks were anesthetized with intraper-
itoneal injection of 50 mg/kg sodium pentobarbital, and ventilated with
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a volume regulated respirator (SAR830, Cwe Incorporated). The body
temperature was maintained at 37 °C and the MI model was induced by
permanent ligation of the left anterior descending (LAD) coronary artery
with a 7-0 silk sutures. One-week post-MI, the C57BL/6J mice with LV
ejection fraction (LVEF) between 30% and 45% were randomly divided
into following groups. For comparing the cardiac function between the
SIS-hCVPC patches and intramyocardial injection of hCVPCs: (i) MI
control (MI Ctrl) group with the second thoracotomy operation; (ii)
intramyocardial injection of hCVPCs in a total of 20 pL of PBS suspen-
sion into two sites of the border zone (10 pL per site) (hCVPC-Inj); and
(iii) epicardial implantation of SIS-hCVPC patches (SIS-hCVPCs). For
comparing the therapeutic effects of the SIS and SIS-cell patches for
infarct repair: (i) MI control (MI Ctrl), (ii) SIS alone (SIS), (iii) SIS seeded
with hCVPCs (SIS-hCVPCs), (iv) SIS seeded with hCMs (SIS-hCMs), and
(v) SIS seeded with both hCVPCs and hCMs (SIS-Mix). The SIS with or
without cells were epicardially implanted onto the mouse infarcted
hearts (Video S1) at 7 days post-MI and examined at 28 days or 90 days
post-implantation. All cell implantation groups were with the equal
number of cells (2 x 10°). All animals were intraperitoneally adminis-
trated with cyclosporine A (CSA, 10 pg/g/day) at 1 day before im-
plantation and 8 days afterwards as previously reported [41].
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.05.015

2.9. Echocardiography

Transthoracic echocardiography (Vevo 2100, Visual Sonics) with a
25-MHz imaging transducer was performed on anesthetized animals as
previously described [12,38,40]. Echocardiographic evaluation was
performed 7 days post-MI (as a baseline before implantation) and 7, 28,
60, 90 days post-implantation (D7, D28, D60, D90) by measurements of
LVEF, LV fractional shortening (LVFS), LV end-systolic dimension
(LVESD), and LV end-diastolic dimension (LVEDD). Hearts were imaged
in 2D long-axis view at the level of the greatest LV diameter which used
to position the M-mode image.

2.10. Electrocardiograms monitoring

Animals were placed in a chamber and fixed on the table connected
to a small rodent ventilator for subsequent electrocardiogram moni-
toring. Then the electrocardiograms were continuously using a Power-
Lab system for 30 min at one day before MI, after MI and implantation (7
days post-MI). The raw electrocardiogram traces were viewed in the
LabChart software to count the number of arrhythmic events.

2.11. Preparation of heart tissue samples

The hearts were quickly removed from anesthetized mice and
washed with 5 mL cold cardiac arresting buffer (10% KCl), 1 x PBS to
collect samples as we previously reported [12]. For heart sections, the
ventricular tissues were cut and fixed with 4% PFA solution for 1 h
before embedded in OCT (SAKURA). Between the point of ligation and
the apex of the heart, transversal sections (6 pm thickness each) were
prepared at 400 pm intervals. Two sections in each heart from the same
layer were used for histological staining and the same parts were pho-
tographed in the different groups. For RNA extraction, the ventricular
tissues were homogenized using Trizol following the manufacturer’s
instructions and cDNA was generated by reverse transcription of total
RNA (1 pg) using ReverTra Ace reverse transcriptase (Toyobo) for
further analysis.

2.12. Quantitative reverse transcription polymerase chain reaction (RT-
qPCR)

The total RNA was extracted from cells according to the protocol as
we described before [36]. Briefly, total RNA was prepared using
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RNAprep Pure Micro Kit (TIANGEN BIOTECH) following the manufac-
turer’s instructions. cDNA was generated by reverse transcription of
total RNA (1 pg) using ReverTra Ace reverse transcriptase (Toyobo) and
qPCR was performed and analyzed by kinetic real-time PCR using the
ABI PRISM 7900 system (Applied Biosystems) with SYBR Green Real-
time PCR Master Mix plus (Roche). The transcript of reduced
glyceraldehyde-phosphate dehydrogenase (GAPDH) was used for in-
ternal normalization. The primers are listed in Table S1.

2.13. Quantification of cell retention

To detect the cell retention in short term after implantation, the level
of hGAPDH in the total RNA extracted from the LV tissue was calculated
by RT-qPCR according to the protocol described previously [12]. The
transcript of mGAPDH was used for internal normalization. n = 5 for
each time point in each group. The RT-qPCR primers were listed in
Table S1.

The cell retention at 1 day, 28 days, and 90 days post-implantation
were identified for GFP' cells by fluorescent immunohistochemistry
(IHC) staining as previously described [42]. The cell retention was
expressed as the total number of GFP™ cells in each heart divides the
number of implanted cells (2 x 10°). For quantitation, two sections each
heart and the same layer among four hearts each group were analyzed.

2.14. Masson’s trichrome, picrosirius red (PSR), and hematoxylin and
eosin (H&E) staining

The Masson’s trichrome staining analysis was performed as we pre-
viously described [12]. Briefly, the frozen heart sections were fixed and
stained with the Masson’s trichrome kit (G1340-100, Solarbio) and the
morphometric parameters were blindly analyzed on three sections from
the point of ligation to the apex of each heart. The scar size was calcu-
lated as total scar area divided by the LV area with image-processing
software (Image Pro Plus5.0) and 6-7 hearts for each group were
assessed.

For evaluation of collagen content, heart sections were stained with
picrosirius red according to the manufacturers’ instructions (BP-DL030,
Nanjing SenBeiJia) and the polarized images were obtained using
Analyzer module DIC ACR P&C for polarized light microscopy (Zeiss) as
described previously [43], in which the orange or red birefringence
represent for thicker cross-linked fibers and green for thinner fibers.
Then, the respective proportions of different hues were assessed using
Image J software as following hue definitions: red or orange 2-38 and
230-256, yellow 39-51, green 52-128. The number of pixels was
calculated as a percentage of the total number of collagen pixels. For
quantitation, 12-14 views from 6 to 7 hearts each were assessed to
quantitate polarized collagen at 28 days post-implantation.

To examine whether presence of red blood cells within arterioles, an
indicative of blood perfusion as previously reported [44], in the SIS
patches, the heart sections were stained with hematoxylin-eosin (Sig-
ma-Aldrich) and separately stained with an anti-a-SMA antibody ac-
cording to the manufacturer’s instruction.

2.15. Fluorescent IHC staining

Fluorescent IHC staining was performed as we previously reported
[12,38-40]. The fresh frozen sections were fixed with 4% PFA, per-
meabilized in 0.4% Triton X-100 (Sigma), and incubated with the
following antibodies overnight at 4 °C: anti-GFP (Abcam, ab13970,
1:400), cTnT, a-smooth muscle actin positive (a-SMA, Abcam, ab5694,
1:400), platelet endothelial cell adhesion molecule-1(CD31, Abcam,
ab28364, 1:200), ki67 (Abcam, abl16667, 1:200), phosphorylated his-
tone 3 (PH3, CST, #9701, 1:100), Aurora B kinase (Aurora B, Abcam,
ab2254, 1:100), and FITC-conjugated Wheat Germ Agglutinin (WGA,
Sigma, L4895, 1:100) antibodies. Antibodies were detected by
fluorescent-conjugated secondary antibodies. Nuclei were stained with
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Hoechst33258 (Sigma). Histological images were blindly measured
using a Zeiss inverted microscope and processed using ZEN software.
The density of vessels was evaluated by counting the number of vascular
structures that were positive for a-SMA expression per square millimeter
or CD31 area per HPF as we previously reported [38,39]. Proliferation
was evaluated by counting the number of cells that expressed both ki67
and c¢TnT per HPF as previously described [14]. For quantitation, 5
hearts (2 sections each heart) for each group were assessed to quantitate
vessels and proliferative cardiomyocytes, and total at least 500 car-
diomyocytes from 10 sections were count to quantitate cell size.

2.16. Preparation of conditioned media (CdM)

The CdM from cultivated SIS or cell-seeding SIS patches were pre-
pared as we previously reported [12,40]. The SIS and SIS-hCVPCs,
SIS-hCMs, and SIS-Mix were cultured for 24 h. Then the media were
changed to 1.5 mL serum-free DMEM after thoroughly washed with 1 x
PBS 3 times. After incubation for 48 h, the culture media were collected
as the CdM after the cells were removed by centrifuge in 1000 g for 10
min.

2.17. Tube formation and migration assays

The tube formation was evaluated with human umbilical vein
endothelial cells (HUVECs, Shanghai Zhonggiao XinZhou Biotech-
nology) as we previously reported [40]. Briefly, in a 48-well, 200 pL of
matrigel was coated at 37 °C for 1 h to solidify, then HUVECs were
seeded onto matrigel-coated 48-well plates (4 x 10* cells/well) and
cultivated with fresh DMEM medium or various CdMs in 5% CO, at
37 °C for 24 h. Independent experiments were performed for 5 times and
3 random images from each well were blindly analyzed using ImageJ
Angiogenesis Analyzer (National Institutes of Health, Bethesda, Mary-
land) to quantify the tube length formed.

The migration of HUVECs was examined by using scratch wound-
healing assay as we previously described [40] with a slight modifica-
tion. Briefly, HUVCEs were seeded at a density of 4 x 10* cells/well on
1% gelatin (Sigma, G1890) coated 12-well plates and cultured in
DMEM/F12 (Invitrogen, 11330057) supplemented with 1% FBS (Gibco,
10099) at 37 °C and 5% CO; until 100% confluence. A gap in the
confluent monolayer was induced by scratching with a 20 pL pipette tip
and washed three times with PBS. Then the PBS or CdM with equal
volume was added into the plates and the scratched areas were captured
by using a microscope (Nikon-ECLIPSE Ti, Nikon Corporation, Tokyo,
Japan) before and after treatments for 12 h and analyzed (ImageJ). The
migration ability was calculated as ((0 h area - 12 h area)/0 h area) x
100%. Independent experiments were performed for 5 times.

2.18. Cell proliferation analysis

The proliferation assessment was performed as previously described
[14]. The hCMs (D20-D25) were seeded onto chamber slides in 24-well
plates (1 x 10° cells/well) (ThermoFisher Scientific) that had been
pre-coated with matrigel and cultured at 37 °C in DMEM or CdM for 2
days. Then the 4% PFA-fixed cells were used for immunocytochemical
staining of ¢TnT and proliferation marker ki67. Independent experi-
ments were performed for 3 times and 10 random images from each slide
were blindly analyzed. The percentage of ki67" hCMs was counted as
the number of ki67" hCMs dividing total c¢TnT positive cells.

2.19. Scanning electron microscope (SEM) analysis

The SIS and cell-seeding SIS patches were fixed with 2.5% glutaral-
dehyde at 4 °C overnight, then they were rinsed in 0.1 M phosphate
buffer (pH 7.3) 10 min for 3 times and post fixed in 1% osmium tetroxide
for 1 h at room temperature. The samples were rinsed 3 times with the
same buffer before gradient dehydration with ethanol and drying in
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critical point microenvironment without surface tension. Finally, the
samples were coated with gold and examined on a FEI Quanta250
scanning electron microscope as previously described [45].

2.20. Protein extraction and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis

For sample preparation, the CdM from hCVPCs, hCMs, and Mix (2 x
10° cells each) was collected using serum-free DMEM after incubation
for 48 h. Then, a total of 6 mL supernatant from each CdM (CdM-su-
pernatant) was collected after removing cells debris by centrifuge in
10000 g at 4 °C for 20 min (Hitachi CR21G), and 4 pL all protease in-
hibitor (Pierce™, Thermo Fisher Scientific) was added to protect pro-
teins from degradation. For protein extraction and tryptic digestion, a 4-
fold volume of acetone was added to the CdM-supernatant and kept in
—20 °C for 10 h. Subsequently, the acetone-precipitated proteins were
washed three times with cooled acetone. The dried acetone-precipitated
proteins were used for protein digestion by Filter-aided sample prepa-
ration (FASP) procedure. The proteins were resuspended in 200 uL. 8 M
urea (pH 8.0). The protein concentrations were determined using
Bradford method (Eppendorf Biospectrometer) in accordance with the
manufacturer’s protocol. Then proteins were loaded in 10 kD Microcon
filter tubes (Sartorius) and centrifuged at 12,000 g for 20 min. The
precipitate in the filter was washed two times by adding 200 pL 50 mM
NH4HCOs. The precipitate was resuspended in 100 pL 50 mM NH4HCOs.
Protein samples underwent trypsin digestion (enzyme-to-substrate ratio
of 1:50 at 37 °C overnight) in the filter, and then were collected by
centrifugation at 12,000 g for 15 min. Additional washing, twice with
200 pL of MS water, was essential to obtain greater yields. Peptides were
dried with SpeedVac (Eppendorf).

Then, digested peptides were analyzed on a Q Exactive HF-X mass
spectrometer coupled with Easy-nLC 1200 system (both Thermo Fisher
Scientific). Raw files were searched against the human RefSeq protein
database (version July 04, 2013) with Proteome Discoverer (Thermo
Fisher Scientific, version 2.3.0) using the MASCOT search engine [46].
The amount of each gene product was estimated with a label-free,
intensity-based absolute quantification (iBAQ) approach as we previ-
ously reported [47]. Fraction of total (FOT) is a relative quantification
value defined as a protein’s iBAQ divided by the sum of the iBAQ of all
proteins identified in an experiment, calculated as the normalized
abundance of a particular protein in the experiment. For the ease of
presentation in the subsequent analysis, the FOT was further multiplied
by 1e5. The bioinformatics analyses were performed using the Database
for Annotation, Visualization and Integrated Discovery (DAVID) Bioin-
formatics Resource (http://david.abcc.nciferf.gov/).

2.21. Statistical analysis

Data are presented as mean + SEM. Statistical significance was
analyzed by using the unpaired Student’s t-test for engraftment and in
vitro comparation between two groups and paired t-test for LVEF, LVFS,
LVEDD, and LVESD analysis (intra-group) or one-way analysis of vari-
ance (ANOVA) followed with Bonferroni’s multiple as appropriate
(histological, RT-qPCR, or in vitro results). Two-way ANOVA was applied
with Tukey’s multiple comparison for analysis of echocardiographic
data (LVEF, LVFS, LVESD, and LVEDD). Statistical analyses were illus-
trated with GraphPad Prism 6.1. A p value < 0.05 was considered sta-
tistically significant.

3. Results
3.1. Characterization of hiPSCs, hCVPCs, and hCMs
The hiPSCs were engineered with CRISPR/Cas9 system to carry GFP

(Fig. S1A). The immunocytochemical staining and flow cytometry
analysis confirmed the robust expression of GFP (Fig. S1B and C) and
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high ALP activity (Fig. S1D) in these hiPSCs. The flow cytometry anal-
ysis showed that ~99% of the hiPSCs expressed a pluripotency marker
SSEA4 (Fig. S1E) and the immunocytochemical staining revealed the
uniform expression of pluripotency markers OCT4, SSEA4, and NANOG
in the hiPSCs (Fig. S1F).

The hiPSCs were then induced to generate SSEA1"™ hCVPCs and
hCMs respectively, following the methods reported previously [32-34,
48]. The immunocytochemical staining showed that the hCVPCs dis-
played hCVPC markers GATA4, MESP1, ISL1, and NKX2-5 (Fig. S2A).
FACS analysis confirmed a high cell population expressing SSEA1
(93.1%-94.7%) (Fig. S2B) as reported previously [4,12,32,38]. The
hCMs displayed cardiomyocyte markers cTnT and a-actinin (Fig. S2C).
The FACS analysis further confirmed that the majority of cells expressed
cTnT (Fig. S2D).

3.2. The SIS patch supports the growth of hCVPCs and hCMs

hCVPCs, hCMs, or Mix (3 x 10°/cm? each) were seeded onto the SIS
patch at a thickness ~80-100 pm in a size 9 mm in length and 5 mm in
width (Fig. 1A). After cultivated for 24-h, the attachment of these cells
on the SIS patches was observed by a fluorescence microscopy (Fig. 1B).
The viability of hCVPCs, hCMs, and Mix on the SIS patches was signif-
icantly improved compared with these on the 96 well culture plates
analyzed by CCK-8 assay (Fig. 1C). Moreover, the cell number of hCVPCs
and hCMs both increased after cultivated on the SIS patches (Fig. S3A).
Flow cytometry analyses further showed a higher population of Ki67 "
hCVPCs on the SIS patches than that on the plate (Fig. S3B), while the
populations of Ki67" hCMs were similar between the two groups
(Fig. S3C). Therefore, the enhanced cell viability in the SIS-hCVPC group
is at least related to the improved proliferation of hCVPCs, while the
enhanced cell viability in the SIS-hCM group seems mainly related to the
improved cell survival of hCMs. The collagen fiber bundle in the SIS
patch intertwined into a 3D network-like structure and the seeding cells
adhered and stretched between/on the collagen fibers of the SIS patch
observed by the SEM (Fig. 1D). Moreover, FACS analyses showed that
the hCVPCs (Fig. 1E), hCMs (Fig. 1F), and Mix (Fig. 1G) on the SIS patch
maintained high purity with the expression of SSEA1 and/or cTnT,
respectively. Further, the hCM on the SIS patch began to beat synchro-
nously with the entire SIS after two days cultivation (Video S2), indi-
cating that the hCMs are functional and connected with the SIS patches.
To observe the morphology of cells seeded on the SIS patch more clearly,
hCVPCs were seeded at a low density of 1 x 10*/cm? and hCMs or Mix
were seeded at a density of 5 x 10%/cm?. The hCVPC markers (MESP1
and GATA4) and the cardiomyocyte markers (cTnT and a-actinin) were
universally detected in the SIS patches with hCVPCs (Fig. S4A) and
hCMs (Fig. S4B), respectively. The MESP1- or ISL1-expressing hCVPCs
and cTnT- or a-actinin-expressing hCMs were detected in the SIS-Mix
patches (Fig. S4C).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.05.015

3.3. Comparison of heart function and cell retention between
intramyocardial injection of hCVPCs and epicardial implantation of SIS-
hCVPC patches

We then compared the heart function and cell retention between the
intramyocardial injection of hCVPCs and epicardial implantation of SIS-
hCVPC patches with the same cell dose (2 x 10°) in the MI mice. The
echocardiography analysis showed that both hCVPC-injection and SIS-
hCVPC patches reversed worsening LVEF and inhibited decline of
LVFS induced by MI, while the SIS-hCVPC patches showed better im-
provements in LVEF and maintenance of LVFS than the hCVPC-injection
(Fig. S5A and B). Consistently, higher levels of hGAPDH and more GFP*
cells were detected in the hearts treated with the SIS-hCVPC patches
than these treated with the hCVPC-injection within the 72 h post-
implantation (Fig. S5C and D).


http://david.abcc.ncifcrf.gov/
https://doi.org/10.1016/j.bioactmat.2023.05.015
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Fig. 1. Generation and characterization of hiPSC-derived cardiac lineage cell-seeding SIS patches. (A) Photographic image of the small intestinal submucosa
(SIS) patch in a culture dish. (B) Images of hCVPCs, hCMs, and the Mix (hCVPCs: hCMs, 1:1) seeding on the SIS patch at a cell density of 3 x 10°/cm? obtained under
a bright-field (left panel, at low magnification, middle panel, at high magnification) and fluorescence (right panel) microscopy. (C) Analyses of cell viability of
hCVPCs, hCMs, and Mix cultivated on the SIS patches or without the patches by using the Cell Counting Kit-8 (CCK-8) assay. n = 5. Data are mean + SEM. Statistical
significance was assessed using t-test. *p < 0.05. (D) Images of the SIS, SIS-hCVPCs, SIS-hCMs, and SIS-Mix obtained from scanning electron microscope. Scar bars,
50 pm. (E-G) Flow cytometry analysis of SSEA1" (hCVPC marker) and cTnT" (cardiomyocyte marker) populations of the hCVPCs (E), hCMs (F), and Mix (G) seeded
on the SIS patches. The blue filled histogram, isotype control; and the red filled histogram, the positive population. n = 3 each.

3.4. hiPSC-derived cardiac lineage cell-seeding SIS patches improve
cardiac function and reduce LV dilation of infarcted hearts

To determine effects of mono cell- and dual cell-seeding SIS patches
in cardiac repair, we compared the functional outcome at day 7 post-MI
just before the implantation and at day 28 post-implantation (i.e., day 35
post-MI) (Fig. 2A). The survival rate of mice within 28 days post-
implantation did not show significant difference (4 deaths of 25 in MI
Ctrl, 3 deaths of 23 in SIS, 1 death of 24 in SIS-hCVPCs, 1 death of 20 in
SIS-hCMs, and 1 death of 22 in SIS-Mix) among each group (Fig. 2B). The
induction of MI by LAD ligation was confirmed by echocardiography
(Fig. 2C) and ST-elevations (Fig. S6A), followed by the inversion of Q
waves and T-waves at day 7 post-MI and 30 min post-implantation
recorded by electrocardiogram (Fig. S6B). The MI induced comparable
reductions in LVEF and LVFS as well as enhanced LVESD and LVEDD at
day 7 post-MI in all groups before the implantation (Fig. 2D, E and F;
Fig. S7). No arrhythmic events were record during the 30 min after cell
implantation (Fig. S6B). By day 28 post-implantation, the MI control
animals showed a significant decline in LV function (—20% in LVEF, p <
0.0002 and —21.9% in LVFS, p < 0.0001) and ventricular dilation
(+15.1% in LVEDD, p < 0.0001 and + 20.8% in LVESD, p < 0.0001)
relative to their baseline values at 7 days post-MI (Fig. 2D, E and F;
Fig. S7A and B). The LVEF and LVFS but not LVESD and LVEDD showed
a tendency of slight improvements in the SIS group compared with the
MI Ctrl group (Fig. 2D), but the LV function remained significant decline
with the ventricular dilation relative to their baseline values (Fig. 2E and
F; Fig. S7A and B). However, the cardiac function and LVESD at day 28
post-implantation were preserved in all cell-seeding SIS groups
compared with these in the MI Ctrl and SIS groups (Fig. 2D, E and F;
Fig. S7A and B). Notably, the animals receiving the SIS-Mix showed
enhanced cardiac function and reversed the progress of LV dilation
relative to their baseline values, and had better therapeutic effects
compared with the SIS group (Fig. 2D, E and F; Fig. S7A and B). Taken
together, these results demonstrate that implantation of the SIS alone
has a minor beneficial effect in the improvement of LV function, whereas
the hCVPC- and hCM-seeding SIS patches lead to significant improve-
ments of cardiac function and LV dilation at the end-systole; and the
dual hCVPC- and hCM-seeding SIS patches have better benefits for the
restoration of myocardial performance and prevention of ventricular
dilation.

3.5. hiPSC-derived cardiac lineage cell-seeding SIS patches reverse
pathological ventricular remodeling of infarcted hearts

We next assessed the influence of the SIS with and without cells in
the pathological ventricular remodeling. All MI animals showed scar
formation and collage deposition at 35 days post-MI (Fig. 3A and B).
Notably, the scar sizes in the SIS-hCVPC, SIS-hCM, and SIS-Mix groups
were significantly smaller than these in the MI Ctrl group, while the SIS
group only showed a reduction tendency (Fig. 3A). Consistent with the
better improvement in the cardiac function, the SIS-Mix group exhibited
significant reduction of scare formation compared with the SIS group
(Fig. 3A). RT-qPCR analysis showed increases of transcript levels of Coll
and CoI3 in the LV at 35 days post-MI, whereas they were downregulated
by the SIS and SIS-cell patches (Fig. S8A). Moreover, the SIS-Mix patches
had the stronger inhibition in the Coll expression than the SIS-hCVPC
ones (Fig. S8A). Further, the collagen fibers stained with picrosirius
red were observed with polarized light (thicker fibers exhibit red-orange
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(type I collage) and thinner fibers appear green (type III collage)
(Fig. 3B). In the infarct and border zones, the thicker fibers were
significantly decreased in the SIS-hCM and SIS-Mix groups but not the
SIS-hCVPC one compared with these in the SIS group; and the thinner
fibers were increased in the SIS-hCM and SIS-Mix but not the SIS-hCVPC
groups compared with these in the MI Ctrl and SIS groups (Fig. 3C).
Therefore, the ratios of collagen IIl/I fibers in the infarct and border
zones were comparable among the MI Ctrl, the SIS, and the SIS-hCVPC
groups, while they were significantly increased in the SIS-hCM and
SIS-Mix groups (Fig. S8B). Moreover, the cross-sectional areas of car-
diomyocytes in the infarcted hearts implanted with SIS and SIS-cell
patches were significantly smaller than these in the MI Ctrl group, and
the cross-sectional area of cardiomyocytes in the SIS-Mix group was
smaller than that in the SIS group (Fig. 3D). This was further confirmed
by RT-qPCR analysis showing that the transcript levels of hypertrophic
marker genes Anp, Bnp, and Myh6 in the LV were significantly increased
at 35 days post-MI, whereas they were downregulated by the SIS and
SIS-cell patches (Fig. S9). Notably, the inhibitory effects of SIS-Mix
patches in the expression of Anp and Bnp were stronger than the SIS
and SIS-hCVPC patches (Fig. S9). These results demonstrate that the SIS
patch alone is not enough to prevent fibrosis formation, though it
ameliorates myocardial hypertrophy, whereas the SIS-cell patches
significantly suppress fibrosis formation and improve myocardial
remolding and the SIS-hCM and SIS-Mix patches are more effective in
enhancing the ratio of collagen III/I fibers compared with the SIS and
SIS-hCVPC patches. Moreover, the dual cell patches are more effective in
the suppression of cardiomyocyte hypertrophy compared with the SIS
patches.

3.6. hiPSC-derived cardiac lineage cell-seeding SIS patches promote
cardiomyocyte proliferation and angiogenesis in the infarcted hearts

One of fundamental goals of cell-based cardiac therapies is to
compensate cardiomyocyte loss with one strategy to stimulate host
cardiomyocytes to re-enter cell cycle and proliferate. We thus investi-
gated whether the promoted healing of infarcted hearts mediated by
hPSC-cardiac lineage cell-seeding SIS patches is associated with the in-
creases in cell-cycle activity and proliferation of host cardiomyocytes.
The cardiomyocytes in the infarcted hearts at 35 days post-MI were
evaluated by fluorescent immunohistochemistry analyses for cell-cycle
progression via PH3 expression (a marker of late G2 phase/mitosis),
for proliferation via Ki67 expression, and for cytokinesis via Aurora B
expression. The MI Ctrl and SIS groups showed comparable number of
PH3" and Ki67" cardiomyocytes in the border zone, while more PH3 "
and Ki67 " cardiomyocytes were detected in the hearts from all SIS-cell
groups than these in the MI Ctrl and SIS groups (Fig. 4A and B). More-
over, the number of PH3" and ki67" cardiomyocytes in the SIS-Mix
group was significantly higher than these in the SIS-hCVPC and SIS-
hCM groups (Fig. 4A and B). Consistently, the frequency of car-
diomyocytes expressing Aurora B was similar between the MI Ctrl and
SIS groups, while it was significantly enhanced in all SIS-cell groups
compared with these in the MI Ctrl and SIS groups and was the highest in
the SIS-Mix group (Fig. 4C). In addition, the fluorescent immunohisto-
chemistry analysis revealed increases in the number of CD31" (Fig. 5A)
and a-SMA™ (Fig. 5B) vessels in both infarct and border zones of the
hearts treated with the SIS alone. The beneficial effect in promoting
vascularization was further enhanced by the SIS-cell patches. Particu-
larly, the number of CD31" vessels in the border zone of the hearts
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Fig. 2. Cell-seeding SIS patches promote functional recovery of murine infarcted hearts. (A) Schematic of study design and the data collection time for
echocardiographic analysis. All animals received cyclosporine A from one day before-to day 7 post-implantation. AMI, acute myocardial infarction; MI Ctrl, MI
Control. (B) Kaplan-Meier survival curves for MI mice. (C) Representative M-mode images of echocardiography hearts from various groups at day 7 post-MI before
the implantation (baseline) and day 28 post-implantation (D28). (D) Echocardiographic analysis of LV function (LVEF, LVFS) and dilation (LVESD, LVEDD). n =
13-16 for each group. All values were mean + SEM. Two-way ANOVA was used for statistical analyses. **p < 0.01, ***p < 0.001 vs. the MI Ctrl group; *p < 0.05,
##p < 0.01, ###p < 0.001 vs. the SIS group. (E-F) LVEF (E) and LVEDD (F) at baseline (day 7 post-MI before the implantation) and D28 post implantation. n = 13-16
f‘or each group. A paired t-test for comparison of cardiac function within groups between baseline and 28-day follow up.

treated with SIS-hCM patches (Fig. 5A) and the number of a-SMA™
vessels in the infarct and border zones of the hearts treated with the SIS-
cell patches (Fig. 5B) were higher than that in the SIS alone group.
Meanwhile, the a-SMA™ vessels were detected sprouting into the
engrafted SIS patches with and without seeded cells (Fig. 5C, left
panels), whereas more vascularity was detected in the engrafted SIS-cell
patches than that in the SIS patches alone (Fig. 5C, right panel). In
addition, besides a-SMA™ vessels detected, a small portion of co-
expressing GFP' a-SMA™ vessels were comparably detected in the
engrafted SIS-hCVPC and SIS-Mix patches (Fig. 5D), suggesting the
vascularity in the engrafted patches are formed from both host arterioles
and hCVPC-derived vasculogenesis. Furthermore, the red blood cells
were observed inside the a-SMA™ blood vessel in the SIS-Mix patch
(Fig. SE, left 3 panels) and the intact a-SMA™ blood vessel was inter-
spersed from the host myocardium to the SIS-Mix patch (Fig. 5E, right 2
panels), suggesting a possible connection of the arterioles in the
engrafted patches with these in the cardiac myocardium. Collectively,
these results suggest that the increases in the cell-cycle activation and
proliferation of host cardiomyocytes as well as the angiogenesis in the
host hearts and engrafted patches might partially attribute to the ther-
apeutic effects of hPSC-derived cardiac lineage cell-seeding SIS patches
in the infarcted hearts.

3.7. hiPSC-derived cardiac lineage cell-seeding SIS patches have long-
term therapeutic effects in the infarcted hearts

One of the major challenges for cell therapy is the diminishment of
beneficial effects [3,13,49]. To investigate this, we examined cardiac
function at 90 days post-implantation (Fig. 6A). Echocardiography
analysis showed that all groups exhibited comparable LV function and
ventricular diameter at day 7 post-MI (Fig. 6A). The LVEF, LVFS, and
LVESD were continuously worsened at 90 days post-MI, however, the LV
function but not LVESD were significantly improved in the SIS group
(Fig. 6A). Notably, the preserved cardiac function and reduced LVESD
seen at 28 days post-implantation in all cell-seeded SIS groups (Fig. 2)
were sustained for 90 days and the significantly better cardiac function
was observed in the SIS-Mix group than that in the SIS group (Fig. 6A).
Consistently, the scar size was smaller in all SIS-cell groups than that in
the MI Ctrl one, while it did not show statistical significance between the
SIS and MI Ctrl groups (Fig. 6B). In addition, more a-SMA " vessels were
detected in the SIS alone and all SIS-cell groups than that in the MI Ctrl
one (Fig. S10). Taken together, these results reveal that the cell-seeding
SIS patches are able to restore the declined myocardial function and
reduce ventricular dilation at the end of contraction with the smaller
fibrotic scar at 90 days post-implantation. Particularly, the improvement
of cardiac function in the SIS patch seeded with dual hCVPCs and hCMs
is better than that in the SIS alone.

3.8. Dual hiPSC-derived cardiac lineage cell-seeding SIS patches increase
long-term cell retention and integration

The low rate of cell retention hampers the efficacy of cell therapy
[50,51]. We then assessed whether better therapeutic effects seen in the
dual cell-seeding SIS patches are accompanied with the improvement of
cell retention and integration. The implanted SIS patches visually
became thinner and merged with the host hearts over time (Fig. S11A).
Then they were invaded by host cells and sprouted with a-SMA™ vessels
at 28 days post-implantation, and hardly separated from the native
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tissue at 90 days post-implantation (Fig. S11B). To trace the implanted
GFP™ cells, the GFP antibody was detected by the FITC-conjugated
secondary antibody as the auto-fluorescence of GFP in the cells on the
SIS patches was greatly decreased after fixed with 4% PFA (Fig. S12A)
and omitting the primary antibody was used as a control (Fig. S12B). At
28 days post-implantation, no GFP signal was detected in the MI Ctrl and
SIS groups (Fig. S12C), while more GFP™ cells were observed in the
SIS-hCVPC and SIS-Mix groups than these in the SIS-hCM group
(Fig. 6C), though the detected GFP™" cells were only around 0.30-8.80
ten-thousandth of implanted cells. At 90 days post-implantation, the
GFP™ cells were only observed in the sections of SIS-hCVPC and SIS-Mix
groups but hardly detected in the SIS-hCM group. In addition, more
GFP' cells were observed in the SIS-Mix group than these in the
SIS-CVPC one (Fig. 6C). Notably, a small proportion of GFP* ¢TnT" cells
were detected both in the border and infarct zones and GFP* a-SMA™
arterioles were also observed in the host infarcted hearts beyond the
epicardial layer up to 90 days in both SIS-hCVPC and SIS-Mix groups
(Fig. 6D, representative images), which indicates the possible migration
of implanted cells seeded on the SIS into the host hearts or the inte-
gration with the host myocardium. Interestingly, the number of cells
co-expressing a-SMA and GFP in the host hearts was similar in the two
groups, while more GFP™-cTnT" cardiomyocytes in the SIS-Mix group
were lining up alone the treated region compared with these in the
SIS-hCVPC group (Fig. 6D). Thus, the small proportion of implanted
cells appear to incorporate to the native vessels and cardiomyocytes.
Moreover, the results suggest that the combination of hCVPCs with
hCMs enhances the integration of implanted cells with the host
myocardium.

3.9. Paracrine activity from the cell-seeding SIS patches contributes to the
enhanced cardiomyocyte proliferation and tube formation

Next, we studied whether the enhanced proliferation of car-
diomyocytes and vascularization by cell-seeding SIS patches is related to
the paracrine activity by examining the effects of the conditioned media
(CdM) from the SIS and cell-seeding SIS patches in these cells. Consistent
with the in vivo data (Fig. 4B), treatments of cardiomyocytes with the
CdM from the SIS-cell patches but not the SIS patches increased the
number of Ki67" cardiomyocytes relative to the one in the DMEM
control group (Fig. 7A). More Ki67" cardiomyocytes were detected in
the CdM from the SIS-Mix group than that in the SIS-hCVPC-CdM and
SIS-hCM-CdM groups (Fig. 7A). These results suggest that the paracrine
effect from the cells but not the SIS contributes to the enhanced prolif-
eration of cardiomyocytes. For the tube formation of HUVECsS, treat-
ments of HUVECs with the CdM from the SIS-cell but not the SIS patches
significantly increased the total branching length of the cells compared
with that in the DMEM control group (Fig. 7B), indicating paracrine
activity of the cells on the SIS patches is involved in the enhanced
angiogenesis. The wound healing assays in the HUVECs showed similar
enhancement of healing process between the CdM from the SIS- and SIS-
cell-patches compared with the DMEM control group (Fig. 7C). There-
fore, the promoted migration of ECs seems mainly from the paracrine
activity of the SIS patches.

3.10. Co-cultivation of hCVPCs and hCMs alters the secretome of each
cell types

Then we compared the secretome of these cells and explored whether
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Fig. 3. Cell-seeding SIS patches ameliorate pathological ventricular remodeling at 28 days post-implantation. (A) Representative images of infarcted mouse
heart sections stained with Masson-trichome and quantification of scar areas. Scale bar, 1 mm. (B) Representative photomicrographs with polarized light (magni-
fication, 20x) of the infarct and border zones stained with picrosirius red. Thicker fibers exhibit red-orange birefringence (type I collage), whereas thinner fibers
appear green (type III collage). Scale bar, 50 um. (C) Percentages of type I (red-orange) or III (green) collagen fibers to the total amount of collagen fibers in the
infarct and border zones. (D) Representative images and quantification of wheat germ agglutinin (WGA) stained cardiomyocytes from the same part of the infarct
myocardium. Scale bar, 50 pm. n = 6-7 hearts for each group. MI Ctrl, MI control. All values were mean + SEM. One-way ANOVA was used for statistical analyses.
ip < 0.05, **p < 0.01, ***p < 0.001; ns, no statistical significance.
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Fig. 4. Implantation of cell-seeding SIS patches promotes cardiomyocyte proliferation in the infarcted hearts. (A-C) Representative images and quantifi-
cation of co-fluorescent immunohistochemistry staining for cTnT and a-actinin with PH3" (A), Ki67" (B), and Aurora kinase B* (Aurora B") (C) cardiomyocytes in
the border zone of heart sections collected at day 28 post-implantation. The white arrows indicated positive cells. MI Ctrl, MI control; HPF, per high-power field. n =
6-7 hearts each in (A) and (B); n = 5 hearts each in (C). All values were mean + SEM. One-way ANOVA was used for statistical analyses. *p < 0.05, **p < 0.01, ***p
< 0.001.

the interaction of hCVPCs and hCMs induces extra paracrine factors, the Mix-CdM and the hCVPC-CdM (287) or the hCM-CdM (250). Strik-
which might contribute to the better therapeutic effects for infarcted ingly, only about 10%-11% of proteins in the hCVPC-CdM and the hCM-

hearts compared with these from the mono-cell type. The LC-MS/MS- CdM were exclusively expressed, whereas about 41% of proteins (685)
based in-depth proteomic analysis of the secretory proteins was per- in the Mix-CdM were exclusively expressed (Fig. 8A). The shared pro-
formed using the CdM collected from the equal number of hCVPCs, teins among three groups were annotated for Gene Ontology Biological
hCMs and their 1:1 mixture. Then the label-free quantification of MS Process (GOBP). Consistent with our functional data demonstrating that
data and statistical analyses were used to compare the three groups. The SIS-cell patches reduced fibrosis, promoted cell proliferation and
venn diagram showed that more proteins were detected in the Mix-CdM angiogenesis in infarcted hearts, the proteomic analysis indicated that

group than these in the hCVPC-CdM and the hCM-CdM: a total of 1653 their secretomes were actively involved in cell adhesion, ECM organi-
proteins in the Mix-CdM, 819 proteins in the hCVPC-CdM and 769 zation, anti-cell apoptosis, cell migration, cell growth, angiogenesis, and
proteins in the hCM-CdM (Fig. 8A). Among these proteins, 431 proteins wound healing (Fig. 8B). GOBP analysis of the unique proteins detected
were shared among three groups, 11 proteins were shared between the in the hCVPC-CdM and hCM-CdM showed distinct paracrine effects
hCVPC-CdM and the hCM-CdM, and more proteins were shared between between them: the specific proteins detected in the hCVPC-CdM were
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Fig. 5. Implantation of cell-seeding SIS patches significantly enhance vascularization of the infarcted hearts. (A-B) Representative images and quantification
analysis of co-fluorescent immunohistochemistry staining for cTnT and DAPI with CD31" areas (A) and a-SMA™ blood vessels (B) in the infarct and border zones of
heart sections collected at 28 days after implantation. n = 6-7 hearts each. (C) Representative images and quantification analysis of fluorescent immunohisto-
chemistry staining for DAPI with a-SMA™ blood vessels in the hearts with or without engrafted patches. (D) Representative images and quantitative analysis of
hCVPCs-derived vasculogenesis in the engrafted SIS-hCVPC and SIS-Mix patches by fluorescent immunohistochemistry staining for GFP and a-SMA. (E) The inte-
gration of blood vessels in the SIS-cell patches with the host myocardium. (Left 3 panels) Low- and high-magnification images of the SIS-Mix patch-treated heart
section stained with a-SMA and counterstained with H&E showing presence of red blood cells indicative of blood perfusion. (Right 2 panels) Representative images of
immunohistochemistry staining for a-SMA. Scar bar, 50 pm. n = 4-5 hearts each. MI Ctrl, MI Control. HPF, per high-power field. All values were mean + SEM. One-
way ANOVA was used for (A), (B), and (C); unpaired t-test was used for (D). *p < 0.05,
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**p < 0.01, ***p < 0.001; ns, no statistical significance.
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Fig. 6. Implantation of cell-seeding SIS patches exert long-term therapeutic effects for infarct hearts. (A) Echocardiography analysis of LV function at pre-
implantation (day 7 post-MI, baseline) and day 7, 60, and 90 follow-ups. n = 6-7 each. Two-way ANOVA was used for statistical analyses. *p < 0.05, **p <
0.01, ***p < 0.001 vs. the MI control group (MI Ctrl); *p < 0.05 vs. the SIS group. (B) Representative images and quantitative analysis of heart sections stained with
Masson’s trichrome at day 90 post-implantation. Scale bar, 1 mm. n = 5-6 each. (C) Quantification of the GFP" cells in the hearts at 28 days and 90 days post-
implantation. The total number of nuclei for both GFP and DAPI signals in two heart sections and from same layers were calculated and divided by the total
number of implanted cells (2 x 10°). n = 4 each. (D) Engrafted cells were tracked by fluorescent immunohistochemistry staining for GFP* cells co-stained with ¢cTnT
(upper panels for border zones and middle panels for infarct zones) or a-SMA (lower panels) and counterstained nuclei with DAPI in the infarcted myocardium at day
90 post-implantation. The white arrows indicated GFP™ cells. Scale bar, 50 pm (left panels) and 20 pm (right panels) in each group. HPF, per high-power field. n = 4
hearts each. All values were mean + SEM. One-way ANOVA was used for (B) and (C, D28); unpaired t-test was used for (C, D90) and (D). *p < 0.05, **p < 0.01; ns, no
s‘tatistical significance.
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Fig. 7. The conditioned media (CdM) of cell-seeding SIS patches stimulate proliferation of cardiomyocytes (CMs) and functions of HUVECs. (A) Repre-
sentative images and quantitative analysis of ki67 " CMs co-immunocytochemical stained for ki67 and a-actinin in the hCMs incubated with various CdM for 2 days.
Scale bar, 50 pm (upper panels) and 10 pm (lower panels). n = 3 independent repeats. (B) Representative images and quantitative analysis of tube formation of
HUVEGs incubated with various CdM for 24 h. Scale bar, 500 pm. n = 5 independent repeats. (C) Views of the scratch induced in the HUVEC monolayer and wound
invasion after incubation for 12 h with various CdM. Scale bar, 500 pm. All values were mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001; ns, no statistical
significance.

mainly annotated to biological functions including cell-cell adhesion, annotated to muscle filament sliding, ATPase activity, muscle contrac-
cell migration, protein phosphorylation, signal transduction, and im- tion, collagen fibril organization, gluconeogenesis, and skeletal system
mune response (Fig. S13A), while these in the hCM-CdM were mainly development (Fig. S13B). GOBP analysis of the proteins exclusively
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Fig. 8. Proteomic analysis of the secretome and transcript levels in the conditioned media (CdM) of hCVPCs and hCMs with or without co-cultivation. (A)
Venn diagram described exclusive (identified only in one group) and shared (identified in more than one group) proteins identified in the CdM from hCVPCs, hCMs,
and Mix. (B) Enrichment analysis of biological processes annotated by shared proteins identified in three groups subjected to gene ontology biological processes
(GOBP) terms. (C-D) Proteins exclusively identified in the Mix-CdM were annotated for GOBP and KEGG pathway analyses. The enriched GOBP terms indicated
biological processes and the associated p-value for the statistical confidence (C). Statistically enriched pathways identified by KEGG analysis (D). (E-F) The proteins
with high expression in the Mix-CdM were classified to reported molecular functions (E) and involved pathways (F) through Gene Ontology Molecular Function
(GOMF) and KEGG analyses. Representative molecular function and pathways (p-value <0.05) were showed. The horizontal bar graph (left side) specifies the
abundance of each protein in the hCVPC-CdM, hCM-CdM, and Mix-CdM. The colors of vertical bar graph (right side) mark the p-value. (G) RT-qPCR analysis of the
expression of genes coding the proteins with high abundance and involvement of functions or pathways (highlighted in Fig. 8E and F and more detailed in
Tables S4-S5) in the hCVPCs, hCMs, Mix and FACS-sorted hCVPCs or hCMs from Mix (Mix-hCVPCs, Mix-hCMs). All values were expressed as mean + SEM. n = 5-6
f‘0r each group. Unpaired t-test was used for statistical analyses. *p < 0.05, **p < 0.01; ns: no statistical significance.

detected in the Mix-CdM showed that they were significantly enriched in
positive regulations of cell migration, cell adhesion, collagen organiza-
tion, cell proliferation, inflammation, wound healing, and angiogenesis
(Fig. 8C). Moreover, GO cellular compartmentalization analysis showed
that about 32.7% of secreted proteins were annotated to the exosomal
cargo in the Mix-CdM (Table S2), suggesting an alteration of exosomal
secretion profile by the interaction of hCVPCs and hCMs. Further anal-
ysis of the pathway enrichment in Kyoto Encyclopedia of Genes and
Genomes (KEGG) terms revealed that the secretome was significantly
enriched in PI3K-AKT, Ras, TGF-beta, and Rapl signaling pathways
(Fig. 8D). Consistently, the enrichment analyses of KEGG pathway and
molecule functions for proteins exclusively detected in the Mix-CdM
with high expression (presented in the list of Table S3) further showed
that the secretome was enriched in PI3K-AKT, Ras, TGF-beta, and Rapl
signaling pathways (Fig. 8E, Table S4) and actively involved in growth
factor, growth factor binding, ECM binding, and cytokines (Fig. 8F,
Table S5). The expression of genes coding the proteins (highlighted in
Fig. 8E and F), which involved in molecular functions or pathways as
shown in Tables S3-S4, was further verified by RT-qPCR analysis
(Fig. 8G). Supportively, the transcript levels of the genes including
PDGFB, FLT1, VGF, LTBP2, CCL2, IL-11, and TIMP2 were higher in co-
cultivated hCVPCs and hCMs than these in mono-cells, while the tran-
script level of IGF2 did not achieve significant differences between the
hCMs and the Mix (Fig. 8G). Interestingly, most of them, such as IGF2,
FLT1, TLBP2, CCL2, and IL-11, were up-regulated in both hCVPCs and
hCMs after co-cultivation, while the PDGFB, VGF, and TIMP2 were only
up-regulated in the hCVPCs sorted from the Mix (Fig. 8G). These results
indicate the variable plasticity following the intercellular interaction
between hCVPCs and hCMs and diversified paracrine ability of hCVPCs
and hCMs.

4. Discussion

This study reported the compatibility of ECM patches with the mono-
and dual-hCVPCs + hCMs and side-by-side compared their efficacy for
the treatment of subacute MI in a rodent model. The results showed that
(i) the SIS-ECM has good biocompatibility to hCVPCs and hCMs; (ii)
epicardial implantation of SIS-hCVPC, SIS-hCM, and SIS-Mix patches at
day 7 post-MI significantly preserves cardiac function and decreases scar
formation at day 28 post-implantation but not the SIS alone, concomi-
tantly associated with increased vascularization and cardiomyocyte
proliferation; (iii) implantation of the SIS-Mix patches has better ther-
apeutic effects characterized by more effective short- and long-term
improvements of LV performance and dilation, and enhancement of
cardiomyocyte proliferation and engraftment; and (iv) the detected
proteins in the hCVPC-CdM and hCM-CdM are involved in unique
functional processes essential for repair, and co-culture of hCVPCs and
hCMs stimulates the secretome with more unique paracrine factors
related to growth factors, cytokines, ECM organization, and cell prolif-
eration, as well as activation of PI3K-Akt, TGF-beta, Ras, and Rapl
signaling pathways. These findings extend previous findings and provide
new approaches to strengthen therapeutic benefits of hCVPCs and hCMs
in the treatment of infarcted hearts. The new knowledge involved in
paracrine responses to the intercellular interaction between hCVPCs and
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hCMs would help to promote the identification of valuable paracrine
factors and the development of potential non-cell therapeutic ap-
proaches to facilitate infarct healing.

One of major findings in this study is the good support to the growth
of hPSC-derived cardiac lineage cells by the SIS patches. Although
combinations of cells with the ECM have been widely studied for cardiac
repair and regeneration [14,18,52,53] and the SIS-ECM supports the
growth of seeded human and porcine MSCs [21,29] and mCPCs [28],
our study extended the seeding cell types by demonstrating the
increased cell viability of hCVPCs, hCMs, and mixture on the SIS
compared with the cell culture alone. Moreover, the hCVPCs and hCMs
had compact adhesion with the SIS and maintained the expression of
their markers and synchronous contraction in the hCM seeding-SIS
patch. Furthermore, consistent with previous studies showing the
recruitment of host cells to the SIS scaffold and completely absorbed by
90 days in vivo [54,55], this study showed integration of the SIS with the
host myocardium at 90 days post-implantation (Fig. S11B) and
recruitment of host cells to the SIS patches as well as formed vessels in
the infarcted hearts (Fig. 5C and D; Fig. 6D). This effect seems mainly
caused by the paracrine communication between the SIS-ECM and the
host vessel cells as the promotion of endothelial cell migration by the
SIS-CdM (Fig. 7C). Thus, the collagen-rich SIS-ECM not only has good
compatibility with hPSC-derived cardiac lineage cells, but also interacts
with the host cells to form vessels to support seeded and host cells for
cardiac repair.

Secondly, this study compared therapeutic effects side-by-side
among SIS patches, hCVPC-, hCM-, and hCVPC + hCM-SIS patches for
infarcted hearts. Epicardial implantation of hCVPC-, hCM-, and their
Mix-seeding SIS patches at day 7 post-infarction significantly preserved
the heart function and reduced scar formation at 28 and 90 days post-
implantation, concomitantly with promoted cardiomyocyte prolifera-
tion, vascularization, and remuscularization as well as decreased LV
remodeling (Figs. 2-6; Fig. S7-59). These beneficial effects were greater
than the SIS patch alone. The improvements of SIS patch in cardiac
function and angiogenesis observed here are consistent with a previous
study with the epicardially implanted SIS-ECM at acute phase of a rat MI
model [19]. Moreover, the improvement of cardiac function by the
SIS-ECM in our study was only observed at 90 days but not 28 days
post-implantation and the MI-caused LV dilation and scar formation
remained unchanged at both 28 and 90 days post-implantation. Similar
non-significant effects of the SIS-ECM in the cardiac function and dila-
tion as well as scar size were observed at 28 days post-implantation in
nude mice [28]. It seems that the SIS patch-promoted capillary and
arterial vessel formation may contribute to the long-term improvement
of cardiac function, while it is not enough to significantly improve
cardiac function and LV dilation in early days and prevent the progress
of fibrosis formation. In addition, differed from the previous report
showing that the SIS-ECM alone did not reduce the mRNA expression of
Anp, Bnp, Coll, and Col3 in the infarcted heart of nude mice [28], we
found the expression of these gene was inhibited by the SIS patches in
the infarcted hearts. This may be due to the different mouse models
(nude mice vs. the mice with the immunosuppressant) and the implan-
tation time (immediately following MI vs. 7 days post-MI).

Stimulation of cardiomyocyte proliferation in the infarcted hearts is
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important for repair of infarcted hearts. Epicardial implantation of
human cardiac muscle patches made from hiPSC-derived smooth muscle
cells, ECs and hCMs with fibrin scaffold has been shown to promote
cardiomyocyte proliferation in a porcine model of MI [14] and endo-
thelialized patches with fibrin gel spiked with human CSCs were also
proved to enhance cardiomyocyte proliferation in a rat MI model [56].
Our data further demonstrated that cardiomyocyte proliferation in the
border zone of infarcted hearts could be stimulated by mono-hCVPC-
and hCM- or their Mix-seeding SIS patches. This is mediated by the
paracrine action of seeded cells as the cardiomyocyte proliferation
remained unchanged in the SIS patch-treated infarcted hearts and the
enhanced number of Ki67" cardiomyocytes was only observed in the
CdM from these cells but not the CdM of SIS patch. Supportively, car-
diomyocyte proliferation stimulated by hPSC-derived cardiac lineage
cells was reported to be mediated by secreted exosomes [14]. Another
challenge for cell therapy is low retention of implanted cells. Although
injection of hCVPCs could promote infarcted heart repair, these studies
failed to detect significant grafts of vessels or cardiomyocytes derived
from hCVPCs in both rodent and nonhuman primate models of MI [4,
12]. Because the improvement of infarcted heart function is correlated
with the engraftment of hPSC-derived cardiomyocytes [57-59],
enhancement of cell retention is a way to increase the efficiency of
cardiac repair. Our data showed the better cell retention of the SIS-cell
patches than the cell injection (Fig. S5). Moreover, in the SIS-hCVPC-
and SIS-Mix-treated groups, simultaneous co-expression of GFP'
engrafted cells with cardiomyocyte and vascular cell markers were
observed in the infarcted hearts (Fig. 6D) and co-expression of GFP™
engrafted cells with the vascular cell marker were detected in the grafted
patches (Fig. 5D). These results suggest the intrinsic differentiation ca-
pacity of hCVPCs into cardiovascular cells in vivo and their roles in the
promoting of cardiac repair need to be further improved.

Thirdly, our study uncovered therapeutic similarities and differences
among SIS-hCVPC, SIS-hCM, and SIS-Mix groups after epicardial de-
livery to subacute MI hearts in a rodent model. Consistent with the
previous study showing similar improvements of cardiac function,
dilation and reduction of scar size at 28 days after intramyocardial in-
jection of hCVPCs and hCMs in a nude rat ischemia/reperfusion (I/R)
model [11], the comparable improvements in LV functional and dilation
as well as the reduction of scar formation were observed in both
SIS-hCVPC- and SIS-hCM-treated infarcted hearts at 28 days and 90 days
post-implantation. These effects were accompanied by similar im-
provements of cardiomyocyte hypertrophy and increases of car-
diomyocyte proliferation as well as vascularization. However, hCVPCs
and hCMs showed comparable low retention in the intramyocardial
injected I/R hearts [11], while the SIS-hCVPC patches showed pro-
longed grafts (Fig. 6C). The difference may be caused by different rodent
models (nude rat model vs. immunosuppressive mice), severity of MI
(I/R vs. permanent MI), implanted cell doses (10 x 10° cells vs. 2 x 10°
cells) and implantation ways (intramyocardial injection vs. epicardial
implantation). Furthermore, the SIS-hCM and SIS-Mix but not
SIS-hCVPC patches significantly increased the ratio of collagen III/I fi-
bers in infarcted hearts, though all of the cell-seeding patches reduced
the transcript levels of Coll and Col3 in the infarct myocardium
(Fig. S8). Supportively, the unique proteins detected in the hCM-CdM
and Mix-CdM were enriched in collagen organization (Fig. 8C and
Fig. S13B). The ratio of collagen subtypes is proposed to regulate
compliance in remodeling myocardium and the high level of collagen I
might increase myocardial stiffness because it forms thicker and stiffer
fibers, whereas the collagen III fibers are more compliant and elastic
[60,61]. Thus, the paracrine effects of the SIS-hCMs and SIS-Mix might
contribute to the modulation of stiffness of fibrotic infarct area via
regulating collagen fibers, and subsequently contribute to the
improvement of the wall motion. This possibility needs to be further
verified.

Interestingly, SIS-Mix patches showed significantly improvements of
LV function and chamber dilation at both 28 and 90 days post-
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implantation, accompanied with better promotion of cardiomyocyte
proliferation and cells retention than mono-cell ones. Cell therapy of
hCMs combining with MSCs, epicardial cells, or ECs, and smooth muscle
cells was reported for promotion of infarcted healing [14,62-65],
whereas our study revealed previously unrecognized synergistic effects
of dual hCVPC- and hCM-seeded SIS patches in cardiac repair. The
enhanced outcomes seem unlikely related to the improved angiogenesis
as the increased capillary density and small vessels in the infarcted
hearts were similar between the dual cell patches and mono-cell patches.
Instead, we demonstrated markedly enhanced generation of new car-
diomyocytes characterized by more cardiomyocytes with cell cycle ac-
tivity (Ki67"), undergoing M-phase/mitosis (PH3") and cytokinesis
(Aurora B") at 28 days post-implantation in the SIS-Mix group than
these in the SIS-hCVPC and SIS-hCM groups. In addition, co-expression
of GFPT cTnT" cells and GFPT a-SMA™ vessels were detected in
SIS-hCVPC- and SIS-Mix-treated infarcted hearts but not in the
SIS-hCM-treated one at 90 days post-implantation. Notably, the
hCVPC-derived vasculogenesis participated in the increased vascularity
observed in the SIS-hCVPC and SIS-Mix patches (Fig. 5C-D) and the
arterioles in these engrafted patches seemed connected with these in the
host myocardium (Fig. 5E). These observations suggest survival of
implanted cells and differentiation of hCVPCs to cardiovascular cells,
which is supposed to improve the challenging infarct environment and
grafts survival after epicardial implantation [44]. Supportively, the
CVPCs were observed to self-organize into the vascular system in the
infarct hearts through differentiation [66]. Moreover, as the extracel-
lular vesicles and cellular factors secreted from hCVPCs are demon-
strated to improve the survival of cardiomyocytes and stimulate
vascularization [4,12,38,67], the paracrine action of hCVPCs may play
important roles in these outcomes. Considering more GFP™ cTnT" cells
and similar number of GFPT o-SMA™ vessels were observed in the
SIS-Mix-treated myocardium compared with these in the mono
cell-seeding SIS-treated groups at 90 days post-implantation even
though the former was only half number of each cell type compared with
the latter, the interaction of hCVPCs and hCMs might stimulate more
paracrine factors favoriting maintenance of cell retention and survival as
well as stimulation of cardiomyocyte formation than hCVPCs alone. This
is supported by the quantitative secretome analysis of the CdM from
these cell types with and without co-cultivation discussed below.
Collectively, these findings reveal the values of SIS-hCVPC, SIS-hCM,
and SIS-Mix patches in promoting infarct repair, while the SIS-Mix
patches synergistically amplify advantages of hCVPCs and hCMs. The
synergistic effect of SIS-Mix patches needs to be further strengthened by
identification of the optimal ratio of hCVPCs and hCMs and the dose via
examination of dose-dependency of repair efficacy in vivo. Considering
the approvement of SIS-ECM for cardiac patching by the Food and Drug
Administration [26] and the technical feasibility and safety of epicardial
delivery of hCVPC [16] and hCM patches [17] in patients with severe
ischemic cardiomyopathy, the hPSC-derived cardiac lineage cell-based
ECM patches are promising for clinical application and need to be
further investigated in large animal models. More efforts are needed to
scale up cell dose and improve long-term engraftment of hCVPCs and
hCMs, which are critical to compensate the lost cardiomyocytes as well
as maintain efficient paracrine effects for promoting cardiac repair and
regeneration.

Finally, the comparative proteomic analysis revealed secretome
profiles of mono-hCVPCs, hCMs and their Mix and uncovered potential
mechanisms associated with their beneficial effects. Along with the
similar increases in functional improvement, LV remodeling, vascular-
ization and cardiomyocyte proliferation in vivo study with the cell-
seeding SIS patches as well as HUVEC migration, tube formation, and
cardiomyocyte proliferation in vitro study, GOBP analysis showed that
the overlapping proteins were enriched in biological functions,
including cell adhesion, migration, anti-apoptosis, ECM organization,
tissue development, wound healing, cell growth, and angiogenesis, etc.
The data are consistent with the findings from hCMs [57] and the
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neonatal human CPC-CdM [68]. Besides the similarity of paracrine ef-
fects shared between the hCVPCs and the hCMs, their distinct paracrine
characteristics were identified in this study. Consistent with our previ-
ous observations showing the modulation of macrophage polarization
by hCVPC-secreted cytokine-induced STAT6 activation [12], the unique
proteins in the hCVPC-CdM annotated by GOBP terms were related to
the protein phosphorylation, signal transduction, and immune response.
In line with the significant modulation of collagen fibers by the SIS-hCM
patches in the infarcted hearts, the unique proteins regulating collagen
fibril organization were detected in the hCM-CdM. Meanwhile, the
secreted proteins in the hCM-CdM were involved in the improvement of
contractile force. This is supported by a recent report showing the
contractile force of implanted hCMs actively involved in the mechanical
function of injured heart [69] and the initial results from epicardial
implantation of hiPSC-CM patches in a patient with ischemic cardio-
myopathy showing recovery of the wall motion in the implanted site
[17]. Further studies are needed to identify unique factors secreted from
hCVPCs and hCMs for the promoting of cardiac repair and to investigate
the unique paracrine effects of hCMs compared with other cell sources,
such as MSCs, ECs, and fibroblasts in future.

Notably, much more unique proteins were detected in the Mix-CdM
than these in the hCVPC-CdAM and hCM-CdM (~41% vs. ~10%-11%).
The CdM from I/R injured hCMs caused upregulation of hCPC proteins
associated with migration and proliferation [70]. Here, we provided
new evidence showing more new proteins secreted following the inter-
action of hCVCPs and hCMs. The enriched functional processes were
related to vascular cells proliferation, heart development, mitotic nu-
clear division, and the enriched PI3K-AKT and TGF-beta signaling
pathways were related the activation of cardiomyocyte proliferation
and/or cell cycle progression as reported [71,72]. Therefore, the
cell-cell interaction between hCVPCs and hCMs may endow them with
powerful endurance to modulate ischemic environment, resulting in
stronger beneficial effects in promoting infarct repair. It is noteworthy
that these unique proteins with high abundance appeared to induce
similar pathways involved in pro-proliferation and occupy -car-
dioprotective properties (Fig. 8E and F, Tables S3 and S4). In fact, the
mRNA levels of IGF2 and PDGFB were significantly elevated in the
co-cultivated hCMs or hCVPCs (Fig. 8G), which may contribute to the
synergetic paracrine effects of the SIS-Mix patches in the improvement
of cell retention and proliferative cardiomyocytes. This is supported by
the observations of promoted LV function and proliferative cells in the
hearts treated with IGF-2-overexpressing endothelial progenitor cells
[73] and improved cardiomyocyte survival through implanted
hCM-secreted PDGF-BB [74]. Similarly, the transcripts of IL11, CCL2,
and TIMP2 (crucial determinants of fibrosis [75], inflammation [76],
and remodeling [77] after MI) were all up-regulated after co-culture.
These changes might contribute to the SIS-Mix patch-mediated repair-
ing of infarcted hearts since the IL11 has been reported to protect hearts
from prolonged hypothermic ischemia [78] and TIMP2-overexpressing
MSC-derived exosome showed enhanced repair effect in rat MI model
[79]. Interestingly, the transcript of FLT1, suggested to exclusively ex-
press in ECs [80] was upregulated after cell co-culture of hCVPCs and
hCMs (Fig. 8G). Therefore, the paracrine effects seem play important
roles in the outcomes of SIS-hCVPC, SIS-hCM, and SIS-Mix patches in the
infarcted hearts. Supportively, the CdM from SIS-hCVPCs, SIS-hCMs,
and SIS-Mix all promoted tube formation and wound healing ability of
ECs, as well as enhanced the cardiomyocyte proliferation (Fig. 7).
Moreover, the CdM from SIS-Mix stimulated cardiomyocyte prolifera-
tion stronger than that from the mono-cell seeding SIS as observed in the
in vivo study (Figs. 4 and 7A). Furthermore, the interaction of hCVPCs
and hCMs seemed change their exosomal secretion profile (Table S2).
These findings provide an integrated picture of the modulated secre-
tomes and activated state of key signaling pathways following hCVPCs
and hCMs interaction. Whether the candidate paracrine factors and
altered exosomal cargo by the interaction of hCVPCs and hCMs con-
tributes to the better effects in promoting of cardiac repair needs to be
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verified in future.
4.1. Limitations

The findings we obtained here are based on a murine model of ML
Following important issues for the cardiac patches need to be further
investigated in large animal models of MI: (i) whether the beating car-
diac patches could synchronize with the wall motion in the implanted
site; (ii) whether the cardiac patches could improve the stiffness of
fibrotic infarct area; and (iii) whether the cardiac patch can electrically
integrate or cause the incidence of arrhythmia in the recipient’s hearts.

5. Conclusion

We develop a strategy for promoting cardiac repair with engineered
mono- and dual-hCVPC and hCM-seeding SIS patches, which displays
long-term functional improvements, smaller scar and reversed mal-
adaptive remodeling in the infarcted hearts when epicardially implanted
at the sub-acute phase of MI. The beneficial effects are associated with
enhanced cardiomyocyte proliferation, modulated collage components,
promoted revascularization, and prolonged cell engraftment. The results
from treatments of cardiovascular cells with the CdM from mono- and
dual-hCVPCs and hCMs, combining with the proteome analysis, further
suggest that the paracrine effects play important roles in the beneficial
effects of cell-seeding SIS patches. Moreover, the dual cell-seeding
patches show better functional improvement, cardiomyocyte prolifera-
tion and engraftment in the treated hearts. Supportively, the unique
secretome involved in cardioprotective processes and enriched in
pathways essential for cell proliferation and functional recovery
following co-culture of hCVPCs and hCMs highlights the importance of
the interaction between hCVPCs and hCMs. These results suggest that
the implantation of dual hCVPC- and hCM-seeding SIS patches exhibits
synergistic and complementary effects in promoting infarct repair,
which might be a promising therapeutic approach for ischemic hearts
disease.
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