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Major cardiovascular events including myocardial infarction (MI) continue to dominate morbidity rates in the developed world.
Although multiple device therapies and various pharmacological agents have been shown to improve patient care and reduce
mortality rates, clinicians and researchers alike still lack a true panacea to regenerate damaged cardiac tissue. Over the previous
two to three decades, cardiovascular stem cell therapies have held great promise. Several stem cell-based approaches have now
been shown to improve ventricular function and are documented in preclinical animal models as well as phase I and phase II
clinical trials. More recently, the cardiac progenitor cell has begun to gain momentum as an ideal candidate for stem cell
therapy in heart disease. Here, we will highlight the most recent advances in cardiac stem/progenitor cell biology in regard to

both the basics and applied settings.

1. Introduction

Due to marginal improvements in heart failure treatments, a
greater number of elderly patients are living longer with
chronic heart failure. However, no treatment regime is capa-
ble of fully reversing pathological remodeling or completely
restoring ventricular function after a major cardiovascular
event, such as ML In fact, many patients progress steadily
towards New York Heart Association (NYHA) class III-IV
heart failure where the only curative therapy is heart trans-
plantation. Due to the unbalanced need of donor hearts,
alternative regenerative therapeutic approaches aim to build
up lost functional ventricular muscle.

Cell-based therapies have been conceptualized to allevi-
ate some of the barriers limiting cardiac regeneration. The
golden objective in cell-based therapies is to repopulate parts
of damaged myocardium with engrafted, functional cells that
restore lost cardiac function, enabling sufficient oxygen and
nutrient circulation to all the vital organs of the body. Several
technological, financial, and ethical hurdles impede such a
medicinal feat, yet the field continues to move forward with

the collaborative efforts between stem cell biologists, who
are investigating novel mechanisms of cardiac regeneration,
and medical teams in cardiology.

Much effort has been made in replacing damaged myo-
cardium with adult/mature cardiomyocytes (CMs), those of
which are derived from pluripotent stem cells or reprogram-
ming strategies [1, 2]. However, several major technical lim-
itations are compromising the success of an implantable,
mature, cardiac muscle patch, including low numbers of sur-
viving implanted CMs and the lack of electromechanical and
structural integration between the host and donor CMs [3, 4].
More recently, emerging scientific evidence has begun to
emphasize the use of cardiac progenitor cells (CPCs), rather
than differentiated CMs, as a novel treatment strategy for
cardiac regeneration. This is due to the notion that CPCs,
which imply both embryonic/developmental and adult
CPCs, are more capable of engrafting to host myocardium,
in part by their strong proliferative potential and also their
ability to generate multiple cardiac derivatives (Figure 1).
Unlocking the use of such CPC technologies could poten-
tially eliminate the limitations seen with mature CMs and
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F1GURE 1: CPC-based regenerative therapy for heart disease. Cardiac progenitor cells (CPCs) can be obtained through several approaches
(left). Directed differentiation of pluripotent stem cells such as embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) can
generate “developmental (embryonic)” CPCs, while isolation and expansion of tissue- (i.e., heart) resident stem/progenitor cells can
generate “adult” CPCs. Recently, an alternative approach by employing direct reprogramming can also generate “inducible” CPCs. These
purified and expanded CPCs combined with small molecules and/or tissue engineering can be therapeutically transplanted into the
damaged hearts of patients, such as those suffering from ischemic cardiomyopathy. Putative cellular mechanisms of cardiac regeneration
by CPC-based therapy (right). Transplanted CPCs can be engrafted directly into the damaged host cardiac tissue and differentiated into
mature cardiomyocytes as well as vascular cells (smooth muscle cells and endothelial cells). Simultaneously, the CPCs can potentially
promote proliferation of preexisting cardiomyocytes in the damaged heart and also induce vasculo-/angiogenesis in the ischemic regions
through secretion of the paracrine factors. Theoretically, increased working cardiomyocytes and newly formed vessels could lead to
effective heart regeneration and a reduction in cardiac fibrosis in a coordinated fashion. Further details for cell-free approaches (e.g., small
molecules and tissue engineering), somatic stem cell-expansion derived from bone marrow and adipose tissue, and CPC therapy-related

Heart regeneration
& less fibrosis

mechanisms for cardiac regeneration have been reviewed elsewhere [6, 7].

provide long-term therapeutic effects, although the CPC
therapy may bring the new challenges of obtaining efficient
and committed differentiation of CPCs into CMs in vivo
under pathological conditions, such as the ischemic and/or
injured microenvironment [3, 5].

In this minireview, we discuss briefly the recent advances
and knowledge of CPCs in basic biology and also clinical set-
tings. For a more in-depth review of cell-free and cell-based
approaches to cardiac regeneration, we refer the reader to
the following reviews [6, 7].

2. Embryonic and Adult Cardiac
Progenitor Cells

Conceptually, there are two distinct types of CPCs: embry-
onic/developmental CPCs and adult CPCs [8, 9]. Embryonic
CPCs exist in the developmental mammalian heart, where
they derive from a common mesodermal lineage. During car-
diac development, two heart fields emerge termed the First
Heart Field (FHF) and Second Heart Field (SHF). The FHF
forms the cardiac crescent at embryonic day (E) 7.5 in mice
and during embryonic days 16 to 18 in human and is marked
by the transcription factor NKX2-5 [9, 10] and the cyclic

nucleotide-gated ion channel HCN4 [11, 12]. The FHF then
fuses at the midline and eventually forms the primitive heart
tube that will begin to pump blood. The SHF is instead spe-
cifically marked by Islet-1 (ISL1) expression and lies medially
and posteriorly to the crescent/FHF [13]. The SHF progeni-
tors migrate behind the heart tube and extend anteriorly
and posteriorly into the pharyngeal mesoderm to lengthen
the outflow tract and form the looping heart tube at E8.5-
9.0 in mice and during embryonic days 23 to 28 in human,
in concert with the FHF progenitors [8, 14, 15]. FHF deriva-
tives give rise to left ventricular myocardium with partial
contribution to the atria, whereas SHF derivatives contribute
to myocardium of the right ventricle, parts of the atria, and
the outflow tract. The CPCs derived from the FHF and SHF
will go on to give rise to many of the intermediates that are
responsible for generating all the major cell types in the heart,
including CMs, vascular smooth muscle cells (SMCs), arte-
rial and venous endothelial cells (ECs), fibroblasts, and con-
ductive cells of the cardiac conduction system. Much work
is currently ongoing to understand the molecular underpin-
nings that regulate the spatiotemporal aspects of multipotent
CPCs, as well as the signals that promote their differentiation
into the diverse cell types that create the beating heart [16].
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In addition to embryonic FHF and SHF CPCs, other pro-
genitor cell populations, including epicardium-derived cells
(EPDCs) and cardiac neural crest cells (c(NCCs), also contrib-
ute to the formation of the developmental heart. Embryonic
EPDCs are likely to contribute the SMCs, ECs, fibroblasts,
and a small population of CMs in the heart through
epithelial-to-mesenchymal transition, although EPDCs are
heterogeneous and their contribution to CMs is still under
debate [17-19]. cNCCs, which originate from the dorsal neu-
ral tube and migrate through the posterior pharyngeal arches
to the arterial pole of the heart tube, give rise to SMCs of the
outflow tract and contribute to outflow tract septation and
valve formation [20, 21].

Embryonic-like CPCs, which are referred to as “develop-
mental” CPCs, can be generated in vitro from pluripotent
stem cells such as embryonic stem cells (ESCs) or induced
pluripotent stem cells (iPSCs) [3, 5, 6]. CPCs in general are
defined by having self-renewing and clonogenic properties,
as well as multipotent differentiation capabilities to give rise
to different cardiac lineages such as CMs, SMCs, and ECs,
both in vitro and in vivo [22].

In contrast to the embryonic/developmental CPCs, to
date, several kinds of endogenous CPCs, referred to as
“adult” CPCs, have been isolated from adult rodent and
human hearts, although their role in homeostasis or potential
reparative function remains controversial [23]. The cell-
surface marker tyrosine kinase receptor c-kit has been rou-
tinely used to identify the adult CPCs [22, 24]. Cardiac c-
kit" cells isolated from adult human heart and injected into
the infarcted rodent myocardium have been shown to
increase cardiac function and improve cardiac structure
[24, 25]. However, more recently, it was reported that very
few cardiomyocytes are generated from c-kit" cells based on
genetic lineage tracing technology [26], although in the
mouse model used in [26], all the c-kit" cells were constitu-
tively tagged, and thereby, the cardiac-derived c-kit™ cells
localized in the ageing or injured heart could not be distin-
guished from the bone marrow-derived c-kit" cells identified
in the heart. There continues to be abundant controversy
around the origin of c-kit" cells as they are broadly expressed
in cells of the hematopoietic lineage [27], and a large number
of c-kit" cells in the heart after MI appear to be bone marrow-
derived [28]. Interestingly, the latest report has revealed that
majority (=90%) of the resident c-kit™ cells in the rodent
heart are blood/endothelial lineage-committed cells, while
cardiac c-kit" (blood/endothelial lineage-negative) cells rep-
resent<10% of the total c-kit" cells in the heart [29]. It is
speculated that the positive effects seen from the delivered
c-kit" cells in the post-MI setting could be due to the release
of signaling molecules, rather than the engrafted cells them-
selves [30, 31].

Previously, seminal works identified vascular endothe-
lial growth factor type 2 receptor Flk-1, also known as
kinase insert domain protein receptor (KDR) in human,
and the platelet-derived growth factor receptor alpha
(PDGFR-a) as some of the earliest cardiovascular progeni-
tor cell markers involved in early stages of human cardiac
development [32-35]. To date, a KDR"/PDGFRa" popula-
tion has become widely accepted as a classical CPC marker

profile. Researchers are using this population and others as
a means to enrich cardiac progenitors to possibly enhance
applications of downstream cell-based therapies and dis-
ease modeling.

Apart from c-kit" or KDR"/PDGFRa" cells, additional
progenitor-like cell populations have been identified as adult
CPC-like cells, including Scal® cardiac cells [36, 37],
cardiosphere-derived cells [38], and cardiac side population
cells [39]. These cell types are heterogeneous in nature, and
populations identified with different markers or approaches
may have both unique and overlapping subsets in regard to
molecular and physiological characteristics.

3. Recent Findings of Embryonic CPCs

A multipotent progenitor cell type that can intrinsically
expand within the cardiac lineage has great potential as a
regenerative therapy. In order to employ the correct cell type
for regenerative purposes against heart disease, it is impera-
tive to understand the role of the CPCs in development.
Embryonic/developmental CPCs can be found in early
embryonic stages of cardiac development, as mentioned
above; however, they can also be generated in vitro from
pluripotent stem cell technologies. The assessment of such
CPCs both in vivo and in vitro provide a means for answer-
ing unresolved questions about the diversity and commit-
ment of their nature. Furthermore, advanced technologies
involving elegant lineage tracing strategies, deep RNA-
sequencing tools, and CRISPR-CAS genome editing have
allowed researchers to better identify new and novel markers
of the embryonic CPCs [40]. Below, we will highlight several
recent papers that have elucidated novel markers and molec-
ular mechanisms of embryonic CPCs through a combina-
tion of these technologies.

A report by Jain et al. identified a transcription factor
Hopx™ cell population that is committed to cardiomyocyte
fate [41]. By employing a knock-in approach, the authors
showed that Hopx expression initiates shortly after the
expression of FHF marker Nkx2-5. The use of fate-mapping
experiments illustrated that Hopx" cells were distributed in
all four chambers of the developing heart, and the Hopx"
derivatives were comprised entirely of cardiac myocytes.
The mechanism by which Hopx promotes myogenesis
through the repression of Wnt signaling was clearly eluci-
dated by employment of a previously published in vitro
ESC differentiation protocol [34]. Finally, the authors
showed that Hopx deficiency gave rise to a thinning myocar-
dium and cardiac rupture in developing mouse embryos.
Whether genetic alterations in the Hopx gene could give rise
to similar congenital impairments during human cardiac
development remains elusive, yet the discovery of a specific
CPC subtype that gives rise solely to cardiac muscle could
provide profound insights for rebuilding damaged and/or
atrophic myocardium.

More recently, another report highlighted a member of
the forkhead class of DNA-binding proteins, Foxa2, as a
marker of a novel progenitor population, which unlike that
of the 4-chamber cardiac identifier Hopx gave rise primarily
to CMs exclusively in the ventricles [42]. The use of a Foxa2



lineage tracing model system clearly revealed the expression
profile of Foxa2, which was found predominantly in the
node, midline, and visceral endoderm as well as regions of
migrating mesoderm cells during late stages of gastrulation
at E7.5 in mice. As the heart continued to develop into four
distinct chambers (E9.5-E17), Foxa2" derivatives became
localized to the ventricular chambers, with very few being
expressed in the atria. Next, Bardot et al. [42] employed a
murine ESC cardiac differentiation protocol in order to see
if embryonic Foxa2® CPCs could be generated in vitro. The
group showed that a large portion of a KDR*/PDGFRa"
CPC population also coexpressed Foxa2. By employing
cardiovascular lineage analysis together with immunohisto-
chemistry and flow cytometry, Foxa2 expression was
revealed predominantly in the ventricular CMs and in equal
proportions between the left and right ventricles [42].

Work produced by Ishida et al. showcased that Gfra2
(GPI-anchored neurotrophic factor receptor) expression
labels a specific population of embryonic CPCs in mouse car-
diac development, which is required for cardiac compaction
[43]. According to single-cell profiling studies during murine
heart development, the authors showed that Gfra2 was coex-
pressed with Mesp1, a well-known early cardiac mesodermal
marker. Using whole mount in situ hybridization studies and
immunohistochemistry procedures, Ishida et al. showed the
localization of Gfra2 and concluded a Gfra2 expression pat-
tern that labels some subsets of embryonic CPCs in both
the FHF and SHF. The authors also demonstrated that Gfra2
expression marks a human developmental CPC population
during ESC/iPSC differentiation. The expression profile of
the Gfra2 gene appears to peak just before embryoid bodies
begin to beat in culture. The proportion of KDR"/PDGFRa"
cells expressing Gfra2 is quite low but give rise to mature
CMs. However, in their differentiation protocol, a Gfra2-
negative KDR"/PDGFRa" population failed to give rise to
differentiated CMs, supporting the notion of a strong speci-
ficity of Gfra2 to give rise to a distinct CPC population
[43]. Furthermore, the emergence of a surface receptor to
label and isolate embryonic (or adult) CPCs is enticing for
future cell-based therapies, as many well-known markers of
embryonic CPCs are transcription factors that require fixa-
tion of the cells for successful labeling and as such cannot
be used for downstream in vivo applications.

4. Expansion, Maintenance, and Preclinical
Use of Embryonic or Inducible CPCs

The creation of a technology platform capable of expanding a
multipotent and clonogenic CPC population that produces
mature cardiomyocytes and vascular cells has been challeng-
ing. The exploited accomplishment of which has direct
implications in understanding developmental cardiogenesis,
cardiac disease modeling, and regeneration research, as well
as cardiotoxicity studies for novel pharmacological agents.
Several recent reports have paved great progress in the field,
and below, we will highlight a few selected works, showing
novel findings for effectively expanding embryonic (develop-
mental) or inducible CPCs and improving renewable cardiac
precursor technologies.
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A finding produced from the Mummery lab attractively
illustrated a technique by which developmental CPCs could
be restrained from further differentiation through the control
of oncogene Myc expression and simultaneously expanded
using IGF-1 and a hedgehog pathway agonist [44]. Using a
human ESC line and a Tet-On system, the group could regu-
late expression of Myc in a fine-tuned manner with doxycy-
cline administration during differentiation, thereby halting
CM differentiation, whereas in the absence of doxycycline,
the cells formed beating CMs. Birket et al. [44] also demon-
strated long-term expansion of the developmental CPCs,
undergoing over 40 population doublings, which did not
alter the multipotent capacity of the CPCs; as even the highly
expanded CPCs could generate large numbers of successfully
differentiated CMs and ECs.

Yet more recently, two independent research groups
reported two different strategies for the expansion of “induc-
ible” CPCs from reprogrammed adult mouse fibroblasts [45-
47]. Using a combination of transcription factors, which were
5 cardiac genes for direct reprogramming of fibroblasts into
CPCs [45] or 4 Yamanaka factors for generating iPSC-like
cells first, followed by committed differentiation into CPCs
[47], and a defined media containing growth factors and
small molecules, both groups were able to produce and main-
tain a cell population that was highly expandable and could
give rise to CMs, ECs, and SMCs. The CPCs produced by
both groups, referred to as “inducible” CPCs, could be
expanded > 10'%-fold under chemically defined conditions
with BIO and LIF to activate the Wnt and JAK/STAT path-
ways, respectively [45], or with a JAK inhibitor and BACS
(BMP4, Activin A, CHIR99021 (a GSK inhibitor), and
SU5402 (an inhibitor of FGF, VEGF, and PDGF)) [47],
allowing for the propagation and expansion of desirable cell
numbers for in vivo experiments. Both Lalit et al. [45] and
Zhang et al. [47] went on to demonstrate that morphologi-
cally, the delivery of the inducible CPCs can reduce major
architectural remodeling and improve cardiac function when
delivered to the murine heart at the onset of MI, which was
depicted by decreased scar sizes several months following
the injury and implantation. In the results, the inducible
CPC-derived exogenous CMs were found engrafted deeply
within the heart scar tissue where they exhibited expression
of marker genes indicative to differentiated and mature
CMs, and thereby, both groups concluded that the beneficial
effects seen in these studies appear to be based on direct
engraftment of the injected inducible CPCs in vivo [45, 47].
Further studies are needed to more clearly decipher the ideal
transplantable number of the inducible CPCs, which can
promote cardiac repair and enhance long-term engraftment
in vivo.

A study from the Murry lab sought to directly compare
the regenerative capabilities of implanted human cardiac cell
types; cardiomyocytes derived from human ESCs (hESC-
CM), cardiovascular progenitors derived from human ESCs
and expressing KDR*/PDGFR-a" (hESC-CVP), and human
bone marrow mononuclear cells (BMMC). The group
administered these cell populations at the onset of a reperfu-
sion MI injury in the nude rat heart [48]. The study
concluded that the administration of both hESC-CMs and
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TaBLE 1: Selected clinical trials employing CPC therapy for cardiac regeneration against ischemic cardiomyopathy.
Trial name/reference  Classification  Cell type Delivery route Patient Foll.ow—up Outcome Side
number time effects
LVEF: 8% T at 12 mo
SCIPIO versus baseline
Phase I c-kit" CPCs Intracorona 33 4 & 12 mo None
(Chugh et al., 2012) g Scar size: 30% | at
12 mo versus baseline
CONCERT-HF c-kit" CPCs & . .
(NCT02501811) Phase II MSCs Transendocardial Est 144 6 & 12 mo Currently ongoing N/A
LVEF: unchanged at |
12 mo versus baseline
CAD.UCEUS Phase I CDCs Intracoronary 25 6 & 12 mo V " patient
(Malilarus et al., 2014) Scar size: 12.3% | at death
12 mo versus baseline
LVEF: 12% T at
ALCADIA Intramyocardial 6 mo versus baseline
Phase I CDCs . 6 12 mo None
(NCT00981006) with CABG Scar size: 3.3% | at 6 mo
versus baseline
ALLSTAR .
(NCT01458405) Phase /11 CDCs Intracoronary Est 132 12 mo Currently ongoing N/A
HOPE Phase I/1I CDCs Intracoronar Est 34 12 mo Currently ongoin N/A
(NCT02485938) Y Yy ongomng
DYNAMIC .
(NCT02293603) Phase I CDCs Intracoronary Est 42 12 mo Currently ongoing N/A
CAREMI .
(NCT02439398) Phase I/1I CDCs Intracoronary Est55 1,6 & 12 mo Currently ongoing N/A
ESCORT ESC-derived L s
(NCT02057900) Phase I ISL1*/ CD15" Epicardial patch N/A N/A Currently recruiting N/A

For ongoing and currently recruiting trials with no published results, the NCT (national clinical trial) identifier has been indicated as referenced by http://
ClinicalTrials.gov; CPCs: cardiac progenitor cells, MSCs: mesenchymal stem cells, CDCs: cardiosphere-derived cells, CABG: coronary artery bypass graft,
LVEEF: left ventricular ejection fraction, mo: month, Est: estimated, N/A: not applicable, T: increase, |: decrease.

hESC-CVPs were capable of improving cardiac function one
month following the ischemic reperfusion injury, more effi-
ciently than the human BMMCs. Interestingly, the hESC-
CVPs did not appear to yield a larger graft or give rise to a
more significant number of human vessels in the grafted
region, compared with hESC-CMs. However, there may exist
several issues regarding an ideal number of the transplanted
cells as well as a special time window in which the develop-
mental CPCs must be administered as to not lose their prolif-
erative and regenerative properties, which the authors did
not address. Further experiments with variations in cell num-
bers, different cell populations, and timings of administration
are needed to reach a more valid conclusion.

5. Adult and Developmental CPCs in
Clinical Trials

There has now been a multitude of clinical trials that have
employed stem cell technologies for patients with ischemic
cardiomyopathy, the findings of which support the use of
stem cell therapies in the heart to be safe [49]. Infusions of
bone marrow-derived cells (BMCs) represent the largest
number of clinical studies for MI. There are many cell popu-
lations that fall under the BMC umbrella including hemato-
poietic stem cells (HSCs) and mesenchymal stem cells
(MSCs). To report the findings of BMCs in clinical cardiac

studies would outweigh the scope of this review; however,
for a comprehensive overview of such clinical studies, we
direct the reader to the following review [50]. Here, we will
focus on the clinical trials using purified adult or develop-
mental CPCs as a regenerative therapy for ischemic heart dis-
ease (Table 1).

The SCIPIO study was the first CPC clinical trial to inves-
tigate the therapeutic effects of autologous CPCs (cardiac c-
kit" cells) in patients with ischemic cardiomyopathy [51].
The cells were isolated from cardiac tissue of patients during
surgery and expanded ex vivo, and later delivered via intra-
coronary infusion. Results from the SCIPIO trial showed an
increase in several functional parameters and no evidence
of tumor formation at 1yr follow-up, although it must be
noted that concerns regarding patient randomization and
the integrity of certain data generated in the SCIPIO trial
have been raised [52]. Following the SCIPIO trial, a new trial
CONCERT-HF (NCT02501811) will aim to deliver a combi-
nation therapy utilizing both MSCs and cardiac c-kit" cells
for the treatment of ischemic cardiomyopathy, as MSCs have
been shown to increase several parameters of cardiac func-
tion when administered to the heart after MI, effects of which
are thought to be paracrine-mediated [53, 54].

Adult CPC-like cells can also be obtained through human
myocardial biopsies, where cultured pieces of myocardial tis-
sue give rise to spherical clusters of stem cell-like cells coined
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cardiospheres [38, 55]. Several phase I clinical trials including
CADUCEUS and ALCADIA (NCT00981006) tested the effi-
cacy and safety of intracoronary delivery of cardiosphere-
derived cells (CDCs) in patients with ischemic cardiomyopa-
thy and reported small improvements in regional but not
global function, as well as decreased scar sizes [56, 57].
Although some concerns exist in regard to capillary plug-
ging due to the size of the cardiospheres, several ongoing
clinical trials including ALLSTAR (NCT01458405), HOPE
(NCT02485938), and DYNAMIC (NCT02293603) are
aiming to address the real regenerative potential of CDCs
for ischemic cardiomyopathy and also to evaluate safe dos-
age limits as well as differences between an allogeneic and
autologous cell source of CDCs.

An additional clinical trial CAREMI (NCT02439398) is
currently ongoing to test the feasibility and safety of deliver-
ing an allogeneic adult CPC population in human, isolated
from right atrial appendages and expanded in vitro.

Overcoming the technological hurdle of deriving func-
tional CMs and their progenitors from ESCs/iPSCs is begin-
ning to pave great insight for their potential uses in the clinic
[58, 59]. Although most of human ESC and iPSC-derived
CM protocols can give rise to efficient numbers of beating
cells, much optimization is required to generate highly
enriched populations of CMs devoid of alternate cell types
or undifferentiated stem cells, at low cost and in a timely
manner. It should be also noted that the difficulties of obtain-
ing fully differentiated CMs from ESCs/iPSCs are frequently
observed, as the previous report indicated immaturity of
ESC/iPSC-derived CMs compared with native ventricular
tissue-derived CMs [60]. Even with such drawbacks, the clin-
ical trial ESCORT (NCT02057900) is recruiting patients with
severe ischemic heart failure (LVEF < 35%) in order to evalu-
ate the regenerative effects of a human ESC-derived develop-
mental CPC denoted by CD15"/ISL1" coexpression. Patients
will receive a fibrin gel embedded with the human ESC-
derived CD15"/ISL1" CPCs at the onset of coronary artery
bypass grafting. The generation and survival of the patch,
as well as the efficacy on patient cardiac function, will assess
the overall feasibility of the study (Table 1).

6. Unresolved Issues and Future Perspectives

Overall, the use of CPCs as a regenerative therapy in the
clinic to date has shown varying degrees of benefits; the out-
comes of which we hope may one day provide alternate
options when conventional medical treatments fail. Several
engaging and ongoing clinical trials are still deciphering opti-
mal cell types and doses, and we anxiously await the feasibil-
ity and safety of such approaches. However, before directly
applying CPC therapy in the clinic, many critical issues,
including the challenges of electrical coupling, undetermined
mechanistic aspects, long-term engraftment, and the direct
reprogramming of the (inducible) CPCs as an alternative
approach, should all be addressed [6, 7].

One major caveat associated with the CPC/CM-based
therapy is the risk of arrhythmias due to incomplete electrical
coupling of the transplanted cells with the host cardiac tissue.
Indeed, few studies have thoroughly evaluated the electrical
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integrity of the cardiac system following the administration
of human ESC-derived CMs in ischemic models of nonhu-
man primates or guinea pigs, but those studies have obtained
varying results [61-63]. Ideally, transplanted cells have to
align, engraft, and couple with host cardiomyocytes in an
ordered fashion. Further studies are required to determine
how this process is precisely orchestrated [4].

The mechanisms of action by which CPCs contribute to
the generation of new CMs, promotion of preexisting CM
proliferation, and/or development of vasculo-/angiogenesis
remain to be fully elucidated (Figure 1). It is commonly spec-
ulated that direct engraftment of the injected adult CPCs is a
relatively rare event and that the functional benefits associ-
ated with the administration of the CPCs are derived pre-
dominantly from their paracrine effects [64, 65]. However,
the latest studies have revealed that the transplanted induc-
ible CPCs exert beneficial effects based on direct engraftment
in vivo, as described above [45, 47]. To improve the long-
term cell engraftment in the ischemic environment, cardiac
tissue engineering with natural or synthetic biomaterials is
most likely to serve as an excellent tool [66, 67]. Yet the
potential paracrine effects, such as cytokines and growth fac-
tors released by the transplanted adult CPCs or human ESC-
derived CMs, are still considered to be indispensable on the
CPC/CM therapy-mediated cardiac protection and repair
after injury [64, 65, 68].

Alternative approaches to cell therapies for cardiac repair
also include reprogramming strategies using fibroblasts [2,
6]. Cardiac reprogramming of fibroblasts can be achieved
through direct conversion by employing a unique combina-
tion of cardiac-specific transcription factors, miRNAs, and/
or chemical molecules in vitro and in vivo [2, 6, 69, 70]. To
date, these in vivo studies have shown only direct reprogram-
ming of cardiac fibroblasts into an “induced CM-like cell”
but not adequate CPCs, although several in vitro studies have
shown direct reprogramming of fibroblasts into an “induc-
ible CPC” (Figure 1) [45, 47]. Several reprogramming strate-
gies to generate cardiac cell lineages from fibroblasts,
including inducible CPCs to differentiated CMs in vitro and
in vivo, continue to be investigated [71].

Regardless of the several critical issues as described
above, the concept of enhancing stem cell properties
through a combination of strategies could go some way in
obtaining better outcomes for patients. An innovative focus
that aims to synergize cell-based and cell-free therapies such
as combining “ideal” CPC types with gene therapy, small
molecules, and/or tissue engineering strategies should be
conceptualized as a plausible clinical treatment for the
enhancement of regenerative therapies in cardiovascular dis-
ease (Figure 1). Continuous and collective efforts by stem
cell biologists and medical teams in cardiology must open
the door and generate novel paths toward a goal of success-
fully establishing cardiac regenerative therapeutics in the
near future.
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