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Abstract
Heart failure (HF) remains one of the major causes of morbidity and mortality worldwide. Recent studies have shown that stem
cells (SCs) including bonemarrowmesenchymal stem (BMSC), embryonic bodies (EB), embryonic stem (ESC), human induced
pluripotent stem (hiPSC)-derived cardiac cells generation, and transplantation treated myocardial infarction (MI) in vivo and in
human. However, the immature phenotypes compromise their clinical application requiring immediate intervention to improve
stem-derived cardiac cell (S-CCs) maturation. Recently, an unbiased multi-omic analysis involving genomics, transcriptomics,
epigenomics, proteomics, and metabolomics identified specific strategies for the generation of matured S-CCs that may enhance
patients’ recovery processes upon transplantation. However, these strategies still remain undisclosed. Here, we summarize the
recently discovered strategies for the matured S-CC generation. In addition, cardiac patch formation and transplantation that
accelerated HF recuperation in clinical trials are discussed. A better understanding of this workmay lead to efficient generation of
matured S-CCs for regenerative medicine.
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Introduction

Heart failure (HF) remains one of the major causes of morbid-
ity and mortality worldwide. In spite of effective

contemporary treatment strategies such as chemotherapy,
catheterization, and surgical interventions, HF recurrence is
still high [1]. Recent observations indicate that patients who
underwent mitral-valve repair or replacement for severe ische-
mic mitral valve regurgitation had frequent recurrence with
subsequent HF [2]. Approximately, 50% of patients who
underwent the left ventricular assist device therapy died after
1 year due to HF recurrence [3]. Pulmonary artery catheters
worsened HF and to some extent, HF reoccurred in patients
who recovered from such treatment [4]. Lack of replacing or
repairing damaged cardiac cells as a result of aging explains
this phenomenon [5]. The higher HF mortality and its recur-
rence have intensified the necessity to explore novel strategies
for the replacement of damaged cardiac cells to improve car-
diac function.

Preclinical studies showed that stem cells such as bone
marrow mesenchymal stem (BMSC), embryonic stem (EB);
embryonic stem (ESC), human-induced pluripotent stem
(hiPSC)-derived cardiac cells including endothelial cells
(ECs), cardiac conducting system such as sinoatrial nodes
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(SANs) and atrioventricular nodes (AVNs), cardiomyocytes
(CMs), cardiac fibroblasts (CFs), and epicardial cells (EpCs)
treated myocardial infarction (MI) in vivo and in human [6].
Nonetheless, the immature phenotype of stem-derived cardiac
cells (S-CCs) compromises their clinical application for MI
and HF treatment [7].

Recently, an unbiased multi-omic analysis involving geno-
mics, transcriptomics, epigenomics, proteomics, and metabo-
lomics identified specific strategies for the generation of ma-
tured S-CCs that may enhance patients’ recovery processes
upon transplantation. However, these strategies still remain
undisclosed. Here, we summarize the recently discovered
strategies for the matured S-CC generation. In addition, ma-
tured cardiac patch formation and transplantation that treated
HF in clinical trials are discussed. A better understanding of
this work may lead to effective and efficient generation of
matured S-CCs for cardiac regenerative medicine.

Matured Stem-Cardiac Cell Generation

Cardiac Conducting System

The SANs, AVNs, and bundles of His and Purkinje fibers
transmit electrical impulse to initiate heartbeat. Continuous
damage of the cardiac tissues causes arrhythmia, HF, and
frailty in elderly people [8]. The strategies for generation,
transplantation, and replacement of the damaged conducting
system are necessary for the prevention of arrhythmia, HF,
and death in aging individuals. Recently, a 2-component car-
diac organoid model, a 3-dimentional (3D) model that mimics
the adult cardiac cells’ physiological environment to bridge
ex vivo and in vitro techniques, has been developed. This 3D
model utilized EB to engineer heart tissue (EHT). The EB-
EHT cultured with fibrinogen and thrombin expressed SAN
transcription factors (TFs) such as hyperpolarization-activated
cyclic nucleotide-gated channel 4 and T-box-3, 18 (Tbx3, 18)
which further exhibited specific matured EBs-SAN genes,
including α-actinin, myosin light chain (MLC-2a), and
MLC-2v with spontaneous beats. The generated EB-SAN fur-
ther expressed matured gene including connexin 43 (Cx43)
with accurate calcium signaling, diastolic depolarization peri-
od, action potential (AP), and autonomous beating provening
the generation of pacemaker cells [9, 10]. It was observed that
wingless 3a (Wnt3a) ligand triggered TFs including the short
stature homeobox 2 (Shox2) expression and repressed pan-
cardiac genes such as cardiac troponin I,T (cTNT) leading to
matured-like spontaneous beating with AP similar to native
SA pacemaker cells in mouse ESCs. The generated ES pace-
maker cells further exhibited matured features such as appro-
priate Ca2+-clock mechanisms, maintained rapid automaticity
and short AP duration [11]. In addition, EBs with activated
exogenous Shox2 induced endogenous Shox2 expression
which stimulated pacemaker-specific genes including gap

junction alpha-7 protein (GJA7) and Cx45 leading to EB
pacemaker cell generation. Observations showed that gener-
ated EB pacemaker cells had elevated Na+-Ca2+ exchanger
coupling, spontaneous intracellular Ca2+ release, and high
voltage oscillations [12]. Moreover, contactin-2 activation,
a cell adhesion molecule critical for neuronal patterning
and ion channel clustering, activation in EB-generated cells
expressing Cx40 with cardiac pore-forming sodium channel
subunits such as Nav1.5/Scn5a led to spontaneous electrical
oscillations causing early after depolarizations and prolong
AP which progressed to EB-Purkinje fiber network forma-
tion in vivo [13, 14]. It was identified that cyclic adenosine
monophosphate (cAMP) activation by sodium nitroprusside
upregulated generated Purkinje fiber maturity by triggering
Cx30.2, 45, and contactin-2 [15], showing that treatment
with fibrinogen and thrombin and activation of Wnt3a,
Shox2, and contactin-2 promote cardiac conducting system
maturation both in vitro and in vivo. Therefore, targeting
these novel genes may enable the generation of matured
cardiac conducting system capable of treating arrythmia
and HF resulting from damaged SANs, AVNs, and
Purkinje fibers.

S-ECs

ECs line the inner layer of the vasculature and the endocardi-
um to prevent clot formation and thrombosis. A massive loss
of ECs in the coronary microvasculature promotes the devel-
opment of MI and HF requiring immediate EC replacement
strategy to prevent HF in patients. More recent studies have
shown that genomic editing strategies such as gene insertion
and deletion generated matured S-CCs. For instance, zinc fin-
ger nuclease technology allowed the insertion of reporter
genes into the safe harbor gene locus (protein phosphatase 1
regulatory subunit 12C (PPP1R12C) or adeno-associated vi-
rus integration site 1 (AAVS1)) in the hESC and hiPSC. The
application of zinc finger nuclease technology led to the gen-
eration of immature hiPS-ECs [16]. In addition, type II clus-
tered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) (CRISPR/
Cas9) technique inserted factor VIII gene into hemophilia A,
a coagulation abnormality disease caused by the deletion of
the blood coagulation factor VIII (FVIII) gene, patient-derived
iPSCs which generated immature hiPS-ECs evidenced by the
expression of pan-cardiac cell genes such as octamer-binding
transcription factor 4 (Oct4), SRY-box transcription factor 2
(Sox2), and Lin28 [17]. Additionally, DNA promoter methyl-
ation increases immature EC generation by augmenting pro-
teins and TFs such as ETS variant transcription factor-2, nu-
clear receptor 2 subfamily 2, and Gata2 in hiPSCs, EBs, and
ESCs [18, 19]. Furthermore, elevated glucose uptake in-
creases the stimulation of proteins that induce iPSC differen-
tiation, including vascular epithelial growth factor (VEGF-A)
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leading to EC TF activation and immature hiPS-EC genera-
tion [20, 21], indicating that zinc finger nuclease technology,
CRISPR/Cas9, and DNA methylation provide a platform for
the generation of immature S-CCs.

The identification that stepping up S-EC generation tech-
niques to produce mature S-ECs is important to cardiac regen-
erative therapy obtained particular attention. This led to devel-
opment of other strategies such as the adherent feeder-free
differentiation protocol for matured S-EC production. The ad-
herent feeder-free differentiation protocol successfully gener-
ated mature hiPS-ECs that continued to tube formation by
activating endothelial nitric oxide synthase (eNOS), von
Willebrand factor (vWF), and Weibel-Palade bodies (WPBs)
in type 1 diabetes mellitus patient-derived hiPSCs [22, 23].
The matured hiPS-ECs transplanted into rat peri-infarct area
secreted VEGF-A, increased neovascularization, improved
left ventricular ejection fraction (LVEF), and prevented the
occurrence of ischemic HF [24]. It was reported that
transplanted hiPS-ECs induce structural maturation in pre-
existing endocardial cells via the activation of TnI1,3,
myosin-heavy chain 6,7 (MYH6,7), myosin-light chain
(MYL2,7), and specific gap junction including Cx43 and zo-
nula occludens-1 (ZO-1). In addition, transplanted hiPS-ECs
had higher expression of extracellular matrix, collagen I, III,
and fibronectin which enhanced hiPS-EC-hiPS-EC communi-
cations and signal transduction restoring Duchenne muscular
dystrophy (DMD), a lethal degenerative muscle disease
caused by over 3000 different mutations in the X-linked dys-
trophin gene clustered, mice cardiac function [25]. In addition,
Cx43 facilitated the native ECs-hiPS-EC electrophysiological
communication [25]. Additionally, higher expression of ZO-
1, vascular endothelial cadherin (Ve-cad), cluster of differen-
tiation 34 (CD34), and vWF increased native ECs-hiPS-EC
tight junction formation and prevented permeability [25, 26].
However, apolipoprotein E4 gene overexpression increased
proinflammatory and prothrombotic states repressing tight
junction protein function which increased permeability and
hiPS-EC dysfunction [26], suggesting that tight junction pro-
tein activation improves hiPS-EC maturation, native EC-
hiPS-EC, and hiPS-EC-hiPS-EC junction communication.
Therefore, strategies to maintain progressive matured genes
and tight junction protein expression to enhance continuous
hiPS-EC-native EC communication may accelerate the recu-
peration rate in patients.

Recent reports have demonstrated that hiPSCs treated with
CHIR-99021 glycogen synthase kinase 3-β inhibitors, follow-
ed by bone morphogenetic protein 4 (BMP4) and a brief pe-
riod of VEGF-A and Forskolin activation, maintained Ve-Cad
andmatured gene expression andmatured EC generation [27].
It was identified that hESCs treated with Wnt3a and BMP-2
generated immature atrioventricular and endocardium cells.
The later further differentiated to pre-valvular cells by trigger-
ing Smad6, Sox9, cadhrin-11, N-cadhrin, periostin, and

endoglin [28]. However, treatment with VEGF-A and BMP-
4 synergistically represses immature genes including enhancer
of zeste homolog-2, increased matured hiPS-EC generation
which continued to tube formation in vitro, and angiogenesis
in vivo [29, 30]. An RNA-seq analysis demonstrated that
ESCs with friend leukemia integration 1(FLI1) and protein
kinase C (PKC) co-activation differentiated to immature ECs
[31], while VEGF-A and BMP-4 activation increasedmatured
gene expression that progressed to hiPS-EC network forma-
tion [32]. Collectively, these data indicate that genome editing
techniques and DNA methylation generated immature hiPS-
ECs. However, an optimized and adherent feeder-free differ-
entiation procedure generated matured hiPS-ECs and im-
proved adult ECs-hipS-EC junction communication. These
suggest that utilizing the optimized and adherent feeder-free
differentiation procedure to generate matured hiPS-EC may
improve the function of transplanted hiPS-ECs and prevent
HF.

S-CMs

A genomic analysis showed that gene insertion at AAVS1
locus by the transcription activator-like effector nucleases
(TALEN) technology in hiPSCs produced matured hiPS-
CMs that mimicked native CM functionalities [33]. In addi-
tion, point mutations efficiently restored dystrophin protein
function promoting appropriate contractility and the genera-
tion of matured hiPS-CMs in hiPSCs derived from DMD pa-
tients [34]. A whole transcriptome sequencing shows that in-
hibition of heart break long noncoding RNA 1 and miR-1
allowed α/β-myosin heavy chain α/β (α/β-MHC) activation
and increased mature hiPS-CM generation [35]. The trans-
plantation of 1 × 106 matured hiSP-CMs exhibiting higher
Cx43, N-cadherin, α/β-MHC, rapid contraction, and relaxa-
tion rate which significantly reduced MI progression and im-
proved LVEF in rats [36, 37]. In addition, bioinformatic anal-
yses of miRs and TF regulatory programs demonstrated that
miR-200c inhibition escalated hESC differentiation TFs such
as CACNA1C, KCNJ2, and SCN5A (Ca2+, K+, and Na+ ion
channel genes) increased matured hiPS-CM generation [38].
Moreover, deep RNA sequencing analysis of cardiac biopsy
from dilated cardiomyopathy patient shows that circular
RNAs such as circ-MYOD, -SLC8A1, -ATXN7. and -
PHF21A interaction with argonaute-2 protein complexes at-
tenuated matured hiPS-CM generation. However, circ-
SLC8A1, -CACNA1D, -SPHKAP. and -ALPK2 upregulation
accelerated matured hiPS-CM generation [39], suggesting that
gene insertions and point mutations generate matured hiPS-
CMs. Moreover, whole transcriptome sequencing and bioin-
formatic analyses provide accurate strategies for the identifi-
cation of specific TFs and miRs that promote hiPS-CM gen-
eration. The application of these protocols to generate mature
hiPS-CMs that perpetually maintain matured gene expression

J. of Cardiovasc. Trans. Res. (2021) 14:556–572558



may decline the HF progression providing an avenue for car-
diac generative medicine.

Epigenetic modification has recently been implicated into
matured S-CC generation and cardiac regenerative medicine.
The application of the rank correlation method identified that
spalt-like transcription factor-3 (SALL3), a TF that interacts
with DNAmethyltransferases-3A and 3B at CpG methylation
sites to activate the CM stemness gene, overexpression in-
creased ectoderm differentiation propensity, and decreased
mesoderm and endoderm differentiation propensity. The at-
tenuation of the SALL3 expression declined ectoderm, meso-
derm, endoderm propensity gene such as nestin, Sox1, GATA
-binding factor 4 (Gata4), and kinase insert domain receptor
(KDR), forkhead box-A2, and alpha-fetoprotein, respectively,
in hiPSCs. It was observed that treatment of endoderm with
CHIR99021 followed by IWP4, a Wnt inhibitor, led to the
generation of immature hiPS-CMs [40]. Moreover, class I
and II histone methylation regulatory elements have been
found to play an important role in the generation of mature
hiPS-CMs. Class I histone methylation regulatory elements
(ubiquitous enhancer (H3K4me1) and promoter (H3K4me3)
promote pan-CC generation. However, class II histone meth-
ylation regulatory elements H3K4me1 and promoter
H3K4me3 activation accelerated matured hiPS-CM genera-
tion [18]. In addition, bone marrow progenitor cells treated
with trichostatin A, a histone deacetylase inhibitor, and 5-
aza-2`-deoxycytidine, a DNA methylation inhibitor, activated
matured genes such as cardiotroponin I, α-sarcomeric actinin,
α-MHC and elevated matured hiPS-CM generation. The
intramyocardial injection of 5 × 105 hiPS-CMs into the infarct
area declined MI, improved LVEF, and prevented MI-
associated HF [41].

Furthermore, transcriptomic analysis showed that mouse
embryos expressing insulin gene enhancer protein 1 (Isl1), a
TF that can augment maturation, differentiated into cells ex-
pressing both MLC2a and MLC2v [42]. However, activin A
and BMP4 activation specified cell into ventricular CMs with
immature TFs including Tbx5ILKNkx2–5+, Tbx5+Nkx2–5−,
Tbx5−Nkx2–5+, and Tbx5−Nkx2–5− [42–45]. Interestingly,
BMP-2 activation suppressed the immature TFs, including
Nanog, Sox2, Oct-4, GATA-binding factor 6 (Gata6),
hyaluronan, and proteoglycan link protein 1 (HAND1) and
increased the expression of matured TFs such as MYL kinase
7, 9, tropomyosin1, and MYH9. The purification and trans-
plantation of >15 million hiPS-CMs into rats and non-human
primates’ myocardium significantly treated MI [46]. It was
observed that 5 × 105 transplanted hiPS-CMs secreted
exosomes/microvesicles containing miRNAs such as Nanog-
regulated miR-21 and hypoxia inducible factor-1α-regulated
miR-210 which prevented MI and the HF progression in mice
[47]. In addition, hMSC-secreted soluble factors increased the
expression of tight junction proteins including Cx43, N-
cadherin and myofibrils A-, H-, and I-bands alignment,

structural framework, electric pacing and cell-cell interactions.
The hMSC-derived soluble factors elevated hiPSC-CM met-
abolic activities which accelerated adenosine triphosphate
(ATP) production in hiPSC-CM and hMSC co-culture [37].
The tight junction proteins increased native CMs-hiPS-CM
structural communication at post-transplantation [37], indicat-
ing the metabolic role in mature hiPSC-CM generation.

The failing heart undergoes a metabolic switch from fatty
acid oxidation (FAO) to glycolysis resulting in low ATP syn-
thesis. In addition, depleted ATP production declined 5′
adenosin monophosphate kinase α2 (AMPKα2) and in-
creased AMPKα1 (AMPKα2 to AMPKα1 switch) and pro-
motes endocardial inflammation and triggers CMdysfunction.
The metabolic AMPKα2 to AMPKα1 switches accelerate HF
development in patients with failing heart [48–51]. Studies
have demonstrated that generated matured hiPS-CMs effec-
tively regulate ketogenesis, ketolysis, and methylglyoxal-
related metabolism with depletion of oxidation stress-
associated hypertrophic cardiomyopathy (HCM) via activa-
tion of angiogenic proteomes [52]. In addition, abundance of
mitochondrial proteins including ATP synthase subunit γ,
succinyl-CoA:3-ketoacid coenzyme A transferase 1, aldehyde
dehydrogenase, 3-ketoacyl-CoA thiolase, and isocitrate dehy-
drogenase subunit γ upregulated mitochondrial mass and
mtDNA content which increased FAO, ATP production, and
the matured hiPS-CM generation [53, 54], indicating that
higher FAO, AMPKα2 activation, and mitochondria biogen-
esis accelerate maturation of hiPS-CMs. FAO elevated native
ECs-hiPS-CM communication by escalating cluster of differ-
entiation 31 (CD31) and MYL3,4, respectively. In addition,
vimentin and periostin enhanced fibroblast-hiPS-CM commu-
nication [53, 55]. Collectively, these show that employing
genomic editing, transcriptomic and specific metabolomic
for mature hiPS-CM generation and transplantation may pre-
vent HF development.

S-CFs

Epicardial tissue constitutes approximately 80% of cardiac
fibroblasts (CFs) in the adult heart [56]. Various studies have
shown that CFs contribute to hypertrophic cardiomyopathy
and HF development [57]. However, recent studies have dem-
onstrated cardioprotective effect of hiPS-CFs [47]. For in-
stance, in vitro, scaffold-free 3D microtissue approach first
differentiated hiPSCs into EPCs which further transitioned
to hiPS-CFs by suppressing WT1, Tbx18, and upregulating
matured hiPS-CF genes such as gap junction alpha-1 protein
(GJA1), integrin subunit alpha 4, collagen type alpha1, and
periostin following basic fibroblast growth factor (bFGF2)
activation [58]. Matured hiPS-CFs induced matured pheno-
typic traits such as electrophysiological maturity via KCND3
and KCNA4, typical transient outward potassium current (Ito)
genes, increased AP amplitudes, and prolonged duration at
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90% of repolarization in hiPS-CMs and hiPS-CFs co-cultured
[58]. In addition, matured hiPS-CFs elevated structural matu-
rity by escalating cardiac sarcomeric genes, desmin, titin-cap,
and accelerated well-organized sarcomere formation with reg-
ular Z-lines, I-bands, H-zones, M-lines, and T-tubule-like
structures in hiPS-CMs and hiPS-CF co-culture [58].
Additionally, the matured hiPS-CFs elevated hiPS-CM sarco-
plasmic reticulum Ca2+ handling potential via calsequestrin,
calmodulin 2, phospholamban, and triadin, Ca2+-handling
proteins activation which led to appropriate negative and pos-
itive inotropic responses to pharmacological agents such as
verapamil (L-type calcium channel antagonist) and K-8644
(L-type calcium channel agonist) [58]. These data demon-
strate that utilizing the scaffold-free 3D microtissue approach
for mature hiPS-CF generation further induce hiPS-CM gen-
eration. In addition, this imply that matured hiPS-CFs have
higher potential of induce native CM generation to improve
injured heart recovery. The transplantation of matured hiPS-
CFs may facilitate appropriate contraction, relaxation, electro-
physiology, and drug responses to prevent HF serving as gen-
erative therapeutic strategy.

S-EpCs

The epicardium forms a monolayer that surround the heart
surface to protect the endocardium and supports CM pro-
liferation [59, 60]. The 2D monolayer-based direct differ-
entiation approach utilizes well-defined, growth factor-
and xeno-free system for the generation of EpCs from
hiPSCs. This protocol activated EpC TFs such as WT1,
transcription factor 21 (TCF21), Tbx18, and α-actinin
both in vivo and in vitro upon BMP-4 activation in the
hESC culture [60]. In addition, EBs treated with activin A
and BMP-4 produce EpCs with higher expression of ZO-
1, indicating matured hiPS-EpCs [43, 60]. Altogether,
these data indicate that the activin A and BMP-4
overactivation promote matured EpC generation provid-
ing a promising avenue for replacement of dead EpCs in
MI for the prevention of MI-associated HF.

Formation of Cardiac Patches

Researchers have employed different approaches for the gen-
eration of cardiac patch (Table 1).

For instance, Ong et al. reported that a hiPSC-CM,
human umbilical vein EC (HUVEC), and adult ventricular
CF co-culture formed cardiospheres expressing the ma-
tured markers of individual cells such as cTNT, CD31,
and vimentin, respectively. Recently, biomaterial-free car-
diac patch using a 3D bioprinter has been developed for
the generation of cardiac patch. Applying the 3D design
software of the 3D bioprinter, the cardiospheres were
identified, isolated with vacuum suction, transferred, and

loaded onto a needle array in a sterile environment. The
cardiospheres were bioprinted and allowed to mature. The
needle array was removed to obtain the cardiac patch
[61]. The 3D bioprinting techniques have been utilized
to generate 3D myocardium with synchronous macroscop-
ic beating. In addition, the hybrid technology combining
guided self-assembly and 3D bioprinting created ECs with
higher CD31 expression, tight junctions with adjacent
cells, self-assembly, vessel-like conduits, and cardiac
patch formation [71]. The cardiac patch engraftment onto
rat myocardium promoted vascularization and maturation
in pre-existing CMs indicating significant step toward
generation of stem cell-based HF treatment [61].
Similarly, Gao et al.’s generated cardiac trilineage cell
patch consisting of hiPSC-CMs, -ECs, and -smooth mus-
cle cells. An epicardially engrafted mature 4 cm × 2 cm ×
1.25 mm cardiac patch, a clinically relevant dimensions,
released exosomes that reduced MI and hypertrophy and
significantly improved LVEF in swine [6].

Furthermore, laser-induced-forward-transfer (LIFT)
bioprinting technology used to create EBs from mouse
ESCs further directed cardiogenesis [72]. The LIFT
bioprinting technique prints HUVEC and hMSC onto a car-
diac patch to enhance angiogenesis. LIFT-generated cardiac
patch transplantation attenuated the progressive hypertro-
phy and cardiac f ibros is 8 weeks post -MI [73] .
Additionally, tissue printing (TP) technology printed hu-
man cardiac-derived CM progenitor cells in an alginate hy-
drogel scaffold with higher matured transcription factor ex-
pression, cardiac lineage commitment, and viability [74].
Moreover, the automated bio-3D printer created cardiac
spheroid from induced pluripotent SCs (iCells), ECs, and
fibroblasts which formed tubular cardiac construct which
had spontaneous beating with higher amplitude [75]. A
follow-up study indicates that 0.2 × 0.2 cm epicall patching
retained the CM phenotype by expressing TnI, cardiac
actinin, and Cx43 and decreased mice MI progression
[76]. In additon, Peti et al.’s printed heart tissue constructs
using extrusion bioprinting by utilizing decellularized ex-
tracellular matrix bioink extracted from heart tissue and lad-
en with myoblasts [77]. The transplantation of bioink gen-
erated cardiac patch comprising extracellular matrix hydro-
gel (cECM) and human hCPC showed high cell viability,
vascularization, and improved cardiac function in MI mice
[78]. Additionally, cardiac patch influences regeneration,
proliferation, and maturation of host CMs [62, 63]. It has
been confirmed that implanted cardiac patch form CM net-
works induced native heart tissue proliferation and vascu-
larization with evidence of appropriate electrical coupling
and declined the MI progression in guinea pig [64, 65]. The
engrafted cardiac patch recapitulated short QT syndrome,
an inherited arrhythmogenic syndrome characterized by an
abnormal ion channel function, by improving the IKr current
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density in vitro, prevented MI and HF in rats [66]. In
additon, the transplanted cardiac patch continued to express
angiogenic growth factors such as angiopoietin 1, VEGF-A,
insulin growth factor-1, and CM structural proteins includ-
ing Cx43 and β-MHC which declined chronic HF progres-
sion in rats [67]. The cardiac patch implantation maximized

LVEF while decreasing LV end diastolic pressure to pre-
vent chronic HF in rats (Figure 1) [68], suggesting that car-
diac patch implantation prevents arrythmias, MI, and HF
in vivo. The cardiac patch generation and transplantation
have demonstrate high effectiveness and safety in animal
models which suggest its application in clinical trials.

Table 1 The table shows stem cells and strategies for matured S-CC generation, matured markers, generated cell type, and mature features

Ref no. Stem cell Strategy Matured markers S-CC type Matured features

[8–11] EBs, ESCs, hESCs 2-component cardiac
organoid model

α-actinin, Cx43,
MLC-2a, and
MLC-2v

SAN,
pacemaker

Spontaneous beating, AP similar to native SA

[11–15] EBs Shox2, contactin-2 tran-
scripts

Gja7, Cx30.2, 45 SAN,
Purkinje
fiber

Higher Na+-Ca2+ exchanger coupling,
spontaneous intracellular Ca2+ release, high
voltage oscillations

[22–25] hESC Optimized and adherent
feeder-free differentia-
tion procedure

eNOS, vWF,
WPBs

EC Enhances tubular formation, LVEF, ischemic
HF in mice

[27–32] hESC, hiPSCs CHIR-99021 and CP21R7
followed by BMP4,
VEGF-A, and forskolin
activation

Ve-Cad EC EC network formation

[33–38] hiPSC Gene insertion at AAVS1
locus by TALEN
technology

Cx43, N-cad, and
MHC-α/β

CM Rapid contraction and relaxation rate

[39] hiPSC circSLC8A1,
circCACNA1D,
circSPHKAP and
circALPK2 activation

CMs Rapid contraction and relaxation rate

[18] hiPSC Class II (H3K4me1 and
H3K4me3)

cTnTI, N-cad CMs Contraction and relaxation

[41–47] hiPSC BMP-2 MYLK7, 9,
tropomyosin1,
and MYH9

CMs Exosomes/microvesicles, increased contraction
and relaxation

[48–54] hiPSC FAO, mitochondria
biogenesis, ATP
production

– CMs Effectively regulate ketogenesis, ketolysis, and
methylglyoxal-related metabolism with de-
pletion of oxidation stress-associated HCM

[56–58] hiPSCs Scaffold-free, 3D
microtissues approach

GJA1, ITGA4,
collagen type
alpha1
(Col1α1, 2),
POSTN

CFs Induced CM electrophysiological activities and
structural maturation genes expression

[43, 59,
60]

hESCs BMP-4 activation α-actinin, KDR,
PDGFRA,
ZO-1

EpCs Tight junction formation

[6, 61] hiPSC-CMs +HUVECs+
and adult ventricular
CFs

3D bioprinter – Cardiospheres Reduced apoptosis, MI, hypertrophy, and
significantly improved LVEF

[62, 63] hiPS-ECs, CMs, CF Cardiac patch α-actinin, cTNT,
and Cx43

Cardiac patch Increased regeneration, proliferation, and
maturation of host CMs

[64–68] hiPS-ECs, CMs, CF EHT patch cTNT and Cx43 EHT patch Formed a CM network, induced native heart
tissue proliferation and vascularization

[69, 70] Cardiac patch + omental
flap

Cardiac sheet – Cardiac sheet Increased perfusion, nutrient diffusion, and
angiogenetic factor secretion, created an
anti-ischemic environment which promoted
maturation, and prolonged the survival of
transplanted S-CCs
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Clinical Trials

Heart Failure

The S-CC generation and transplantation have gained ade-
quate clinical attention. Recent reports have shown that surgi-
cal transplantation of 4 million hiPS-CMs that have lost im-
mature markers, including Sox-2, Nanog, but expressing Isl-1
as matured marker into the infarct area of a 68-year-old patient
with severe HF improved LVEF after 3 months of treatment.
Upon frequent follow-up, the patient reported no complica-
tions but demonstrated the feasibility of hiPS-CM-based ther-
apy [79]. 8.2 million hESC-CMs embedded in a cardiac patch
which was epicardially delivered during a coronary artery by-
pass procedure improved LVEF and terminated HF after
12 months [80]. The CADUCEUS trial (CArdiosphere-
Derived aUtologous stem CElls to reverse ventricUlar
dySfunction) reported that infusion of 12.5 to 25 × 106

cardiosphere-derived cells expressing matured markers im-
proved LVEF and prevented HF within 12 months [81]. In
addition, the congestive HF cardiopoietic regenerative therapy
(CHART-1) trial showed that retention-enhanced
intramyocardial injection catheter implantation of 600 × 106

bone marrow-derived and lineage-directed autologous
cardiopoietic SCs elevated LVEF and prevented HF progres-
sion in chronic ischemic HF patients [82]. Additionally,
intracoronary transplantation of autologous bone marrow
mesenchymal SCs enhanced LV systolic function and reduced
acute HF within 4 months in patients who underwent percu-
taneous coronary intervention [83]. Moreover, retention-
enhanced catheter endomyocardial delivery of 24 million
cardiopoietic cells terminated HF in symptomatic ischemic
HF after 39 weeks with high safety and efficacy (Table 2)
[84, 85].

In brief, data presented here support the fact that S-CC
generation and transplantation prevent the progress of MI
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Fig. 1 Diagrammatic representation of hiPS-cardiac cell generation, mat-
uration, and transplantation as heart failure therapy. The treatment of
hiPSCs with activin A, BMP4, and Wnt3A/5A activates transcription
factors such as Sox7,17, Pax6, and Gata4,6, leading to the expression
of immature ECs, while the activation of Ve-cad, CD34, vWF, and p-
selectin promotes the generation of matured ECs. In addition, Hc4,
Tbx3,18, and Shox2 promote the generation of immature cardiac
conducting system but the progressive stimulation of MLC-2a,2v leads
to the generation of the cardiac conducting system similar to native cells.
Similarly, Gata4, MESP1, FoxC1, and Octa3/4 expression retain the plu-
ripotent phenotype of CMs with immature characteristics. However, tro-
ponin, tropomyosin, MYH6,7, and MYL2,7 enhance matured CM

generation with appropriate contraction and relaxation periods.
Moreover, Tbx5,18 andWT1 expression indicate immature cardiac fibro-
blasts (CFs) while GAJ1, COL1A1,2, TNNT2, andMYL3,4 progressive-
ly produce CFs that secrete exosomes that accelerate cardiac cell replica-
tion and increase injury recovery. Furthermore, the activation of KDR,
PDGFRA, WT1, and TCF21 represses immature genes such as Tbx5,18
and elevates the generation of EpCs. The cardiopatch technology gener-
ates a cardiac sheet consisting of all the S-CCs and omental flap. The
omental flap which is rich in vasculature promotes angiogenesis, cardiac
cell proliferation, and nutrition and creates an anti-ischemic environment
to allow native cardiac cell replication and replacement of lost or dam-
aged cells leading to the prevention of heart failure
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and HF in vitro and in vivo. It is clear that transplanted S-CCs
proliferate and replace damaged cells via the secretion of
exosomes that have the potential. In addition, implanted S-
CCs promote the proliferation of pre-existing cells for rapid
lost cell replacement and reversal of damaged cardiac tissues.
These data prove that targeting matured S-CC generation and
transplantation may serve as a unique strategy for the treat-
ment of HF [81].

Advantages, Challenges, and Strategic Mitigation in
Mature Cardiac Patch Generation

The CRISPR/Cas9 and TALEN techniques provide efficient
approach for gene deletion and insertion for S-CC generation.
However, CRISPR/Cas9 has a high risk of off-target muta-
tions in human cells [86]. Chih-Che et al.’s synthetic switch
protocol allows CRISPR/Cas9 self-regulation in both tran-
scription and translation step to prevent off-target mutations.
The approach also enables simultaneous transcriptional and
translational suppression, increasing on-target indel and min-
imizing off-target mutation leading to “hit and run” genome
editing in vivo [87]. Although CRISPR/Cas9 has been shown
to be more efficient than the TALEN technique, however, the
TALEN technique application indicates significantly lower
DNA mutation in S-CC generation [88]. For instance,
TALEN faithful gene knockout by selectively targeting the
knockout of TNNT2 p.R173W pathogenic mutation in patient
hiPSC-CMs. TALEN knockout of pathogenic mutation ame-
liorated dilated cardiomyopathy phenotype in vitro [89]. The
genome editing technologies provide a powerful framework
for S-CCs and mitigate mutation that may be detrimental in
the cardiac regenerative medicine.

Studies have shown that the human heart consists of ap-
proximately 109 cells in which CMs form one third of the total
cells. The ability to engineer such a large number of S-CCs
still remains a challenge. Recently, highly efficient differenti-
ation protocols generated approximately 107 cells in a single
dish but scaling up to 109 cells required higher expertise and
labor intensiveness. However, the active gas ventilation, a
scalable 2D culture system using multi-layer culture plates,
generated 109 with 90% CPCs, over 60% purity and higher
feasibility [90, 91]. In addition, the 3D suspension

differentiation platforms such as microcarriers generated ap-
proximately 109 hiPS-CMs with 80–90% purity, more space-
efficient and cost-effective manner [92, 93]. The next step
toward engineering clinically relevant myocardial tissues
would include ECs, fibroblasts, atrial, ventricular, and
conducting system to enhance easy integration of transplanted
myocardial tissues into the host myocardium [94–96].

Another major constrain is the maintenance of the generat-
ed and transplanted S-CC survival. Studies have shown that
transplanted tissue integration into the host myocardium and
survival are not well sustained in a deprived vascular network
heart. It has been reported that activation of angiogenic mol-
ecules and increasing cell-cell interactions to improve im-
planted S-CC perfusion may enhance the survival rate [97].
It has been demonstrated that hiPSC-CMs, ECs, or EPCs co-
culture formed primitive vessel-like structures with higher po-
tential for in vivo anastomosis which may increase
transplanted tissue perfusion rate and enhance survival [97,
98]. The 3D bioprinting, micropatterning, and microfluidic
systems provide a greater strategy for controlling vessel archi-
tecture, anastomosis, and tissue integration [99–101].
Moreover, 3D bioprinting provides higher promising strategy
for maintaining transplanted tissue’s survival. However, the
application of 3D bioprinting is currently limited due to the
inadequate bioinks and multi-material bioprinting modalities
necessary for 3D vascular constructs to maintain tissue-
mimetic stiffness, cell density, and function. The next expec-
tation is the creation of vascularized 3D engineered myocar-
dial constructs with higher perfusion rate in vitro and in vivo
to enhance transplanted tissues maturity, survival, and func-
tion [99, 102].

More recent studies have shown that vascular supply to
transplanted cardiac patch contributes to the survival and abil-
ity to induce cellular proliferation in pre-existing cells [69].
Omentum has been found to be a good source of blood supply
which increased the survival rate of the transplanted cardiac
patch. The omental flap patching on EBs-cardiac sheet in-
creased perfusion, nutrient diffusion, angiogenetic factor se-
cretion, and angiogenesis [69]. The omental flap further cre-
ated an anti-ischemic environment which promoted matura-
tion, prolonged the survival of transplanted S-CCs, and im-
proved cardiac function in mini pigs [69, 70]. These indicate

Table 2 The table shows S-CC transplantation, dosage, therapeutic effects and treatment duration in animal studies and clinical trials

Ref no. S-CC type Transplantation method Dosage Therapeutic effect Treatment duration Study subject

[79] hiPS-CMs Surgical delivery 4.0 × 106 Improved LVEF 3 months HF patient

[80] hiPS-CM sheets Epicardially delivered 8.2 × 106 Prevented HF 12 months HF patient

[81] Cardiospheres Intracoronary infusion 12.5–25 × 106 Prevented post-MI HF 12 months HF patient

[82] Cardiopoietic cells Intramyocardial injection 6 × 108 Prevented ischemic HF 39 weeks Ischemic HF patients

[83] Cardiopoietic cells Intramyocardial injection > 24 × 106 Prevented ischemic HF 39 weeks Ischemic HF patient

[84, 85] Cardiopoietic cells Intramyocardial injection Prevented ischemic HF 39 weeks Ischemic HF patient
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that omental flap covering enhanced angiogenesis and pro-
moted S-CCs’ maturation and survival and provided longer
therapeutic effects at post-transplantation in a porcine ische-
mic cardiomyopathy model [69]. It is clear that strategies to
improve transplanted tissue vascularization may improve car-
diac stem cell therapy. Recently, the aeronautics and space
administration (NASA) and the new organ alliance initiated
a competition to overcome the vascularization bottledneck
with an awarding of a $500 K to the teams that can success-
fully generate functionally vascularized cardiac tissues [103],
but the results are yet to be reported.

Moreover, appropriate integration of the transplanted myo-
cardial tissue into the host myocardium is another hurdle. The
transplanted cell heterogeneity accounts for low engraftment
and poor electromechanical communication-associated reen-
try arrhythmias. A wave block of electrical transmission that
occurs as signal is transmitted via fibrotic interface
sandwiched in transplanted cardiac patch and pre-existing car-
diac tissue that causes abnormal AP duration or excitability
[104]. However, the conductive scaffolds approach improves
electrical transmission between transplanted tissue and the
host myocardium by activating Cx43 [105–108]. In addition,
transplanted patch are physically detach from the pericardium
which impairs electrical coupling and repair processes.
Nonetheless, bioactive peptides such as poly (glycerol
sebacate)-poly(ε-caprolactone) activation prevented the phys-
ical separation of the transplanted tissue from the host tissue
and increased asculogenesis and myogenesis without altering
electrical transmission and structural protein expression [109,
110], serving as a promising approach to improve transplanted
tissue integration into host myocardium. These features also
demonstrate the ability of the cardiac patch to maintain con-
tinuous matured phenotypes to enhance cardiac stem cell
therapy.

Previous reports showed that highly efficient protocols on-
ly generated immature cardiac tissues with low survival sug-
gesting need for the discovering of new protocol that main-
tain the continuous maturity. Recent studies show that me-
chanical factors such as substrates and physiological stiff-
ness at 6–10 kPa imparting physiological shapes, 2000-μm
(2) rectangles with length:width aspect ratios at 5:1–7:1, and
inducing mature alignment of myofibrils. The mechanical fac-
tors continued to improve electrophysiology by increasing
calcium handling causing appropriate generated cardiac tissue
contractility [111]. In addition, the application of Young’s
modulus-induced stress and strain in generated cardiac tissue
at 15 μm in 15 s intervals immediately increased tissue force
between 0.4 and 0.5 mN. This passive stretch further in-
creased maturation by activating calcium and potassium ion
channels, β-adrenergic receptors, t-tubule protein, and
caveolin-3 [7, 112]. These data indicate the significance of
mechanical factors in enhancing cardiac tissue maturity and
function to prevent rejection.

Furthermore, acute and chronic immune rejections at
post-transplantation remaining major roadblock in animal
models compelling researchers to immediately develop
immune tolerance S-CC generation protocols. The human
leukocyte antigen (HLA)-matched tissues indicate im-
mune rejection which require immunosuppression. The
HLA-matched cardiac tissue banks have the potential to
serve as a valuable source of tissues with effective and
safer way to deliver cell therapy to a large number of
patients. The generation and transplantation of HLA hap-
lotype homozygous hiPSC in allogeneic settings showed
favorable engraftment with minimal acute graft-versus-
host disease implying the merit of banking hiPSC and
transplantation [113]. However, the unexplained complex-
ities in genetics and ethnic diversity are still a drawback
[114]. According to Suji et al., comprehensive genomic
hybridization-based single nucleotide polymorphism and
copy number variation showed that only 10 HLA-
homozygous hiPSC lines matched 41.07% of the Korean
population. This study served as a useful indicator for the
development of new methods for hiPSC generation and
quality control. Pierre-Antoine et al.’s probabilistic
models show that hiPSC bank comprising 100 hiPSC
lines generated most frequent HLA haplotypes that
matched only 22% European Americans, 37% Asians,
48% Hispanics, and 55% African Americans [115, 116].
This notion indicates that allogeneic hiPSC bank develop-
ment may be feasible for ethnically homogenous countries
but may be challenging for heterozygote or diverse coun-
tries. Interestingly, Riolobos et al. (2013), beta-2 micro-
globulin gene homozygote deficient ESCs that do not ex-
press HLA indicated immune tolerance [117]. These indi-
cate the feasibility of developing off-the-shelf S-CCs with
immune tolerance. Tobias et al. (2019) have reported that
inactivation of histocompatibility complex (MHC) class I
and II genes and overexpression of CD47 in both mouse
and hiPSCs demonstrated immune tolerance in fully
MHC-mismatched allogeneic recipients without immuno-
suppression (Table 3) [118]. More importantly, the HLA-
and MHC I/II-null application could be applied to engi-
neer a hypo-immunogenic cardiac patch as an off-the-
shelf product for universal cardiac repair. In addition, im-
proving the presented protocol may lead to the generation
of S-CCs and cardiac patch that escape immune rejection
for therapeutic transplantation.

Safety

Recently, there were serious safety-related concerns for S-
CC-based therapy due to recorded genetic and epigenetic
abnormalities, tumorigenicity, and immunosuppression
that occur at post-transplantation [121]. National
Institutes for Food and Drug Control (NIFDC) extensively
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reviewed the biological safety of S-CC-based therapy and
reported that it was safe for clinical trials or therapies
[121]. In addition, recent preclinical and clinical data re-
ported the S-CC-based therapy efficacy without the occur-
rence of teratoma [122]. For instance, non-ischemic dilat-
ed cardiomyopathy mice receiving hiPS-CMs exhibited
no acute or chronic adverse effect at post-transplantation
[123]. Furthermore, immunosuppression at pre-
transplantation and post-transplantation was another ma-
jor concern in S-CC-based therapy [118]. However, recent
studies have deduced that S-CCs generated from HF ani-
mals and transplanted into the donor neither required im-
munosuppression nor demonstrated immune rejection
[124, 125]. Mini pigs receiving omental flaps and hiPS-
CM sheets indicated higher cardiogenesis and angiogene-
sis without short- or long-term effects [122]. Moreover, S-
CC transplantation that induced cardiac repair and
prevented HF in swine was rapid, safe, and efficacious
without teratoma formation or immunosuppression
(Table 4) [6, 126]. Altogether, this data proves that S-
CCs or cardiac patch transplantation for the HF treatment
is safe and effective. In addition, extracting patient-
derived S-CC generation and transplantation into donor
may avoid the need for immunosuppression at pre-
transplantation and tissue rejection at post-transplantation.

In summary, the immature traits of S-CCs limit their clin-
ical application which made SC therapy seem like a myth.
However, omic studies have eliminated all barriers that com-
promise S-CC clinical application for HF treatment. This con-
firms that cardiac regeretive medicine represents a potential
therapeutic strategy for the treatment of HF.

Conclusion

Cardiomyocytes are cell types with slow proliferation rate,
and aging further reduces their renewal and replacement
resulting in HF recurrence and sudden death. The generation
and transplantation of S-CCs to replace damaged and lost cells
present a promising strategy for the treatment of HF.
However, the immature phenotype of S-CCs limits their clin-
ical application. Recent omic studies such as genome editing,
epigenetic, metabolomics, and other approaches including 3D
bioprint and omental flap studies have generated matured S-
CCs for the treatment of HF in clinical trials which eliminates
the limitations in their clinical application. Recently, Su-Yi
Tsai et al. (2020) created MYH6:mCherry hES-CM reporters
that effectively monitored drug-induced cardiotoxicity which
can be used to monitor transplanted S-CC safety [127]. In
addition, deletion of HLA and MCH-I/II genes promotes im-
mune tolerance and increases cardiac repair with higher effi-
cacy and safety. This study shows that applying the listed
protocol for the generation of matured S-CC and increasingTa
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immune tolerance may enhance their clinical application for
the treatment of HF as SC-based therapy.

Perspectives

Currently, the hiPSCs and cardiac patch engineering for car-
diac regenerative medicine have greatly advanced due to the
utilization of biocompatible materials and mechanical proper-
ties modulation. However, bottlenecks such as 3D cryopres-
ervation, full myocardium engineering to attain a full func-
tional cardiac tissue in vitro, require further attention. In addi-
tion, native cell-S-CC interactions and signal transmissions
need further consideration. In future, we envision the maxi-
mum microphysiological system utilization for the generation
of S-CCs and cardiac patch with the full adult cardiac tissue
composition, optimal paracrine factors secretion, and survival.
This approach aims to scale down the number of reagents
needed to optimize engineered individual myocardial cells
and intensity. To enhance clinical application, the MHC-I/II
and HLA-null approach can be improved to be amenable to
cryopreservation which may allow a true off-the-shelf
product.

The Japanese pharmaceuticals, medical devices, and other
therapeutic product acts categorized regenerative medical
products as independent from conventional pharmaceuticals
and medical approaches. The act approves hiPSC-based clin-
ical studies for safety data and allowed up to 7 years for re-
searchers to ascertain further evidence of safety and efficacy
[119]. The regulatory act minimizes cost and provides ade-
quate time for regenerative medical studies. In addition, the
Japanese ministry of health, labour, and welfare (MHLW)
initiated the “Project for Enhanced Practical Application of
Innovative Drugs, Medical Devices and Regenerative
Medical Products” to support the personnel exchange and
cooperation in writing of guidelines regarding gene and cellu-
lar therapy [120]. The guideline facilitates the discovery of
specific mature genes, number of hiPSCs required for

myocardium generation, improves host cell-hiPSC communi-
cation, appropriate transplantation strategy, and protects the
patient’s right. Finally, we envision a future in which heart
failure patients can simply receive cryopreserved,
immunotolerant S-CCs and myocardium as approved therapy.
It is expected that a similar framework may be applied for the
treatment of cerebrovascular and renovascular diseases and
abdominal aortic aneurysms. Although cardiac regenerative
medicine has proven feasible, improving engineering proto-
cols is labor intensive, time consuming, and costly which re-
quires collaboration of local and large international research
community to achieve the goal.

Clinical Knowledge

& Omic studies have provided an avenue for the generation
of matured S-CCs and cardiac patch to improve the cardi-
ac regenerative medicine.

& Transplanted S-CCs provide conducive microenviron-
ment for native CM replication.

& Transplanted S-CCs replaced damaged CMs and increase
recuperation.

& Cardiac patch transplantation increases CM perforation.
& Cardiac patch creates anti-ischemic microenvironment

which prevents MI and HF.
& Transplanted S-CCs and cardiac patch increase LVEF and

prevent heart failure.
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Table 4 A table showing S-CCs and cardiac patch application pros, execution strategy of pros, cons, and mitigation strategy

Pros Execution strategy Ref no. Cons Mitigation strategy Ref no.

Induce optimal electrophysiology
that prevents arrhythmia and
heart failure

Increase Cx43, Na+-Ca2+

exchanger coupling,
Nav1.5/Scn5a, and Ito activation

[11–14, 58,
104–108,
111]

Poor native-S-CC
communication

Improve electrical
transmission via Cx43
activation

[105–108]

Increase vascularization and
neovascularization

Increase VEGF-A and insulin
growth factor-1 expression

[24, 61, 64, 65,
78, 97]

Cardiac patch
detachment

Bioactive peptides
activation prevent
physical separation

[109, 110]

In pre-existing cell maturation Activate TNNI1,3, MYH6,7,
MYL2,7, Cx43, ZO-1 in
pre-existing cells

[25, 58] Immunosuppression HLA and MHC I/II gene
deletion

[113–118,
124,
125]

Prevent MI progression in vivo
and in patients

Increase CM perfusion rate [24, 36, 37, 41,
46, 64–66, 73,
78, 82]

Tumorigenicity – [122]

Prevent HF in patient Improve LVEF [79–85] –
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