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Aims We have shown that human cardiac muscle patches (hCMPs) containing three different types of cardiac cells—cardiomyocytes 
(CMs), smooth muscle cells (SMCs), and endothelial cells (ECs), all of which were differentiated from human pluripotent stem cells 
(hPSCs)—significantly improved cardiac function, infarct size, and hypertrophy in a pig model of myocardial infarction (MI). 
However, hPSC-derived CMs (hPSC-CMs) are phenotypically immature, which may lead to arrhythmogenic concerns; thus, since 
hPSC-derived cardiac fibroblasts (hPSC-CFs) appear to enhance the maturity of hPSC-CMs, we compared hCMPs containing 
hPSC-CMs, -SMCs, -ECs, and -CFs (4TCC-hCMPs) with a second hCMP construct that lacked hPSC-CFs but was otherwise iden
tical [hCMP containing hPSC-CMs, -AECs, and -SMCs (3TCC-hCMPs)].

Methods 
and results

hCMPs were generated in a fibrin scaffold. MI was induced in severe combined immunodeficiency (SCID) mice through permanent 
coronary artery (left anterior descending) ligation, followed by treatment with cardiac muscle patches. Animal groups included: MI 
heart treated with 3TCC-hCMP; with 4TCC-hCMP; MI heart treated with no patch (MI group) and sham group. Cardiac function 
was evaluated using echocardiography, and cell engraftment rate and infarct size were evaluated histologically at 4 weeks after patch 
transplantation. The results from experiments in cultured hCMPs demonstrate that the inclusion of cardiac fibroblast in 4TCC- 
hCMPs had (i) better organized sarcomeres; (ii) abundant structural, metabolic, and ion-channel markers of CM maturation; and (iii) 
greater conduction velocities (31 ± 3.23 cm/s, P < 0.005) and action-potential durations (APD50 = 365 ms ± 2.649, P < 0.0001; 
APD = 408 ms ± 2.757, P < 0.0001) than those (velocity and APD time) in 3TCC-hCMPs. Furthermore, 4TCC-hCMPs transplant
ation resulted in better cardiac function [ejection fraction (EF) = 49.18% ± 0.86, P < 0.05], reduced infarct size (22.72% ± 0.98, 
P < 0.05), and better engraftment (15.99% ± 1.56, P < 0.05) when compared with 3TCC-hCMPs (EF = 41.55 ± 0.92%, infarct size 
= 39.23 ± 4.28%, and engraftment = 8.56 ± 1.79%, respectively).

Conclusion Collectively, these observations suggest that the inclusion of hPSC-CFs during hCMP manufacture promotes hPSC-CM maturation 
and increases the potency of implanted hCMPs for improving cardiac recovery in mice model of MI.
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1. Introduction
Patients with severe acute myocardial infarction (MI) often progress to 
end-stage congestive heart failure (CHF), which is one of the most signifi
cant problems in public health. From a cellular perspective, heart failure is 
caused by the loss of the contractile unit of the left ventricle (LV): cardio
myocytes (CMs). Currently, heart transplantation surgery remains the only 
available treatment for end-stage CHF, and the supply of donated hearts is 
far lower than the number of patients in need of treatment. Thus, the fun
damental goal of regenerative myocardial therapy is to repopulate the 
scarred region of an infarcted heart with functioning CMs, and promising 
results have been reported in preclinical studies conducted with trans
planted cells or engineered cardiac tissues.1–10 However, the effectiveness 
of these approaches is limited by a number of obstacles, including matur
ation of CMs, poor engraftment, and integration of the implanted cells/tis
sues within the native myocardium.

Like human embryonic stem cells (hESCs), human-induced pluripotent 
stem cells (hiPSCs) have an unlimited capacity for self-replication and can 
differentiate into cells of any other tissue of important organs.11

Protocols using human pluripotent stem cells (hPSCs), which refer to 
both hESCs12 and hiPSC,13 to differentiate into the four primary cardiac- 
cell types (CMs), smooth muscle cells (SMCs), endothelial cells (ECs), 

and cardiac fibroblasts (CFs), have been well established.1–4 The mixed ma
trix with hiPSC-CMs, -SMCs, and -ECs, as well as human cardiac muscle 
patches (hCMPs) constructed from all three cell types: hiPSC-CMs, 
-SMC, and -ECs (3TCC-hCMPs), have been associated with significant 
improvements in cardiac function and infarct size when administered to 
infarcted pig hearts.7,14 However, hPSC-derived cardiomyocytes 
(hPSC-CMs) are phenotypically more similar to foetal or neonatal CMs 
than to the CMs of adult hearts, and this immaturity may lead to arrhyth
mogenic concerns.15,16 hPSC-derived cardiac fibroblasts (hPSC-CFs) en
hance the maturation of hPSC-CMs,17 and the roles of CFs during heart 
development and in maintaining myocardial architecture and connectivity 
under both normal physiological conditions and in response to injury are 
becoming increasingly apparent.18 Thus, we hypothesize that the inclusion 
of hPSC-CFs during hCMP manufacture will promote hPSC-CM matur
ation and increase the potency of hCMPs for myocardial repair. The cur
rent report tests this hypothesis by conducting experiments both in vitro 
and in a murine MI model with hCMPs containing hPSC-CMs, -SMCs, 
-ECs, and -CFs (4TCC-hCMPs) and a second hCMP construct that lacks 
hPSC-CFs but is otherwise identical (3TCC-hCMPs). Notably, experi
ments were also conducted with hPSC-derived arterial ECs 
(hPSC-AECs) rather than conventional hPSC-ECs, because some evidence 
suggests that hPSC-AECs more effectively support arteriogenesis.19,20
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2. Methods
hESCs and hiPSCs were expanded and subcultured as previously de
scribed.14,21 Briefly, cells were thawed, seeded onto Corning® 6-well 
plates that had been coated with Matrigel®, expanded in mTESR medium 
(STEMCELL Technologies), and incubated in a humidified atmosphere with 
5% CO2 at 37°C until 80–90% confluent.

2.1 Generation of cardiac cells from hPSCs
hPSC-CMs were differentiated from hiPSCs reprogrammed from human CF 
with the CytoTune™-iPS Reprogramming Kit (Invitrogen) as previously re
ported.14,21,22 Briefly, 1 × 106 hiPSCs were expanded on a Matrigel-coated 
dish for 4 days; then, differentiation was induced by culturing the cells in 
RPMI 1640 medium supplemented with 2% B27 minus insulin (RPMI/ 
B27−; Thermo Fisher Scientific) and 12 μM CHIR99021 (a glycogen synthase 
kinase 3β inhibitor; Tocris) for 24 h, in RPMI/B27− medium for 48 h, and 
then with the Wnt inhibitor IWR-1 for 48 h. Beating cells usually appeared 
about 8 days after differentiation was initiated, and the hPSC-CMs were puri
fied by culturing them for 4–7 days in glucose- and pyruvate-free RPMI1640 
medium (Invitrogen) supplemented with 4 mM lactate.

hPSC-derived SMCs (hPSC-SMCs) were differentiated from hiPSCs re
programmed from human CF with the CytoTune™-iPS Reprogramming 
Kit (Invitrogen) as previously reported.3,21 Briefly, hiPSCs were treated 
with CHIR99021 and ascorbic acid for 5 days to induce mesoderm differ
entiation; then, hiPSCs with a vascular progenitor cell phenotype 
(hiPSC-VPCs) were collected via magnetic nanoparticle selection for 
CD34 expression (EasySep™ Human CD34 Positive Selection Kit II; 
STEMCELL Technologies). SMC differentiation was induced by culturing 
the hiPSC-VPCs on collagen IV-coated dishes with SmGM-2 medium 
(Lonza, USA) containing platelet-derived growth factor BB (PDGF-BB) 
and transforming growth factor β1 (TGFβ1). After differentiation, the 
hPSC-SMCs were cultured with 4 mM lactate RPMI1640 metabolic me
dium for 4–6 days for selective enrichment.

To generate hPSC-AECs, a puromycin resistance cassette was inserted 
into the promoter-regulatory region of the PECAM1 allele of H9 hESCs 
[WA09, National Institutes of Health (NIH) registry number 0062] and 
the cells were differentiated as described previously.19 Briefly, hESCs 
were differentiated into mesoderm cells from Day 0 to Day 2 with 
E8BAC media [E8 media supplemented with 5 ng/mL bone morphogenic 
protein 4 (BMP4), 25 ng/mL Activin-A, and 1 µM CHIR99021]; then, the 
cells were cultured from Day 2 to Day 6 in E5 media [Dulbecco’s 
Modified Eagle Medium (DMEM)/F12 with L-ascorbic acid-2-phosphate 
magnesium, sodium selenium, NaHCO3, transferrin] supplemented with 
100 ng/mL fibroblast growth factor (FGF), 50 ng/mL vascular endothelial 
growth factor (VEGF), 10 µM SB431542, 5 µM RESV (Sigma-Aldrich, 
USA), and 10 µM L690. Puromycin (2.5 µg/mL) was added to the media 
from Day 4–6 to eliminate non-ECs, and hPSC-AECs were maintained in 
FVIR medium (E5 with 20 µg/mL insulin, 100 ng/mL of FGF, 50 ng/mL of 
VEGF, 10 µM SB431542, and 5 µM RESV) on vitronectin-coated dishes; 
puromycin was added for another 2 days during the maintenance period.

For differentiation into hPSC-CFs, DF19-9-11 T hiPSCs (WiCell 
Institute) were expanded until 100% confluent4; then, the medium was 
changed to RPMI/B27− supplemented with 12 μM CHIR99021 (Tocris) 
for 24 h, to RPMI/B27− for 24 h, and to cardiac fibroblast differentiation 
basal (CFB) medium (DMEM, high glucose with HAS, linoleic acid, lecithin, 
ascorbic acid, GlutaMAX, hydrocortisone hemisuccinate, rh insulin) sup
plemented with 75 ng/mL bFGF (WiCell Research Institute) for 18 days; 
the CFB/bFGF medium was changed every other day.

2.2 Flow cytometry analyses
Cells were trypsinized, resuspended as single cells, fixed in 4% paraformal
dehyde (PFA), permeabilized in 0.1% Triton X-100 at 4°C for 10 min, 
blocked with 0.5% bovine serum albumin (BSA) in phosphate-buffered sa
line (PBS) without Ca2+/Mg2+ at room temperature for 7 min, and incu
bated with the indicated primary antibodies, isotype-control antibodies, 
and secondary antibodies; then, the cells were washed, resuspended in 

2% foetal calf serum (FCS)/PBS containing 5 μL of propidium iodide 
(10 μg/mL), and evaluated with a FACS Aria instrument (BD Biosciences, 
USA) and FlowJo software.

2.3 Surface marker expression
The hPSC-derived cardiac cells were characterized via immunostaining as 
described previously.7,14,23 Briefly, the cells were fixed with 4% PFA for 
20 min at room temperature, permeabilized in 0.2% Triton X-100 at 4°C 
for 15 min, and then blocked with 5% donkey serum in PBS, pH 7.4, for 
30 min. hPSC-CMs were incubated with mouse anti-α-sarcomeric actin 
(αSA, Sigma-Aldrich, USA), mouse or rabbit anti-cardiac troponin T 
(cTnT, Abcam, USA), and rabbit anti-cadherin (CDH2, Abcam, USA) pri
mary antibodies; hPSC-AECs were incubated with goat anti-CD31 (Santa 
Cruz Biotech, USA), rabbit anti-vascular endothelial (VE)-cadherin 
(Abcam, USA), and rabbit anti-von Willebrand factor (VWF, Abcam, 
USA) primary antibodies; hPSC-SMCs were incubated with mouse 
anti-α-smooth muscle actin (α-SMA, Sigma-Aldrich, USA), goat anti- 
smooth muscle 22 alpha (SM22, Santa Cruz Biotech, USA), and rabbit 
anti-calponin 1 (Santa Cruz Biotech, USA) primary antibodies; and 
hPSC-CFs were incubated with mouse anti-clone TE-7 fibroblast (TE-7, 
Sigma-Aldrich, USA), rabbit anti-vimentin (Abcam, USA), mouse 
anti-α-SMA (Sigma-Aldrich, USA), and rabbit anti-calponin 1 primary anti
bodies; then, the primary antibodies were labelled with corresponding 
fluorescently conjugated secondary antibodies, nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI), and the cells were washed and ex
amined under a fluorescence microscope (Olympus IX81, Japan).

2.4 Fluorescence-based cell proliferation 
assay
hPSC-CM proliferation was measured with a CyQUANT Direct Cell 
Proliferation Assay Kit (Invitrogen, Cat# C35011). Briefly, cell nucleic acids 
were stained with a green fluorescent probe, and fluorescence intensity 
was measured 60 min later with a microplate reader.

2.5 Measurement of ATP, NAD+, NADH, 
and cAMP levels
ATP content was measured with a luminescent ATP detection Assay kit 
(ab113849; Abcam) as directed by the manufacturer’s protocol, and total 
protein content was measured via protein assay (23227, ThermoFisher); 
then, ATP measurements were normalized protein content. Total 
NAD+ and NADH levels were measured with a colorimetric kit 
(ab65348; Abcam) as directed by the manufacturer’s instructions; then, 
the NAD+/NADH ratio was calculated. cAMP content was measured 
with a direct cAMP ELISA kit (Enzo Life Sciences) as directed by the man
ufacturer’s instructions and normalized to the total protein content.

2.6 hCMP fabrication
hPSC-derived cardiac cells (3TCC-hCMPs: 1.4 million hPSC-CMs, 0.2 mil
lion hPSC-AECs, and 0.2 million hPSC-SMCs; 4TCC-hCMPs: 1.4 million 
hPSC-CMs, 0.2 million hPSC-AECs, 0.2 million hPSC-SMCs, and 0.2 million 
hPSC-CFs) were suspended in 0.20 mL fibrinogen solution (0.12 mL fi
brinogen, 25 mg/mL, Sigma-Aldrich; 0.02 mL growth factor reduced 
Matrigel, Corning; and 0.56 mL HEPES, 20 mM, pH 7.4, Corning); then, 
the cell-containing fibrinogen solution was mixed with thrombin solution 
(0.004 mL thrombin, 80 U/mL, MP Biomedicals; 0.001 mL CaCl2, 2 M, 
and 0.3 mL DMEM high glucose, Gibco) in a mould (internal dimensions: 
1 cm × 1 cm; height: 2 mm) that had been precoated with 5% pluronic. 
The mixture solidified within a few minutes, and then culture medium 
(10% FCS, 2% B27 plus insulin, 2 mg/mL ϵ-aminocaproic acid, 10 µM 
ROCK inhibitor in DMEM medium) was added to the mould and the 
dish. Twenty-four hours later, the culture medium was replaced with 
DMEM containing 2% FCS, 2% B27 plus insulin, and 2 mg/mL 
ϵ-aminocaproic acid, and the patches were cultured at 37°C on a rocking 
(45 rpm) platform for 14 days.14,24 The culture medium was changed every 
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2 days, and synchronous beating of hPSC-CMs across the entire patch typ
ically appeared on the second day after patch fabrication. hCMPs were 
trimmed to 0.5 cm × 0.6 cm × 2 mm before transplantation into mice.

2.7 hCMP characterization
Intact hCMPs were fixed and immunostained via standard techniques.24

Briefly, hCMPs were blocked and permeabilized in 10% donkey serum, 
10% Tween-20, 3% BSA, 0.05% Triton X in Dulbecco’s phosphate-buffered 
saline (DPBS) overnight at 4°C and then incubated with primary antibodies 
against α-SMA (Sigma-Aldrich, USA), cardiac troponin T (cTnT, Abcam, 
USA), clone TE-7 fibroblast antibody (TE-7, Sigma-Aldrich, USA), and 
CD31 (Abcam, USA) overnight at 4°C and with fluorescently labelled sec
ondary antibodies and DAPI overnight at 4°C. The hCMPs were covered 
with VECTASHIELD Antifade Mounting Medium and imaged via confocal 
laser scanning.

2.8 Cellular composition, apoptosis, 
and necrosis
The hCMP was frozen in optical cutting temperature (OCT) compound 
and cut into 10 µm sections. Cellular composition was measured based 
on the immunofluorescence (IF) staining for the surface marker of each 
cell type (cTnT, α-SMA, CD31, TE-7) and was quantified as the ratio of 
the number of each cell type to total DAPI per high-power field. 
Apoptosis was detected with an In-situ Cell Death Detection Kit (Roche 
Applied Science, Germany) as directed by the manufacturer’s instructions. 
For analysis of necrosis, sections were stained with primary rabbit anti- 
phosphorylated mixed lineage kinase domain-like (anti-pMLKL, Cell 
Signaling, USA), with Alexa Fluor ® 488-conjugated phalloidin 
(ThermoFisher Scientific, USA), and with fluorescently conjugated second
ary antibodies. Both the total number of cells and the number of TUNEL+ 

or p-MLKL+ cells were determined, and then apoptosis and necrosis were 
quantified as the ratio of the number of TUNEL+ and p-MLKL+ nuclei, re
spectively, to the total number of nuclei per high-power field. Analyses 
were performed with ImageJ software.

2.9 Optical mapping of membrane potential 
(Vm)
hCMPs were stained with 5 μM of the voltage-sensitive dye RH-237,24

transferred to a perfusion chamber that had been mounted on an inverted 
microscope, perfused with Hank’s balanced salt solution at 37°C, and sti
mulated with 2 ms rectangular pulses delivered from a small bipolar elec
trode. RH-237 fluorescence was excited at 560/55 nm and measured at 
>650 nm. The optical signal was recorded with a 16 × 16 photodiode array 
(Hamamatsu) at a spatial resolution of 110 µm per diode as previously de
scribed14,25 and digitally filtered to increase the signal-to-noise ratio. 
Activation times were measured at 50% of the maximum action-potential 
amplitude and used to construct the isochronal maps of activation spread. 
Conduction velocity (CV) was calculated from the activation time at each 
recording site and averaged across the whole map. The durations of the 
action potentials were measured at 50% (APD50) and 80% (APD80) of sig
nal recovery.

For assessments in isolated hPSC-CMs, the cells were obtained from 
hCMPs after 7 days of culture17 and 0.6 × 106 isolated hPSc-CMs were 
seeded as a monolayer on fibronectin-coated, 24-well, CytoView MEA 
plates (Axion Biosystems); 24–48 h later, field potential and contractility 
measurements were collected on a Maestro Edge apparatus (Axion 
Biosystems) and analysed by using the Cardiac Module in Axion 
Navigator software.26 Action-potential durations (APDs) were deter
mined via the LEAP assay and characterized with the Cardiac Analysis Tool.

2.10 Quantitative reverse transcription 
polymerase chain reaction
Total RNA was extracted by using Qiashredder and RNeasy mini kits 
(Qiagen, USA) as directed by the manufacturer’s instructions, and the 

mRNA concentration was measured with a NanoDrop 1000 
Spectrophotometer. RNA (1 µg per 20 µL reaction) was reverse tran
scribed with SuperScript II Reverse Transcriptase (Thermo Scientific, 
USA) and appropriate primers (Table 1), and quantitative reverse tran
scription polymerase chain reaction (qRT–PCR) was performed with 
Maxima SYBR Green Master Mix (Thermo Scientific) on a Realplex2 
Real-Time PCR system (Eppendorf, USA). Measurements were normal
ized to the level of endogenous glyceraldehyde phosphate dehydrogenase 
(GAPDH) RNA.

2.11 In vitro angiogenesis array
The expression of angiogenesis-related proteins was measured using a 
Human Angiogenesis Antibody Array Q 1000 (RayBiotech, Inc., 
Norcross GA, USA) according to the manufacturer’s protocols. It is a com
bination of Human Angiogenesis Array Q2 & Q3 and detects 60 human 
angiogenic factors. Measurements were made using supernatants from 3 
biological samples (two technical replicates each) of 3TCC- or 
4TCC-hCMPs after 48 h of serum-free (Basel DMEM medium only) 
culture.

2.12 Mouse MI model
All animal procedures were performed in accordance with the guidelines 
for animal experimentation set forth and approved by the Institutional 
Animal Care and Use Committee (IACUC, APN 20502), School of 
Engineering, University of Alabama, Birmingham, and conformed to the 
Guidelines for the Care and Use of Laboratory Animals published by the 
US National Institutes of Health (2011) (NIH publication No 85-23). 
The number of animals for each group was calculated according to our pre
vious study25 and Rosner’s equation27,28 using values for power = 0.80 and 
significance level = 0.05. According to this calculation, minimum 6 mice are 
required for each group. All data are analysed with analysis of variance 
(ANOVA). A value of P < 0.05 is considered significant. Surgical induction 
of MI was performed in 8- to 10-week-old NOD/SCID gamma mice 
[NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (005557); The Jackson Laboratory]; 
6–11 animals were included in each treatment group.25,29 Briefly, mice 
were intubated, connected to a ventilator, and anesthetized with inhaled 
1–1.5% isoflurane USP (Fluriso™, VetOne®). The heart was exposed 
via a left thoracotomy, and MI was induced by permanently ligating the 
left anterior descending (LAD) coronary artery with a non-absorbable su
ture; sham surgery was performed via the same protocol, including passage 
of the suture around the LAD artery, but the artery was not ligated. The 
3TCC-hCMP or 4TCC-hCMP was applied after arterial ligation, and ani
mals in the Sham and MI-only groups recovered without either experimen
tal treatment. The chest was closed, and intraperitoneal injections of 
buprenorphine hydrochloride (0.1 mg/kg every 12 h for up to 3 days after 
surgery; Buprenex®, Reckitt Benckiser Pharmaceuticals Inc.) and carpro
fen (5 mg/kg every 12 h for 1 day after surgery; Rimadyl®, Zoetis) were 
provided for pain control. For euthanasia, mice were anesthetized with in
haled 5% isoflurane for several minutes; then, anaesthesia was confirmed 
via tail pinch, and cervical dislocation was performed before chest incision 
and heart removal.

2.13 Echocardiography
Echocardiographic imaging was performed as previously described.25,29

Briefly, animals were maintained under 1–1.5% isoflurane USP 
(Fluriso™, VetOne®) anaesthesia, and parasternal long-axis and two- 
dimensional short-axis images were acquired with a high-resolution micro- 
ultrasound system (Vevo 2100, VisualSonics, Inc.). Data were analysed and 
LV ejection fraction (EF) and fractional shortening (FS) were calculated 
with Vevo analysis software. The operator was blind to the experimental 
groups.

2.14 Engraftment rate
Engraftment was determined via IF analyses in cryopreserved heart sec
tions.25 Briefly, coronal sections were cut from apex to base at 10 μm 
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intervals, and every 30th serial section was stained with antibodies for 
cTnT, human-specific cTnT (hcTnT), and human nuclear antigen (HNA; 
Abcam, USA). hcTnT-expressing cells were counted, and the total was 
multiplied by 15 to calculate the number of engrafted hPSC-CMs per heart. 
hPSC-CM engraftment was calculated as the ratio of hcTnT+ cells to the 
number of hPSC-CMs in the implanted hCMP. The engraftment of 
hPSC-derived non-CM cells was calculated as the ratio of the number of 
cells that were both hcTnT– and HNA+ to the number of transplanted 
hPSC-derived non-CM cells.

2.15 Infarct size
Excised hearts were fixed in 4% PFA for 24 h, dehydrated, cleared, and em
bedded in OCT compound for cryopreservation; then, infarct size was cal
culated as described previously.30 Coronal sections were cut from apex to 
base at 10 μm intervals; then, every 30th serial section was fixed in Bouin’s 
solution, and stained with 0.04% Sirius Red to label the myocardial scar and 
with 0.1% Fast Green to label the uninjured myocardial tissue. Digital 
images of the stained sections were captured via light microscopy and ana
lysed with NIH ImageJ 20 software. The length of collagen deposition (red) 
and the total length of the LV were measured, and the scar size was calcu
lated with the following formula: Scar size = (Sum of the scar length from all 
sections × thickness of section) ÷ (Total length of LV from all sections × 
thickness of section) × 100%.25

2.16 Vascular density
Vascular density was evaluated in cryopreserved sections as described pre
viously.14,25,29 Briefly, sections were immunofluorescently stained with 
wheat germ agglutinin (WGA) and isolectin B4 (IB4), and vascular density 
was quantified as the number of positively stained vessel-like structures per 
unit area.

2.17 Statistical analysis
All assessments were conducted by an investigator who was blinded to the 
experimental condition and/or treatment group. Statistical analyses were 
conducted with a minimum of three samples per group, and data are pre
sented as mean ± standard error mean (SEM). Significance (P < 0.05) was 
determined via the Student’s t-test for comparisons between two groups, 
and one-way or two-way ANOVA for comparisons among three or more 
groups.

3. Results
3.1 hPSC-CMs, -SMCs, -AECs, and -CFs 
expressed the corresponding lineage 
markers
hPSCs were differentiated into hPSC-CMs, -SMCs, -AECs, and -CFs as pre
viously reported,1,3,4,19 and subsequent assessments confirmed the ex
pression of appropriate lineage markers in each differentiated cell type: 
hPSC-CMs expressed cardiac troponin T (cTnT), α-actinin, and 
N-cadherin; hPSC-SMCs expressed α-SMA, smooth muscle 22 α 
[SM22α], and calponin 1; hPSC-AECs expressed CD31, VE-cadherin, and 
VWF; and hPSC-CFs expressed fibroblast antibody clone TE-7 (TE-7) 
and vimentin, but not the myofibroblast markers α-SMA and calponin 1 
(Figure 1). In vitro experiments with cultured hPSC-CMs confirmed that 
the cells essentially have a limited proliferation rate (Supplemental 
material online, Figure S1), and flow cytometry analyses indicated that 
each of the final hPSC-derived cell populations was at least 97% pure: 
97.6% of hPSC-CMs expressed cTnT, 98.2% of hPSC-SMCs expressed 
α-SMA, >99% of hPSC-AECs expressed CD31 or VE-cadherin (CD144), 
and 99.4% of hPSC-CFs expressed TE-7 (Supplemental material online, 
Figure S2).

3.2 4TCC-hCMPs developed a more mature 
sarcomeric structure when cultured on 
a rocking platform
hCMPs (1 cm × 1 cm × 2 mm) were fabricated by mixing a cell-containing 
fibrinogen solution with thrombin in a mould. Both 3TCC- and 
4TCC-hCMPs were constructed with 1.4 million hPSC-CMs, 0.2 million 
hPSC-SMCs, and 0.2 million hPSC-AECs, and the 4TCC-hCMPs contained 
an additional 0.2 million hPSC-CFs; thus, a total of 2 million cells were in
cluded in the 4TCC-hCMPs, while the 3TCC-hCMPs contained 1.8 million 
cells. After 3 or 14 days of culture on a rocking (45 rpm) platform, 
hPSC-derived cardiac cells were identified in the hCMPs via IF staining 
for lineage-marker expression (hPSC-CMs: cTnT, hPSC-SMCs: α-SMA, 
hPSC-AECs: CD31, hPSC-CFs: TE-7) on the cross section of hCMPs or in
tact hCMPs. The proportion of cells expressing each lineage marker on 
Day 14 was equivalent to the cellular composition seeded for hCMP fab
rication (Figure 2, Supplemental material online, Figure S5, Table 2), which 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Reverse transcription-quantitative real-time polymerase chain reaction primer sequences used in this study

Genes Forward primer Reverse primer Product length (bp) Annealing temperature (°C)

GAPDH TCGACAGTCAGCCGCATCTTCTTT ACCAAATCCGTTGACTCCGACCTT 94 58

TNNI1 GGTGGATGAGGAGCGATACG GCTTCAGGTCCTTAATCTCCCTG 71 58
TNNI3 CCTCACTGACCCTCCAAACG GAGGTTCCCTAGCCGCATC 104 58

TNNT2 TTCACCAAAGATCTGCTCCTCGCT TTATTACTGGTGTGGAGTGGGTGTGG 165 58

MYH6 CTCCGTGAAGGGATAACCAGG TTCACAGTCACCGTCTTCCC 248 58
MYH7 ACCGTCCCCGCTCCTTC TCATTCAAGCCCTTCGTGCC 131 58

MLC2v ACATCATCACCCACGGAGAAGAGA ATTGGAACATGGCCTCTGGATGGA 164 58

MLC2a GGAGTTCAAAGAAGCCTTCAGC AAAGAGCGTGAGGAAGACGG 178 58
PPARA GCTTTCTGGGTGGACTCAAGT GAGGGCAATCCGTCTTCATCC 175 58

COX6A2 CATCCGCACCAAGCCCTAC CCTTTATTGTGTCCGGGGGC 127 58

CKMT2 GCTCCGGCTTCAAGACACTC TGCGCTTGGAGGAAATAGCC 190 58
SERCA 2 TCACCTGTGAGAATTGACTGG AGAAAGAGTGTGCAGCGGAT 149 58

RYR2 TTGGAAGTGGACTCCAAGAAA CGAAGACGAGATCCAGTTCC 141 58

NCX1 CCCGTCTGGTGGAGATGAGTGAGAA TTGCTGGTCAGTGGCTGCTTGTC 172 58
Cx43 TGAGCAGTCTGCCTTTCGTT CCAGAAGCGCACATGAGAGA 94 58

KCNJ2 TGCGCCAGCAACAGGACAT GTGTCTCTGGGAGCCTTGTG 105 58

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
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confirms that the cellular composition of 3TCC- and 4TCC-hCMPs re
mained stable. However, morphological assessments suggested that the 
sarcomeres of 4TCC-hCMPs grew longer and more organized from Day 
3 to Day 14 (Supplemental material online, Figure S3), and contractions 
were notably stronger in 4TCC- than in 3TCC-hCMPs at the later time 
point (Supplemental material online, Movies 1 and 2). The proportion of 
apoptotic (positive TUNEL staining) and necrotic [positive staining for 
phosphorylated mixed lineage kinase domain-like (pMLKL)] hPSC-CMs 
in 4TCC- and 3TCC-hCMPs was similar (Figure 3).

3.3 hPSC-CFs promoted hCMP maturation
Whether hPSC-CFs can improve the maturation of cultured hCMPs was 
investigated by comparing the patterns of expression for structural, meta
bolic, and ion-channel marker proteins that are associated with CM matur
ation (structural: human cTnT [TNNT2] and the ratios of cardiac: 
slow-skeletal TnI isoforms [TNNI3:TNNI1], myosin heavy chain isoforms 
7:6 [MYH7:MYH6], and the myosin light chain 2 ventricular:atrial isoforms 

[MLC2v:MLC2a]; metabolic: peroxisome proliferator-activated receptor 
alpha [PPARA], cytochrome C oxidase subunit 6A2 [COX6A2], creatine 
kinase mitochondrial 2 [CKMT2]; ion-channels: sarcoplasmic reticulum 
Ca2+-ATPase 2α [SERCA2], ryanodine receptor 2 [RYR2], sodium/calcium 
exchanger 1 [NCX1], Connexin 43 [Cx43], and cardiac inward rectifier 
potassium channel [KCNJ2]). When evaluated via qRT–PCR, measure
ments of mRNA abundance (Figures 4A–C), all markers were significantly 
greater in 4TCC-hCMPs than in 3TCC-hCMPs. 4TCC-hCMPs also had sig
nificantly greater amounts of cTnT, cTnI, and Cx43 protein (Figures 4D and 
E), higher ATP and cAMP levels, and a greater ratio of NAD+ to NADH 
(Figure 4F and G). Recent studies indicated that increased intracellular 
cAMP level in hPSC-CMs is associated with the involvement of 
hPSC-CFs17 in a study using cardiac microtissues examining the metabolic 
maturation of hPSC-CMs.17 The results in Figure 4 demonstrate that the 
cAMP level was significantly increased in 4TCC-hCMPs compared with 
3TCC-hCMPs (Figure 4H). The change of cAMP levels in 4TCC-hCMPs 
was also accompanied by a significant increase in measurements of 
mRNA expression of PGC-1α, which is a downstream targeted gene of 

Figure 1 hPSC-derived cardiac cells expressed the appropriate lineage markers. hPSCs were differentiated into hPSC-CMs, -SMCs, -AECs, and -CFs; then, 
the lineages of the differentiated cells were confirmed via immunofluorescent staining for the expression of cardiac troponin T (cTnT), α-sarcomeric actinin 
(α-Actinin), and N-cadherin for hPSC-CMs; α-SMA, SM22α, and calponin 1 for hPSC-SMCs; CD31, VE-cadherin, and VWF for hPSC-AECs; and TE-7, vimentin, 
α-SMA, and calponin 1 for hPSC-CFs. Nuclei were counterstained with DAPI. Scale bar = 20 μm.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
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cAMP. PGC-1α is a transcriptional co-regulator that promotes CM matur
ation and regulates mitochondria carbon substrate preference of ATP pro
duction towards using more fatty acids than glucose in oxidative 
phosphorylation,31,32 which again suggests that the hiPSC-CF in hCMP 
promotes the CM maturation.

Furthermore, although optical-mapping measurements of time to 50 
and 90% of action-potential recovery (APD50 and APD90, respectively) 
did not differ significantly in 4TCC- and 3TCC-hCMPs (Figure 5D and E), 
the CV (Figure 5A–C) showed a significant increase in 4TCC-hCMPs in 
comparison to 3TCC-hCMPs. In addition, all three parameters were sig
nificantly greater in hPSC-CMs isolated from 4TCC-hCMPs than in 
hPSC-CMs from 3TCC-hCMPs (Figure 5F–J). Thus, the inclusion of 
hPSC-CFs during patch manufacture appeared to promote the structural, 
metabolic, bioenergetic, and electrophysiological maturation of hCMPs.

3.4 hiPSC-FBs changed the profile of 
angiogenic factors released from 4TCC as 
compared with 3TCC patches
The angiogenic factors released from 3TCC and 4TCC patches were 
shown in Supplementary material online, Tables S1 and S2. When evaluated 
using the Human Angiogenesis Array, the abundance of Activin-A, 
angiopoietin-2, angiopoietin-like 4, basic FGF, epithelial neutrophil- 
activating peptide, hepatocyte growth factor, IL-1α, IL-1β, IP-10, LIF, pla
cental growth factor, RANTES, CXCL16, MCP-2, MCP-3, MMP-9, 
PECAM-1, uPAR, I-TAC, and VEGFR2 were greater, whereas TIMP-1, 
TIMP-2, TPO, FGF-4, and TGF-α were less abundant, in the medium 
from 4TCC than from 3TCC patches.

3.5 The inclusion of hPSC-CFs during 
manufacture increased the potency of 
hCMPs for myocardial repair in mice
The effectiveness of 4TCC- and 3TCC-hCMPs for promoting cardiac 
recovery was compared in a murine MI model. MI was induced via per
manent ligation of the LAD coronary artery, and then animals in the 
4TCC-hCMP group were treated with 4TCC-hCMPs; animals in the 
3TCC-hCMP group were treated with 3TCC-hCMPs; and animals in 
the MI-only group recovered without either experimental treatment. 
Both hCMP constructs were trimmed to 0.5 cm × 0.6 cm × 2 mm be
fore implantation; thus, the total number of administered cells was 
0.6 million and 0.54 million in the 4TCC- and 3TCC-hCMP treatment 
groups, respectively.

Echocardiographic assessments (Figure 6A) of LVEF (Figure 6B) and 
LVFS (Figure 6C) were equivalent in all three groups before MI but sig
nificantly greater in 4TCC-hCMP animals than in either the 
3TCC-hCMP or MI-only groups 7 and 28 days afterward. LVEF, 
LVFS, and the thickness of the LV anterior wall (Supplemental 
material online, Figure S6A and B) were also significantly greater in 
3TCC-hCMP than in MI-only animals on Day 28, and measurements 
appeared to increase (but not significantly) between the two time 
points in both hCMP treatment groups, whereas measurements in 
MI-only animals declined. Infarcts were also significantly smaller in 
hearts explanted from 4TCC-hCMP than from 3TCC-hCMP or 
MI-only animals on Day 28 (Figures 6D and E), whereas heart-weight: 
bodyweight ratios were significantly lower in 4TCC-hCMP than in 
3TCC-hCMP-treated animals and in both hCMP treatment groups 
than in MI-only animals (Supplemental material online, Figure S4).

Figure 2 Cellular composition of hCMPs was stable for at least 14 days in culture. (A) hPSC-CMs, -AECs, and -SMCs were identified in 3TCC-hCMPs via IF 
staining for the presence of hcTnT, CD31, and α-SMA, respectively; then, (B) the percentage of cells that stained positively for each marker was calculated. (C ) 
hPSC-CMs, -AECs, -SMCs, and -CFs were identified in 4TCC-hCMP via IF staining for the presence of hcTnT, CD31, α-SMA, or TE-7, respectively; then, (D) 
the percentage of cells that stained positively for each marker was calculated. Scale bar = 20 µM (n = 5).

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad004#supplementary-data
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3.6 hPSC-CM engraftment was greater in 
4TCC-hCMP-treated hearts than in hearts 
treated with 3TCC-hCMPs
Because the hCMPs were generated with human cells, cells from the im
planted hCMPs were identified in heart sections by immunofluorescently 
staining for expression of the human isoform of cTnT (hcTnT) and HNA 

(Figure 7A). The engraftment of hPSC-CMs (Figure 7B) was significantly 
greater in animals treated with 4TCC-hCMPs than in 3TCC-hCMP ani
mals, but the engraftment of non-CMs did not differ significantly between 
the two treatment groups (Figure 7C). Furthermore, when vascularity was 
evaluated by staining sections from the border zones of infarction with IB4 
and WGA (Figure 7D), the density of positively stained vessels was greater 
in sections from both hCMP-treated groups than from MI-only animals and 
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Table 2 Cellular composition of patches

Name Composition CMs AECs SMCs CFs Total cell number

3TCC-hCMP % 77.80% 11.10% 11.10% – 0.54 million

Cell number 0.42 million 0.06 million 0.06 million –
4TCC-hCMP % 70% 10% 10% 10% 0.6 million

Cell number 0.42 million 0.06 million 0.06 million 0.06 million

Figure 3 Necrotic and apoptotic hPSC-CMs were uncommon in 3TCC- and 4TCC-hCMPs. After 14 days of culture, hPSC-CMs were identified in 3TCC- 
and 4TCC-hCMPs by staining for hcTnT expression; then (A) apoptotic and (B) necrotic cells were identified via terminal deoxynucleotidyl transferase dUTP 
nick-end labelling (TUNEL) and immunofluorescent staining for pMLKL, respectively. (C ) Apoptosis was quantified as the percentage of TUNEL+ cells, and (D) 
necrosis was quantified as the percentage of pMLKL-positive cells. Nuclei were counterstained with DAPI. Scale bar = 20 μm.
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Figure 4 Markers for CM maturation were more abundantly expressed in 4TCC-hCMPs than in 3TCC-hCMPs, and cellular oxidative phosphorylation regu
lation reflects more mature CMs ATP production phenotype in 4TCC-hCMPs. (A–C) Patterns of mRNA expression for CM (A) sarcomeric, (B) metabolic, and 
(C ) ion-channel proteins were evaluated via qRT–PCR in 3TCC- and 4TCC-hCMPs. (D) CM protein expression was evaluated via western blot and (E) quan
tified via densitometry. Densitometry measurements were normalized to β-actin levels to control for unequal loading, and all quantified results were normal
ized to measurements in 3TCC-hCMPs. (F–H) ATP, NAD+, NADH, and cAMP abundance were measured with commercially available kits in 3TCC- and 
4TCC-hCMPs after 14 days of culture; then, (F ) ATP (nM/mg protein) levels, (G) the NAD+/NADH ratio, and (H ) cAMP levels (pmol/mg protein) were cal
culated and normalized to measurements in 3TCC-hCMPs. *P < 0.05 vs. 3TCC-hCMP, Student’s t-test (n = 5–6). TNNT2: cardiac troponin T (human); 
TNNI3/1; the ratio of the cardiac and slow-skeletal isoforms of TnI; MYH7/6: the ratio of isoforms 7 and 6 of myosin heavy chain; MLC2v/2a: the ratio of 
the ventricular and atrial isoforms of myosin light chain 2; PPARA: peroxisome proliferator-activated receptor alpha; COX6A2: cytochrome C oxidase subunit 
6A2; CKMT2: creatine kinase mitochondrial 2; SERCA2: sarcoplasmic reticulum Ca2+-ATPase 2α; RYR2: ryanodine receptor 2; NCX1: sodium/calcium ex
changer 1; Cx43: Connexin 43; KCNJ2: cardiac inward rectifier potassium channel.
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Figure 5 Conduction velocity (CV) and action-potential durations were greater in hPSC-CMs isolated from 4TCC- than from 3TCC-hCMPs. Optical maps 
of action-potential propagation were constructed after 7 days of culture for (A) 3TCC- and (B) 4TCC-hCMPs that had been stained with a voltage-sensitive dye 
(cycle length = 490–800 ms). (C ) CV was calculated from the activation time at each recording site and averaged across the whole map, and the durations of the 
action potentials were measured at (D) 50% (APD50) and (E) 90% (APD90) of signal recovery. hPSC-CMs were isolated from hCMPs after 7 days of culture, 
seeded on fibronectin-coated, 24-well, microelectrode array plates, and analysed 24–48 h later. (F ) Optical maps of action-potential propagation and (G) 
action-potential traces were collected for hPSC-CMs isolated from 3TCC- and 4TCC-hCMPs (pacing = 1.25 Hz, cycle length = 800 ms). (H ) CVs and action- 
potential durations until (I ) 50% (APD50) and (J ) 90% (APD90) recovery were calculated (pacing = 1.25 Hz, cycle length = 800 ms). *P < 0.05 vs. 3TCC-hCMP, 
Student’s t-test (n = 5–13).
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Figure 6 4TCC-hCMPs were more potent than 3TCC-hCMPs for improving recovery from MI in mice. MI was induced in mice, and then animals were 
treated with 3TCC-hCMPs, with 4TCC-hCMPs, or without either experimental treatment (MI-only). A fourth group of animals underwent Sham surgery 
and also recovered without either experimental treatment. (A) Echocardiographic images were obtained (B–C ) before MI induction (Pre-MI) and 7 and 28 
days afterward (MI-7d and MI-28d, respectively) and used to calculate measurements of (B) LVEF and (C ) LVFS. (D) Sections from the LV of animals sacrificed 
on Day 28 were stained with Sirius Red (fibrotic tissue, pink-red) and Fast Green (non-fibrotic tissue, blue-green), and then (E) the scar size was evaluated as the 
percentage of the LV surface area that was fibrotic. *P < 0.05 vs. MI-only, #P < 0.05 vs. 3TCC-hCMP, †P < 0.05 vs. same group on Day 7. Panel A: The dashed line 
in Figure 6A indicates the diameter of mouse heart at short-axis. Panels B and C: two-way ANOVA with Tukey’s multiple comparisons test (n = 5–12); Panel E: 
one-way ANOVA with Tukey’s multiple comparisons test (n = 5–12). Scale bar = 1 mm.
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Figure 7 hPSC-CM engraftment was significantly greater in 4TCC-hCMP-treated hearts than in hearts treated with 3TCC-hCMPs. (A) Sections from the 
region of 3TCC- or 4TCC-hCMP transplantation were immunofluorescently stained for the expression of cTnT, the hcTNT, and HNA. (B) hPSC-CM engraft
ment was calculated as the ratio of hcTNT+ cells to the total number of hPSC-CMs in the hCMP and presented as a percentage. (C ) The engraftment of 
hPSC-derived non-CMs was calculated as the ratio of cells that were both HNA+ and hcTNT– to the total number of hPSC-derived non-CMs in the 
hCMP and presented as a percentage. (D) Sections from the infarcted zone in hearts from animals in the 3TCC-hCMP, 4TCC-hCMP, and MI-only groups, 
and from the corresponding region of hearts from Sham animals, were immunofluorescently stained with WGA and IB4; then, (E) vessel density was quantified 
as the number of IB4-positive vascular structures per square millimetre. (F ) Arterioles containing cells from the transplanted hCMPs (arrows) were visualized in 
sections from the hearts of 3TCC- and 4TCC-hCMP animals via immunofluorescent staining for IB4, HNA, and α-SMA; nuclei were counterstained with DAPI. 
*P < 0.05 vs. 3TCC-hMCP, #P < 0.05 vs. MI-only. Panels B and C: Student’s t-test (n = 5–6). Panel E: one-way ANOVA with Tukey’s multiple comparisons test 
(n = 5–6). Scale bar = 20 µm.
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in the 4TCC-hCMP group than in 3TCC-hCMP animals (Figure 7E), but the 
differences between the groups did not reach statistical significance. 
Notably, cells expressing IB4, but not HNA, were observed in the region 
of hCMP implantation (Figure 7F), which suggests that native vessels had 
grown from the surrounding myocardium into the hCMP, but we observed 
no evidence that hPSC-derived cells had migrated from the hCMP into the 
injured ventricular wall.

4. Discussion
The ongoing development of hPSC technology has spurred considerable 
advancement in the fabrication of engineered myocardium for repairing 
the damage caused by myocardial injury.14,33,34 Previously, we have shown 

that when cultured under dynamic conditions, hCMPs composed of 
hPSC-CMs, -SMCs, and -ECs suspended in a fibrin matrix 
(3TCC-hCMPs) were associated with improvements in cardiac function, 
infarct size 4 weeks after administration to infarcted pig hearts.35 In the 
present study, we hypothesized that the addition of hiPSC-CFs may further 
improve the efficacy, which may be partially attributable to the improve
ment of the maturation of hPSC-CMs.17,36,37

The 4TCC-hCMPs became progressively more mature during the culture 
period, as evidenced by improvements in structural anisotropy and myofila
ment alignment, and the expression of CM maturation markers was signifi
cantly greater in 4TCC-hCMPs than in 3TCC-hCMPs when evaluated via IF 
staining, qRT–PCR, and western blot. Ion-channel protein abundance, markers 
for metabolic maturity, and CVs were also significantly greater in hPSC-CMs of 

Figure 7 Continued
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4TCC-hCMPs than in 3TCC-hCMPs, which suggests that the inclusion of 
hPSC-CFs improved the functional maturity of hPSC-CMs. Furthermore, 
the contractions observed in 4TCC-hCMPs were qualitatively stronger than 
those in 3TCC-hCMPs, and the abundance of ATP and cAMP, as well as 
the NAD+/NADH ratio, were significantly greater in 4TCC-hCMPs. Recent 
reports have emerged that increased intracellular cAMP level in hPSC-CMs 
is associated with the involvement of hPSC-CFs17 in a study using cardiac mi
crotissues examining the metabolic maturation of hPSC-CMs.17 Current study 
indicates that the cAMP level was significantly increased in 4TCC-hCMPs com
pared with 3TCC-hCMPs (Figure 4H). The change of cAMP levels in 
4TCC-hCMPs was also accompanied by a significant increase in measure
ments of mRNA expression of PGC-1α, which is a downstream targeted 
gene of cAMP. PGC-1α is a transcriptional co-regulator that promotes CM 
maturation and regulates mitochondria carbon substrate preference of ATP 
production towards more fatty acid oxidative phosphorylation.31,32 Results 
in the present study indicate that while mRNA levels of mitochondrial genes 
(i.e. COX6A2 and CKMT2) were up-regulated in 4TCC-hCMPs, the ATP le
vel in CMs was significantly increased in 4TCC-hCMPs compared with 
3TCC-hCMPs (Figure 4F), which is also associated with the increase of 
NAD+/NADH ratio in 4TCC-hCMPs (Figure 4G). Taken together, these re
sults indicate that CF in 4TCC-hCMPs promotes the maturation of CMs in 
the engineered tissue via the enhanced intracellular cAMP signalling pathway. 
Collectively, these observations suggest that 4TCC-hCMPs may be function
ally superior to 3TCC-hCMPs, and that much of the improvement can be at
tributed to the inclusion of hPSC-CFs, but direct assessments of the 
arrhythmogenic risk associated with 4TCC-hCMP transplantation will likely 
require experiments in large animals that have been implanted with loop re
corders for continuous electrocardiogram monitoring.14

hPSC-AECs appear to support arteriogenesis more effectively than con
ventional hPSC-ECs19,20; thus, since both the survival of transplanted cells 
and the repair of damaged tissue are crucially dependent on adequate vas
cularity and perfusion, the hPSC-ECs incorporated into our 3TCC- and 
4TCC-hCMPs were generated via a differentiation protocol that pro
moted the arterial EC phenotype. Measurements of engraftment were sig
nificantly greater in hearts treated with implanted 4TCC-hCMPs after MI 
than in 3TCC-hCMP-treated hearts, and the implanted 4TCC-hCMPs 
were associated with significantly better measurements of LVEF, LVFS, in
farct size, and hypertrophy. However, whether (and to what extent) these 
improvements could be attributable to the inclusion of hPSC-AECs, or to 
the activity of hPSC-CFs in concert with the other types of cardiac cells in 
the 4TCC-hCMP, remains unclear. In addition, CFs have been demon
strated that play an important role in extracellular matrix excretion38

and structural support formation in myocardium39,40 or engineered car
diac tissue.41,42 Besides its paracrine contribution (Supplementary 
material online, Tables S1 and S2), another explanation for promoted car
diac function and reduced scar size of the 4TCC-hCMP-treated group 
compared with the 3TCC-hCMP-treated group could be the direct contri
bution to contractility by the transplanted 4TCC-hCMP, due to the mech
anical support of hPSC-CFs. In this case, in order to better evaluate the 
mechanical performance of hCMP, the mechanical behaviour needs to 
be tested and compared with native heart tissue, such as contractility as
say14 and stress–strain relationship analysis.43 Further characterization of 
4TCC-hCMPs will give us a comprehensive understanding of cellular inter
action effects on its structure and function and enable us to improve the 
efficacy of MI therapy. Furthermore, the results from multiple studies sug
gest that the benefit of cell-based myocardial therapy is mediated primarily 
by paracrine factors that are released from the transplanted cells, including 
transplanted CMs,44–46 so much of the functional improvement observed 
in the hearts of animals from both hCMP treatment groups likely evolved 
indirectly, rather than via the direct participation of hPSC-CMs in myocar
dial contractions.

5. Conclusion
hPSC-CFs promoted CM maturation in cultured 4TCC-hCMPs, and when 
evaluated in a murine MI model, assessments of cardiac function and infarct 

size were significantly better after treatment with implanted 4TCC-hCMPs 
than in 3TCC-hCMP-treated animals. Measures of hPSC-CM engraftment 
were also greater in 4TCC-hCMP-treated mice, which may have been at 
least partially attributable to the inclusion of hPSC-CF, during hCMP 
manufacture. It is noted that the imaging quality of cryo-sectioning of the 
fibrin-based constructs is difficult. However, it is sufficient for the purpose 
of cell-type analysis and the quantification of apoptosis in the present study. 
Additional studies are warranted to characterize the mechanisms that sup
port the enhanced potency of 4TCC-hCMPs for myocardial repair and to 
begin evaluating the safety and efficacy of 4TCC-hCMPs in clinically 
relevant, large mammal models of cardiac injury.
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Translational perspective
Heart transplantation surgery remains the only established treatment for end-stage heart disease, and the supply of donated hearts is far lower than the 
number of patients in need of treatment. Thus, the goal of cardiac tissue engineering is to replace the scarred region of an injured heart with functional 
cardiac muscle. The results presented in this report suggest that engineered human cardiac muscle patches may be more effective for the treatment of 
heart disease when they are constructed with cardiomyocytes, smooth muscle cells, endothelial cells, and cardiac fibroblasts than when the cardiac 
fibroblasts are omitted.
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