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Abstract
New approaches for cardiac repair have been enabled by the discovery that the heart contains its own
reservoir of stem cells. These cells are positive for various stem/progenitor cell markers, are self-
renewing, and exhibit multilineage differentiation potential. Recently we developed a method for ex
vivo expansion of cardiac-derived stem cells from human myocardial biopsies with a view to
subsequent autologous transplantation for myocardial regeneration. Here we review the state of the
cardiac stem cell field and our own work on cardiosphere-derived stem cells from human hearts. The
first of this two-part review outlines emerging preclinical data on the application of cardiac stem
cells. Part 2 continues with a discussion of other stem cell sources with clinical potential, a summary
of the critical issues surrounding stem cell therapy (with an emphasis on the crucial issue of how cell
transplantation may influence arrhythmias), our perception of clinical stem cell trials to date, and the
issues facing the clinical application of cardiac stem cells.
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Introduction
This article summarizes the background and content of the Gordon Moe Lecture, which the
senior author was honored to present to the Cardiac Electrophysiology Society meeting in
November 2005. Much of the work presented at the time was unpublished, hence the delay
from that event to the present summary. Even in that interval, the field of cardiac regenerative
therapy has advanced in leaps and bounds. What we present here is but a snapshot of this rapidly
emerging discipline.

The mammalian heart historically has been viewed as a terminally differentiated organ, formed
of anisotropically oriented cardiomyocytes that allow for the conduction of electrical signals
and the rhythmic pumping of blood. Conventional wisdom long maintained that, under normal
conditions, an adult mammalian cardiomyocyte could not reenter the cell cycle and duplicate
or replace itself. Therefore, cardiomyocytes were believed to be subject to decades of use and
potential injury with no hope of reprieve. A straightforward quantitative analysis of cell number
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and organ volume led Quaini et al to undertake a thorough reinvestigation of the
cardiomyocyte’s ability for proliferation. In 1994, they demonstrated what appeared to be
human cardiomyocytes undergoing mitosis in histologic sections of endomyocardial biopsies
obtained from patients with chronic heart failure.1 Cardiomyocytes in the regions surrounding
damaged, necrotic areas were identified as mitotic by coexpression of proliferating cell nuclear
antigen and α-sarcomeric actin. In a subsequent study, histologic sections of myocardium
obtained from patients undergoing cardiac transplantation due to ischemic disease or dilated
cardiomyopathy were labeled with propidium iodide and an α-sarcomeric actin antibody. A
myocyte mitotic index of 0.0014% in control hearts and 0.013% to 0.015% in diseased hearts
was determined by confocal analysis.2 Those initial data were confirmed and amplified in an
autopsy study of human hearts3 in which actively dividing cardiomyocytes (evidenced by Ki67
expression, a nuclear antigen expressed in dividing cells4) resulted in mitotic indices of 0.08%
and 0.03% in the regions adjacent to and distant from the infarcts, respectively. In principle,
mitotic figures in the heart could arise from preformed cardiomyocytes released from cell cycle
inhibition or from resident cardiomyocyte precursors or stem cells that become activated. So
began the quest for a cardiomyocyte precursor. The question of whether mature mammalian
cardiomyocytes can reenter the cell cycle has received less attention, although we have
presented preliminary evidence for such “dedifferentiation” in vitro.5

Cardiac stem cell populations
Cardiac stem cells or progenitor cells have since been identified and isolated by several
independent groups in adult or postnatal hearts of humans and other mammalian species based
on surface expression of stem cell markers traditionally associated with blood- or bone marrow-
derived stem cells and even pluripotent embryonic stem cells. Table 1 summarizes the biologic
significance of the relevant cell surface markers. The biologic markers are listed horizontally
across the top, with details for each (family, ligand, biologic function, and cell type where
found) listed below. These various cardiac stem cell populations have each fulfilled one or
more criteria of a stem or progenitor cell (multilineage potential, clonogenicity, capacity for
self-renewal). Some have been defined by persistence of an antigenically identified population
into postnatal or adult heart development, whereas others have been isolated either by antigenic
selection for a given surface marker or by virtue of autoproliferative properties in primary
culture. Here we review the features and regenerative potential of each proposed cardiac stem
cell population. Consideration is given to potential effects of stem cell transplantation on heart
rhythm. We review the properties of other stem cell sources being applied clinically for cardiac
repair and conclude with a few forward-looking thoughts on the potential of cardiac stem cell
therapy for the clinical treatment of heart disease.

c-Kit+ cardiac stem cells
The first report of the existence of seemingly primitive cardiac cells in histologic sections of
the adult human heart emerged as part of a study of chimerism in the hearts of transplant
patients.6 These small interstitial cells could be found expressing c-Kit, MDR-1, or Sca-1 and
contained a subset that coexpressed markers of cardiac-specific differentiation (GATA4 or α-
sarcomeric actin). These cell populations were markedly increased in transplanted human
hearts, and only 12% to 16% could be identified as recipient derived (e.g., blood- or bone
marrow-derived cells) by expression of the Y chromosome in males transplanted with female
donor hearts. This evidence suggestive of a c-Kit+ resident cardiac stem cell population was
explicitly reinforced shortly thereafter in a study of adult rat hearts.7 Analogous c-Kit+ cardiac
stem cell populations have been identified in the adult dog8 and mouse,9 in which the majority
were found to coexpress c-Kit, MDR-1, and Sca-1, suggesting an overlap in what some have
described as distinct cardiac stem cell populations. The rat study first described clusters of c-
Kit+ cells, many of which expressed early cardiac-specific transcription factors (Nkx2.5),
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characterized these cells as blood lineage negative (CD34−, CD45−, CD20−, CD45RO−,
CD8−), and demonstrated that single cardiac c-Kit+ cells were self-renewing and clonogenic
(expanded in culture after plating one cell per well) as well as multipotent (generating
cardiomyocytes, smooth muscle cells, and endothelial cells when placed in differentiation
medium containing dexamethasone). c-Kit+ cells were isolated from whole hearts subjected
to total cellular digestion and represented approximately 7% of the “small” myocardial cell
fraction. c-Kit+ cells were selected using an antibody against c-Kit by a magnetic-activated
cell sorting technique and cultured in a base media supplemented with basic fibroblast growth
factor, epidermal growth factor, leukemia inhibitory factor, and insulin-transferrin-selenite as
a serum substitute. c-Kit+ cells (4 × 105 injected intramyocardially) showed a capacity for
efficient myocardial repair when administered in a model of acute myocardial infarction (MI),
maintaining improved left ventricular ejection fraction (LVEF) in rats 10 days and 3 weeks
after treatment relative to untreated animals (LVEF 45% ± 10% treated vs LVEF 34% ± 3%
untreated at 3 weeks [P <.05] compared to sham LVEF 82% ± 5%) and participating in the
formation of new cardiomyocytes, smooth muscle cells, and endothelial cells in vivo. Cardiac
stem cell populations also are being put to the test in models of chronic MI. Studies have shown
that c-Kit+ cardiac stem cells isolated from the adult rat heart home to infarcted areas when
delivered via the aortic root during a reperfusion protocol, improving LVEF 5 weeks post-MI
(LVEF ≈ 48% treated vs LVEF ≈ 40% control [P <.05] compared to baseline LVEF ≈ 75%),
and regenerate muscle and vessels in the absence of cell fusion as demonstrated by the presence
of at most two copies of chromosome 12 (detected by fluorescence in situ hybridization) in
newly formed green fluorescent protein (GFP)-positive cardiomyocytes.10 This study
represents an important step toward clinically relevant application of cardiac stem cells.

Sca-1+ cardiac stem cells
A population of Sca-1+ cardiac stem cells was independently identified as a subgroup of cells
(constituting ≈ 14%) isolated in the noncardiomyocyte cell fraction of the adult mouse heart
in a whole heart digestion.11 Sca-1+ cells were isolated by antibody targeting and magnetic
sorting. Freshly isolated Sca-1+ cells coexpressed CD31 and CD38, lacked c-Kit, CD34, CD45,
Flk-1, and Flt-1 and were blood lineage negative. Sca-1+ cells were 120-fold enriched for the
side population (SP) phenotype. This study reported that greater than 93% of SP cells were, in
fact, Sca-1+. Expression of telomerase reverse transcriptase, which has been associated with
self-renewal potential, was restricted to the Sca-1+ fraction of noncardiomyocytes and was
absent in the Sca-1− fraction. Freshly isolated Sca-1+ cells did express the early cardiac-specific
transcription factors GATA4, Mef2C, and Tef-1 but did not express Nkx2.5 or genes encoding
cardiac sarcomeric proteins. Sca-1+ cells could be cultured in base media supplemented with
10% serum on a fibronectin-coated surface. These cells did not spontaneously differentiate in
vitro, but, when stimulated with the cytosine analog 5-azacytidine in culture, a fraction
expressed α-sarcomeric actin, cardiac troponin I, Nkx2.5, and myosin heavy chain. In a mouse
model of ischemia-reperfusion, Sca-1+ cells (106 injected intravascularly) had engrafted at a
much higher rate than Sca-1− cells after 2 weeks and could be found forming new
cardiomyocytes. The authors reported a contribution of cell fusion in about 50% of new
cardiomyocytes (as evidenced by coexpression of β-gal and Cre in R26R recipient mice given
Sca-1+ cells isolated from the α-MHC-Cre mouse).

A subsequent study by Matsuura et al12 reported that oxytocin treatment of adult mouse-derived
Sca-1+ cells was able to produce spontaneously beating cells that exhibited calcium transients
responsive to stimulation by isoproterenol, demonstrating the ability of Sca-1+ cardiac stem
cells to adopt a functional cardiomyocyte phenotype in vitro. Wang et al13 demonstrated that
the Sca-1+CD31− subpopulation isolated from the adult mouse heart adopted cardiomyocyte
and endothelial properties in vitro. Differentiation media (containing many cardiogenic agents,
including 5-azacytidine) induced cardiomyogenic differentiation evidenced by expression of
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Nkx2.5 and GATA4, and further coculture with primary cardiomyocytes led to the expression
of cardiac sarcomeric proteins. Microtubule formation was also seen when Sca-1+CD31− cells
were cultured in Matrigel, suggestive of endothelial potential. This study also demonstrated
an important reparative role of Sca-1+CD31− cells. Sca-1+CD31− cell number increased
immediately after acute MI, suggesting a role for these cells in normal cardiac repair.
Furthermore, when Sca-1+CD31− cells (106) were injected intramyocardially into the acutely
infarcted mouse heart, animals had a significantly higher LVEF at 2 and 3 weeks post-MI than
did Sca-1−CD31− and vehicle-injected controls (LVEF ≈ 38% vs LVEF ≈ 33% and LVEF ≈
31% [P <.001] compared to control LVEF ≈ 58%), and engrafted cells formed new
cardiomyocytes and endothelial cells in vivo.

SP cardiac stem cells
Like other adult organs, the heart contains a population of putative progenitor cells termed
side population cells, which are characterized by the ability to efflux metabolic markers such
as Hoechst due to high expression of membrane pumps encoded by the multidrug-resistance
genes.14,15 Hierlihy et al14 were the first to demonstrate the presence of a verapamil-sensitive
SP cell in the postnatal mouse heart. Shortly thereafter, Martin et al15 attributed the cardiac SP
phenotype to Abcg2 protein expression and showed that a population of SP cells persisted into
adulthood in the mouse. When selected, adult mouse SP cells also could differentiate into α-
actinin-positive cells when cocultured with primary cardiomyocytes. A phenotypic analysis of
adult mouse cardiac SP cells revealed that these cells were Sca-1high, c-Kitlow, CD34low, and
CD45low. Further fractionation and functional characterization of the adult cardiac SP
population has since been performed.16 Pfister et al16 noted that 84% of cardiac SP cells are
Sca-1+ and 75% CD31+. They demonstrated that the greatest potential for cardiomyogenic
differentiation lies in Sca-1+CD31− SP cells, which make up only 10% of the SP population.
A fraction of Sca-1+CD31− SP cells elicited spontaneous contractions when cocultured with
primary cardiomyocytes, and functional coupling was demonstrated as synchronous calcium
cycling between neighboring cells. Oyama et al17 reported a comparable characterization and
similar capacity for adopting a functional cardiac phenotype for cardiac SP cells isolated from
the neonatal rat heart. Most importantly, this study showed that GFP-labeled neonatal SP cells
home to the cryoinjured heart and form new cardiomyocytes, fibroblasts, endothelial cells, and
smooth muscle cells, the first evidence of the regenerative potential of cardiac SP cells. In the
adult human heart, Abcg2 expression has been ascribed to CD31+ cells primarily lining vessel
walls,18 perhaps hinting toward a largely endothelial fate. Human Abcg2 mRNA levels were
2.5-fold increased in cardiomyopathic hearts compared with normal hearts, leaving open the
possibility of SP cell activation or proliferation in response to heart disease as a potential
reparative process.

Cardiosphere-derived cardiac stem cells
In 2004, Messina et al19 reported the first isolation of cardiac stem cells from human
myocardium. This study showed that a heterogenous population of cells, including cardiac
stem cells identified by c-Kit and Sca-1 expression as well as subpopulations of CD34+ and
CD31+ cells (potentially endothelial progenitor cells that had taken up residence in the heart),
were spontaneously shed from human surgical specimens as well as from embryonic and adult
mouse myocardial tissue maintained in primary culture. When placed in suspension culture in
a base media supplemented with basic fibroblast growth factor, epidermal growth factor,
cardiotrophin-1, thrombin, and B27 as a serum substitute, these cells spontaneously organized
into spherical multicellular clusters, thus named cardiospheres. The c-Kit+ population
increased as cellular proliferation occurred within the core of the sphere as evidenced by
bromodeoxyuridine incorporation. Both human and mouse cardiosphere-derived cells were
shown to be clonogenic in vitro when cardiospheres were dissociated and plated as single cells.
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This study also showed that cardiospheres provide an environment in which some cardiac stem
cells become partially differentiated cardiomyocytes and endothelial cells.
Immunohistochemical analysis revealed expression of sarcomeric proteins, such as troponin I
or myosin heavy chain, and vascular proteins, such as kinase domain receptor, primarily in the
cardiosphere surface cells, whereas c-Kit expression was maintained in proliferative
cardiosphere core cells. The most obvious evidence of cardiomyogenic differentiation
(previously shown only in embryonic stem cell culture) was the demonstration of beating
cardiospheres in vitro, either in coculture with neonatal rat cardiomyocytes (human
cardiospheres) or spontaneously (embryonic mouse cardiospheres). Human cardiospheres
were delivered intramyocardially into immunodeficient mice, and significant functional
improvement was seen 3 weeks later (fractional shortening 37% in cardiosphere-injected group
vs 18% in control group [P <.05] compared to sham 59%) along with vigorous engraftment
and cardiogenesis. The cardiosphere culture method has since been used by independent groups
to enrich c-Kit+ cardiac stem cells20 and Sca-1+ cardiac stem cells21 alike for further analysis.

Isl-1+ cardiac stem cells
An Isl-1+ cell population has been shown to contribute to the development of parts of the
embryonic mouse heart, notably the outflow tract, both atria, right ventricle, and portions of
the left ventricle.22 Laugwitz et al23 demonstrated the presence of an Isl-1+ population of
cardiac stem cells in the postnatal mouse, rat, and human heart, most prominently in the outflow
tract and right atrium. Further studies showed that Isl-1 marks a population of multipotent
cardiac stem cells contributing to smooth muscle, endothelial, and pacemaker cell lineages in
the embryonic and postnatal heart24,25 and implicate Isl-1+Nkx2.5+Flk-1+ cells as the most
primitive cardiac stem cells. No compelling evidence for an Isl-1+ population in the adult heart
has been presented.

SSEA-1+ cardiac stem cells
An SSEA-1+ cardiac stem cell has been identified in the neonatal and adult heart. Ott et al26

described a cell characterized by expression of this marker traditionally associated with
embryonic stem cells, in the rat but not in humans (despite the article’s misleading title). In the
neonatal rat heart, SSEA-1+ cells coexpressed Nkx2.5, GATA4, and cardiac myosin heavy
chain, whereas in the adult rat heart, SSEA-1+ cells lacked cardiac-specific markers in vivo.
SSEA-1+ cells isolated from the adult heart by harsh digestion of tissue fragments (in order to
eliminate cardiomyocytes) did coexpress Oct3/4, initially lacked c-Kit and Sca-1, and could
be expanded in vitro in suspension over a mesenchymal cell feeder layer obtained from the
same digestion. Approximately 4.5 × 105 suspension cells could be generated in 90 days from
approximately 1 g of tissue. Over time, SSEA-1 expression decreased, Flk-1 expression
increased, transient coexpression of Abcg2 and Sca-1 was observed in Flk-1+ cells, transient
coexpression of c-Kit was observed as well, but only 50% of c-Kit+ cells coexpressed Flk-1.
Finally, expression of Nkx2.5, GATA4, and Isl-1 (a cardiac stem cell marker present only in
the embryonic and postnatal periods) could be seen in some cells, indicating cardiac
commitment, and these populations increased in number over time. When placed in
differentiation media in the absence of a mesenchymal cell layer or in coculture with primary
cardiomyocytes, SSEA-1+ cells underwent further cardiomyogenic differentiation and were
found to express α-sarcomeric actin or cardiac myosin heavy chain and to form beating
colonies. When SSEA-1+ cells were transplanted into the 2-week-old infarcted rat heart (106

cells injected intramyocardially), functional improvement relative to control was seen 1, 3, and
5 weeks later (LVEF ≈ 57% in treated vs LVEF ≈ 28% in control at 3 weeks [P <.05] compared
to 2-week baseline LVEF ≈ 36%), SSEA-1+ cells also proved capable of forming new
cardiomyocytes and endothelial cells in the infarct area. The authors propose that SSEA-1
identifies the most primitive cardiac stem cells present in the adult mammalian heart and
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suggest that c-Kit, Sca-1, and Abcg2 identify cardiac stem cells at later stages of cardiac-
specific differentiation.

These cumulative data from independent laboratories strongly support the notion that the adult
mammalian heart contains populations of cardiac stem cells. These studies establish a
successful treatment paradigm in rodents: cardiac stem cells isolated from the heart and
delivered to ischemic areas will orchestrate cardiac regeneration and maintain global cardiac
function.

Clinical potential of cardiac stem cells
Stem cells are present in many organs, where they offset physiologic cell death and, to variable
degrees, mediate tissue repair in pathologic states. It now is apparent that the adult mammalian
heart possesses limited self-renewal potential attributable to small clusters of resident cardiac
stem cells found throughout the myocardium. Human cardiac stem cells are believed to be
involved in maintaining myocardial homeostasis throughout life but seem to be incapable of
counteracting massive degenerative events such as MI. Application of ex vivo expanded human
cardiac stem cells is an obvious approach to bolster the heart’s inherent repair capacity. Not
only have many populations of cardiac stem cells shown efficacy in animal models of heart
disease, but all have shown an ability to generate the major constituents of the myocardium
either in vitro or in vivo. However, a clinically applicable method for isolating and expanding
human cardiac stem cells for the purpose of application during an injury event was lacking
until recently.

Human cardiosphere-derived cardiac stem cells
We postulated that cardiospheres generated from nonsurgical myocardial specimens might
prove a useful source for autologous cardiac stem cell therapy and began a proof-of-concept
study that was recently published.27 Cardiospheres previously had been successfully generated
from human surgical specimens.19 Our study took an important next step toward developing
a clinically applicable cardiosphere-based method. We chose to work with biopsy specimens
obtained from the septal wall using a bioptome introduced via the right femoral vein and
advanced to the right ventricle with fluoroscopic monitoring. This procedure for obtaining
percutaneous endomyocardial biopsy specimens is conducted routinely in an outpatient setting,
is minimally invasive, and poses relatively few risks for patients.28,29 We chose the
cardiosphere culture method because sphere culture offers a convenient means for expanding
cardiac progenitors ex vivo given a small amount of starting tissue material. In fact, spontaneous
sphere formation by progenitor cells is not a phenomenon unique to progenitors isolated from
the heart. Sphere formation also has been observed with neural,30 retinal,31 mammary,32

kidney,33 and prostate34 progenitors and is thought to play a role in determining cell phenotype
and survival.35

We were highly successful using the cardiosphere method. All but one of our initial 70
specimens (21.0 ± 1.9 mg) taken from adults aged 20 to 80 years yielded cardiosphere-derived
cells. We demonstrated that cardiospheres grown from adult human endomyocardial biopsies
had characteristics like those previously described (Figure 1a).19 Cardiospheres were readily
generated and could be further expanded as a monolayer of cardiosphere-derived cells. A single
experimental biopsy specimen yielded 1.7 ± 0.4 million cardiosphere-derived cells in about 45
days, a workable number of cells that can be multiplied several-fold by simply increasing the
number of biopsies obtained at the outset. A subset of these cells maintained expression of c-
Kit (but were MDR-1, Sca-1, and Abcg2 negative) after extended culture (Figures 1b and 1c).
This population was complemented by a mesenchymal-like population of cardiosphere-derived
cells (CD105+CD90+) likely serving as a feeder layer to the more primitive cell populations
during ex vivo proliferation (Figure 1b). Cardiosphere-derived cells were shown to express
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connexin43 in discrete plaques localized to cell-cell junctions, suggesting that these cells were
electrically and metabolically coupled to one another and may integrate efficiently into a
myocardial syncytium. Like their mother cardiospheres, when cocultured with primary
cardiomyocytes the cardiosphere-derived cells behaved as functional cardiomyocytes.
Spontaneous repetitive action potentials and synchronous calcium cycling were observed in a
small percentage of cocultured cardiosphere-derived cells, demonstrating the capacity for
complete cardiomyogenic differentiation. Whether cardiosphere-derived cells could mediate
functional improvement in an immunodeficient mouse model of acute MI then was tested.
Proximal ligation of the left anterior descending coronary artery reduced baseline LVEF from
80% to 45% 2 days after surgery. A quantity of 105 cardiosphere-derived cells proved to be
therapeutically effective when compared to both a fibroblast cell control and a vehicle cell
control group. Echocardiographic measurements performed 3 weeks after MI and simultaneous
cell delivery revealed a significantly higher LVEF in the cardiosphere-derived cell-treated
group (42.8% ± 3.3%) compared to either the fibroblast-treated group (25.0% ± 2.0%) or the
phosphate buffered saline (PBS)-treated group (26.0% ± 1.8%; Figure 2a). Histology revealed
that human cardiosphere-derived cells engrafted well in these mice and increased the amount
of viable myocardium remaining within the infarct (Figures 2b and 2c). One week after
delivery, cardiosphere-derived cells had distributed themselves within the MI area, forming
islands or continuous bands of human tissue. Furthermore, several cardiosphere-derived cells
could be identified as differentiated cardiomyocytes, endothelial cells, and smooth muscle
cells. This work introduced the prospect for autologous cardiac stem cell therapy without the
need for surgical tissue harvesting.

We have since collected unpublished data that demonstrate engraftment and functional
preservation in mice for up to 6 weeks after MI.36 The 6-week end-point is relatively long term
for a mouse model (>10% of the typical 1-year murine life span), yet remarkably the
cardiosphere-derived cell benefit persisted. We also have since demonstrated the presence of
human growth factors in the mouse myocardium that can elicit prosurvival and proangiogenic
effects in vivo.37 A robust paracrine response of human cardiosphere-derived cells was
observed in the immediate post-MI period, which declined over time but remained out to 3
weeks after MI. The factors produced by cardiosphere-derived cells that we have identified
thus far can help prevent cell apoptosis and begin the endogenous repair response.

Human c-Kit+ cardiac stem cells
Cardiac stem cells have been successfully isolated from surgical specimens taken from the
human heart by selection for c-Kit+ cells either from an enzymatic digestion of the whole
specimen or from cells grown out from the specimen in explant culture.38 Specimens (≈ 30
mg) were obtained from patients undergoing cardiac surgery, but no information was available
regarding the atrial or ventricular origin of the specimen or regarding the patients themselves.
c-Kit+ cells constituted approximately 1.1% of cells obtained during enzymatic digestion and
approximately 1.6% of approximately 6,000 outgrowth cells (or ≈ 100 cells per specimen).
Outgrowth cells were isolated approximately 3 weeks after the start of explant culture and
reportedly underwent approximately 24 population doublings to reach passage 8 (to generate
≈170 million cells) in an assumed 30 additional days (as the reported doubling time for a c-
Kit+ clone was ≈ 30 hours). c-Kit+ cells at passage 8 reportedly did not reach replicative
senescence (as indicated by telomere length >5.0 kbp in approximately 70% of cells, where
2.0 kbp is the predicted critical limit) and maintained expression of c-Kit in approximately
70% of cells. c-Kit+ human cardiac stem cells were clonogenic in culture (with 0.8% efficiency)
and capable of multilineage differentiation in vivo. Furthermore, functional coupling was
demonstrated between GFP-labeled human c-Kit+ cells and cardiomyocytes in vitro and in
vivo. Human c-Kit+ cells (≈ 80,000) mediated an effect on LVEF in nude rats 3 weeks after
cell delivery (LVEF ≈ 48% treated vs LVEF ≈ 36% untreated). Differentiation of c-Kit+ cells
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occurred in the absence of cell fusion by fluorescence in situ hybridization for human and
rodent X chromosomes (lack of colocalization indicated differentiation without fusion) as well
as by delivery of Cre recombinase-expressing cells into a heart expressing loxP-flanked GFP
(lack of GFP expression in human-derived cardiomyocytes, endothelial cells, and smooth
muscle cells indicated differentiation without fusion). This study provides important data
regarding the potential for ex vivo expansion of human c-Kit+ cardiac stem cells. The authors
estimate that cells could undergo 50 population doublings before replicative senescence is
reached, making possible the generation of 1015 c-Kit+ cells from a small surgical specimen.
Furthermore, this study provides evidence that human cardiac stem cells generate new
cardiomyocytes and vessels without undergoing fusion with host cells, demonstrating a true
capacity for cardiac differentiation. This feature of the cardiac stem cell may be a defining
characteristic, distinguishing the cardiac stem cell from populations of bone marrow-derived
cells purported by some to undergo cell fusion as opposed to transdifferentiation in vivo.

Preliminary preclinical cardiac stem cell studies
Thus far, we have discussed studies showing that human cardiosphere-derived cells and c-
Kit+ cardiac stem cells can reliably be generated from biopsies taken from patients and that
they can elicit functional benefits in small animal models of heart disease. On the path to clinical
application, the feasibility, safety, and efficacy will need to be demonstrated in a large animal
model of heart disease using autologous cells. Preliminary preclinical data from relevant large
animal models and autologous cardiac stem cells are rapidly emerging.39-42 These studies are
tackling the issues of autologous tissue harvesting and cell delivery via a clinically relevant
route to a well-established infarct.

Cardiosphere-derived cardiac stem cells
We have developed a model of subacute ischemic cardiomyopathy in pigs that provides
preclinical data relevant to a potential clinical study.40,42 To more accurately model human
adults, this model was created in adult miniature swine. Pigs were subjected to an anterior MI
using an angioplasty balloon inflated in the mid-left anterior descending coronary artery for
2.5 hours, after which the balloon was deflated and the ischemic territory reperfused. After
reperfusion, a right ventricular biopsy sample was obtained using a standard clinical cardiac
bioptome introduced via the right internal jugular vein. The animals were allowed to recover
while cardiosphere-derived cells were isolated from their biopsy samples. Four weeks after
infarction, the animals underwent cardiac magnetic resonance imaging (MRI) for assessment
of infarct size, global and regional function, chamber volumes, and perfusion. Several days
later, the animals underwent repeat cardiac catheterization. Pretreatment hemodynamics were
assessed, and autologous cardiosphere-derived cells or placebo (carrier solution alone) were
infused into the left anterior descending coronary artery via angioplasty balloon. After
cardiosphere-derived cell or placebo infusion, the pigs were followed for 8 more weeks,
undergoing repeat MRI 8 weeks after cell delivery. After the last MRI, the animals were brought
back to the catheterization laboratory, where they underwent catheterization for assessment of
infarct vessel patency and hemodynamics, electrophysiologic study for determination of
inducibility of ventricular tachycardia, and then were sacrificed for histology of heart, lung,
liver, spleen, and kidneys.

Preliminary unpublished data from our laboratory has shown success in generating autologous
pig cardiosphere-derived cell stocks (14.2 ± 3.1 million cardiosphere-derived cells in ≈ 23
days)40 using a modified cardiosphere culture method. Notably, starting material for this study
was safely scaled up by approximately 4.5-fold compared to the original pilot human study,
27 whereas yield was approximately 8.4-fold higher in half the original time period. Using the
modified culture method, subsequent human specimen yields tended to be 10-fold higher than
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those obtained with the original method. In a preliminary study designed to track cell
engraftment, autologous pig cardiosphere-derived cells were transduced with a lentiviral
construct encoding a nuclear-targeted lacZ. Animals were subjected to the usual protocol, given
cardiosphere-derived cells, and sacrificed solely for histology. X-gal staining of myocardial
tissue sections showed evidence of cell survival and engraftment in the MI border zone and
islands within the scar 8 weeks after intracoronary delivery. The lacZ-labeled autologous
cardiosphere-derived cells had differentiated into cardiomyocytes and endothelial cells as
evidenced by morphology and α-sarcomeric actin expression.40 A separate preliminary study
has allowed us to define an optimal cardiosphere-derived cell dosage, one that results in
measurable acute engraftment and minimizes further injury during intracoronary delivery. For
the pivotal study, all animals undergo biopsy and autologous cardiosphere-derived cells are
generated. Cells are not genetically altered in any way. Animals are randomly assigned to
receive either cardiosphere-derived cells or placebo at the time of infusion. Several safety and
efficacy end-points are being examined, including (1) laboratory values of hematologic,
hepatic, and renal function of cardiac enzymes, (2) inducibility of ventricular arrhythmias at
time of sacrifice, (3) adverse events, (4) body weight, (5) gross and microscopic tissue analysis
at autopsy, (6) cardiac hemodynamics, and (7) MRI parameters of infarct size and left
ventricular function and volumes at time of sacrifice. Preliminary data presented as abstracts
to date have shown the following: (1) no clinically significant laboratory abnormalities in either
the cell therapy group or the placebo group, (2) provocable arrhythmia commonplace in both
placebo (as expected from prior studies43,44) and cell-treated animals, (3) low spontaneous
mortality in both groups, (4) body weights increasing in both groups over the study period, (5)
pathologic evidence of infarcts and some heart failure but no differences between experimental
groups, no evidence of tumor formation or inflammation in the heart, and no off-site detrimental
effects in the cell therapy group, (6) beneficial hemodynamic changes signifying improved
contractility and enhanced lusitropy in the cell therapy group,42 and (7) a reduction in infarct
size as a percentage of LV mass in the cell therapy group at the study’s 8-week end-point.42

These preclinical data demonstrate that cardiosphere-derived cells are safe in a large animal
model and may be an effective therapy in the setting of ischemic dysfunction following MI.

c-Kit+ cardiac stem cells
Similarly, surgical samples taken from the atrial appendages are being used to obtain c-Kit+
cardiac stem cells from pigs during experimentally induced ischemia-reperfusion injury.39,41

Cells were isolated using a primary explant technique. c-Kit+ cardiac stem cells and other
cardiac progenitors identifiable by GATA4 expression migrated out of small surgical tissue
samples maintained in culture. c-Kit+ cells were selected from among the migratory
populations by magnetic sorting and reportedly constituted 30% of the 2,000 to 5,000 cells
obtained in 3 to 4 weeks, or 600 to 1500 cells. Selected cells were further expanded in culture
with a doubling time of approximately 48 hours at both early (P4) and late (P11) passages.
After culture expansion, cells lacked hematopoietic markers, were clonogenic, were
multipotent in vitro after exposure to differentiation medium, were replication competent out
to passage 9 as evidenced by retention of telomerase activity, and were karyotypically normal
out to passage 16. The therapeutic potential of autologous c-Kit+ cardiac stem cells currently
is being examined in the pig ischemia-reperfusion model. Pigs were subjected to a 90-minute
coronary occlusion, during which time atrial tissue samples were obtained, and then allowed
to reperfuse for 2 to 4 months. c-Kit+ cells were delivered via the mid-left anterior descending
coronary artery with the aid of a balloon catheter advanced through the right carotid artery.
Animals were examined by echocardiography and subjected to hemodynamic testing prior to
cell infusion and 1 month after cell infusion. Treated animals (at the time of the last preliminary
report) were showing improved thickening fraction (≈32% vs ≈13% for control [P <.05], with
baseline ≈25%) as well as improved maintenance of left ventricular end-diastolic pressure (≈12
mmHg vs ≈16 mmHg [P <.05], with sham ≈8 mmHg). The animals were sacrificed 1 month
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after cell infusion, and histology was performed. Cells had not been genetically labeled and so
could not be explicitly tracked, but large regions of regenerated myocardium were evident in
the infarct region of treated animals as demonstrated by expression of Ki67 in cells positive
for α-sarcomeric actin. This study validates the therapeutic potential of c-Kit+ cardiac stem
cells in a clinically relevant model.

Part 2 of this review will discuss the clinical application of stem cells in general and the primary
safety issues associated with cell therapy and will include a commentary on the potential of
cardiac stem cells for clinical use.
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Figure 1.
a: Confocal analysis of human cardiospheres derived from percutaneous endomyocardial
biopsy specimens. Expression of cytoplasmic cardiac markers are shown: cardiac myosin
heavy chain (cMHC, red) and cardiac troponin I (cTnI, green). Expression of stem cell and
mesenchymal markers are shown: c-Kit (red) and CD105 (green). b: c-Kit and CD105
expression are maintained after cardiosphere expansion as shown by example flow cytometric
histograms. c: c-Kit expression demonstrated by western blot analysis for two different
patients. Positive control (CTR+) and negative control (CTR−) were performed using the c-
Kit–positive cell line TF1 and the c-Kit-negative cell line MCF7, respectively. CDCs =
cardiosphere-derived cells; CSps = cardiospheres.
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Figure 2.
a: Left ventricular ejection fractions (LVEF) in the three experimental groups (control group
summarizes phosphate buffered saline (PBS)-injected group and fibroblast-injected group) 3
weeks after myocardial infarction was created and cells were injected. *P <.01. b, c:
Representative Masson trichrome-stained sections from infarcted hearts, explanted 3 weeks
after injection of cardiosphere-derived cells (b) or PBS (c). CDCs = cardiosphere-derived cells.

Smith et al. Page 14

Heart Rhythm. Author manuscript; available in PMC 2009 August 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Smith et al. Page 15
Ta

bl
e 

1
M

ar
ke

rs
 u

se
d 

to
 id

en
tif

y 
ca

rd
ia

c 
st

em
 c

el
ls

 a
nd

 th
ei

r b
io

lo
gi

c 
fu

nc
tio

ns
 in

 h
um

an

SS
E

A
-1

O
ct

-3
/4

Is
l-1

c-
K

it
(C

D
11

7,
 S

C
FR

)
Sc

a-
1

(L
y 

6)
M

D
R

-1
(A

bc
b1

, P
gp

)
A

bc
g2

(M
X

R
1,

 B
C

R
P)

C
D

13
3

(p
ro

m
in

in
)

C
D

90
(T

hy
-1

)
C

D
10

5
(e

nd
og

lin
)

C
D

34
C

D
31

(P
E

C
A

M
-1

)
C

D
45

(L
C

A
)

V
E

G
FR

2
(K

D
R

, F
lk

-1
)

Fa
m

ily
Su

rf
ac

e
ca

rb
oh

yd
ra

te
H

om
eo

do
m

ai
n

tra
ns

cr
ip

tio
n

fa
ct

or

LI
M

/H
D

pr
ot

ei
ns

Ty
ro

si
ne

 k
in

as
e

re
ce

pt
or

 p
ro

te
in

G
PI

-a
nc

ho
re

d
ce

ll
su

rf
ac

e 
pr

ot
ei

n

A
TP

-b
in

di
ng

ca
ss

et
te

tra
ns

po
rte

r

A
TP

-b
in

di
ng

ca
ss

et
te

tra
ns

po
rte

r

Tr
an

sm
em

br
an

e
gl

yc
op

ro
te

in
G

PI
-a

nc
ho

re
d

pr
ot

ei
n

TG
F-
β 

ty
pe

 II
I

re
ce

pt
or

In
te

rc
el

lu
la

r
ad

he
si

on
pr

ot
ei

n 
an

d 
ce

ll
su

rf
ac

e
gl

yc
op

ro
te

in

Im
m

un
og

lo
bu

lin
su

pe
rf

am
ily

Pr
ot

ei
n 

ty
ro

si
ne

ph
os

ph
at

as
e

Ty
ro

si
ne

 k
in

as
e

re
ce

pt
or

 p
ro

te
in

Li
ga

nd
N

A
N

A
N

A
K

it 
pr

ot
ei

n
N

A
N

A
N

A
N

A
β 3

 in
te

gr
in

TG
F-
β

C
D

62
L 

(L
-s

el
ec

tin
)

C
D

38
?

V
EG

F

B
io

lo
gi

c 
fu

nc
tio

n
?

?
?

Ty
ro

si
ne

 k
in

as
e 

ac
tiv

ity
M

od
ul

at
es

lip
id

 ra
ft

co
m

po
si

tio
n;

in
du

ce
s

ly
m

ph
oc

yt
e

pr
ol

ife
ra

tio
n,

m
yo

bl
as

t
di

ff
er

en
tia

tio
n,

pr
ol

ife
ra

tio
n,

fu
si

on

A
bs

or
pt

io
n,

di
st

rib
ut

io
n,

an
d

el
im

in
at

io
n 

of
xe

no
bi

ot
ic

s
an

d 
dr

ug
s

El
im

in
at

io
n 

of
xe

no
bi

ot
ic

s a
nd

dr
ug

s

Sp
ec

ifi
ca

lly
lo

ca
liz

es
 to

ce
llu

la
r

pr
ot

ru
si

on
s?

M
ay

 m
ed

ia
te

di
ff

er
en

tia
tio

n 
of

he
m

at
op

oi
et

ic
 st

em
ce

lls
; m

ed
ia

te
s

ad
he

si
on

 o
f v

ar
io

us
w

hi
te

 b
lo

od
 c

el
ls

 to
ac

tiv
at

ed
 e

nd
ot

he
lia

l
ce

lls

M
ed

ia
te

s
ce

llu
la

r
re

sp
on

se
 to

TG
F-
β1

M
ay

 m
ed

ia
te

at
ta

ch
m

en
t o

f s
te

m
ce

lls
 to

 b
on

e
m

ar
ro

w
ex

tra
ce

llu
la

r m
at

rix
or

 d
ire

ct
ly

 to
st

ro
m

al
 c

el
ls

M
ay

 ac
t a

s a
 m

in
or

hi
st

oc
om

pa
tib

ili
ty

an
tig

en
 in

 H
LA

-
id

en
tic

al
 st

em
 c

el
l

tra
ns

pl
an

ta
tio

n;
ce

ll 
ad

he
si

on
m

ol
ec

ul
e 

th
at

pl
ay

s a
 k

ey
 ro

le
 in

le
uk

oc
yt

e
tra

ff
ic

ki
ng

 a
cr

os
s

en
do

th
el

iu
m

A
n 

es
se

nt
ia

l
re

gu
la

to
r o

f T
-

ce
ll 

an
d 

B
-c

el
l

an
tig

en
 re

ce
pt

or
-

m
ed

ia
te

d
ac

tiv
at

io
n

R
eg

ul
at

or
y 

in
ea

rly
 v

as
cu

la
r

em
br

yo
ni

c
de

ve
lo

pm
en

t

Po
si

tiv
e 

C
el

ls
 (n

or
m

al
)

Em
br

yo
ni

c
st

em
 c

el
l

Em
br

yo
ni

c
st

em
 c

el
l

In
te

rs
tit

ia
l

em
br

yo
ni

c
st

em
 c

el
l

(m
ou

se
)

In
te

rs
tit

ia
l c

el
ls

 o
f C

aj
al

,
he

m
at

op
oi

et
ic

pr
og

en
ito

r c
el

ls
,

m
el

an
oc

yt
es

,
em

br
yo

ni
c 

br
ai

n,
en

do
th

el
iu

m
, g

on
ad

s,
m

as
t c

el
ls

, b
re

as
t

ep
ith

el
iu

m
, g

er
m

 c
el

ls

H
em

at
op

oi
et

ic
,

m
es

en
ch

ym
al

,
en

do
th

el
ia

l
pr

ec
ur

so
r/s

te
m

ce
lls

Li
ve

r c
el

ls
,

ki
dn

ey
 c

el
ls

,
ga

st
ro

in
te

st
in

al
ce

lls
, b

lo
od

-
br

ai
n 

ba
rr

ie
r

ce
lls

Pl
ac

en
ta

l
sy

nc
yt

io
tro

ph
o

bl
as

ts
,

ca
na

lic
ul

ar
 li

ve
r

ce
lls

, i
nt

es
tin

al
ep

ith
el

ia
l c

el
ls

,
en

do
th

el
ia

l b
ra

in
ce

lls

H
em

at
op

oi
et

ic
st

em
 c

el
ls

,
en

do
th

el
ia

l
pr

og
en

ito
r c

el
ls

,
ne

ur
on

al
 a

nd
gl

ia
l s

te
m

 c
el

ls

M
on

oc
yt

es
,

en
do

th
el

ia
l c

el
ls

,
er

yt
hr

oi
d 

pr
ec

ur
so

rs
in

 m
ar

ro
w

,
sy

nc
yt

io
tro

ph
ob

la
st

s

H
em

at
op

oi
et

ic
st

em
 c

el
ls

,
ne

ur
on

s,
co

nn
ec

tiv
e

tis
su

e,
ac

tiv
at

ed
en

do
th

el
ia

l
ce

lls
,

fib
ro

bl
as

ts
,

ke
ra

tin
oc

yt
e

st
em

 c
el

ls

D
en

dr
iti

c
in

te
rs

tit
ia

l c
el

ls
,

ad
ul

t h
em

at
op

oi
et

ic
st

em
 c

el
ls

, n
eu

ra
l

ce
lls

H
em

at
op

oi
et

ic
ce

lls
 e

xc
ep

t
m

at
ur

e 
re

d 
bl

oo
d

ce
lls

, p
la

te
le

ts
m

eg
ak

ar
yo

cy
te

s;
de

nd
rit

ic
 c

el
ls

,
fib

ro
cy

te
s,

th
ym

us

En
do

th
el

ia
l

ce
lls

, p
la

te
le

ts
,

K
up

ff
er

 c
el

ls
, T

/
N

K
 c

el
ls

,
ly

m
ph

oc
yt

es
,

m
eg

ak
ar

yo
cy

te
s,

fib
ro

bl
as

ts
,

os
te

oc
la

st
s

V
as

cu
la

r
en

do
th

el
ia

l c
el

ls

? 
= 

un
kn

ow
n;

 A
TP

 =
 a

de
no

si
ne

 tr
ip

ho
sp

ha
te

; G
PI

 =
 g

ly
co

sy
lp

ho
sp

ha
tid

yl
in

os
ito

l; 
H

LA
 =

 h
um

an
 le

uk
oc

yt
e 

an
tig

en
; N

A
 =

 n
ot

 a
pp

lic
ab

le
; N

K
 =

 n
at

ur
al

 k
ill

er
; T

G
F,

 tr
an

sf
or

m
in

g 
gr

ow
th

 fa
ct

or
; V

EG
F 

= 
va

sc
ul

ar
 e

nd
ot

he
lia

l g
ro

w
th

 fa
ct

or
.

Heart Rhythm. Author manuscript; available in PMC 2009 August 7.


