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Abstract

Symptomatic heart failure is a complex clinical syndrome with a poor prognosis. Many efforts
have been made to develop new therapeutic strategies to improve prognosis associated with heart
failure. In this context, different stem cell populations for cardiac regenerative therapy have been
examined recently. Here we discuss the potential strategies for using stem cells in cardiac
regenerative therapy and the barriers that remain before an effective cell-based cardiac
regenerative therapy can be employed clinically.

Introduction

Heart failure (HF) is a complex clinical syndrome resulting from structural or functional
cardiac disorders, which impairs the ability of the ventricle to fill with or eject blood [1].
Leading manifestations are dyspnea and fluid retention.

In the United States, 4.9 million patients suffer from heart failure [2]. Approximately 80% of
patients hospitalized with HF are 65 years and older [3].

A major cause of heart failure is coronary artery disease with myocardial infarction leading
to a substantial loss of cardiomyocytes corresponding to the supply area of the affected
vessel. Myocardial infarction and subsequent ventricular remodeling results not only in a
decreased systolic function but also in an overall ventricular dilation, mitral valve
dysfunction and the formation of a fibrous scar tissue or an aneurysm [4]. The facts that
heart failure affects predominantly the elderly and that myocardial infarction involves not
only a loss of cardiomyocytes but also post-infarct remodeling suggest that multiple non-
cellular effects such as hemodynamic load, ventricular dimensions, and aging related
myocardial damages should all be considered in the development of potential strategies for a
cardiac regenerative therapy.
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Approaches to cardiac regenerative therapy

The need for an effective therapy for heart failure is underlined by the particularly poor
prognosis of patients with this disease [4]. Given this fact, the promise that stem or
progenitor cells may be useful for cardiac regenerative therapy has driven much of the basic
and clinical research in the past decade. Currently, there are a variety of stem cell-based
approaches being used for cardiac regenerative therapy [5,6] (Figure 1). In this review, we
address the most popular approaches that have been investigated in recent years.

Transplantation of Adult and Embryonic Stem Cells

The most direct, and conceptually straight-forward, mean of deploying stem or progenitor
cells for cardiac regenerative therapy is to directly inject these cells into the injured heart.
The cells that are destined for transplantation could be either injected immediately after
harvest or expanded in vitro and subsequently differentiated into cardiac progenitor cells or
cardiomyocytes before transplantation [7]. In addition, different methods of introducing
stem/progenitor cells into the heart have also been actively examined. Depending on the
clinical context, adult stem cells derived from circulation or from bone marrow harvest have
been injected into coronary arteries or directly deposited within the myocardial wall using a
catheter based or surgical approach.

We distinguish the three major cell types for transplantation based on the origin of these
cells — adult stem cells, embryonic stem cells (ESCs), and induced pluripotent stem cells
(iPSCs).

Adult stem cells can be found in different organs in the adult. They have been reported to
transdifferentiate into different cell types (e.g. cardiomyocytes, smooth muscle cells,
endothelial cells) in vitro and may retain the ability for self-renewal. The earliest studies on
cell-based cardiac regeneration have employed skeletal myoblasts. These cells, which
normally mediate regeneration of skeletal muscle, were initially shown to exhibit great
success in regenerating the heart in animal models. The transplantation of myoblasts into
infarcted hearts led to an improvement in cardiac function [8] however these cells were
shown not to transdifferentiate into cardiomyocytes [9]. Nevertheless, the improvement of
cardiac function after myoblast transplantation in animals eventually leads to the initiation
of clinical trials using myoblasts for human therapy. The MAGIC trial, a randomized,
placebo controlled and double blinded study, which uses myoblast transplantation during
coronary artery bypass grafting, failed to show a significant improvement of left ventricular
ejection fraction (LVEF) 6 months after myoblast transplantation [10]. Beside this
disappointing clinical outcome regarding cardiac function, transplanted myoblasts were
shown to induce cardiac arrhythmias that required all patients to be implanted with a
intracardiac defibrillator [11].

Shortly after the initial myoblast studies, investigator focused on cells derived from a
different source — the bone marrow. In 2001, Orlic and colleagues [12] reported that bone
marrow stem (BMS) cells were able to regenerate the heart. In this rodent model, lineage
negative mouse BMS cells were constitutively expressing the enhanced green fluorescent
protein (eGFP) which serve as the tracer for cell identification. These cells were then
injected into the peri-ischemic region of the heart of wild type mice, shortly after coronary
ligation. They reported that newly formed myocardium occupied 68% of the infarcted
portion of the ventricle 9 days after transplantation. Subsequently other investigators found
potential confounding issues with this original study and were unable to support the
conclusions reached [13-15]. Furthermore, other studies have reported that the described
cardiac transdifferentiation from bone marrow cells may have resulted from cell fusion [16].
It is now becoming clear that BMS cell transplantation do not lead to significant

Drug Discov Today Dis Mech. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krane et al.

Page 3

cardiomyocyte transdifferentiation. Nevertheless, a growing list of clinical studies has now
been performed to address whether BMS cell treatment may be beneficial in patients with
recent or prior history of myocardial infarction. Table 1 gives a summary of these
prospective, randomized, controlled, and double-blinded studies using BMS cells for cardiac
repair. Overall, these studies found little to no improvement in the LVVEF of patients with a
history of myocardial infarction. A Meta analysis of nearly 1000 patients from multiple
trials showed a modest LVEF gain of 3.66% without evidence for mortality benefit [17].
Given the disappointing results from the BMS cell studies, investigators have recently
turned toward the employment of resident cardiac stem cells (CSC) for cardiac regenerative
therapy. Three different adult cardiac stem cell populations have been studied recently using
different surface markers. A clonogenic, multipotent, self-renewing population of c-kit*
Lin™ cells were initially described by Beltrami et al [18] in the adult mouse and rat hearts.
After transplantation into the border zone of an infarcted heart these cells reduced up to 22%
of the infarct size. Four years later, the same investigators reported the identification of c-
kit* cells within the human adult heart, which differentiated into new cardiomyocytes after
transplantation into rat or mouse hearts [19]. In addition to c-kit, Scal* cells have been
found within the adult mouse heart [20]. These cells have also been reported to improve
cardiac function after transplantation into the infarcted heart [21]. Furthermore, an Abcg2
expressing - Hoechst dye effluxing (e.g. Side Population) cells from the adult heart have
also been reported to give rise to mature sarcomerized cardiomyocytes in vitro [22] within
co-culture with neonatal cardiomyocytes they were show to generate spontaneous action
potential profiles resembling ventricular cardiomyocyte [23]. So far, no resident cardiac
stem cell population has been tested in clinical trials. The presence of these apparently
distinct cardiac stem cell populations in the heart, an organ with little regenerative capacity,
suggests that these putatively distinct populations are likely to have greater overlap with one
another than previously suspected [24]. Further studies will clarify the biological
relationships between these cell populations.

Beyond adult stem cells, the use of embryonic stem (ES) cells in cardiac regenerative
therapy has gained increasing attention in recent years. ES cells are derived from the inner
cell mass of preimplantational blastocytes. There are a variety of published protocols
available to differentiate ES cells into cardiac progenitor cells or cardiomyocytes. One major
challenge in the use of these ES cell-derived cells for transplantation is the risk of teratomas
formation at the transplantation site and beyond [24]. Currently, investigators are actively
seeking ways to enrich ES cell derived cardiomyocytes [25] or cardiac progenitor cells [26]
by identifying appropriate surface markers or by transgenic approaches whereby a reporter
gene is driven by cardiac progenitor or cardiomyocyte-specific promoter (e.g. a. myosin
heavy chain). In animal models, the transplantation of ES cell derived cardiac progenitor
cells or cardiomyocytes into infarcted hearts has led to improvement in cardiac function
[27-29]. However, it is now clear that ES cell derived cardiomyocytes continues to exhibit
fetal or, at best, neonatal phenotypes such that there is very little like hood that the small
amount of ES cell-derived cardiomyocytes engrated in the infarcted heart is responsible for
the functional improvement observed after transplantation [30]. Furthermore, the
immunological barrier that hinders the long-term survival of transplanted graft will continue
to be an issue with the use of ES cells. Indeed, in the study by van Laake et al, the observed
functional benefit was transient and became absent at 12 weeks after transplantation [31].
These challenges in the use of ES cells for regenerative therapy have led investigators to
turn to other cell sources that may be more compatible immunologically and easier to obtain
than human ES cells.

The newest kid on the pluripotent stem cell block is induced pluripotent stem cells (iPSCs).
This revolutionary technology to generate iPSCs from somatic cells was first reported by
Takahashi and Yamanaka in 2006 [32]. By the transduction of four key transcription factors
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(KIf4, Oct4, Sox2 and c-Myc) in embryonic fibroblasts, these investigators were able to turn
these apparently well differentiated cells into pluripotent ES cell-like cells. These cells have
the advantage of unlimited self-renewal and are capable of three germ layer differentiation
in vitro as well as in vivo contribution to chimeric mice. Furthermore, these cells
presumably bypass the contentious ethical issues of embryo destruction as well as
immunological rejection. Nevertheless significant obstacles will need to be overcome before
iPSC derived cardiac progenitor cells/cardiomyocytes could be used for regenerative
therapy. These obstacles include 1. the dependence on the use of genome integrating viruses
for the reprogramming of somatic cells will need to be eliminated, 2. the biological
differences between iPSCs and ES cells and their differentiated progenies will need to be
clarified, 3. the logistics of deriving somatic tissue from each patient and the labor involved
in making custom iPSCs for each patient followed by differentiation will unlikely be
feasible for treating patients during the critical window of therapy, shortly after myocardial
infarction but before ventricular remodeling sets in at 6 to 12 weeks [33]. Given these issues,
one possible outcome from the pluripotent cell reprogramming work is the development of
technology to directly program cardiac progenitor cells or cardiomyocytes from somatic
cells. In fact, this strategy was used to successful generate pancreatic beta cells [34] from
pancreatic exocrine cells or functional neurons from skin fibroblasts [35].

of Bone Marrow-derived Cells into the Circulation

Circulating stem cell mobilization for cardiac regenerative therapy was centered on the
premise that enhanced mobilization of BMS cells into the blood stream by administration of
different cytokines may enhance cardiac injury healing, increase vasculogenesis, and/or
directly transdifferentiate into cardiomyocytes when these cells accumulate in the area of
myocardial infarction. Preclinical data were able to show a reduction in infarct size,
improvement in LVEF as well as survival after cytokine treatment (G-CSF, SCF, EPO and
PTH) in a myocardial infarction rodent model [36—-38]. Encouraged by these positive animal
study results coupled with a presumed relatively low health risk for patients, clinical studies
using cytokine treatment in patients with acute myocardial infarction were conducted over
the past decade (Table 2). Overall, the reported effects on cardiac function following
cytokine treatment after myocardial infarction have been disappointing. A meta-analysis
conducted by Zohlhofer et al. [39] on 445 patients who received G-CSF as stem cell
mobilizing treatment showed that G-CSF neither enhance the improvement of LVEF nor
leads to a reduction in infarct size compared to the control group.

In summary, mobilization of BMS cells showed no impact on cardiac function in patients
with myocardial infarction and the role of BMS cells in cardiac injury repair require further
investigation.

Stimulation of Endogenous Stem/Progenitor Cells

There is growing evidence that a limited capacity for cardiomyogenesis exists in the
postnatal mammalian heart. Bergmann and colleagues [40] reported a low but measurable
rate of new cardiomyocyte generation that declines exponentially with age. Taking
advantage of the rise in atmospheric carbon-14 (C-14) level due to nuclear bomb tests
during the cold-war era, which led to a rise in the level of C-14 integration into cellular
DNA, they found an annual cardiomyocyte turnover of 1% at the age of 25, which decreases
to 0.45% at the age of 75. The fact, that new cardiomyocyte generation occurs within the
adult heart suggest that stimulation of a defined cell population with pharmacological agents
may enhance this cardiomyocyte renewal process (Figure 1). While the mechanism of
benefit has not been fully elucidated, high-mobility group box 1 (HMGB1) has been
reported by Limana and collegues [41] to increase adult cardiac c-kit+ stem cell proliferation
and improve cardiac function. Furthermore, they reported an enhanced infarcted wall
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thickness two and four weeks after infarction in the HMGB1 treated group compared to the
control group. Similarly, Kohno et al. [42] reported an increased wall thickness of non-
infarcted segments and a decreased wall thickness in infarcted segments after systemic
blockade of HMGB1 by subcutaneous delivered antibodies in a rat myocardial infarction
model. Further studies will be needed to determine whether these reported improvement in
cardiomyocyte generation are a direct consequence of neocardiomyogenesis from resident
cardiac stem cells or due to other effects such as post-injury cardiomyocyte protection as
reported by Bock-Marquette et al [43].

As an alternative to cardiac stem/progenitor cell regulation, the stimulation of cell cycle re-
entry of differentiated cardiomyocytes have been shown to induce the generation of new
cardiomyocytes in the adult heart. Studies employing periostin or neuregulinlb (NRG1b)
have provided a proof-of-principal that these strategies may be therapeutically viable. As
reported by Bersell and colleagues [44] NRG1b interacts with its tyrosin kinase receptor
ERB4 to induce specifically the proliferation of mononucleated but not binucleated
cardiomyocytes. They further show that systemic injection of NRG1 in mice after
myocardial infarction led to a reduction in infarct size and to an improvement of the LVEF
compared to control treatment. Similar results were also obtained in studies where epicardial
Gelfoam-loaded with periostin was administered [45]. It is anticipated that future large
animal studies will help to clarify whether these benefits in rodent models can translate into
similar benefits in species such as sheep, pig, or primates that are biologically more
representative of the responses observed in humans.

Engineerd Cardiac Tissue for Regenerative Therapy

A promising approach to generate functional, living cardiac tissues such as myocardium
[46], heart valves [47,48] or blood vessels [49] is the deployment of tissue engineering
technologies. The flexibility of tissue engineering approaches allows for the utilization of
both adult and embryonic stem cell sources. In general, the desired cell type is induced to
undergo proliferation and or cardiac differentiation in vitro. After sufficient differentiation/
proliferation the harvested cell population is then seeded onto a biological or synthetical
scaffold followed by an ex-vivo remodeling process in a bioreactor, which try to mimic
physiological conditions (Figure 1). After tissue reorganization has occurred in response to
the specific condition given, the engineered construct is then surgically implanted into the
recipient heart. Since embryonic and neonatal heart tissues are more pliable and expandable,
they have been utilized extensively in this field. Zimmermann et al [50] engineered cardiac
tissue from rat neonatal heart cells and were able to show an improvement of cardiac
function after implantation of these constructs in rats after myocardial infarction. Together
with Kit Parker's group at Harvard University and Ken Chien's group at Massachusetts
General Hospital, we demonstrated the feasibility of generating muscle thin film from ES
cell-derived ventricular cardiac progenitor cells in vitro [51]. While the engineered muscle
thin film beats spontaneously at a rate of 20 times per minute, a condition that reflects the
embryonic phenotype of these in vitro derived cardiomyocytes, these cells are able to react
to pacing stimulation at 0.5 or 1.0 Hz, demonstrating their cardiomyocyte functional
properties. One major challenge that must be overcome for engineered heart muscle tissue to
reach clinical stages is the critical need for vascularization to allow sufficient nutrition and
oxygenation. The diffusion limited thickness of an engineered heart muscle sheet is between
50 and 100um. Optimized culture conditions in a bioreactor allows for growth of up to
500um [46]. The development of techniques to incorporate a sufficient microvasculature
into the engineered heart muscle is essential for successful translation of heart muscle tissue
engineering in cardiac regenerative therapy. In addition to engineering functional
myocardium, recent studies have reported the successful construction of living heart valves
using adult stem cells [52,53]. Sutherland et al [54] reported the generation of a BMS cell-
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derived heart valve from a biodegradable scaffold. The engineered heart valve was
implanted in the pulmonary position in sheep. After 8 months, the explanted heart valve
showed an extracellular matrix organization consisting of three layers comparable to a
native valve. Cebotari and colleagues [55] reported the first promising clinical results using
a decellularized homograft valve implanted in the pulmonary position in two pediatric
patients (ages 11 and 13). The valves were constructed with pulmonary valves from
cadaveric sources and seeded with autologous endothelial progenitor cells to prevent
immune-related graft destruction. These studies demonstrate the promise and feasibility of
stem cell-based tissue engineering and we anticipate this approach to be widely accepted in
the near future.

Barriers to effective cardiac regenerative therapy

While rapid progress has been made in recent years to obtain greater understanding of
cardiovascular stem cell biology, significant challenges remain that must be overcome in
order to translate these exciting findings into effective cardiac regenerative therapy. We
present here the issues that we consider the most critical.

Number of cells

Myocardial infarction, the most common cause for heart failure, usually results in
macroscopic loss of cardiomyocytes, often more than a billion cells each time [24]. This
degree of cell loss and the ensuing replacement of the necrotic tissue by fibrous and collagen
rich scar that contributes to no contractile force generation all lead to a decline in cardiac
function. To achieve a meaningful functional recovery, a significant portion of this loss
cardiomyocytes must be replaced. Hence, the scalability of stem cells to match the degree of
cardiomyocyte loss after a myocardial infarction will require the deployment of creative
solutions to solve this problem.

Survival after transplantation

After myocardial infarction the myocardium begins to undergo irreversible changes within
20 minutes of ischemia. The resulting myocardial necrosis leads to an inflammatory
response that recruits granulocytes early followed by macrophages infiltration late into the
area of myocardial infarction. Over time, this highly inflammatory tissue remodels to form a
fibrous scar [24]. To achieve success with cell transplantation, the delivered cell must be
able to survive in this highly hostile and inflammatory environment and engraft and expand
within a collagen-rich and blood vessel-deficient scar tissue. LaFlamme et al [27] have
employed a cocktail of protective factors to facilitate the engraftment and survival of human
ES cell-derived cardiomyocytes following their introduction into a post infarct rodent heart.
While the result from this study appears promising, the number of cells that have
successfully engrafted remains low and further work will be needed to determine whether it
is the inflammatory element or the nutrient/oxygen deprivation effects that is responsible for
insufficient cell survival.

Integration with existing cardiomyocytes

Assuming the challenges of generating a sufficient number of cardiomyocytes and the
survival/engraftment after transplantation issue can be overcome, the next barrier is a
functional and electrophysiological integration as well as mechanical coupling of
transplanted cells with the existing cardiomyocytes in the heart. Studies involving transgenic
over-expression of gap junction proteins such as connexin 43 in transplanted myoblasts have
shown successful coupling of transplanted cells with one another as well as with the host
myocardium [56]. In this regard, since ES cells and iPS cell-derived cardiomyocytes express
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connexin 43, these cell types are likely to have the greatest potential to generate an
electrically competent cardiomyocyte networks.

Conclusion

In recent years, a variety of strategies employing adult and embryonic stem cells for cardiac
regenerative therapy have been examined in animal as well as patient studies. Currently
there is no clear indication to which of these various strategies are most likely to reach clinic
in the near future. While some strategies such as circulating stem cell mobilization will
likely be out of favor given the disappointing clinical study results thus far. Other strategies,
such as BMS transplantation or mesenchymal stem cell transplantation will likely reveal
whether the mechanism of cell transplantation is paracrine factor mediated (i.e. short term),
or from direct contribution by transplanted cells into vasculogenesis or ventricular
remodeling. With the growing interest in IPS cells as the cell source for therapy and disease
modeling, we will likely see an exponential growth in studies that incorporate these and
other pluripotent stem cell population.
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Fig. 1.
The figure shows the mechanism of the most popular stem cell-based approaches for cardiac
regenerative therapy.
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