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Abstract

Stem cell transplantation has emerged as a novel treatment option for ischemic heart disease. Different cell types
have been utilized and the recent development of induced pluripotent stem cells has generated tremendous
excitement in the regenerative field. Bone marrow-derived multipotent progenitor cell transplantation in pre-
clinical large animal models of postinfarction left ventricular remodeling has demonstrated long-term functional
and bioenergetic improvement. These beneficial effects are observed despite no significant engraftment of bone
marrow cells in the myocardium and even lower differentiation of these cells into cardiomyocytes. It is thought
to be related to the paracrine effect of these stem cells, which secrete factors that lead to long-term gene
expression changes in the host myocardium, thereby promoting neovascularization, inhibiting apoptosis, and
stimulating resident cardiac progenitor cells. Future studies are warranted to examine the changes in the re-
cipient myocardium after stem cell transplantation and to investigate the signaling pathways involved in these

effects. Antioxid. Redox Signal. 13, 1879-1897.

Introduction

PPROXIMATELY 45% OF PATIENTS with coronary artery

disease go on to develop congestive heart failure despite
state-of-the-art coronary interventions and medical therapy
(147). Cardiac transplantation is the only treatment option
available for replacing the lost muscle, but it is limited by the
inadequate supply of donor hearts. Stem cell transplantation
provides a unique therapeutic strategy to limit postinfarction
left ventricle (LV) remodeling and the consequent develop-
ment of congestive heart failure.

Recent studies have provided evidence that cardiomyocyte
regeneration may occur during physiological and pathologi-
cal states in the heart; these data highlight the possibilities
that myocardial regeneration may occur via cardiomyocyte
proliferation or proliferation and differentiation of putative
cardiac stem cells (CSCs) (6). Bone marrow (BM)-derived
multipotent progenitor cell (MPC) transplantation in a por-
cine model of postinfarction left ventricular remodeling leads
to an improvement in ejection fraction and myocardial ener-
getic at 4 months after myocardial infarction (45). This is as-
sociated with a decrease in left ventricular hypertrophy,
amelioration of left ventricular dilatation, and decrease in scar
size despite minimal engraftment of stem cells. It is postulated
that these beneficial effects are related to induction of host
myocardium gene expression changes, which included a
downregulation of mitochondrial oxidative enzymes and

upregulation of myocyte enhancer factor 2a (MEF2a) and
ZFP91 (a member of the zinc finger family of proteins asso-
ciated with ciliary neurotrophic factor) (45).

Many different cell types have been used for cardiac repair,
including skeletal myoblasts, BM-derived cells, endothelial
progenitor cells (EPCs), umbilical cord blood (UCB) stem
cells, CSCs, embryonic stem cells (ESCs), and induced plu-
ripotent stem cells (see Table 1 for summary of cell types). This
article will review each of these different stem cell types in
regard to treatment of ischemic heart disease.

Cells for Myocardial Repair in Ischemic Heart Disease
Skeletal myoblasts

Skeletal myoblasts are derived from satellite cells that lie
in a quiescent state under the basal lamina of skeletal
muscle fibers and are rapidly mobilized, proliferate, and
fuse to repair muscle after an injury (136). Skeletal myo-
blasts form viable, long-term skeletal myotube grafts after
transplantation into adult hearts (58). Transplantation of
autologous skeletal myoblasts in cryoinfarcted rabbit myo-
cardium leads to myoblast engraftment at 3 weeks with
subsequent improvement in systolic performance (136). In
another study, implanted skeletal myoblasts form viable
grafts in infarcted rat myocardium, resulting in enhanced
post-myocardial infarction (MI) exercise capacity and con-
tractile function and attenuated ventricular dilation (44). He
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TABLE 1. CoMPARISON OF DIFFERENT CELL TYPES FOR CARDIAC REPAIR

Cell type

Advantages

Disadvantages

Skeletal myoblasts

Bone marrow stem cells

Mesenchymal stem cells

Endothelial
progenitor cells

Umbilical cord
blood stem cells

Cardiac stem cells

Embryonic stem cells

Easiness of procurement

Autologous source

In vitro scalability

Lack of serious concerns
about tumoriginicity

Resistance to ischemia

Autologous source
Induces angiogenesis

Avoid rejection by

being hypoimmmunogenic
Easily accessible and expandable
Off-the-shelf allogeneic

product possible
Induces angiogenesis

Autologous source
Induces angiogenesis

Autologous source

Cardiomyocyte phenotype

with no need for differentiation
Can integrate with host cardiomyocyte
Autologous transplantation

Pluripotent and unlimited supply
Patient-specific cells for autologous

Inability to establish functional electromechanical
connections with the host cardiomyocytes

Increased risk of arrhythmias

Lack of differentiation into cardiomyocytes

Limited ability to differentiate into cardiomyocytes

Limited ability to differentiate into cardiomyocytes

Cannot differentiate into cardiomyocytes

Limited supply

Unclear whether these cells can differentiate
into cardiomyocytes

Very limited supply

Difficult to isolate and propagate in culture

Proarrhythmic risk due to immature phenotype
of derived cardiomyocyte

Social and ethical concerns
Limited supply of human oocytes

transplantation possible via
therapeutic cloning

Induced pluripotent
stem cells
transplantation possible

Pluripotent and unlimited supply
Patient-specific cells for autologous

Risk of tumor formation
Proarrhythmic risk due to immature
phenotype of derived cardiomyocyte

Risk of tumor formation

Risk of viral vector

Proarrhythmic risk due to immature
phenotype of derived cardiomyocyte

et al. have shown a significant left- and upward shift of the
endsystolic pressure—endsystolic volume relationship 10
weeks after transplantation of autologous skeletal myoblasts
in a dog model of chronic heart failure (37). Transplantation
of preconditioned skeletal myoblasts (treated for 30min
with 200 uM diazoxide) resulted in greater survival of
transplanted cells and caused a significantly higher im-
provement of ventricular function in a rat model of myo-
cardial infarction, which was thought to be related to
paracrine factors that promote angiomyogenesis (33, 97).

Skeletal myoblasts have several advantages in terms of
cell transplantation for cardiac repair. First, these cells have
an autologous origin making accessibility easy and avoiding
any immune rejection. Second, they have a high degree of
scalability in culture (one billion cells can be yielded from an
initial small biopsy over a 2-3-week time frame). Third,
these cells have a high resistance to ischemia, resulting in
improved survival in infarct and peri-infarct regions. Lastly,
as these cells are terminally differentiated, they do not form
tumors.

However, being myogenic committed, they do not have the
ability to differentiate into cardiomyocytes (28). Skeletal

myoblasts also have differing electrical properties and their
transplantation has been linked to increased risk of arrhyth-
mias. Cardiomyocytes are electromechanically coupled by
specialized cell—cell junctions, the intercalated disks, which
contain adherens (N-cadherin), and gap junctions (connexin
43) for mechanical and electrical coupling, respectively.
Electromechanical coupling between cardiomyocytes is a
basic requirement for coordinated mechanical activity in
myocardium. In contrast to heart muscle cells, skeletal muscle
fibers are electrically isolated from one another, a prerequisite
for fine motor control. Reinecke et al. showed that differenti-
ated skeletal muscle grafts in injured hearts had no detectable
N-cadherin or connexin 43; hence, electromechanical coupling
did not occur after in vivo grafting (113). In vitro cardiomyo-
cytes can form electromechanical junctions with some skeletal
myotubes in coculture and induce their synchronous con-
traction via gap junctions (113). However, in vivo skeletal
myoblasts are not electromechanically coupled to each other
or to surrounding cardiomyocytes (67). Myoblast-associated
reentrant arrhythmias can be significantly reduced and effi-
cacy increased by genetically making these cells overexpress
connexin 43 (2, 114).
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BM-derived stem cells

It is still debated in literature whether BM-derived cells
differentiate into cardiomyocytes. Bittner et al. were the first to
suggest that cardiac muscle cells may be derived from BM
cells (18). Goodell and coworkers showed that after trans-
plantation of murine BM side population (SP) cells (cytokine
receptor that binds to stem cell factor [c-kit+], Sca-1+, and
CD34— /low), donor-derived cells with cardiomyocyte mor-
phology, as well as smooth muscle and endothelial cells were
found in the heart after left anterior descending (LAD) liga-
tion (43). Orlic et al. (102) showed that transplantation of green
fluorescent protein-positive (GFP+) Lin-c-kit+ cells (pre-
sumably containing both hematopoietic stem cells [HSC] and
mesenchymal stem cells) into the ventricular wall after LAD
ligation resulted in improved function of the ventricle and
they detected a large number of GFP+ cells with cardiac
phenotype in the myocardium. In contrast to these finding,
other laboratories using genetic techniques showed that
lineage-negative, c-kit+ cells did not differentiate into cardi-
omyocytes (10, 92). However, more recently, Anversa and
colleagues have shown using similar genetic techniques that
c-kit+ BM cells can engraft in the proximity to the infarcted
myocardium and differentiate into cells of the cardiogenic
lineage, forming functionally competent cardiomyocytes and
vascular structures (115).

It was Caplan’s group in the late 1980s and in the 1990s who
identified a subset of cells within the BM that gave rise to
osteoblasts and adipocytes and termed them mesenchymal
stem cells (MSCs) (19). MSCs are present in many different
organs of the body, including muscle, skin, adipose tissue,
and BM. They can be isolated from the BM by a simple process
involving Ficoll centrifugation and adhering-cell culture in
defined serum-containing medium. MSCs can be expanded
for 4-20 population doublings only (111) with preservation of
the karyotype, telomerase activity, and telomere length (108,
109). Phenotypically, these cells are negative for CD31, CD34,
and CD 45, unlike hematopoietic progenitors from BM, and
are positive for CD29, CD44, CD71, CD90, CD105, CD106,
CD120a, CD124, SH2, SH3, and SH4 (36, 76, 110). In the BM,
only 0.001%-0.01% of the initial unfractionated BM mono-
nuclear cell population consists of MSCs (110, 111). However,
in many recent rodent studies, the adherent fibroblastic cells
obtained from the unfractionated mononuclear class of the
BM are termed MSCs (3, 87).

MSCs have been reported to have the potential to differ-
entiate into any tissue of mesenchymal origin (19). MSCs
derived from rodent marrow aspiration have been shown
to differentiate into cardiomyocytes in the presence of 5-
aza-cytidine (30, 77). The morphology of the cells changes
from spindle-shaped to ball-shaped and finally rod-shaped
form. Thereafter, these cells fuse together to form a syncytium,
which resembles a myotube (31). These exhibit markers of
fetal cardiomyocytes (77). Specific transcription factors of the
myocyte and cardiac lineage, including GATA4, Nkx2.5, and
HAND 1/2, can be detected (30). There are differences (as
compared to native cardiomyocytes) in cardiomyocytes de-
rived from MSCs. First, f-isoform of cardiac myosin heavy
chain is more abundant than the a-isoform in these cells.
Second, there is more a-skeletal actin than a-cardiac actinin,
and myosin light chain 2v is also present. Third, MEF2a and
MEF2d replace MEF2c isoforms from early to late passage.
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These cells beat spontaneously and synchronously, which is
most likely due to the formation of intercalated discs, as has
been shown when they are cocultured with neonatal myo-
cytes (139). They express competent «- and f-adrenergic and
muscarinic receptors as indicated by an increased rate of
contraction in response to isoproterenol and a decreased rate
of contraction induced by f-adrenergic blockers (34). This
in vitro differentiation to myocytes has been replicated using
MSCs from pig BM-derived MSCs (72).

MSCs have features that make them attractive candidates
for cell transplantation. As they are easily accessible and ex-
pandable, MSCs could potentially become an off-the-shelf
allogeneic product that would be more cost effective, easier to
administer, allow greater number of cells to be transplanted,
and, possibly of importance, permit transplantation at the
time of urgent interventions to relieve ischemia and injury
such as percutaneous or surgical revascularization proce-
dures. Importantly, these cells appear to avoid rejection by
being hypoimmunogenic (12, 66, 141). These cells lack major
histocompatibility complex (MHC)-II and B-7 costimulatory
molecule expression and thus limit T-cell responses (117, 160).
They can also directly inhibit inflammatory responses via
paracrine mechanisms, including production of transforming
growth factor f1 and hepatocyte growth factor (HGF) (26, 65).
All the above properties make them potentially excellent
candidates for cell transplantation.

MSC transplantation was tested in a study in which iso-
genic adult rats were used as donors and recipients to simu-
late autologous transplantation clinically. MSC intracoronary
injection in these rat hearts after myocardial infarction
showed mileu-dependent differentiation of these cells—
fibroblastic phenotype within the scar and cardiomyocyte
phenotype outside the infarction area (144). However, direct
intramyocardial injection of autologous MSC into the scar
resulted in differentiation into cardiac-like muscle cells within
the scar tissue, induced angiogenesis, and improved myo-
cardial function (138). Delivery of MSC via direct left ven-
tricular cavity infusion in a rat myocardial infarction model
resulted in preferential migration and colonization of the cells
in the ischemic myocardium at 1 week (11). MSCs also re-
sulted in increased vascularity and improved cardiac function
at 2 months in a canine model of chronic ischemic disease
(120). However, Kloner’s group using a rat model of post-
infarction LV remodeling found that the beneficial effects on
left ventricular function were short term and were absent after
6 months (24).

Our group has studied the outcome of BM-derived MPCs
in large animal models of myocardial infarction. We per-
formed intramyocardial transplantation of allogeneic MSCs
in a porcine model of myocardial infarction that resulted in a
profound improvement in borderzone energetic, regional,
and global contractile function (157). Only 0.35% +0.05%
donor cells could be detected 4 weeks after left anterior des-
cending artery ligation, independent of cell transplantation
with or without immunosuppression with cyclosporine A
(157). The fraction of grafted cells that acquired an endothelial
or cardiomyocyte phenotype was 3% and ~2%, respectively
(Fig. 1). Patchy spared myocytes in the infarct zone were
found only in stem cell-transplanted hearts (Fig. 1). As the
engraftment rate was low, the beneficial effects were thought
to be related to paracrine mechanisms as evidenced by
increased vascularity in the borderzone and spared native
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FIG.1. Engraftment and differentiation of pMultistem in vivo. Infarcted swine hearts with fi-galactosidase (LacZ)-labeled
pMultistem injection were harvested and dissected into 10-um sections. Dissected samples were fixed in zinc fixative and
stained for both LacZ (blue) and troponin T or VWFE. Nuclei were stained by DAPIL. (A) IZ of a Lac-Z+ pMultistem-treated
heart expressing cardiac myocyte phenotype troponin T. The left two pictures are phase-contrast images with magnifications
of X10 and x40, respectively. The right two pictures are fluorescence images with magnifications of x10 and x40, respectively.
Patches of spared myocytes were observed only in the pMultistem-treated hearts, not in untreated hearts (shown in B). (C)
Lac-Z+ pMultistem cells in vascular structures that coexpress VWE. The arrows indicate LacZ-positive cells stained with
troponin T and VWEF markers (reprinted with permission from Zeng et al.) (157). DAPI, 4',6-diamidino-2-phenylindole; 1Z,

infarct zone; VWF, von Willebrand factor.

cardiomyocytes in the infarct zone (Fig. 2). Moreover, the
border zone (BZ) protein expression of creatine kinase-mt and
creatine kinase-m isoforms was significantly reduced in in-
farcted hearts but recovered significantly in response to cell
transplantation (Fig. 3). Our laboratory recently employed a
transcoronary catheter delivery system to directly inject BM-
derived MPCs into the myocardium after myocardial infarc-
tion (146). This resulted in significant improvement in the
ejection fraction and myocardial energetic. Histologic data
demonstrated a 0.55% cell engraftment rate 4 weeks after
MPC transplantation. Only 2% of engrafted cells were cost-
aining positive for cardiogenic markers (Fig. 4). Vascular
density in the BZ was increased in the cell group (Fig. 5).
Conditioned medium from cultured MPCs contained high
levels of vascular endothelial growth factor, which was in-
creased in response to hypoxia. We further demonstrated that
MPCs cocultured with cardiomyocytes inhibited changes in
cardiomyocyte mitochondrial membrane potential and cyto-
chrome c release induced by tumor necrosis factor-o, thus
suggesting that inhibition of apoptosis might be one of the
paracrine effects of cell transplantation (Fig. 6) (146). We have
also shown that there is no long-term engraftment of stem
cells 4 months after transplantation (45). MPC transplantation
results in long-term improvement in LV chamber function
with a decreased infarct size, which is accompanied by im-
provement of myocardial energetic. It is associated with dif-
ferential expression of genes relating to metabolism and

apoptosis, including a downregulation of mitochondrial oxi-
dative enzymes and upregulation of MEF2a and ZFP91 (45).

Endothelial progenitor cells

EPCs were first isolated from blood in 1997 (9). They
originate from a common hemangioblast precursor in the BM
(80). However, many other cells, including myeloid/monocyte
(CD14+) cells and stem cells from adult organs, can also dif-
ferentiate into cells with EPC characteristics. Thus, circulating
EPCs are a heterogeneous group of cells originating from
multiple precursors within the BM and present in different
stages of endothelial differentiation in peripheral blood.
Therefore, the characterization of these cells is difficult be-
cause they share certain surface markers of hematopoietic
cells and some adult endothelial cells. Typically, they express
CD34 (a hematopoeitic cell characteristic), CD-133 (a more
specific marker of EPCs), and kinase insert domain-contain-
ing receptor, which is the receptor for vascular endothelial
growth factor. In a study of sex-mismatched BM transplant
patients by Hebbel and coworkers, 95% of circulating endo-
thelial cells in the peripheral blood of the transplant patients
had recipient genotype, but 5% had donor genotype (70). The
endothelial cells with donor phenotype had delayed growth
in culture but had high proliferative capacity with 1023-
fold expansion within 1 month and were termed endothelial
outgrowth cells. They concluded that the endothelial out-
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FIG. 2. Cardiac sections from IZ, BZ, and remote-zone myocardium stained with von Willebrand factor and CD31.
Vascular density was significantly higher in both the IZ and BZ of the pMultistem-treated hearts (reprinted with permission

from Zeng et al.) (157). BZ, border zone.

growth cells were of BM origin. In contrast, the cells with
recipient phenotype only had a 17-fold expansion within the
same time period. These circulating endothelial cells most
probably originated from the vessel wall.

EPCs have been used in different animal models of car-
diovascular disease. Intravenous delivery of CD34+ cells into
athymic nude rats with myocardial infarction caused angio-
genesis in the peri-infarct region, leading to decreased myo-
cyte apoptosis, reduced interstitial fibrosis, and improvement
of left ventricular function (56). Similarly, intramyocardial
implantation of CD34+ selected human peripheral blood
mononuclear cells into nude rats after myocardial infarction
resulted in neovascularization and improved left ventricular
function (51).

UCB stem cells

Human UCB is rich in stem and progenitor cells, which have
high proliferative capacity (69, 83, 91). Human UCB contains
fibroblast like cells termed unrestricted somatic stem cells,
which adhere to culture dishes, are negative for c-kit, CD34, and
CD45 and differentiate in vitro and in vivo into variety of tissue
types, including cardiomyocytes (57). Direct intramyocardial
injection of these human unrestricted somatic cells into the in-
farcted hearts of immunosupressed pigs resulted in improved
perfusion and wall motion, reduced infarct size, and enhanced
cardiac function (54). Further, intravenous injection of human
mononuclear UCB cells, a small fraction of which were CD34+,

into NOD/scid mice lead to enhanced neovascularization with
capillary endothelial cells of both human and mouse origin and
reduced infarct size (74). However, no myocytes of human
origin were found arguing against cardiomyogenic differenti-
ation and regeneration of cardiomyocytes from donor cells.
Additionally, direct intramyocardial injection of UCB CD34+
cells into the peri-infarct rim in a rat model resulted in improved
cardiac function (38).

Cardiac stem cells

Can the heart regenerate? The ability of the cardio-
myocytes to replicate has been a highly controversial topic. It
is known that increases in cardiac mass in mammals during
fetal life occur mainly due to cardiomyocyte proliferation.
However, during the perinatal period, mammalian cardio-
myocytes are known to withdraw from the cell cycle, thus
limiting their ability to divide and increase in number (75, 116,
127). Thus, normal postnatal growth and adaptive increases
in cardiac mass in adults as a result of hemodynamic burden
are achieved mainly through increase in cell size known as
hypertrophy (75, 116, 127). This belief was supported by the
inability to identify mitotic figures in myocytes, as well as the
observation that regions of transmural infarction evolved into
essentially avascular, thin collagenous scar. This paradigm
has been dominant over the past 50 years and views the heart
as a postmitotic organ consisting of a predetermined number
of parenchymal cells that is defined at birth and preserved
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FIG. 3. Representative Western blots from normal hearts [Normal], hearts with postinfarction left ventricle (LV) re-
modeling [MI], and a heart with myocardial infarction (MI) that received cell transplantation [MI+pMultistem] showing
protein levels of myocardial CK isoforms (A) and the respective normalized data (to GAPDH) in B, C, and D. Values are
mean £ SD. *p < 0.05. The same blots reprobed with GAPDH antibody were used as controls for equal loading (reprinted

with permission from Zeng et al.) (157).

throughout life until the death of the organ and organism.
However, recent studies over the past few years have chal-
lenged this concept of the heart being an organ incapable of
regeneration. The human heart contains cycling myocytes
undergoing mitosis under normal and pathological condi-
tions (5, 16, 93, 112). In a swine model of chronic hibernating
myocardium, it was shown that pravastatin increased myo-
cytes in mitosis (increased myocyte nuclear phospho-histone-
H3 positivity) and the growth phase of cardiac cycle (in-
creased myocyte nuclei expressing Ki67), which caused an
increase in myocyte proliferation as reflected by an increase in
myocyte nuclear density coupled with a reduction in myocyte
size (131).

Although myocyte regeneration from endogenous cardiac
progenitors is sparse, there are a few reports demonstrating
this pathway. The young feline heart has a population of small
mononucleated ventricular myocytes that incorporate Bro-
modeoxyuridine, express markers of cell cycle activity (Ki67),
and have telomerase activity (21). Recently, Dr. Bolli and as-
sociates demonstrated that coronary infusion of c-kit+ cardiac
progenitor cells (CPCs) in a rat model of chronic myocardial
infarction was associated with functional improvement. They
further showed that this was related to stimulation of en-
dogenous CPCs (135)

Recently, Bergmann et al. utilized radiocarbon cellular
dating to examine cardiomyocyte turnover (17). **C concen-
tration in the atmosphere increased sharply during the cold
war because of the above ground nuclear tests that persisted
until the 1963 Limited Nuclear Test Ban Treaty. The author’s

ingenious method is based on the fact that "*C concentration
in the human body mirrors that in the atmosphere at any time
and the concentration of '*C in the DNA is a reflection of when
the cell was born. Using this technique, they showed that the
adult heart is capable of cellular turnover at the rate of 1% per
year and 45% of the cardiomyocytes have been generated by
the age of 50 years (17). Another study used genetic fate
mapping to demonstrate that progenitor cells contribute to
the replacement of cardiomyocytes after injury (41). They
generated double transgenic mice and labeled the cardio-
myocytes with GFP after a pulse of tamoxifen. There was
little or no cardiomyocyte turnover during normal aging, but
the percentage of GFP+ cardiomyocytes decreased from
82.8% in heart tissue from sham-treated mice to 67.5% in
areas bordering a myocardial infarction, 76.6% in areas
away from a myocardial infarction, and 75.7% in hearts sub-
jected to pressure overload, indicating that stem cells or pre-
cursor cells had refreshed the cardiomyocytes (41). Recently,
Anversa and colleagues examined the percentage of myo-
cytes, endothelial cells, and fibroblasts labeled by iododeox-
yuridine in postmortem samples obtained from cancer
patients who received the thymidine analog for therapeutic
purposes (47). They observed a higher percentage of cell
turnover with an average 22%, 20%, and 13% new myocytes,
fibroblasts, and endothelial cells generated per year, sug-
gesting that the lifespan of these cells was ~4.5, 5, and 8 years,
respectively (47). Importantly, DNA repair, ploidy formation,
and cell fusion were not implicated in the assessment of
myocyte regeneration.
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FIG. 4. Histologic staining of tissues from the heart 10 days after transplantation of retrovirus LacZ-labeled swine
MPCs. (A) Hematoxylin-eosin staining of tissues from the heart 10 days after transplantation of retrovirus LacZ-labeled
swine MPCs. Left panel shows that the engrafted cells (LacZ) are distributed in peri-infarct and remote regions (magnification
x100); right panel shows the same sections at high magnification (magnification x400). (B) Engraftment and differentiation of
swine MPCs in vivo. Swine MPCs labeled with LacZ were injected into MI hearts via transmural catheter delivery, and the
tissues were harvested and dissected into 10-um sections. Dissected samples were stained for LacZ (dark blue), troponin T
(green), and /or N-cadherin (red). Nuclei were stained with DAPI (blue). Upper panel (a—c), low magnification; lower panel (d—
f), high magnification. (C) Engraftment and differentiation of swine MPCs in vivo. Dissected samples were stained for LacZ
(blue) and a-sarcomeric actin (green). Nuclei were stained with DAPI (blue). Left panel, low magnification; right panel, high
magnification (reprinted with permission from Wang et al.) (146). cINT, cardiac troponin-T; MPC, multipotent progenitor

cell.

The heart may belong to the group of constantly renewing
tissues in which the capacity to replace cells depends on the
persistence of a stem cell compartment (7, 130). The resident
CPC is responsible for the constant turnover of cardiomyo-
cytes, endothelial cells, smooth muscle cells, and fibroblasts.
This raises the question of why the ischemic myocardial
damage not spontaneously repaired and heart failure cannot
be avoided or ultimately cured. It has been postulated that the
progressive nature of ischemic cardiomyopathy may partly be
due to an inability of progenitor cells to home to an infarcted
region. The CPCs in the infarcted region die by apoptosis and
necrosis in an identical manner to the other cardiomyocytes in
that region. Thus, in most cases tissue growth does not invade
the region of infarct but occurs in viable myocardium only (16,
143). The notion of an aging myopathy in humans has also
been put forward that is characterized by cellular senescence,
growth limitation, and enhanced death of CPCs and myocytes
(22). Thus, a defective CPC compartment may be a common
denominator of heart failure of different etiology whether
the initiating event is ischemic myocardial injury, aging, or
diabetes (48).

Isolation of CPCs. CPCs have been isolated using five
different approaches. Beltrami et al. (15) isolated cells expres-
sing the receptor for stem cell factor (c-kit) from the interstitial
regions of adult myocardium of rats. The highest densities of
these lineage negative c-kit+ stem cells were in the atria and
ventricular apex. These cells were self-renewing, clonogenic,
and multipotent. Further, they had the ability to differentiate
into cardiomocytes, endothelial cells, and smooth muscle cells.
Recently, the same group has demonstrated that the human
heart also possesses these c-kit+ cells that can acquire the
myocyte, smooth muscle cell, and endothelial cell lineages in
vitro and in vivo (14). Resident murine CPCs have also been
separated on the basis of presence of Sca-1 (99). A small per-
centage of these cells activated cardiac genes but did not beat in
response to DNA demethylation with 5-azacytidine (99).
However, this group showed with the help of Cre (type 1 to-
poisomerase from P1 bacteriophage) recombinase techniques
that the apparent cardiac differentiation was the result of cell
fusion in 50% of cases (99). Matsura et al. also isolated Sca-1+
cells from adult murine hearts, which differentiated into beating
cardiomyocytes in the presence of oxytocin but not 5-azacytidine
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(81). Other groups have isolated so called SP cells from mouse
hearts based on their ability to exclude Hoechst 33342 dye (78,
107). These cells express Abcg2, an ATP-binding cassette
transporter. They are Sca-1+ and c-kit low and differentiate
into cardiomyocytes after coculture with rat cardiomyocytes.
Laugwitz et al. discovered a group of cells from postnatal
mouse hearts using isl-1 (homeobox gene islet-1) transcription
factor (64). These also express the cardiac transcription factors
Nkx2.5 and GATA4 but not Sca-1, c-kit or CD31. These cells
also have the ability to differentiate into functional cardio-
myocytes in vitro and in vivo. The isl-1+ cells have not been
identified in adult hearts (64). Messina ef al. isolated undif-
ferentiated cells that grow as self-adherent clusters (termed
“cardiospheres”) from subcultures of postnatal atrial or ven-
tricular human biopsy specimens and from murine hearts
(85). These cells had the properties of adult CSCs as they were
clonogenic, expressed stem and EPC antigens/markers, were
capable of long-term self-renewal, and could differentiate in
vitro and in vivo into myocytes and endothelial cells (85). La-
ter, Marban’s group obtained tissue from percutaneous en-
domyocardial biopsies in humans and pigs, and grew it in
primary culture to form cardiospheres, which were further
plated to yield cardiosphere-derived cells (CDCs) (126). Car-
diospheres and CDCs expressed antigenic characteristics of
stem cells at each stage of processing, as well as proteins vital
for cardiac contractile and electrical function (126). Human
and porcine CDCs cocultured with neonatal rat ventricular
myocytes exhibited biophysical signatures characteristic of
myocytes, including calcium transients synchronous with
those of neighboring myocytes (126).

Number of CPCs. Anversa and coworkers claim that
CPCs are undifferentiated cells that express the stem cell-
related antigens, c-kit, multiple drug resistance 1 (MDR-1;
another ATP-binding cassette transporter), and Sca-1, in
variable combinations (68). Quantitative data in the mouse,
rat, dog, and human heart have demonstrated that there is 1
CPC per ~30,000-40,000 myocardial cells. Approximately
65% of all CPCs possess the three stem cell antigens (Scas),

~20% two Scas and ~15% only one. Approximately 5% each
of these CPCs exclusively express c-kit, MDR-1, or Sca-1 (68).
Significantly, none of the above-mentioned reports dem-
onstrate a signature CPC phenotype. This cell population also
has significant overlap in expression of other surface markers.
It remains to be elucidated whether these cells are actually the
same stem cell type and that differing surface markers reflect
differing developmental phases or qualitatively separate
subpopulations. These CPCs may participate in myocyte
turnover, the rate of which remains to be determined.

Origin of the CPC. The origins of CPCs also remain un-
clear. The cycling cardiomyocytes might be derived from
uncommitted stem-like population cells that reside in the
heart and expand and differentiate into cardiomyocytes in
response to proper stimulation. Alternatively, these stem-like
cells may reside in the BM and then be mobilized into the
circulation and induced to home to the heart by signals em-
anating from the injured heart.

Mouquet et al. demonstrated that cardiac SP cells are
maintained by local progenitor cell proliferation under
physiological conditions (90). After myocardial infarction,
this cardiac SP is decreased by as much as 60% in the infarct
and to a lesser degree in the noninfarct regions within 1 day.
Cardiac SP pools are subsequently reconstituted to baseline
levels within 7 days after myocardial infarction, through both
proliferation of resident cardiac SP cells and by homing of
BM-derived stem cells to specific areas of myocardial injury.
These cells then undergo immunophenotypic conversion and
adopt a cardiac SP phenotype (CD45+ to CD45—) (90). BM-
derived stem cells accounted for ~25% of the SP cells in the
heart under pathological conditions as compared to <1%
under physiological conditions (90). In addition to these
CD45+ cells that Mouquet et al. reported, BM also contains
CD45—, CXCR4+, and Sca-1+ cells within the nonadherent,
nonhematopoietic mononuclear fraction which express early
cardiac markers such as Nkx2.5 and GATA-4 (60). These cells
mobilize into blood after myocardial infarction and home to
the infarcted myocardium in mice. Cerisoli et al. (20) also


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2010.3434&iName=master.img-004.jpg&w=358&h=231

STEM CELL THERAPY FOR ISCHEMIC HEART DISEASE

A L,
p<0.001
P —————————
30 4
3‘73‘
i}
Q
2 20
e ]
°
a
o
a
<
10 4
0 m__
HL-1 HL-1#TNFo HL-1TNFo MPCs TNFosMPCs
*MPCs
B Control TNFa Coculture
JC-1
Aggregates
JC-1
Monomers

Cc

Control

-

Cardlomyoc te MPCS Cardiomyocyte

DAPI,CytoC

Swine MPCs
TNFa

DAPI,CytoC

DAPI,CytoC.CTnT

FIG. 6. The protective effect of MPCs on cardiomyocytes.
(A) Cocultured swine MPCs and HL-1 cells significantly in-
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Data are mean = SD. (B) Swine MPCs cocultured with HL-1
cells significantly inhibited TNF-az-induced mitochondrial
membrane potential changes. (C) Swine MPCs cocultured
with rat neonatal cardiomyocytes significantly inhibited
TNF-o-induced cytochrome c release (reprinted with per-
mission from Wang et al.) (146).

showed that (at least in pathological conditions) part of the
c-kit4+ CPC population may derive from cells that originate in
the BM and are able to adopt in the heart the same functions
and features of the local CPC.

Myocardial regeneration from CPCs. Anversa and co-
workers showed that the direct intramyocardial injection
of c-kit+ cells into an ischemic rat heart reconstituted well-
differentiated myocardium, comprised of blood-carrying
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new vessels and cardiomyocytes with the characteristics of
young cells; these cells were present in ~70% of the ventricle
(15). Later, it was also shown that intracoronary delivery of
these CSCs in an ischemia/reperfusion rat model resulted in
myocardial regeneration, infarct size reduction of 29%, and
improvement of left ventricular function (25). Given intrave-
nously after ischemia/reperfusion, Sca-1 cells also homed to
injured myocardium and differentiated into cardiomyocytes
(99). The relative contributions of regenerated cardiomyo-
cytes and preservation of injured native cardiomyocytes in
these studies requires clarification.

Our laboratory recently reported that heart-derived Sca-
14-/CD31— cells possess stem cell characteristics and play an
important role in cardiac repair (145). In that study, immu-
nofluorescent staining and fluorescence-activated cell sorter
(FACS) analysis indicated that endogenous Sca-1+/CD31—
cells significantly increased in the infarct and peri-infarct
areas at 3 and 7 days after MI. Western blotting confirmed
elevated Sca-1 protein expression 7 days after MI. Sca-14/
CD31— cells cultured in vitro were induced to express both
endothelial cell and cardiomyocyte markers. Transplantation
of Sca-14/CD31— cells into a murine model of MI led to
functional preservation and decreased remodeling after MI
(145). Immunohistochemistry data indicated a significant in-
crease of neovascularization, but a low level of cardiomyocyte
regeneration at the infarct BZ. Despite the absence of signifi-
cant cardiomyocyte regeneration, cell transplantation re-
markably improved myocardial bioenergetics (145). These
findings provide evidence that Sca-1+/CD31— cells possess
both endothelial cell and cardiomyocyte progenitor cell
characteristics. However, this study also reported that the
regeneration rates of cardiomyocytes or endothelial cells from
the engrafted stem cells were very low (only ~80 cells per
heart). Hence, trophic effects associated with the transplanted
cells were most likely the basis of the beneficial effects of
these cells (145). Expansion of these progenitor cells may
have therapeutic applicability to the treatment of myocardial
infarction.

CPCs and early committed cells express c-Met and insulin-
like growth factor (IGF) I receptors and synthesize and secrete
the corresponding ligands, HGF and IGF-1 (142). HGF mo-
bilizes CSCs early committed cells and IGF-1 promotes their
survival and proliferation (142). Therefore, in another study,
HGF and IGF-1 were injected in mice with myocardial in-
farction and a growth factor gradient was introduced between
the site of storage of primitive cells in the atria and the region
bordering the infarct to facilitate homing. The newly formed
myocardium contained arterioles, capillaries, and function-
ally competent myocytes that increased in size over time.
This regeneration as associated with improved ventricular
performance and induced increased survival. Surprisingly,
this intervention rescued animals with infarcts that comprised
86% of ventricular mass. The above findings have been rep-
licated in a dog model, where HGF and IGF-1 were also used
to stimulate resident CSCs after myocardial infarction, and
growth factor therapy again resulted in improvement of
myocardial function (71).

Before their therapeutic use, CPCs have to be isolated from
fragments of myocardium and expanded in vitro. This was
achieved in a pig model (13), where c-kit+ cells were isolated
and each cell was propagated to form ~ 400,000 cells. Another
group performed autologous transplantation of CPC in an
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ischemia/reperfusion swine model (46). Each pig had a bi-
opsy from the right ventricular septum at the time of injury.
The biopsies weighed 92 mg, and yielded a mean cell counts
of 14.2x10° cells after isolation and expansion (after 2.8 cell
passages over 23 days). Intracoronary delivery was per-
formed 4 weeks after injury. Engraftment occurred in the MI
BZ and islands of engrafted cells were present within the scar
8 weeks after coronary delivery (46).

Human CPCs have also been isolated from myocardium,
expanded in vitro and then used for transplantation in ani-
mal models of ischemic myocardium. Hosoda et al. isolated
human CPCs (hCPCs) from surgical samples (40). These c-kit+
hCPCs were injected into the hearts of immunodeficient mice
and rats. Foci of myocardial regeneration were identified at 2—
3 weeks and consisted of myocytes, resistance arterioles, and
capillaries (40). The presence of connexin 43 and N-cadherin
in the developing human myocytes strongly suggested that
the engrafted human cells were becoming functionally com-
petent. Two-photon microscopy was used to further demon-
strate the functional integration of enhanced GFP+ human
myocytes with the surrounding myocardium (40). Torella et
al. (140) has also isolated hCPCs from myocardial samples
from all four chambers of the human heart. These were c-kit+,
MDR-1+ and CD133+. One clone could generate over 5x10°
cells and form functional myocardium after injection into in-
farcted rat hearts (140).

These studies provide a rationale for the use of hCPCs in
patients with ischemic heart disease. These cells seem to be
excellent candidates for exogenous stem cell therapy, but they
have to be harvested from patients and expanded ex vivo to
generate numbers sufficient for transplantation.

Embryonic stem cells

ESCs have tremendous therapeutic potential because they
are totipotent. They have the capacity to divide in an undif-
ferentiated state while maintaining their ability to differenti-
ate into cells belonging to all three embryonic germ layers.
However, transplantation of these cells has certain limitations:
they can form teratomas (137) and are immunogenic (98), and
there are ethical concerns regarding their use.

Mouse ESCs. The cardiogenic potential of mouse ESCs
(mESCs) was first demonstrated in 1985 when these cells were
cultured in suspension and formed 3-dimensional cystic
bodies, termed embryoid bodies (EBs), which differentiated
into cell types of the visceral yolk sac, blood islands, and
myocardium (27). Nowadays, cells undergo a step of feeder
layer subtraction and then are resuspended in leukemia in-
hibitory factor-free culture medium at a very low density
(150). mESCs are cultured in small drops that are formed on
the lid of tissue culture dishes. When kept in this hanging
droplet setting for 2 days, the cells aggregate and form dif-
ferentiating EBs (150). EBs are then transferred into ultralow
attachment dishes where they further differentiate. Sponta-
neous contracting cells (cardiomyocytes) can be observed
between 7 and 8 days of differentiation (150). This process of
cardiac differentiation can be enhanced by growth factors.
Treatment of mESCs with tranforming growth factor (TGF)-
B2, but not TGF-1 or -3 isoform, significantly increased EB
proliferation as well as the extent of the EB outgrowth that
beat rhythmically (125). These authors demonstrated that 49%
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of the EBs treated with TGF-f2 exhibited spontaneous beating
compared with 15% in controls at 17 days (125). Exposure to
bone morphogenetic protein 2 (BMP2) and fibroblast growth
factor 2 has also been shown to enhance the differentiation of
ES cells into beating cardiac myocytes (50).

mESCs and mESC-derived cells have been shown to en-
graft and regenerate myocardium after MI (59, 86, 121). These
cells can form cardiomyocytes that couple electrically with the
host myocardium, endothelial cells, and blood vessels (59, 86,
121). Transplantation of mESCs in infarcted hearts signifi-
cantly reduced apoptosis, fibrosis, and hypertrophy at 2
weeks (122). This was thought to be a paracrine effect as
conditioned medium from mESCs inhibited H(2)O(2)-
induced apoptosis of cardiac myoblast H9c2 cells (123). These
antiapoptotic effects were significantly inhibited with tissue
inhibitors of metalloproteinase-1 antibody, suggesting that
tissue inhibitors of metalloproteinase-1 is an important factor
to inhibit apoptosis (123). This decrease in apoptosis is asso-
ciated with an increase in phosphorylated Akt, and the in-
creased activity was attenuated with an Akt inhibitor,
suggesting that the Akt pathway is involved in the decreased
apoptosis and cell survival provided by ES-cardiomyocyte
(CM) (124).

More recently, three different CPCs derived from mESCs
have been characterized (49, 89, 151); Brachyury+/Flk+ and
homeobox gene islet-1 (Isl1+) CPCs were shown to differen-
tiate into cardiomyocytes, endothelial cells, and smooth
muscle cells, whereas Nkx2-5/Kit CPC could differentiate into
cardiomyocytes and smooth muscle cells.

Human ESCs. Human ESCs (hESCs) were first iso-
lated from the human blastocyst in 1998 (137), and later it
was shown that they could differentiate into cardiomyocytes
(52). Reverse transcription—polymerase chain reaction (RT-
PCR) and immunohistochemical studies demonstrate that
hESC-CMs express early cardiac-specific transcription fac-
tors, sarcomeric proteins, and gap junction proteins (152).
Electrophysiologic studies showed that most of the hESC-
derived cardiomyocytes resemble human fetal ventricular
myocytes that can propagate action potentials (53). They
have intact f adrenergic signaling as demonstrated by a
dose-dependent inotropic and chronotropic response to
isoproterenol. hESCs can also differentiate into endothelial
and smooth muscle cells (118).

Several methods have been used to derive cardiomyocytes
from hESCs. As is the case with mESCs, the most common
method for deriving cardiomyocytes from hESCs is through
the formation of spontaneously contracting three dimensional
aggregates known as EBs (52). Unfortunately, the purity of
cardiomyocytes is very poor with this technique, yielding
<1% cardiomyocytes as a percentage of total hEB-derived
cells (52, 62). A different approach utilized by the Mummery
group was based on the concept that the anterior endoderm
plays a critical role in the cardiac induction of mesodermal
structures. Human ES2, a hESC cell line that does not form
EBs, was cocultured with END-2 cells, a visceral endoderm
like derivative of undifferentiated murine p19 embryonal
carcinoma cells (32, 105). A subset differentiated into car-
diomyocytes based on immunocytochemical, electrophysio-
logical, and calcium imaging studies. The efficiency of
cardiogenesis was further enhanced by removal of serum
from the coculture medium and/or addition of an inhibitor of
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p38 mitogen activated protein kinase. This resulted in an
~20%—-25% yield of cardiomyocytes (32, 105). Laflamme ef al.
developed a new technique to direct the differentiation of
hESC into cardiomyocytes by sequential treatment of high-
density undifferentiated monolayer cultures with activin A
and BMP4 (62). This protocol yielded >30% cardiomyocytes.
The Keller group induced a primitive streak like population
and mesoderm with activin A, BMP4, and basic fibroblast
growth factor followed by cardiac specification with the Wnt
inhibitor, dickkopt homolog 1 (155). This generates a popu-
lation of 40%-50% cardiomyocytes. This was further en-
hanced by sorting for an early cardiovascular progenitor
based on expression of the Flk-1 tyrosine receptor kinase
(155). None of the above protocols yield a homogenous
preparation of cardiomyocytes, and thus further strategies are
employed to purify these cells. Percoll gradient centrifuga-
tion, which allows specific enrichment of hESC-derived
cardiomyocytes, can lead to cultures of 82.6% + 6.6% cardio-
myocytes (62). The highest levels of cardiac purity are reached
by genetic selection based on activation of either the human
«-MHC or MLC2v promoters, which can result in greater
than 90% hESC cardiomyocytes (4, 42). Recently, Fukuda and
colleagues have demonstrated a method for obtaining >99%
pure cardiomyocytes from hESC and human induced plu-
ripotent stem cells (hiPSCs) cells by selectively staining the
mitochondria of cardiomyocytes by the fluorescent dye, tet-
ramethylrhodamine methyl ester perchlorate, and subsequent
fluorescent activated cell sorting (35).

Initial in vivo studies have demonstrated that hESC-derived
cardiomyocytes can form new myocardium in the uninjured
heart of athymic rats (63) or immunosuppressed pigs (53). The
size of the graft can be increased fourfold by before heat-shock
treatment of the cells (63). When hESCs are implanted in slow
heart rate species such as pigs or guinea pigs, they can form
pacemakers when the native one is dysfunctional, implying
electrical integration with surrounding cardiomyocytes (53,
153). However, when these cells are transplanted in the setting
of myocardial infarction, only 18% form myocardial grafts
and these grafts also contain substantial noncardiac elements
(62). However, this group used the guided differentiation
methods along with the Percoll purification methods and
combined it with a prosurvival cocktail to improve graft
survival in infarcted hearts. This cocktail included Matrigel to
prevent anikis, a cell-permeant peptide from B-cell ymphoma-
extra large (member of Bcl-2 family of proteins) to block
mitochondrial death pathways, cyclosporine A to attenuate
cyclophilin D-dependent mitochondrial pathways, a com-
pound that opens ATPdependent K+ channels (pinacidil) to
mimic ischemic preconditioning, IGF-1 to activate Akt path-
ways, and the caspase inhibitor ZVAD-fmk (62). Transplan-
tation of hESC-derived cardiomyocytes with this prosurvival
cocktail in infarcted hearts caused consistent formation of
myocardial grafts with improved ventricular function (62).
The other interesting point of this study was that almost all
noncardiac hESC-derived cells died by the 4-week period (62).

Induced pluripotent stem cells

Development of mouse iPSCs and hiPSCs. The cloning
of Dolly showed that somatic cells can be reprogrammed by
transferring their nuclear contents into oocytes (149). This
reprogramming can also be achieved by fusion with ES cells

1889

(23, 132). These studies revealed that unfertilized eggs and ES
cells contain factors that can confer totipotency or plur-
ipotency to somatic cells and formed the basis of the seminal
work performed by Takahashi and Yamanaka in 2006 (134).

They showed that pluripotent stem cells could be obtained
by transducing mouse adult fibroblasts with a limited set of
defined transcription factors (Oct3/4, Sox2, c-Myc, and Klf4)
(134). These reprogrammed cells, named iPSCs, resembled ES
cells in many of their characteristics. They exhibited the
morphology and growth properties of ES cells and expressed
ES cell marker genes (134). The pluripotency of the resultant
murine iPSCs was rigorously confirmed using multiple tech-
niques (94, 100, 134, 148). These cells showed in vitro differ-
entiation into cell types of all three embryonic germinal layers.
Subcutaneous transplantation of iPSCs into nude mice re-
sulted in teratoma formation. Moreover, iPSCs contributed to
mouse embryonic development after injection into blasto-
cysts. Since this initial study, iPSC research has grown tre-
mendously and to date iPSCs have been generated from cells
from several species using different sets of reprogramming
factors.

A number of groups subsequently reported the generation
of human IPS Cells by reprogramming human somatic cells
with overexpression of either Oct4, Sox2, c-Myc, and Klf4 or
Oct4, Sox 2, Nanog, and LIN28 (73, 104, 133, 156). It is thought
that the exogenous transcription factors only initiate the re-
programming since their later expression declines and the
endogenous pluripotency network is upregulated. This
eventually maintains the emerging iPSCs in an undifferenti-
ated state. The human iPSC lines derived so far are similar to
hESC in morphology, proliferation, gene expression, epige-
netic status of pluripotency genes, and differentiation poten-
tial both in vitro and in vivo (133, 156).

Although still derived only at low efficiency (~0.01%),
iPSCs have now been generated from a range of different
somatic cells, including mouse liver and pancreatic cells (8,
128) and human keratinocytes from hair and cells from BM (1,
103). Depending on the expression levels of endogenous
transcription factors, some cell types require fewer repro-
gramming factors. Adult mouse neuronal stem cells, for ex-
ample, already express Sox and c-Myc and Kl1f4 and only need
additional Oct3/4 to be reprogrammed (55). Although the
viruses used to generate first generation iPSCs represent a
potent tool to deliver genes into a target cell they have the
disadvantage of random integration into the host genome.
This can lead to alterations in the expression of endogenous
genes or even cause cancer-inducing mutations. In addition,
incomplete downregulation of transgenes during differenti-
ation may lead to iPSC derivatives with an unstable or tu-
morigenic phenotype. Much current research is focused on
reprogramming methods independent of integrating viral
vectors that will be particularly important for any future
therapeutic use. Transient expression of reprogramming fac-
tors with the help of nonintegrative adenovirus or plasmid-
mediated transfection (101, 129) have been described as well
as the use of specific small molecules, which could replace two
of the reprogramming factors (119). Recently, Zhou et al.
demonstrated for the first time that somatic cells (i.e., murine
fibroblasts) can be fully reprogrammed into pluripotent stem
cells by direct delivery of recombinant reprogramming pro-
teins (159). This protein transduction method is simpler and
faster and eliminates any risk of modifying the target cell
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genome by exogenous genetic sequences. It has also been
suggested that microRNAs (tiny RNA molecules that regulate
gene expression by binding to other RNAs such as mRNA)
play an important role in the switch between the pluripotent
and differentiated states. mESCs express let-7 microRNAs at
low levels that must be induced to trigger cell differentiation,
and seems to be essential for reducing the concentrations of
the stemness factors (84). Differentiated cells, however, ex-
press low levels of the stemness factors and high levels of let-7.
Inhibition of the let-7 family promotes de-differentiation of
somatic cells to induced pluripotent stem cells (84).

In vitro phenotype of iPSC-derived cardiomyocytes. The
phenotype of murine iPSC-CMs has been more extensively
characterized at this point of time. The Martin group (82) has
described the phenotype of cardiomyocytes generated from
an miPSC line via EB differentiation, whereas the Yamashita
group (95) obtained cardiomyocytes from three other mouse
iPSCs lines by coculturing mesodermal miPSC derivatives
with OP9 mouse stromal cells. In both cases, the resultant
miPSC-CMs showed an unambiguous cardiac phenotype
comparable to that of mESC-CMs. miPSC-CMs expressed
expected cardiac markers, including a-myosin heavy chain,
cardiac troponin T, and atrial natriuretic peptide (82, 95). iPSC
cardiomyocytes displayed spontaneous rhythmic intracellu-
lar Ca(2+) fluctuations with amplitudes of Ca(2+) transients
comparable to ES cell cardiomyocytes (82). Simultaneous
Ca(2+) release within clusters of iPSC-derived cardiomyo-
cytes indicated functional coupling of the cells. Electro-
physiological studies with multielectrode arrays demonstrated
functionality and presence of the ff-adrenergic and muscarinic
signaling cascade in these cells (82). They also exhibited
spontaneous contractile activity that could be modulated by
isoproterenol or carbachol, indicating intact neurohormonal
signaling (82). Of some concern the Yamashita group (95)
reported that prolonged in vitro culture of iPSC-CMs resulted
in the occasional reexpression of reprogramming factors,
including the protooncogene c-myc, a finding that re-
emphasizes the need for improved methods of reprogram-
ming. More recently, Martinez et al. showed that iPSCs
bioengineered without ¢-MYC still achieved highest strin-
gency criteria for bona fide cardiogenesis enabling repro-
grammed fibroblasts to yield de novo heart tissue compatible
with native counterpart throughout embryological develop-
ment and into adulthood (79). It has also been demonstrated
that the cardiogenic potential of iPSCs is comparable to that of
ES cells and that iPS-CMs possess all fundamental functional
elements of a typical cardiac cell, including spontaneous
beating, hormonal regulation, cardiac ion channel expression,
and contractility (106). Lately, another group has extensively
characterized murine iPSC-derived cardiomyocytes (61).
They differentiated murine iPSCs to CMs in vitro and char-
acterized them by RT-PCR, immunocytochemistry, and elec-
trophysiology. As key markers of cardiac lineages, transcripts
for Nkx2.5, -MHC, Mlc2v, and ¢InT could be identified.
Immunocytochemical stainings revealed the presence of or-
ganized sarcomeric actinin but the absence of mature atrial
natriuretic factor. They examined characteristics and devel-
opmental changes of action potentials, as well as functional
hormonal regulation and sensitivity to channel blockers. In
addition, they determined expression patterns and function-
ality of cardiac-specific voltage-gated Na+, Ca2+, and K+
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channels at early and late differentiation stages and compared
them with CMs derived from murine ESCs as well as with
fetal CMs. These authors concluded that iPSCs give rise to
functional CMs in vitro, with established hormonal regulation
pathways and functionally expressed cardiac ion channels;
CMs generated from iPSCs have a ventricular phenotype; and
cardiac development of iPSCs is delayed compared with
maturation of native fetal CMs and of ESC-derived CMs (61).
This difference may reflect the incomplete reprogramming of
iPSCs and should be critically considered in further studies to
clarify the suitability of the iPS model for regenerative medi-
cine of heart disorders.

The cardiac differentiation potential of human iPSCs has
also been studied. Human iPSCs generated using OCT4,
SOX2, NANOG, and LIN28 transgenes were compared to
human embryonic stem (ES) cells (158). The iPS and ES cells
were differentiated using the EB method. The time course of
developing contracting EBs was comparable for the iPS and
ES cell lines, although the absolute percentages of contracting
EBs differed (158). RT-PCR analyses of iPS and ES cell-derived
cardiomyocytes demonstrated similar cardiac gene expres-
sion patterns. The pluripotency genes OCT4 and NANOG
were downregulated with cardiac differentiation, but the
downregulation was blunted in the iPSC lines because of
residual transgene expression. Proliferation of iPS and ES cell-
derived cardiomyocytes based on 5-bromodeoxyuridine la-
beling was similar, and immunocytochemistry of isolated
cardiomyocytes revealed indistinguishable sarcomeric orga-
nizations. Electrophysiology studies indicated that iPSCs
have a capacity like ES cells for differentiation into nodal-,
atrial-, and ventricular-like phenotypes based on action po-
tential characteristics (158). Both iPS and ES cell-derived
cardiomyocytes exhibited responsiveness to f-adrenergic
stimulation manifest by an increase in spontaneous rate and a
decrease in action potential duration. They concluded that
human iPSCs can differentiate into functional cardiomyocytes
(158). Zwi et al. (161) have shown (1) that hiPSC-based EB
differentiating system can give rise to cardiomyocytes with
the appropriate molecular, structural, and functional prop-
erties; (2) that the temporal gene expression pattern associated
with hiPS cardiomyogenesis involves expression of meso-
derm- and cardiomesoderm-specific markers, followed by
expression of cardiac-specific transcription factors and struc-
tural genes; (3) that this differentiating system is not limited to
the generation of isolated cardiomyocytes but rather a func-
tional cardiac syncytium is formed; and (4) that the hiPSC-
derived cardiac tissue can respond appropriately to adrener-
gic and muscarinic signals and can serve as a unique platform
for drug testing. In another recent study using genetic fate-
mapping, the authors showed that Isl1+ multipotent cardio-
vascular progenitors can be generated from mouse iPSCs
and spontaneously differentiate in all three cardiovascular
lineages in vivo without teratoma (88). Moreover, they report
the identification of human iPS-derived ISL1(+) progenitors
with similar developmental potential (88).

Induced pluripotent stem cells in cardiac repair. The ap-
plication of iPSCs in cardiac repair has only recently been
investigated in animal models. Nelson ef al. recently demon-
strated that intramyocardial delivery of iPSCs in a murine
model of myocardial infarction resulted in improvement in
ejection fraction and attenuation of adverse remodeling at 4
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weeks (96). In this study, fibroblasts transduced with human
stemness factors OCT3/4, SOX2, KLF4, and c-MYC converted
into an ESC-like phenotype and demonstrated the ability to
spontaneously assimilate into preimplantation host morula
via diploid aggregation, unique to bona fide pluripotent cells.
In utero, iPS-derived chimera executed differentiation pro-
grams to construct normal heart parenchyma patterning. The
mixed cell populations derived from the EBs used in this study
contributed to cardiac, smooth muscle, and endothelial cell
types, suggesting that iPSCs might effect a more complete
regeneration (96). Moreover, no tumors were identified in this
small study.

However, iPSCs still have limitations in terms of their use
for cardiac regeneration. It has already been mentioned that
genome-integrating viral vectors used for reprogramming are
known oncogenes, particularly c-Myc, Oct4, and Klf4, such
that iPSCs thus generated are unlikely to be safe for clinical
application. Solutions include methods to reprogram without
viral integration such as plasmids or direct reprogramming
protein delivery (101, 129, 159). Second, the process of human
iPSC generation by retroviral-mediated reprogramming is not
very efficient (as low as 0.001%-0.01%). Inhibition of p53-
mediated pathways and vitamin C supplementation may
enhance the generation of iPSCs (29, 39). It is also not clear
whether human iPSC clone have complete nuclear repro-
gramming and incomplete reprogramming of somatic cells to
iPSCs could result in impaired differentiation of iPSCs into the
required cell type (154). Lastly, all pluripotent stem cells may
cause teratoma formation and thus require careful regulation.

In summary, cell-based therapy for cardiac repair has
shown definite improvement in ventricular function in animal
models of ischemic heart disease. The mechanisms underlying
the beneficial effects of cell transplantation still remain to be
elucidated. It is clear that there is a lack of long term of en-
graftment of stem cells and the functional improvement may
be related to paracrine effects. It is also exciting to speculate
that stimulation of endogenous repair mechanisms may
contribute to this effect. The future holds great promise and
methods to improve cell survival and promote integration of
transplanted cells with host cardiomyocytes are areas of in-
tense research. Similarly, the development of iPSCs opens the
door for replacing scar tissue through differentiation of
transplanted iPSCs into new cardiomyocytes.
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