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ABSTRACT

Acute myocardial infarction leads to irreversible loss of cardiac myocytes, thereby diminishing the
pump function of the heart. As a result, the strenuous workload imposed on the remaining cardiac
myocytes often gives rise to subsequent cell loss until the vicious circle ends in chronic heart failure
(CHF). Thus, we are in need of a therapy that could ameliorate or even reverse the disease progres-
sion of CHF. Endogenous regeneration of the mammalian heart has been shown in the neonatal
heart, and the discovery that it may still persist in adulthood sparked hope for novel cardioregen-
erative therapies. As the basis for cardiomyocyte renewal, multipotent cardiac stem/progenitor
cells (CSCs) that reside in the heart have been shown to differentiate into cardiac myocytes, smooth
muscle cells, and vascular endothelial cells. These CSCs do have the potential to actively regenerate
the heart but clearly fail to do so after abundant and segmental loss of cells, such as what occurs with
myocardial infarction. Therefore, it is vital to continue research for the most optimal therapy based
on the use or in situ stimulation of these CSCs. In this review, we discuss the current status of the
cardioregenerative field. In particular, we summarize the current knowledge of CSCs as the regen-
erative substrate in the adult heart and their use in preclinical and clinical studies to repair the

injured myocardium. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:434—443

INTRODUCTION

Since the 20th century, remarkable progress has
been made in the treatment of coronary artery
disease. Most of the cardiovascular risk factors,
which were unraveled by observations in large
cohorts such as the Framingham study, served as
a substrate for pharmacological intervention [1,
2]. Besides these milestones in preventive cardi-
ology, the last three decades were marked by
several major breakthroughs in the treatment
for acute myocardial infarction (AMI), such as the
introduction of the coronary care unit, pharma-
cological reperfusion (i.e., thrombolysis), phar-
macological interventions (e.g., beta blockade,
ACE inhibitors, antiplatelet drugs, and statins),
and improvements in interventional cardiology
(i.e., primary percutaneous coronary interven-
tion) [3]. As a result, our ability to successfully
treat the acute moment of the disease came at
the expense of a vast increase in patients left
behind with a chronic condition. In particular, the
chronic sequels of AMI such as congestive heart
failure (CHF) or life-threatening cardiac arrhyth-
mias [4] are not only frequent, they also lack ef-
fective therapy that could stop or even reverse
disease progression. This would avoid the neces-
sity of current last resource measures, which in-

clude heart transplantation (infrequently per-
formed because of donor shortage) [5] or left
ventricular assist devices either as bridge-to-
transplant or destination therapy [6].

As the average life expectancy rises in the
developed world combined with its population
persistently subjecting itself to traditional risk
factors, we are faced with an increase of epi-
demic magnitude in chronic heart disease that
requires vast amounts of human resources and
our available health care budget. In the U.S.
alone, a total of 8 million people have endured an
AMI, with an estimate of 785,000 new cases of
AMI annually [7]. Of those, roughly 5.7 million
patients have CHF accounting for approximately
$30 billion annually in health care costs in 2008,
with a predicted triplicate in costs rising to $97
billion annually in 2030 [7]. Given the initial loss
of functional cardiac myocytes as the trigger of a
subset of adverse remodeling processes that
eventually lead to CHF [8], it is imperative to de-
velop new treatments that either (a) further re-
duce the loss of cardiac myocytes during AMI, or,
ideally, (b) can replace lost cardiac myocytes
with newly generated counterparts. The latter
option can be regarded as the holy grail of car-
diac regenerative medicine and has been a con-
troversial subject for centuries [9]. Luckily, it was

©AlphaMed Press 2013



Koudstaal, Jansen of Lorkeers, Gaetani et al.

435

nature itself that reaffirmed the validity of this regenerative par-
adigm, evidenced by various research groups that the adult
mammalian heart, by itself, possesses an intrinsic form of cellular
homeostasis that permits regeneration and formation of new
cardiac myocytes and vasculature and subsequent replacement
of lost cardiac myocytes for physiological turnover [10-13].
These exciting findings were received with initial skepticism
since it was in sharp contrast with the previously embraced par-
adigm that relied on the notions that (a) all cardiac myocytes are
terminally differentiated and thus incapable of re-entering the
cell cycle (“the heart is a postmitotic organ”) and (b) there are no
stem and/or progenitor cells in the heart that can differentiate
into functional cardiac myocytes. One of the presumed causal
factors accounting for endogenous cardiac regeneration are the
tissue-specific stem/progenitor pool in the heart that creates
offspring capable of differentiating into mature functional car-
diac myocytes and vasculature [10]. This endogenous repair
mechanism is clearly not sufficient to repair large segmental loss,
such as that which occurs in a myocardial infarction (Ml). Indeed,
a common challenge raised by the skeptics is to question why an
MI evolves into a scar if regenerating cardiac stem/progenitor
cells (CSCs) are present in the myocardium? What this question
overlooks is that the sudden obstruction of a main parenchymal
artery of any organ, no matter how abundant its resident stem
cells (e.g., testicle, bone marrow, skin, intestine, etc.), always
evolves into a scar. This is so because during the evolution of
long-lived organisms, the presence of adult stem cells is likely to
have been selected to not regenerate catastrophic acute seg-
mental cell losses but as a mechanism to repair minor lesions and
maintain the normal wear and tear of the tissue.

In this review, we aim to summarize the evidence as to
whether the heart has intrinsic regenerative capacity, and if so,
to what extent regeneration is based on its own tissue-specific
stem/progenitor cells. Second, we discuss the current status of
the results achieved thus far in preclinical studies and in two
pioneering first-in-human clinical trials that used these CSCs as
the basis for cardiac regeneration in the injured heart.

EVIDENCE FOR CARDIOMYOCYTE REGENERATION IN THE HEART

Regeneration of the Heart in Amphibians and Fish

The impression that cardiac regeneration does not occur in hu-
mans was emphasized by observations in certain species, such as
the newt or zebrafish, which can easily regenerate large parts of
organs or body parts, including the heart. In 1768, the biologist
Lazzaro Spallanzani reported complete regeneration of the sala-
mander limb after its removal. The capacity to fully regenerate
the excised apex of the left ventricle, corresponding with a loss of
~20% of total cardiac myocytes, without any apparent signs of
scar formation was described for the newt [14, 15] and, more
recently, the zebrafish [16]. The relative ease of genetically alter-
ing the zebrafish enabled scientists to show that it was in fact the
cardiac myocytes adjacent to the resection wound that re-
sponded by a process of dedifferentiation and breakdown of
their contractile apparatus, before activating a set of early car-
diac transcription factors such as GATA4 [17-19]. Thus, these
studies provide evidence of naturally occurring regeneration of
the heart and the underlying mechanism involved. The question
remains as to what extent mechanisms behind heart regenera-
tion in these species could also be present in mammals, and if so,
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which factors lead to an apparent dormant state thereof in the
adult mammalian heart.

Regeneration in the Neonatal Mammalian Heart

During embryonic development, the mammalian heart shows
remarkable capacity for regeneration. Drenckhahn et al. [20]
used a cardiomyocyte-specific conditional knockout of the
X-linked holocytochrome c synthase (Hccs) gene to create fe-
male progeny that, by random X chromosome inactivation, had a
mosaic heart. As expected, early female embryos displayed a
ratio of 50:50 between normal and Hccs-null cardiac myocytes.
During embryonic development, proliferating functional cardiac
myocytes gradually replaced dysfunctional Hccs-null cardiac
myocytes. As a result, by birth, approximately 90% of all car-
diac myocytes were the progeny of cardiac myocytes with one
functional Hccs allele. This regenerative response was also ob-
served in the first days of the neonatal mouse heart and lost by 7
days of age [21]. With the use of a tamoxifen-inducible Cre re-
combinase under control of the a-myosin heavy chain promoter,
newly generated cardiac myocytes in the neonatal heart were
shown to have originated from pre-existing cardiac myocytes
[21]. These findings were reinforced by the observation of a
marked decline in telomerase reverse transcriptase (Tert)-green
fluorescent protein (GFP)-expressing cells in the adult heart com-
pared with the neonatal heart. Interestingly, among Tert-GFP+
cells were both Sca-1+ CSCs, as well as mature cardiac myocytes
[22].

Regeneration in the Adult Mammalian Heart

With the exception of some tissues such as the liver, skin, and
intestine, mammals have largely lost their regenerative potential
following embryonic and the early postnatal period [20]. After an
AMI, massive loss of cardiac myocytes is replaced by fibrosis and
subsequent scar formation [23]. Distinguishing between the al-
beit very limited presence or absence of a regenerative potential
of the adult mammalian heart is of utter importance since closely
mimicking or augmenting a biological process already present in
nature is easier than initiating a new process that does not play a
role in normal cellular homeostasis and/or turnover. Until the
last decade, two main clinical observations served as the basis
for the old paradigm that the heart is a postmitotic organ [24]: (a)
until then, observations on functionally significant myocardial
regeneration in the mammal heart had not been documented,
and (b) the occurrence of primary tumors arising from the myo-
cardium has been rarely observed in the adult mammalian heart
[24]. Since then, there has been a slow but steady reconsidera-
tion of this paradigm after a series of reports on the presence of
cardiomyocyte renewal in the adult mammalian—including hu-
man— heart [11-13, 25-27]. In 2009, the Bergman group [13]
elegantly rendered the vast increase in atmospheric **C levels—
based on post-World War Il nuclear bomb testing—into a pulse-
chase experiment of global magnitude to determine the age of
cardiac myocytes in relation to the age of the given individual.
After the Partial Test Ban in 1962, the increased levels of **C in
the atmosphere declined rapidly as it was absorbed in the bio-
sphere. Thus, as DNA was synthesized within this given time pe-
riod, the levels of **C incorporated in the DNA corresponded
with the registered levels of **Cin the atmosphere, providing the
Bergman group the necessary means to accurately establish the
date of DNA synthesis. If indeed the postmitotic heart lacked any
regenerative potential, the age of all cardiac myocytes should
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coincide within the time frame of the fetal development and
early postnatal period. In contrast, it showed that the adult hu-
man heart contained cardiac myocytes that were generated
throughout the human life span. Correcting for polyploidization
as the basis for newly synthesized DNA in older cardiac myocytes
without cell division (cytokinesis), the investigators predicted an
approximate annual turnover rate of cardiac myocytes in the
order of 1% at the age of 25, declining toward 0.45% by the age of
75 [13].

Recently, the second report based on this approach to esti-
mate the rate of cardiomyocyte turnover in the adult human
heart came from the Anversa group [28]. Strikingly, they calcu-
lated a 16-fold higher rate in which the myocyte fraction of the
heart is completely replaced approximately eight times during
the human life span. These findings are in sharp contrast with the
50% replacement of cardiac myocytes during life [13], the pre-
clinical data in rodents by the Field group [29], in which DNA
synthesis in the adult heart was virtually absent (0.0006%), as
well as the group of Lee [30], where a low rate (0.76%) of cardiac
myocyte turnover was observed during normal aging.

In conclusion, in contrast with previous studies that showed
that cardiomyocyte renewal is virtually absent, multiple research
groups have independently shown the presence of a regenera-
tive mechanism in the adult mammalian heart. There is accumu-
lating evidence that the adult human heart is characterized by
DNA synthesis and formation of cardiac myocytes. The actual
turnover rate of cardiac myocytes, however, varies widely by
more than 1 order of magnitude.

CARDIAC STEM/PROGENITOR CELLS

Evidence for Stem/Progenitor Cell Involvement in
Cardiac Regeneration

Since the concept of cardiac regeneration in the mammalian
heart slowly emerged as a reconsidered paradigm on the adult
heart cellular homeostasis, one of the next questions that re-
mained to be answered was the cellular source of these newly
formed cardiac myocytes. To address this question, Hsieh et al.
designed a genetic lineage tracing experiment that for the first
time shed light on the cellular homeostasis that governs cardio-
myocyte renewal [27]. In a double transgenic MerCreMer/ZEG-
inducible cardiomyocyte reporter mouse, a tamoxifen-induced
pulse caused an irreversible genetic switch— only in the cardiac
myocytes—from [-galactosidase ($3-gal) to the expression of
GFP. Hence, if during the chase any GFP-negative stem or pro-
genitor would form new myocytes, they would still express 3-ga-
lactosidase. Two major findings emerged from this landmark re-
port: (a) various models of myocardial injury (myocardial
infarction model and chronic pressure overload) resulted in a
significant increase in GFP— 3-gal+ cardiac myocytes and a cor-
responding decrease in GFP+ (-gal— cardiac myocytes, and (b)
during normal aging of the rodent heart, there was no decrease
in GFP+ B-gal— cardiac myocytes, suggesting an absence of
stem cell-based physiologic cardiomyocyte renewal [27]. Recent
work from the same group, however, brought to light that, upon
induction of Ml, there is a high rate of cardiomyocyte turnover in
the adult mammalian heart that originates from pre-existing
GFP+ cardiac myocytes rather than noncardiomyocytes. With
regard to physiological aging, using multi-isotope imaging mass
spectrometry with their previous transgenic mouse model [27],
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they calculated that, in young adult hearts, cardiac myocytes are
replaced by proliferation of dedifferentiated pre-existing cardiac
myocytes at an annual rate of 0.76% [30]. In contrast with these
findings, a similar genetic fate mapping approach from the Mar-
ban group [31] showed that new cardiac myocytes not only arise
from pre-existing cardiac myocytes but also from stem/progen-
itor cells following ML. In line with previous reports, cardiomyo-
cyte turnover predominantly occurs through proliferation of pre-
existing cardiac myocytes at an annual rate of 1.3%—4% during
normal aging [31]. Taken together, it seems that, unlike ze-
brafish, which solely regenerate based on proliferation of dedif-
ferentiated cardiac myocytes [17, 19], the mammalian heart ap-
pears to rely on two mechanisms for endogenous regeneration:
(a) a source of stem/progenitor cells that upon differentiation
and maturation reconstitute the lost cardiac myocytes as occurs
in injury [27, 31], and (b) the proliferation of dedifferentiated
cardiac myocytes that can re-enter the cell cycle and can give rise
to mononucleated, newly formed cardiac myocytes [30, 31]. Al-
though a major step toward a better understanding of mamma-
lian regeneration of the heart, these studies could not pin down
the exact anatomic location or molecular footprint of these stem
and/or progenitor cells.

Types of Cardiac Stem/Progenitor Cells

By lack of consensus, different sources of stem and/or progeni-
tor cells have been proposed as the causal factor for cardiac
regeneration. One of these sources is a compartment of endog-
enous stem or progenitor cells directly from the heart itself as a
logical source for maintaining the cardiomyocyte pool by a con-
tinuous process by replenishing old dying cardiac myocytes with
new ones (Fig. 1). AlImost 10 years ago, the first report was pub-
lished on an endogenous CSC from the mammalian heart with
regenerative potential based on the tyrosine kinase receptor c-
kit [12]. Since then, numerous reports were published on differ-
ent markers used to identify CSCs in the heart, such as Sca-1
[32-36], Isl-1 [37—-39], side population (SP) cells [40—44], or car-
diosphere-derived cells (CDCs) [45-50]. A schematic overview of
resident stem/progenitor cells in the mammalian heart is de-
pictedin Table 1. The abundance in different types of CSCs on the
one hand and the clinical observation of such limited regenera-
tive potential in the heart on the other hand led some to the
conclusion that most types are in fact one type of CSCin different
phases of differentiation and/or maturation [51]. Nevertheless,
we will briefly outline the molecular characteristics of the most
commonly described CSCs.

c-kit"®* Lineage"®® Cardiac Stem Cells

The most extensively studied CSC is based on the presence of the
c-kit receptor that can be activated by stem cell factor. In 2003,
Beltrami et al. [12] described the isolation of c-kit®®* lineage-
negative CSCs in the adult mammalian rat heart. The criteria for
properties of bona fide stem cells were shown for these CSCs:
being self-renewing, clonogenic, and multipotent. In in vitro and
in vivo experiments, these c-kit”?®* CSCs were able to differenti-
ate toward cardiac myocytes, smooth muscle cells, and vascular
endothelial cells. In 2005, the in vivo potential was further dem-
onstrated by Dawn et al. [52] showing that a few GFPP°® c-kitP°®
CSCs had formed GFPP°* cardiac myocytes in the infarcted myo-
cardium in rats. Next, Bearzi et al. [53] showed that the adult
human heart also contained c-kit?°* CSCs. Upon successful isola-
tion and characterization in vitro, these human CSCs were tested
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Figure 1. Cardiac stem/progenitor cell-based regeneration in the adult mammalian heart. The proposed mechanism of cardiac regeneration
mediated by endogenous CSCs present in the heart is shown. This mechanism is based on the observation that cardiac stem/progenitor cells
(CSCs) are multipotent (A), self-renewing (B), and clonogenic (C). In their undifferentiated state, CSCs express low levels of pluripotency
markers such as OCT3/4, Sox2, and Nanog (see inset). The majority of CSCs also express key regulators such as BMI-1 that controls cell cycle
inhibitors P19 and P21 to maintain and regulate their ability to proliferate. Once activated, CSCs can re-enter the cell cycle and subsequently
can give rise to progeny that both maintain their own pool of undifferentiated stem cells and mature into three different lineages (see
functional differentiation) under the influence of various lineage-specific transcription factors.

in an infarction model based on immunodeficient mice. The ob-
servation of a chimeric heart containing human CSC-derived car-
diac myocytes dispersed in between the rodent myocardium fur-
ther strengthened the regenerative potential of these CSCs.

Sca-1* Cardiomyocyte Progenitor Cells

In 2003, a supposed different population was documented by Oh
et al. [33] based on stem-cell antigen 1 (Sca-1). In 6- to 12-week-
old mice, these Sca-1* CSCs were able to differentiate toward
cardiac myocytes upon induction with the cytosine analog 5'-
azacytadine. When tested in an experimental model of myocar-
dial infarction, Sca-1" were infused intravenously and homed
toward the infarcted myocardium, where in vivo differentiation
toward cardiac myocytes was observed. Despite the fact that
Sca-1 does not exist in humans, the Doevendans and Goumans
group [36] reported the successful isolation of a cardiac progen-
itor cell population in the human fetal and adult heart based on a
antibody directed against the mouse Sca-1 epitope. Akin to its
rodent counterparts, these human Sca-1" cardiomyocyte pro-
genitor cells (CMPCs) showed a capability for self-renewal and
multipotency by differentiating toward cardiac myocytes and/or
vascular tube-like endothelial cells positive for PECAM-1. When
tested in immunodeficient mice for their regenerative capacity,
fetal human Sca-1* CMPCs improved cardiac function following
infarction and showed in vivo differentiation toward a cardiomy-
ocyte-like phenotype based on the presence of troponin | [54].

www.StemCellsTM.com

Side Population Cells

Contrary to its name, cardiac side population (SP) cells have gained an
extensive body of evidence as a distinct entity of cells capable of pro-
ducing progeny that can renew cardiac myocytes during normal devel-
opment and disease. SP cells are isolated based on their ability to efflux
DNA-binding dyes through an ATP-binding cassette (ABC) transporter.

In 2002, Hierlihy et al. [40] described the isolation of cells
with stem cell-like behavior that resided in the adult heart that
appeared on the “side” on fluorescence-activated cell sorting
because these cells were able to efflux Hoechst 33342 using the
ABC reporter Abcg2. Since then, the existence of cardiac SP cells
have been confirmed by several independent groups [32, 41—
43]. Using other molecular markers to identify SP cells is based
on Sca-1, expressed by 80%—90% of SP cells [44]. However, they
constitute less than 1% of all Sca-1" cells in the heart [44].
Hence, given the large overlap with the more heterogeneous
Sca-1" CMPCs that do not show signs of clonogenicity, it is con-
ceivable that these SP cells could in fact be the active cell com-
partment isolated by the groups that investigate Sca-1" CMPCs.

Cardiosphere-Derived Cells

In 2004, Messina et al. [50] reported the isolation of adult CSCs
that grow in self-adherent clusters—designated as cardio-
spheres (CSs)—and are comprised of a mixture of differentiating
progenitor cells, cardiac myocyte-like cells, and/or vascular cells.
Messina et al. [50] suggested that these various cell types are all
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“Note: Sca-1 does not exist in humans; the antibody against Sca-1 binds to an unknown Sca-1-like antigen.

Plsolation based on enzymatically digested single cell suspension of myocardial biopsies. After several days in culture, loosely adherent cardiospheres are formed that can be separated from fibroblast-like

cells attached to the fibronectin-coated culture dish [50].

“Isolation based on fluorescence activated cell sorting analysis selecting for the G-member protein Abcg2P°° cells that are able to efflux Hoechst dye [32].

Abbreviations: 5'-AZA, 5'-azacytadine; CDC, cardiosphere-derived cell; CMPC, cardiomyocyte progenitor cell; CSC, cardiac stem cell; Isl-1, transcription factor Islet-1; SP, side population; TGF, transforming

growth factor.

the progeny of a small subset of undifferentiated cells within CSs,
which are self-renewing and clonogenic, and express different
stem cell markers such as c-kit and Sca-1. These CDCs were iso-
lated from the adult murine and human heart and could be easily
expanded in vitro based on this cardiosphere-forming isolation
protocol.

Taken together, the last decade of intense research led to a
vast increase in our knowledge on the existence of different
types of CSCs that show true characteristics of stem-progenitor
cells [55] and their role in cardiomyocyte renewal in the mam-
malian heart. However, in vitro study results obtained with CSCs
should be interpreted with the necessary caution because they
more likely reflect the presence of a regenerative potential of
CSCs rather than the actual role thereof in tissue cellular homeo-
stasis. As contemplated by Simons and Clevers [56], current
methods such as the search for a unique CSC-specific molecular
marker and quantitative analysis based on immunohistochemis-
try provide only a small glimpse of CSC behavior at best. Thus, in
order to reliably asses the true regenerative role of CSCs, we
need to advance the CSC research field by the introduction of
research methods such as lineage tracing based on inducible ge-
netic labeling that can clearly and unambiguously provide in-
sights in CSC dynamics and behavior in vivo.

CARDIAC STEM CELLS AS THE BASIS OF CARDIAC REGENERATIVE
THERAPY

Cardiac Stem Cell Therapy: Preclinical Results

Despite the uncertainties pertaining to normal CSC behavior and
dynamics in vivo, most reports on CSCs also include experimental
data on the use of these cells as the treatment for left ventricular
improvement in acute and/or chronic MI. Unlike earlier studied
sources for stem cell therapy, such as bone marrow mononu-
clear cells, which do show a modest beneficial effect albeit via
other mechanisms than true regeneration [57], most types of
CSCs show signs of formation of new cardiac myocytes besides
formation of new vasculature. As shown in the Forrest plot (Fig.
2), two important findings emanate from the cumulative evi-
dence regarding usage of CSCs as novel cardioregenerative treat-
ment in rodents: (a) overall, there is an absolute increase in left
ventricular ejection fraction (LVEF) based on CSCs by ~12%, and
(b) the type of CSC, based on different molecular markers (e.g.,
c-kit, MDR1, Sca-1), does not seem to show superiority of one
stem cell marker over the other.

The translational approach as currently practiced requires
the use of larger animal models that more closely mimic human
disease to establish whether the beneficial effects found in ro-
dents actually hold in a (pre)clinical setting [58]. In particular,
pigs are often used for this purpose since they fulfill this criterion
by their close resemblance in physiology and anatomy to the
human cardiovascular system. To date, there are only two pub-
lished reports on the usage of exogenously administered CSCs in
a large animal model, both testing the use of CDCs. In 2009, the
group proved the short-term safety of intracoronary delivery of
CDCs. Regarding treatment efficacy, they used a porcine model
of ischemic cardiomyopathy, in which 300,000 CDCs per kg was
compared with vehicle alone (calcium-free phosphate-buffered
saline with 100 units/ml heparin and 250 wg/ml nitroglycerin).
Strikingly, CDC treatment led to considerable formation of new
cardiac myocytes and a significant reduction of infarct scar tissue
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Figure 2. Preclinical studies on the efficacy of exogenous CSC delivery in myocardial infarction in rodents. Shown is a Forrest plot showing the
pooled results of the mean difference on left ventricular ejection fraction (LVEF) at follow-up (21-28 days) compared with the baseline of
exogenous CSC delivery in rodent models of acute myocardial infarction. Different CSC therapy led to a roughly equal improvement in LVEF for
c-kitP°® CSCs (+10.88%; [95% Cl: 8.83—-12.94]), Sca-1P°° CSCs (+9.88%; [95% Cl: 8.49-11.27]), or CDCs (+14.00%; [95% Cl: 8.6—19.40]) at
follow-up. Abbreviations: Cl, confidence interval; CSC, cardiac stem/progenitor cell; IV, inverse variance; Fixed, fixed effects analysis.

[46]. Next, in 2011 the Marban group extended these data in
large animals by a new comparison between CDCs, the CSs them-
selves, or placebo in a mini-pig model of chronic Ml. In total, 10 X
10° cells were injected intramyocardially 4 weeks after an an-
teroseptal myocardial infarction. After 4 weeks of follow-up, the
differences in LVEF between placebo and CDCs and between pla-
cebo and CSs were approximately 7% and 4%, respectively (LVEF
at follow-up 40 = 7% vs. 47 £ 5vs. 44 = 5) [59].

In 2005, Linke et al. [60] described the activation of CSCs in
dog heart in response to hepatocyte growth factor (HGF) and
insulin-like growth factor-1 (IGF-1). Upon induction of myocar-
dial infarction, intramyocardial HGF/IGF-1 injections in the bor-
der zone of the infarct led to the formation of new cardiac myo-
cytes and coronary vessels within the infarct. Analogous to this
approach, another study in the porcine model by Ellison et al.
[61] showed activation of the endogenous cardiac stem cell com-
partment based on these two previously established activators
of CSCs [60]. A growth factor cocktail of IGF-1 and HGF was ad-
ministered intracoronary 30 minutes after AMI. As a result, the
growth factor-treated animals showed a preserved LVEF com-
pared with placebo, at 2 months follow-up. The thymidine ana-
log bromodeoxyuridine was used to visualize cell generation,
which revealed extensive new cardiomyocyte formation that co-
incided with the activation, proliferation, and differentiation of
the endogenous CSC compartment [61].

Cardiac Stem Cell Therapy: Clinical Results

Table 2 provides an overview of the current research programs
of the different types of CSC therapy. Despite the scarcity of
experimental data in large animal models for CSCs, clinical trials
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are already under way [62, 63]. The first trial, SCIPIO (cardiac
Stem Cells In Patients with Ischemic Cardiomyopathy), initiated
by the combined effort of Anversa and Bolli, is an open-label
phase | trial that randomly allocated 16 patients with postinfarc-
tion left ventricular (LV) dysfunction (LVEF = 40%), who had un-
dergone coronary artery bypass grafting, to intracoronary infu-
sion of 0.5—1 X 10° c-kit-positive, lineage-negative cardiac stem
cells or standard care as usual [62]. The delivery of c-kit"°* CSCs
was approximately 4 months after surgery. LVEF increased by 8%
at 4 months after c-kit"°® CSC delivery, whereas the patients
receiving standard care as usual did not show any signs of
change. Strikingly, a progressive improvement in LVEF was ob-
served in the first eight patients who reached the 1-year fol-
low-up with an increase in 12% compared with controls [62].
The second trial, CADUCEUS (CArdiosphere-Derived aUtolo-
gous stem CElls to reverse ventricUlar dySfunction), initiated by
Eduardo Marban, was a prospective, randomized phase | safety
trial that investigated the effect of intracoronary admission of
CDCs in patients with a recent acute myocardial infarction (with
LV ejection fraction of 25%—45%) on major cardiac and noncar-
diac adverse events and formation of neoplasia [63]. In total, 25
patients were enrolled, of whom 17 received CDCs 1.5—-3 months
after the index event. Eight patients served as controls and re-
ceived guideline-based care as usual. During follow-up, four pa-
tients (24%) in the CDC group experienced serious adverse
events compared with one patient in the control group (13%).
Regarding functional analysis at 6 months, MRI analysis of pa-
tients treated with CDCs showed a significant reduction in scar
mass, increased viable heart mass, and regional systolic wall
thickening. However, changes in end-diastolic volume, end-
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Table 2 Update on research development programs of CSC therapy for ischemic heart disease

Preclinical research in laboratory animals

Clinical research in humans

Proof of efficacy in Safety/efficacy in large Phase Il

small animals (e.g., animals (e.g., dogs, pigs, Phase Il a/b efficacy Routine clinical
CSC type rodents) sheep) Phase | safety trial safety/efficacy trial trial care/phase V
c-kit Yes (2003) [12] Yes (2006)* Yes (2012) [62]® Yes (2012) [62]° No No
CMPC Yes (2009) [54] In progress (2013)° No (Anticipated: 2014)¢ No (Anticipated: 2014)¢ No No
CDC Yes (2004) [50] Yes (2009) [46] Yes (2012) [63]® Yes (2012) [63]° No No
SP cells Yes (2011) [41] No No No No No

This study has never been published and was been presented at the American Heart Association Conference in 2006.

PThese first-in-human studies both made use of a combined phase I/Il study design.

Started Q1 2013 in the University Medical Center Utrecht, The Netherlands; principal investigator: Dr. S.A.J. Chamuleau.

dExpected to start in the third quarter of 2014 by the Leiden University Medical Center and the University Medical Center Utrecht, The
Netherlands; principal investigators: Prof. M.J. Goumans and Dr. S.A.J. Chamuleau.

Abbreviations: CDC, cardiosphere-derived cell; CMPC, cardiomyocyte progenitor cell; CSC, cardiac stem cell; SP, side population.

systolic volume, and LVEF did not differ between groups at 6
months [63].

However tempting it is to look at the highly anticipated
functional analysis, these phase | trials can merely provide
information on what they were designed to investigate, which
is the safety of CSC therapy on short-term follow-up. As a
reminder from history, only 7 years ago, the cardiovascular
scientific community received similar initial reports that
sparked intense hope that bone marrow-derived cell therapy
could reduce the burden of ischemic heart disease. However,
the initial report [64] of a 15% improvement in LVEF was grad-
ually reduced to an significant increase of 2.87% published
very recently in the Cochrane library that reported on the
pooled analysis of in total 2,533 patients [65]. We speculate
that the evidence as summarized in this review justifies CSCs
as one of the currently investigated cell types with the highest
potential to ameliorate the repercussion of massive cardio-
myocyte loss following AMI.

Cell Therapy: Problems and Pitfalls From a Translational
Perspective

Previously, different versions of autologous cell therapy (e.g.,
bone marrow-derived mononuclear cells) also reached the stage
of clinical testing. Most of these therapies have been proven
marginally effective but failed to solve the severe health care
problem that CHF imposes or to have a measurable impact in the
day-to-day clinical practice of CHF treatment. Even when the
preliminary results of the CADUCEUS and SCIPIO trials truly re-
flect the marked improvement that can be expected based on
CSC therapy, this autologous cell approach is still hampered by
several pitfalls that need to be resolved in the near future. First,
alow engraftment of exogenously administered cells in the heart
possibly dilutes the treatment effect of cell therapy. In our cen-
ter, we compared the delivery efficiency of three commonly
used delivery strategies (intracoronary infusion, intramyocardial
injection, and surgical injection). Four hours after delivery, we
could only detect ~10% of all delivered indium***-labeled mes-
enchymal stem cells, regardless of delivery method [69]. Second,
autologous stem/progenitor cell therapy relies on a complex in-
frastructure of both human expertise and costly facilities that are
needed for the isolation, cleaning, and culturing of CSCs under
stringent good manufacturing practice (GMP) conditions to en-
able successful autologous cell therapy. Third, autologous ther-
apies, at present, still fail to satisfy the cost constraints posed by
the need to make the treatment affordable to a very large num-
ber of candidate patients. Moreover, handling of the cell product
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should be devised in such a way that it can be prepared and
administered not only in the tertiary cardiovascular centers but
also in the majority of hospitals with access to a catheterization
laboratory. Therefore, novel strategies activating the endoge-
nous CSC compartment are under current investigation and
aimed to “bypass” the abovementioned shortcomings of exoge-
nous CSC therapy (Fig. 3).

CONCLUSION

In this review, we have summarized the current status of the
cardiac regenerative research field and highlighted the major
breakthroughs that led us to rethink old paradigms with regard
to the regenerative capacity of the adult heart that coincides
with the presence of an endogenous stem/progenitor cell pool
that shows self-renewal and multipotency both in vitro and in
vivo. Next to these major breakthroughs, we have also shown
controversial points in which numerous contradicting reports
still preclude a broad consensus. Resolving several issues is par-
amount in order to advance the field toward development of
novel therapies that can augment the regenerative potential of
CSCs. We would like to specifically mention two that are in our
view of most importance. First, the low level of naturally occur-
ring regeneration in the human heart indicates that CSCs are part
of a tightly regulated process that controls the number of prog-
eny that can give rise to new cardiac myocytes. Which factors can
activate quiescent CSCs and subsequently let these cells take
place in new rounds of cell division? In addition, which factors
govern the newly formed progeny toward activation of a set of
cardiomyogenic transcription factors that lead to formation of
new cardiac myocytes? As shown by Sluijter et al. [66], micro-
RNA (miR) interference could successfully govern the differenti-
ation efficiency of Sca-1P°* CSCs toward cardiomyocyte-like cells
by overexpressing miR 1 and 499.

Second, despite extensive preclinical data in young rodents,
the effects of aging on behavior and viability of these CSCs in
elderly patients with coronary artery disease remains largely un-
explored. Cellular aging is governed by the expression of nuclear
proteins that regulate cell cycle inhibition and irreversible
growth arrest. Therefore, if the regenerative response of CSCs to
an ischemic insult is to be further explored as a new treatment
for post-MI heart failure, it is imperative to unravel which indi-
vidual patient characteristics affect CSC viability and, above all,
their irreversible state of cellular senescence.

In the foreseeable future, both the highly anticipated results
of clinical trials involving the use of CSCs and preclinical clues that
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Strategy 1: Activation of resident CSCs

B. Non-cardiac stem cells
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Figure 3. Novel strategies for CSC-based myocardial repair. Schematic overviews of current strategies used to make use of CSCs for myocar-
dial repair are shown. Strategy 1 is based on activation of endogenous CSCs by various means, e.g., growth factors (A), noncardiac stem cells
(B), or gene therapy (C). Upon activation, resident endogenous CSCs can proliferate and mature into newly formed cardiac myocytes (green
cardiac myocytes). Strategy 2 is based on the delivery of autologous CSCs that have been isolated from small myocardial biopsies and scaled
up outside the patient to sufficient numbers. Exogenous CSCs are also shown to be capable of activating the local endogenous CSC compart-
ment. In addition, exogenously delivered CSCs are hypothesized to mature and differentiate into functional cardiac myocytes (yellow cardiac
myocytes) that are electromechanically coupled with the pre-existing cardiac myocytes (orange cardiac myocytes) [31]. Abbreviation: CSC,

cardiac stem/progenitor cell.

can further tailor the high potential of CSCs could pave the way
for CSC-based myocardial repair on a clinical relevant scale.
Given the anticipated increase in socioeconomic costs related to
heart failure, any reduction in the chance to develop heart failure
following an acute myocardial infarction could drastically reduce
the burden of ischemic heart disease on our health care re-
sources and, above all, improve the patients’ quality of life.
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