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ABSTRACT

Despite signiﬁcant therapeutic advances, heart failure remains the predominant cause of mortality worldwide. Currently,
progenitor/stem cell biology holds great promise for a new era of cell-based therapy for salvaging the failing heart. However,
the translational arm of progenitor/stem cell science is in a relatively primitive state. For the time being, the clinical trials
have been both encouraging and disappointing. How to improve the engraftment, long-term survival and appropriate
differentiation of transplanted progenitor/stem cell within the cardiovascular tissues may be the key issues to facilitate the
transition of cardiogenic stem cell research from bench to bedside. In this review article we discuss the state-of-the-art in
adult stem cell therapies for cardiovascular diseases and approaches to release cardiac regeneration potentials of progenitor/
stem cells.
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Introduction

s

Although many novel avenues, such as cardiac resynchronization
therapy (CRT), surgical cardiomyoplasty and artificial heart,
have been taken into clinical practice in an attempt to optimize
heart function after myocardial injury, a signiﬁcant proportion of
survivors will still develop congestive heart failure (CHF) and will
suffer considerable functional limitation as a result. Pathologically,
heart failure is the cause and consequence of myocardial
remodeling in response to both ischemic or non-ischemic injury
and a core component of this process is loss of cardiomyocytes
(1). The central dogma for cardiac biology has been that the
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myocardium carries little capacity for self-regeneration. About ten
years ago, the identiﬁcation of progenitor/stem cells capable of
contributing to myocardial regeneration has offered the hope that
progenitor/stem-cell therapy could salvage the damaged heart.
In this review, we will discuss the current strategies and
therapies targeting progenitor/stem cells in cardiac repair and
regeneration, and present our ideas about the future of progenitor/
stem cell based therapy in cardiovascular regenerative medicine.

Regenerative potential of the heart

.

s
Classical textbooks suggested that cardiomyocytes, like neurons,
generally are believed to be terminally differentiated cells that do
not proliferate after birth. But progress in recent years suggests we
may have to look at this once again.
Hsieh PC et al. showed that progenitor/stem cells regenerate
murine cardiomyocytes after heart injury, but are lost after one
year of normal aging (2). Additionally, taking advantage of the
incorporation of carbon-14 into DNA, Frisen et al. (3) found a
way to determine the age of cardiomyocytes. They demonstrated
that human cardiomyocytes renew themselves at an estimated
rate of 1% per year at age 20, declining to 0.4% per year at age
75. At age 50, 55% of human cardiomyocytes remain from birth,
while 45% were generated afterward. Although the turnover rate
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is low, the fact that it occurs at all makes it potentially appealing
therapeutically. This discovery has raised another question:
What is the heart response to injury? More recently, Porrello
et al. proposed an answer. They found surgical resection of the
ventricular apex in 1-day-old mice stimulates a regenerative
response that appears to restore the damaged heart to its normal
anatomy and function, although this was lost beyond 7 days of
age (4). However, this study still has not answered whether the
loss of this regenerative potential beyond 7 days is attributed to
cell cycle arrest or to loss of mitogenic stimuli as the heart ages.
Taken together, further studies should be exploited to examine the
mechanism of the loss of the regenerative potential of the heart
after birth. Hence stem/progenitor cells still hold the best hope for
healing the injured heart.

What is the optimal cell type for
regeneration of the failing heart?

.

In principle, transplantation of cells can replace damaged
cardiomyocytes and restore heart function. But the ideal candidate
cell types for transplantation should be satisfied the following
items: (I) be immunocompatible within the donor heart; (II)
integrate and synchronize with the rest of host myocardium.
Originally, the cells can be categorized into endogenous
and exogenous cells. The many exogenous cell types include
topipotent/pluripotent cells [embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) and adult cells of
more limited potential (such as resident cardiac progenitor cells,
circulating progenitor cells, and adult stem cells beyond the
heart)]. Here we focus on the pluripotent cells relevant to clinical
trials and those which are investigated most.
Bone-marrow-derived progenitor/stem cells
Hematopoietic progenitor/stem cells (HSC)
The tide of stem cell research in cardiovascular medicine was
initiated by the report of Orlic D et al., which showed hematopoietic
stem cells could transdifferentiate into cardiomyocytes when
injected in the border zone of infarcted myocardium, making them
of particular interest in the treatment of cardiac disease because
they represent a well-characterized and ample source of progenitor
cells.
These results, however, have not been confirmed by subsequent
studies, which showed the hematopoietic stem cells do not
transdifferentiate but instead become mature blood cells after
transplantation (5,6), leaving the cardiac potential of HSC a
controversial issue. Nevertheless, a number of landmark studies

showed signiﬁcant improvement in cardiac function when bonemarrow-derived cells were implanted directly or applied to the
injured hearts by fabricated into cell sheet, implicating paracrine
signaling as the major mechanism of action.
Therefore, the amelioration seen in ventricular function
prompted a number of clinical trials using autologous bone marrow
cells to treat the patients with heart failure/myocardial infarction.
Early smaller clinical trials were exciting. However, larger,
randomized, placebo-controlled and blinded studies have shown
some mixed results (7-10). The REPAIR-AMI trial (the largest of
the randomized, placebo-controlled trials) was positive in that it
not only demonstrated improved left ventricular function, but also
showed a reduction in the combined clinical endpoint of death,
myocardial infarction or revascularization at one year (11). The
BOOST trial also showed early improvement on left ventricular
function (vs. control patients), but the difference had disappeared
after 18 months. In contrast to the improved left ventricular
function results of the REPAIR-AMI and BOOST trials, a doubleblind, randomized controlled study, using autologous bone
marrow MNCs in patients with myocardial infarction 24 h after
successful percutaneous coronary intervention, showed no beneﬁt
in left ventricular ejection fraction, but a signiﬁcant reduction
in infarct size and improved regional left ventricular function
(12). It should be emphasized that >99.9% of bone marrow
mononuclear cells are not stem cells, but are committed, although
immature, granulocytes or other hematopoietic lineages. These
trials indicate that the delivery of bone marrow derivatives through
the coronaries is feasible and safe, but the benefits are modest.
Later, a meta-analysis of 18 randomized and nonrandomized
trials involving 999 patients with acute myocardial infarction or
chronic ischemic cardiomyopathy found that transplantation of
adult bone marrow cells improved left ventricular ejection fraction
by 5.40%, decreased infarct scar size by 5.49% and lowered left
ventricular end-systolic volume by 4.80 mL (13). It has been
challenging to draw any major conclusions thus far, in part because
of size (only 2 trials have studied more than 100 patients) and in
part because of the heterogeneity in trial design, type of cell under
study, methods for cell preparation and storage, techniques for
cell delivery, and timing of cell delivery. Regarding cell type, most
clinical studies have used unfractionated bone marrow cells as
the delivery product, postulating that stem and progenitor cells
within this population are the biologically relevant therapeutic
agents. Deﬁnitions of the relevant cell in this regard have in general
been conﬁned to historically deﬁned hematopoietic progenitor
cells, which are those that express the surface antigens CD34 and
CD133. Given that the content of CD133 and/or CD34 cells
has been only 0.1% to 5% of cells in most studies, and given that
myocardial regeneration is almost certainly absent or minimal, it is
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Figure 1. Schematic representation of the mechanisms of stem cells involved in heart repair. The engraftment of stem cells in damaged
myocardium elicits the migration of stem cells into the injured sites. In response to environmental stimuli, stem cells differentiate into cardiac muscle
and release soluble autocrine/paracrine factors involved in stem cells renewal and myocardial protection/neovascularization respectively.

difﬁcult to conclude that any therapeutic beneﬁt is caused by these
progenitor cells alone.
Marrow-derived mesenchymal stem cells (MSCs)
MSCs, also referred to as connective tissue progenitor cells or
multipotent mesenchymal stromal cells, are a common source
of adult stem cells. They can be isolated from bone marrow
stroma and adipose tissue, as well as in other organs (14) and are
easy to be collected. Generally, they are deﬁned based on their
antigenic proﬁle, that is, positive for stromal markers (CD44,
CD49d, CD90, and CD166), negative for hematopoietic markers
(CD14, CD45, and CD34), and negative for endothelial markers

(VEGFR2, CD34, and CD105) and behavior in culture [i.e.,
capable of differentiation along several mesodermal cell lines
(bone, nerve, fat, muscle, etc)]. For many reasons, MSCs are
potentially a more attractive option for cell delivery as a therapy
for left ventricular dysfunction. Perhaps of greatest importance
with respect to their potential in cell therapy, MSCs are believed
to be immune privileged, which promotes their use in allogeneic
recipients (15,16).
Similar to HSC, human MSCs were originally reported to
transdifferentiate into cardiomyocytes in the adult murine heart
(17) but are now thought to exert their main actions through
paracrine behavior (18) (Figure 1) .
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Previous experiment using media from MSC cultures exert
therapeutic effects similar to those of direct MSC therapy,
suggesting that effects via released cytokines may play a
major therapeutic role in MSC therapy. Also, another group
demonstrated that, in a model of murine hind limb ischemia,
MSC transplantation enhanced tissue repair via secretion of
multiple cytokines, including vascular endothelial growth factor
(VEGF), ﬁbroblast growth factor-2 (FGF-2), and placental growth
factor (PlGF), rather than incorporation of MSCs into new or
remodeling tissues. This beneficial effect is enhanced further when
MSCs are genetically modified to express the pro-survival kinase
Akt1 (19-21). Akt1-expressing MSCs secrete sFRP2 that makes
cardiomyocytes more tolerant to hypoxia-induced apoptosis and
improve myocardial function (18,21,22). The positive effects of
transplanted MSCs, and the ability to genetically modify them,
promote their use as a cellular vehicle to deliver angiogenic
proteins [e.g., angiopoietin-1 (Ang1)] (23), survival factors
[insulin-like growth factor-1 (IGF-1)] (24), chemokines [stromal
cell-derived factor-1 (SDF-1)] (25) or Wnt antagonists (sFRP2)
(26) to further enhance the recovery of damaged myocardium.
Compared to direct intramuscular injection of MSCs into the periischemic region, Miyahara et al. (27) transplanted monolayers
of adipose tissue-derived mesenchymal stem cells into infarcted
rat hearts, which resulted in improved fractional shortening and
infarct wall thickness. After 4 weeks, the monolayers had expanded
in situ to produce 600 µm-thick tissue where it was transplanted
over the infarct scar. The newly formed tissue consisted of
neovasculature, undifferentiated mesenchymal stem cells, and a
few cardiomyocytes. They further observed a paracrine angiogenic
effect, which altogether led to amelioration of heart function.
A recent report has shown that the administration of
MSCs to pig infarcts stimulated resident cardiac stem cells to
contribute to the repair of the infarcts (28). Further elucidation
of MSC secreted paracrine mediators may provide a cell-free
based paradigm for myocardial protection. For the clinical trials
using MSCs, there are few published results with these cells, but
one of the strongest cardiac-repair treatment effects seen so far
indicates a 14% improvement in ejection fraction was reported
after the intracoronary administration of large numbers of
autologous MSCs (29). Allogeneic administration of MSCs into
patients intravenously within ten days of infarction showed well
tolerated, decreased arrhythmias and ameliorated contractile
dysfunction (30).
Taken together, compelling evidence indicates that bone
marrow cells do not work by directly differentiating into new
cardiomyocytes, but elaborate signals that control the response of
cells native to the myocardium, and thereby regulate healing.
Another issue should be addressed is the homing of MSC.
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Unlike traditional small molecule and biologic therapeutics, which
upon initial infusion circulate throughout the body within the
plasma compartment, MSCs tend to reproducibly aggregate in
speciﬁc tissues. Recent studies have shown that, 48 hours after
intravenous infusion in rats, more than 90% of infused cells can
be detected in the lung (31), with virtually no cells detected
in some potential target tissues, such as the brain (32). The
degree to which MSCs demonstrate endogenous ‘homing’ has
recently been called into question because of wide variation in
experimental methodologies used to quantitate cells in tissue (33).
Recent studies have elucidated several endogenous mechanisms
that might be utilized to overcome this intrinsic bias in MSC
biodistribution. The potential role of stromal cell-derived factor
alpha (SDF-1) and its receptor, chemokine receptor 4 (CXCR4)
in recruiting bone-marrow-derived cells to sites of injury was
ﬁrst described in models of vascular (34) and myocardial (35)
injury. After acute ischemic myocardial injury, cardiac SDF-1
levels increase dramatically (36) and appear to serve as a homing
signal for endogenous cells expressing CXCR4. One proposed
therapeutic strategy has been to augment and temporally extend
the expression of SDF-1α in order to increase the numbers of
cells recruited from the circulation; this strategy is based on the
hypothesis that SDF-1α homing signal may be rate limiting for
recovery (37), and has shown promise in preclinical models of
myocardial infarction (38). These deﬁning studies have been
expanded with an aim of increasing the homing and/or function
of exogenously administered MSCs. Transplantation of MSCs
overexpressing SDF-1α into acutely infarcted rodent hearts
demonstrated incremental improvements in cardiac function
when compared to control MSCs (39); however the exact
mechanism for this effect remains unclear, as SDF-1α may act on
multiple target cells. In a more direct approach, overexpression
of CXCR4 in MSCs leads to an increase in vitro migration (40)
as well as engraftment, ultimately resulting in improved overall
cardiac function in the damaged heart after intravenous injection
(41,42). In this case, the mechanism appears to be upregulation of
matrix metalloproteinases (MMPs), which have recently been shown
to be critical for MSC migration and tissue retention (43-45) and
might prove to be useful tools to enhance MSC homing.
Endothelial progenitor cells (EPC)
EPC can be isolated from peripheral blood mononuclear cells
and bone marrow, and have the potential to differentiate into
endothelial cells. They can also differentiate into cardiomyocytes
when co-cultured with neonatal rat cardiomyocytes (45). Injection
of EPC into a heart with myocardial infarction was shown to
improve cardiac function by promoting angiogenesis, without
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their differentiation into cardiomyocytes (46,47). Subsequently,
the search began to ﬁnd ways to enhance their mobilization or to
directly incorporate them into the vasculature of injured tissues.
Both VEGF and granulocyte colony-stimulating factor (G-CSF)
have been shown to increase EPC mobilization from bone marrow.
And statins (3-hydroxy-3-methylglutaryl coenzyme-A reductase
inhibitors) have been shown to stimulate the mobilization of EPCs
from the bone marrow as well, pointing to yet another aspect of
the ever-evolving understanding of the many therapeutic beneﬁts
of the drug (48).
This cell population arises from the hematopoietic lineage
and possesses certain stem cell markers during the maturation
pathway, such as CD34 in human (49). In recent years, researchers
have suggested an easy process for isolation of these cells both in
vitro and in vivo (49). Furthermore, the incorporation of EPCs
in ischemic tissue has been shown to contribute to the recovery
of ischemia through participation in neovascularization, both
in animal study and in promising early clinical trials and their
long term outcome (50-53). Masaaki et al. (54) have suggested
a different mechanism by which EPCs protect cardiomyocytes
in the scar area. These authors found that a rapid recruitment of
EPCs to the myocardium occurs in response to very short periods
of ischemia and that these cells express an array of potentially
cardioprotective cytokines, including nitric oxide synthase
isoforms.
In the TOPCARE-AMI trial, patients with myocardial
infarction received 3-day-old EPCs in the infarct-related artery 4
days after infarction. Left ventricular function improved to a greater
extent and infarct size was smaller after EPC infusion, compared
with a historical control group and almost 10-year follow-up
shows it long term safety and efficacy (50-53). While a doubleblind prospective study is required to confirm these findings, the
important observation was that EPC transfer appeared safe, as no
malignant arrhythmias, inflammatory reactions or obstruction of
blood vessels were observed. However, in another uncontrolled
study, infusion of a subpopulation of CD133+ bone marrow cells in
the infarct-related artery was associated with enhanced recurrent
ischemia and need for repeat intervention of the infarct-related
artery (55). Although this was unexpected and underlying causes
remain unclear, these results highlight the need for continued
awareness when administering in vitro purified cell populations. In
patients with chronic coronary occlusion, recanalization and stent
implantation was followed 10 days later by infusion of 4-day-old
EPCs or placebo into the stented artery. Compared with placebo
injection, EPC transfer resulted in a reduction of hibernating
cardiac tissue, enhanced perfusion and an improvement in
global cardiac function. This double-blind, randomized, placebocontrolled study thus suggests that cultured EPCs are able to
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improve cardiac function, even when administered more than 30
days after coronary occlusion (56). Whether the observed benefit
was caused by EPC-mediated vasculogenesis or by an indirect
paracrine effect on metabolism and hibernating myocardium
remains unknown. A second randomized, controlled study
compared the efficacy of transcoronary delivery of bone marrow
mononuclear cells or 3-day-old EPCs to treat patients 3 months
after myocardial infarction (57). In contrast to the previous
study, recanalization of the infarct-related artery was performed
immediately following the acute event. Compared with control
patients without cell therapy, only mixed mononuclear cells, but
not EPCs, were effective in enhancing left ventricular function.
These data suggest that EPCs are not very effective when
administered a long time after myocardial infarction. Mechanisms
remain speculative, but it is possible that deficient EPC homing
signals contribute to a low EPC incorporation and lack of a
therapeutic effect.
Skeletal myoblast
Skeletal myoblasts, or satellite cells, are found in the basal
membrane of muscle fibers and maintain the homeostasis
of skeletal tissue (58,59). Myoblasts are easy to isolate from
small muscle biopsies as they can proliferate and expand
substantially in culture. Obvious similarities between skeletal
and cardiac muscle tissue suggest that satellite cells may adopt
a cardiomyogenic fate once inside ventricular tissue. Moreover,
they are resistant to hypoxia-induced apoptosis, providing
another potential advantage for them in repopulating the ischemic
myocardium (60). Animal studies show that myoblasts that are
injected into cardiac tissue after ischemic injury cause global
and regional functional improvement (61-63). In a chronic
heart failure dog model, transplantation of myoblasts also led
to a significant recovery in left ventricular hemodynamics (64).
In a similar fashion, magnetic resonance imaging showed that
intramyocardial delivery of myoblasts in rabbits with an acute
myocardial infarction demonstrated an increase in regional left
ventricular wall thickness and a decrease in the deleterious effects
of post-infarction cardiac remodeling (65). Despite the ability
to incorporate into the infarct site and develop contraction-like
characteristics, myoblasts generally fail to form intercalated disks
and appropriate gap junctions with resident cardiomyocytes (66).
The lack of electromechanical coupling with the surrounding
host cardiac tissue also caused arrhythmias in a number of cases
(67). Although straightforward application of skeletal myoblasts
may have limited future use in cardiovascular cell therapy, satellite
cells could offer an ample source of cellular material that is similar
to cardiac progenitor cells and that might be reprogrammed
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with cardiac-specific regulatory factors. Skeletal myoblasts
may also be engineered to form connections with resident
cardiomyocytes by expressing appropriate gap junction proteins
before transplantation (68). In the future, it should be addressed
that whether induced pluripotent stem cells (iPSC) from skeletal
myoblast (69) carry a better cardiomyogenic potential compared
to other cell types regarding to the epigenetic memory in skeletal
myoblast.
Cardiac progenitor cells (CPC)
Recent evidence suggests that a pool of CPCs resides in the
adult myocardium (70). The discovery of various cardiovascular
progenitor cells (CVPC) in adult hearts has provided exciting
candidates that could replace the injured or aged cardiomyocytes.
In some cases, these cardiovascular progenitor cells can improve
cardiac function after implantation into injured hearts in animal
models. However, the developmental origins and long-term
benefits of such cardiovascular progenitor cells remain largely
unknown or unproven. Yibing Qyang et al. recently isolated and
characterized a novel population of cardiovascular progenitor
cells from rodent and human hearts, as well as from murine ESCs
(71-74). These cells are capable of making nearly an entire heart
during embryonic and postnatal heart formation and are marked
by expression of ISL1 - a LIM-homeo domain transcription factor.
ISL1+ cardiovascular progenitor cells are highly proliferative,
multi-potent cells that have the capacity to differentiate into
cardiomyocytes, smooth muscle cells, and endothelial cells, all of
which are required for cardiac repair.
An early primal ISL1 human heart progenitor cell has been
isolated by using lineage tracing technology from human ESC,
which gives rise to a well-characterized family of down-stream
multipotent second heart field (SHF) heart progenitor cells that
then generate diverse lineages (74). Few ISL1+ cells can be found
in the heart at later embryonic stages, including the developing
outﬂow tract. Moreover, ISL1+ cells generally coexpress with Flk1 and Nkx2.5, indicating a rapid fate restriction. ISL1-expressing
cells that do not express other markers such as FLK-1 or NKX2.5
are found in the developing heart including the outﬂow tract,
which may represent the upstream precursor for the family of
multipotent progenitors in the SHF lineage. But these primordial
stem cells are found only in fetuses and could not be used for
cardiac repair because they could develop into undesired cell types
which may lead to adverse effect. Therefore, researchers need to
isolate "intermediate" cells that are already heading for a particular
fate. In the meantime, the primordial cells could be used for
disease modeling and drug screening.
Another kind of CPC is termed C-kit+ cells, which are the
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most extensively studied. In humans, they are expressed in mature
circulating cells such as hematopoietic stem cells and mast cells,
telocytes, the thymic epithelium, and cardiomyocytes during
development (75). After isolation from rat and human hearts,
C-kit+ cells have been reported to give rise to cardiomyocytes,
smooth muscle cells and endothelial cells. Some studies indicate
that, when transplanted, C-kit+ cells induce large-scale regeneration
of myocardial infarcts and contribute to the formation of new
myocardium and vessels. An ongoing clinical trial (ClinicalTrials.
gov identifier NCT00474461) is testing the safety and efficacy
of autologous C-kit+ cells as an adjunctive treatment for patients
undergoing coronary bypass surgery (CABG).
Another CPC population in clinical trials is cardiosphereforming cells. These cells are isolated on the basis of their
migration out of cultured cardiac tissue and form spheroids in
suspension cultures. They are composed of a mixture of cells(Ckit+ and others from the stromal-vascular compartment). In vitro
and in vivo studies after transplantation have shown CPCs can
differentiate into cardiomyocytes and improve heart function post
myocardial infarction (76). Based on these data, a clinical trial
(CADUCEUS (CArdiosphere-Derived aUtologous stem CElls
to reverse ventricUlar dySfunction) was Launched (began in
May 2009, completed in February 2012) using autologous CPCs
(NCT00893360). In The Lancet, Raj Makkar and colleagues
reported the result of CADUCEUS. This was a proof-of-principle
study of intracoronary delivery of cardiosphere-derived cells for
patients with recent myocardial infarction (within 1.5-3 months)
and left ventricular dysfunction (ejection fraction 25-45%).
Although scar size and viable myocardial mass did not alter in
eight controls, patients in the cardiosphere-derived cell group
who were studied with cardiac MRI (excluding three patients with
implantable defibrillators and four pending 12 month data) had a
reduction of 28% in average scar mass at 6 months and 42% at 12
months. Along with data from the SCIPIO trial (77), which used
C-kit-positive cells, results from CADUCEUS show that a different
population of cardiac progenitor cells derived from adult human
heart (cardiosphere-derived cells) can reduce infarct scarring in
patients with recent myocardial infarction. Different from the
previous studies showing autologous transplantation of CPC is
associated with little clinical evidence of cardiac regeneration;
this trial will alert physicians-scientists to the potential of cardiac
regeneration as a new paradigm for treatment after myocardial
infarction (78).
Embryonic stem cells (ESCs)
As introduced above, a number of different somatic human tissues
have been proposed as the source of stem cells/progenitors
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able to generate de novo cardiomyocytes. However, the cardiac
differentiation potential of these adult stem cells is always poor
due to their limited plasticity, which precludes their differentiation
into functional cardiomyocytes, while only ESCs and the related
reprogrammed cells have been shown to posses the capacity to
stably differentiate into functional cardiomyocytes in vitro (79).
The successful generation of human ESCs (hESCs) in the late
1990s represents a milestone in the cell-based regeneration area
(80). ESCs have nearly unlimited self-renewal and expansion
capability and possess the unique property to differentiate into
various somatic cell types, including cardiomyocytes, from three
germ layers in vitro (81). Thus this stem cell type represents a
fascinating source of committed cardiomyocytes of potential
use in cardiac cell therapies (82,83). Using mouse ESC-derived
cardiomyocytes (mES-CMs) (84), firstly demonstrated that
cardiomyocytes generated from ESCs were capable to form stable
intracardiac grafts in uninjured rodent hearts. Then a serious of
subsequent works has further proved the beneficial effects on heart
function after transplantation of mES-CMs to the experimental
animal models of acute myocardial infarction (85-87).
Cardiomyocyte induction from hESCs has been found
to be much more intractable, and their spontaneous cardiac
differentiation efficiency is very low. Thus analysis of their in vivo
regenerative potential is greatly hampered by the lack of sufficient
amount of cardiomyocytes (79). Upon the development of
several efficient and reproducible cardiac differentiation methods
recently (88,89), the application potential of hESCs-derived
cardiomyocytes (hES-CMs) in cardiac cell therapies has been
explored. Pioneering transplantation studies of hES-CMs showed
that when injected to uninjured hearts, the hES-CMs could
survive and formed myocardial tissue (90,91). When hES-CMs
were transplanted to the experimental animal models of acute
myocardial infarction, they were found to engraft into the diseased
hearts and provided beneficial effects on the heart function (88).
In addition, Kehat et al. (90) showed that transplanted hESCMs could substitute for pacemaker cells in a swine model with
complete atrioventricular block and elicit and ectopic rhythm
compatible with the animal’s survival. This was further confirmed
by Li’s group (92) that hES-CMs are capable of actively pacing
quiescent, recipient, ventricular cardiomyocytes in vitro and
ventricular myocardium in vivo.
These successful attempts in applying cardiomyocytes
generated from ESCs to repair the infarcted hearts are encouraging.
However, several challenges, including generation of highlypurified cardiomyocytes to exclude the formation of teratoma after
transplantation, establishing methods to produce cardiomyocytes
with higher degree maturation in vitro and developing approaches
to overcome immune rejection and other causes of graft cell death,
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remain to be solved in the future. To further ensure the safety of
the ES-CMs, their electrophysiological consequences as well as
functional integration with the recipient heart after transplantation
needs to be detailed and carefully assessed. Thus far, most our
knowledge is gained based on hES-CM transplantation experience
in rodent models. Clearly, studies in larger models such as swine
and primate are warranted in the future.
Induced Pluripotent Stem Cells (iPSC)
One of the most remarkable discoveries of the last few years is
that adult somatic cells can be reprogrammed to a pluripotent
stem cell state by expression of just a few key transcription factors.
The pioneering study by Yamanaka and colleagues showing that
overexpression of Oct3/4, Sox2, Klf4, and c-Myc could reprogram
mouse fibroblasts to a pluripotent state virtually indistinguishable
from mouse ESCs opened major new avenues of research
(93). This epigenetic reprogramming was rapidly extrapolated
to the human system using either the same combination of
reprogramming factors (94) or a slightly different combination of
transgenes (OCT4, NANOG, SOX2, LIN28) (95).
Given that some of the virally encoded genes are oncogenes
that may be reactivated after transplantation, it is clear that
protocols permitting reprogramming without the use of viruses are
essential before iPSCs can become a clinical tool. Very recently, it
has been shown that human iPSC derivation can be achieved with
transposon (96,97), episomal (98), direct protein delivery systems
(85,99) and microRNA (100-102).
Recently, it has been demonstrated that iPS cells have the
potential to produce derivatives of all three germ layers and can also
differentiate into various lineages in culture, including cardiovascular
cells (103-106). Very recently, cardiomyocytes derived from diseasespecific iPSC (long QT syndrome) was obtained (107).
With the rapid development of iPSC research, it appears likely that
cellular reprogramming may provide important tools for translational
scientists aiming at generating a speciﬁc cell type for cell therapy.

Direct reprogramming into cardiomyocytes

.

s
In addition to the iPSC technology, where fully differentiated cells
are reprogrammed to the fully undifferentiated ESC-like state, and
subsequent differentiation of such cells can give the desired cell
type, one can envision more direct ways of reprogramming cells.
In a pioneering experiment conducted more than 20 years ago,
Harold Weintraub and colleagues showed that forced expression
of the myogenic transcription factor MyoD in cultured ﬁbroblasts
caused such cells to adopt the myocyte fate (108). Thus, it
seemed plausible that at least some cells in the body may have a
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more plastic developmental identity than traditionally thought.
Recently, Douglas Melton and colleagues have taken this concept
one step further. By ﬁrst establishing the transcriptional code
for generation of endocrine, insulin-producing beta cells in the
pancreas during embryonic development (109) and thereafter
transducing exocrine cells with viruses expressing these factors
(110), they showed that cellular reprogramming can be achieved
not only in the Petri dish but also in vivo.
Based on a similar strategy, Ieda and colleagues successfully
reprogrammed cardiac ﬁbroblasts into cardiomyocyte-like cells
(referred to as iCMs) via the ectopic expression of Gata4, Mef2c,
and Tbx5 (111). These investigators began with a selection of 14
key genes related to cardiac development, including transcription
factors and chromatin remodeling factors, and expressed them in
cardiac ﬁbroblasts isolated from neonatal hearts obtained from
aMHC-GFP transgenic mice. Seven days following transduction,
1.7% of cells expressed GFP. By serial reduction of the 14
factors, it was found that the optimal combination of Gata4,
Mef2c, and Tbx5 resulted in GFP expression in 20% of the cells.
Approximately 6% cells were positive for both GFP and TNNT2
(a marker of the sarcomere structure of cardiomyocytes). The
iCM is similar to cardiomyocytes regarding to their morphology,
cardiac markers expression, electrical-physical properties, and
histone modifications on key cardiac markers genes. However,
the induction rate is quite low (~1 out of 20 fibroblasts). Later,
Ding Sheng et al. invented a totally different “short cut” to
efficiently reprogram fibroblasts into cardiomyocytes. First,
they partially reprogrammed fibroblast to an intermediate state
between fibroblast and iPSC. In order to prevent the cells from
reaching a pluripotent state during the time, an inhibitor of Janus
kinase/signal transducer and activator of transcription ( JAK/
STAT) was added into the cell cultures. Cells were then induced
directly into cardiomyocytes using tissue culture conditions
designed for cardiac differentiation rather than iPSC generation.
The technology produced induced cardiomyocytes with 30-40%
efficiency by reprogramming ﬁbroblasts to a relatively restricted
mesodermal or cardiac-restricted progenitor stage, rather than ESlike stage. This makes subsequent differentiation and puriﬁcation
procedures considerably less challenging and minimizes the risk of
transplanting unwanted and potentially dangerous contaminating
cells. Taken together, direct in vivo reprogramming look to be very
promising in the near future.

Optimized routes for progenitor/stem cell
transplantation into the injured heart?

.

The routes of delivery must be improved in order to increase the

efficacy of cardiac cell-based therapies. Suspension injection,
the most commonly used often results in poor engraftment.
Engineered heart tissues, generated by using biodegradable
scaffolds, improved the efficiency of cell retention compared
with cell suspension injection. However, this approach showed
marginal benefit in improving cardiac function, possibly
due to their limited attachment to the myocardium and the
inflammatory and fibrotic responses caused by the scaffold’s
degradation (112). A recently developed “cell sheet engineering”
technology has greatly improved the efficiency and efficacy
of cell engraftment. This system of delivery has resulted in the
production of functional engineered heart tissue as well as a
marked improvement in cardiac function following implantation
(113,114). In order to prepare these cell sheets, tissue culture
dishes are covalently coated with the temperature sensitive
polymer, poly (N-isopropylacrylamide) (PIPAAm). At 37 ℃, the
surface is hydrophobic and allows cells to adhere and proliferate.
However, at 20 ℃, the surface becomes hydrophilic, leading
to cell detachment because of rapid hydration and swelling of
the grafted PIPAAm. The 3-D heart tissue can be established
by layering these cell sheets. As there is no enzyme digestion
involved, the cell surface, extracellular matrix (ECM), and
cell-cell interactions remain intact in the detached cell sheet.
Scientists have used this technology to develop engineered cell
sheets with MSC (115), CPC (116) and induced adiopose
(117). The intact adhesive molecules and ECM of the engineered
tissues will enable to readily attach to the injured myocardium
without any suture. Following implantation, these engineered
tissues will engraft efficiently to the injured hearts, reducing scar
formation and increasing cardiac function (Figure 2).

Perspectives

.
s
Recent progress has replenished our understanding of the
development and stem cell biology of the cardiovascular
system. On one hand, resident CPCs can be activated to
enhance their migration from CPCs niches to the site of injury,
proliferating to a crucial mass and differentiating into functional
cardiomyocytes. On the other hand, extracardiac stem cells can
be induced to potentiate their homing to the infarct heart and
subsequent secretion of cardioprotective and resident CPCs
-stimulating paracrine factors. Biotechnological advances such
as genetic engineering and nanotechnology also provide further
assistance in achieving this goal. Therefore, heart regeneration
is not an imaginary hype but a realistic hope that deserves
further advancement. However, some fundamental questions
remain unanswered and need our further investigations. Why
is there a need for so many different cell types participated in
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Figure 2. Illustration of Procedural Steps for Cardiac Patch Sheet Engineering. Left anterior descending coronary artery-ligated rat hearts are the
test model in which monolayer-constructed stem cell sheets are applied. Cell sheets are constructed in temperature-responsive, polymer-grafted cellculture dishes. Confluent cells forming sheets are released from the dish surface by decreasing temperature from 37 to 20 ℃. These myocardial cell
sheets are applied as epicardial tissue patches or bridges for the purpose of restoring global contractile function of the left ventricle.

heart repair as a response to heart injury? Does exist a crucial
event resulting from a damage mobilize all these soldiers for the
sake of saving the dying heart? If stem cells are mobilized after
injury, why does the function of fibrosis predominate? This is
particularly disappointing, since the various stem cells that have
been analyzed are able to produce cardiomyocytes, smooth
muscle cells and endothelial cells in vitro. Is it because stem cell
cannot survival in the harsh environment or they follow the road
to fibrosis in order to survive in the hostile niche (inflammation,
toxin etc.).
In recent years, we have acquired a lot of knowledge about the
individual parts in the regenerative puzzle of the heart, but how
to fit these together is still unclear. Our current challenge is to
characterize the different stem cell-like populations in the heart
and identify their respective roles during heart regeneration. It

is also crucial to build a "roadmap" of how progenitor/stem cells
are changed during a catastrophic injury such as a myocardial
infarction. If progenitor/stem cells in the heart must choose
between regeneration and scar formation, it is critical to know
the mechanism/switch to operate the fate of the stem cells.
This information will be beneficial to design novel strategies to
promote the endogenous regenerative capacities of the adult
heart and to optimize the cardiovascular differentiation of
transplanted stem cells.
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