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Abstract

The mammalian heart lacks the capacity to replace the large numbers of cardiomyocytes lost due
to cardiac injury. Several different cell-based routes to myocardial regeneration have been
explored, including transplantation of cardiac progenitors and cardiomyocytes into injured
myocardium. As seen with cell-based therapies in other solid organ systems, inherent limitations,
such as host immune response, cell death and long-term graft instability have hampered
meaningful cardiac regeneration. An understanding of the cell biology of cardiac progenitors,
including their developmental origin, lineage markers, renewal pathways, differentiation triggers,
microenvironmental niche, and mechanisms of homing and migration to the site of injury, will
enable further refinement of therapeutic strategies to enhance clinically meaningful cardiac repair.
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In the United States and developed countries, cardiovascular disease stands as the leading
cause of death despite significant advancements in vascular and cardiovascular prophylaxis,
diagnosis, and treatment (Heron et al., 2009). A variety of cardiovascular diseases, including
coronary artery disease, viral and idiopathic cardiomyopathies, valvular heart disease, and
diabetes may all result in cardiomyocyte death (Narula et al., 1996). The surviving
cardiomyocytes remodel by compensatory hypertrophy in order to maintain the level of
cardiac output (Katz, 1994). This hypertrophic response, however, is maladaptive in the
long-term and further promotes cardiomyocyte death by apoptosis leading, ultimately, to
heart failure. Because the adult heart lacks significant intrinsic regenerative capability,
replacement of lost cardiomyocytes is one of the major goals of cardiac regenerative
medicine.

Currently, several routes to cardiomyocyte regeneration are being explored (Figure 1),
including, but not limited to: 1) paracrine factors that can mobilize resident cardiac
progenitor populations and promote proliferation and differentiation into mature
cardiomyocytes; 2) transplantation of cardiac progenitor or stem cells, from a variety of
sources including ES cell, iPS cell, or endogenous sources; and 3) transplantation of
engineered cardiac tissues. Regardless of the approach used, successful deployment of each
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of these routes will depend on the availability of a comprehensive understanding of cardiac
progenitor cell biology, including knowledge of their developmental origin, defining
markers, renewal pathways, lineage-specific differentiation triggers, microenvironmental
niche, and mechanisms of homing and migration to specific sites. Knowledge of unique
markers for cardiac progenitor cells enables their facile isolation for /n vitro expansion,
differentiation and subsequent transplantation. The efficiency of this expansion and
differentiation is enhanced by understanding the paracrine factors and signals that cooperate
to achieve proliferation and cardiomyocyte-specific differentiation. As an alternative to cell
transplantation, paracrine factors can also be used to mobilize endogenous cardiac
progenitor cells and enhance their contributions to cardiomyocyte renewal. Furthermore,
knowledge and manipulation of cardiomyocyte survival cues and migration mechanisms
may improve the ability of transplanted cardiac progenitor cells to engraft and repopulate the
injured heart.

Cardiogenesis and Embryonic Cardiac Progenitors

Myocardial cells are lineage descendents of the developing the mesoderm, which emerges
from the primitive streak during gastrulation (Rawles, 1943). From the anterior primitive
streak, cardiac precursors migrate under the head folds and divide into two populations, one
on either side of the midline. Cells then extend toward the midline, forming the cardiac
crescent, where committed cardiovascular cells are first observed. The cardiac crescent then
fuses along the midline, forming the linear heart tube, which undergoes rightward looping,
the first asymmetric event during organogenesis. Finally, with further hypertrophy of the left
and right ventricles and atria, the four heart chambers undergo several phases of remodeling
and septation before assuming their fully mature structure.

At the primitive streak stage, cardiac precursors are not yet irreversibly committed to a
cardiac lineage and can also contribute to the paraxial mesoderm forming the skeletal
muscle in the head and neck (Saga et al., 1999). Markers such as Mesp1 and Mesp2 have
been used to identify these earliest cardiac and skeletal precursors (Lindsley et al., 2008; Wu
et al., 2008). When mesodermal precursors restrict their fate to cardiovascular and
hematopoietic lineages, they begin to express Mespl and FIk1 (Wu, 2008). FIk1 is used to
denote primitive precursors for cardiovascular cells (Kattman et al., 2006) and has been
detected in undifferentiated embryonic stem cells (Kouskoff et al., 2005). Mespl and Mesp2
are expressed transiently during the primitive streak stage and their expression is turned off
as cardiac precursors migrate away from the primitive streak (Kitajima et al., 2000).
Moreover, descendants of Mespl* and Mesp2* cells colonize the entire myocardium (Saga
et al., 2000), enabling Mespl1 and Mesp2 to be reliably used as cardiac progenitor markers.
Mespl is not only a useful marker of cardiac precursors, but plays an important role in
cardiac lineage commitment. Inducible Mesp1 overexpression during embryonic stem cell
differentiation results in induces myocardial expansion in a Wnt-independent fashion
(Lindsley et al., 2008). In zebrafish, ubiquitous Mespl overexpression leads to the formation
of ectopic cardiac cells that show a beating phenotype (David et al., 2008). Mesp1 drives
commitment of mesodermal precursors to the cardiac lineage by promoting the stable
expression of cardiomyogenic transcription factors, including Nkx2.5, Gata4, Isl1, and
myocardin, in a cell-autonomous manner (Bondue et al., 2008).

At the cardiac crescent stage, cardiac precursors irreversibly commit to cardiovascular
lineages and begin to express transcription factors such as Nkx2.5, Gata4 and Isl1 (Moretti
et al., 2006; Wu et al., 2006). These cardiac progenitors undergo rapid expansion to provide
the necessary cells for the increase in size concomitant with heart tube formation, looping,
and chamber formation. The expression of Nkx2.5 is cardiac-selective (Komuro and 1zumo,
1993) and has been used as a marker of cardiac progenitor cells during embryonic
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development. While Isl1 is not strictly cardiac-specific, its expression is often used for the
identification of cardiac progenitor cells because it is transiently expressed in cardiac
mesoderm but is then turned off during cardiomyocyte maturation (Cai et al., 2003).
Cardiogenic Nkx2.5* and Isl1* cells are tri-potent and contribute cardiomyocytes,
endothelial cells, and vascular smooth muscle cells to the developing heart (Kattman et al.,
2006; Moretti et al., 2006; Wu et al., 2006). These multipotent cardiac progenitor cells
contribute to the formation of a functional heart by making lineage choice decisions at a
single-cell level (Wu et al., 2006).

In addition to myocardial expansion within the heart tube, two heart fields contribute cardiac
progenitor cells at the anterior and venous poles of the heart tube. The first heart field is
located bilaterally in the anterior splanchnic mesoderm and gives rise to cells that contribute
to the left ventricle and both atria (Meilhac et al., 2004). Reliable molecular markers of the
first heart field are lacking, though Tbx5 is associated with the first heart field (Takeuchi et
al., 2003). The second heart field is pharyngeal mesoderm-derived and is marked by Isl1
expression (Cai et al., 2003). Cardiac progenitors migrate from the second heart field into
the heart tube contributing cells to the atria, the right ventricle, and the outflow tract (Cai et
al., 2003; Meilhac et al., 2004; Waldo et al., 2001; Zaffran et al., 2004). Lineage tracing
experiments demonstrate that the second heart field also contributes cells to the inflow
region (Cai et al., 2003).

It has been proposed that the first and second heart fields arise from a common cardiac
progenitor. This model is suggested by retrospective clonal analysis in mice showing that
two groups of B-gal™ cells (presumably clonally related) are found in the looping stage heart
in both right and left ventricles (Meilhac et al., 2004). The first and second heart field
precursors are presumably derived from a common progenitor that segregates into distinct
heart field precursors early in development, probably at the onset of gastrulation (Huber et
al., 2004). Further supporting this idea, recent collaborative work from Chien, Parker, and
our lab, using a two-color fluorescent reporting system to isolate first and second heart field
progenitors has revealed that the first and second heart field show distinct molecular
signatures (Domian et al., 2009). Based on their differential expression patterns, we report
that miRNA199a/b and miRNA200a/b may be useful as markers of the first and second
heart fields, respectively. While a wealth of evidence exists that support the distinctness of
the first and second heart field, identification of their common progenitor has proved quite
challenging. Using mouse ES cells as an /n vitro model of cardiac development,Kattman et
al. (2006) identified a heterogeneous population of Bry*/FIk-1* cells with cardiomyogenic
potential that appeared in two successive waves. The first wave of Bry*/Flk-1* cells were
hemangioblasts and differentiated into hematopoietic and vascular lineages. The second
wave of Bry*/FIk-1* cells gave rise to colonies that could differentiate into cardiomyocytes,
endothelial cells, and vascular smooth muscle cells. Some colonies derived from this second
wave were Thx5* while others were Isl1*, suggesting that this second Bry*/Flk-1*
population may capture precursor cells for the first and second heart fields. It remains to be
seen whether a Bry*/Flk-1* population gives rise to both first and second heart field cells /n
Vivo.

In addition to the first and second heart fields, recent studies support the existence of an
epicardium-derived cardiac progenitor cell population. Zhou and colleagues (2008a; 2008b)
found that Wilm’s Tumor 1 (WT1) expression marked cells in the developing
proepicardium/epicardium that contribute to a minor population of cardiomyocytes during
normal heart development. These WT1* cells overlapped in part with Nkx2.5% and Isl1*
cardiac progenitors, suggesting that these epicardial progenitors share a developmental
program with other, previously described multipotent cardiac progenitors. In addition to
WT1, Tbx18 has also been used to identify proepicardial cells that give rise to
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cardiomyocytes in the ventricular septum and atrial and ventricular walls (Cai et al., 2008).
Because Thx18 is expressed in septal and LV myocardium, the use of Thx18 to label
epicardial progenitor cells has recently been challenged however, because direct myocardial
Thx18 expression is present (Christoffels et al., 2009). Epicardium-derived cardiomyocytes
appear to contribute to all four chambers of the heart (Cai et al., 2008; Zhou et al., 2008a;
Zhou et al., 2008b). While epicardial progenitors theoretically provide an attractive
population of cells to be used in cardiac regeneration or repair, their ability to produce
functional cardiomyocytes in an infarcted heart remains to be demonstrated. In zebrafish, the
epicardium promotes cardiac regeneration by invading the wound site and creating a
complex vascular network (Lepilina et al., 2006). Therefore, it is possible that the
epicardium’s greatest contribution to cardiac regeneration lies not in its ability to
differentiate directly into new cardiomyocytes, but in its ability to promote endogenous
cardiac progenitor cell expansion and neovascularization by paracrine signaling to
surrounding cells. Future research on the regenerative role of epicardium-derived cardiac
progenitors should include an assessment of both its ability to directly contribute
cardiomyocytes and its role in mediating paracrine effects.

During embryonic development, the epicardium regulates myocardial proliferation and
differentiation through FGF signaling (Lavine et al., 2005). Furthermore, work from our lab
shows that in mouse, all new cardiomyocytes arise from the subepicardium (S.M. Wu,
unpublished data). Our findings are consistent with recent reports that cardiomyocytes
derived from the subepicardium constitute the major contribution to zebrafish cardiac
regeneration (Kikuchi et al., 2010). Considering the role of the epicardium during both
cardiac development and regeneration, we support the notion that the epicardium may serve
as a niche for cardiac progenitors (Figure 2).

Neonatal and Adult Cardiac Progenitors

Though it has long been thought that a resident cardiac progenitor population does not exist
in the postnatal heart (Rosenthal, 2003), the discovery of embryonic cardiac progenitors
prompted a search for such progenitors in the neonatal and adult heart. The persistence of
cardiac progenitors into the adult heart would provide an avenue to direct regeneration of
cardiomyocytes that are lost due to cardiac injury. The opportunity to bypass the need for
cell transplantation would overcome one of the major challenges in regenerative medicine.

Laugwitz and colleagues (2005) report the identification of neonatal Isl1* cardiac
progenitors in mouse, rat, and human that can develop into fully mature, functional
cardiomyocytes. Notably, the conversion of Isl1* progenitors to mature cardiomyocytes is
not the result of fusion of cardiac progenitors with mature cardiomyocytes (Laugwitz et al.,
2005). It is unclear, however, whether neonatal and embryonic Isl1* cardiac progenitors are
related and whether IsI1* cardiac progenitors are lineage precursors to any of the described
adult cardiac progenitor populations.

In the adult mouse, three populations of adult cardiac progenitor cells have been identified:
Lin~/c-Kit*, Sca-1*, and side population (SP). Self-renewing, clonogenic Lin~/c-Kit* cells
can reportedly give rise to cardiomyocytes, endothelial, and smooth muscle cells /n vitroand
form functional myocardium /n vivo (Beltrami et al., 2003). Based on expression of Sca-1*,
a population of cardiac cells were found to have the potential for self-renewal and
differentiate into cardiomyocytes /in vitro (Matsuura et al., 2003; Oh et al., 2003).
Furthermore, transplanted Sca-1* cardiac progenitor cells can migrate to and engraft the site
of injured myocardium by fusing with resident cardiomyocytes (Oh et al., 2003). Stem cell-
like side population (SP) cells, identified by their expression of ABCG2 and ability to
exclude Hoechst dye, have been isolated from many adult tissues and are known to
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contribute to diverse lineages (Akasura and Rudnicki, 2002). Cardiac SP cells persist
throughout development into the adult heart and are capable of proliferation and
differentiation into both cardiac and hematopoietic lineages (Martin et al., 2003).

In humans, atrial and ventricular biopsy cells can develop into “cardiospheres” in culture,
which are composed of cells expressing the stem cell marker c-Kit and endothelial
progenitor markers. Human cardiosphere cells and human c-Kit* cells are reportedly capable
of long-term self-renewal and multilineage differentiation into cardiomyocytes, endothelial
cells, and vascular smooth muscle cells when transplanted into immunodeficient mice
(Bearzi et al., 2007; Messina et al., 2004). Furthermore, human c-Kit* cells were shown to
regenerate myocardium in infarcted rodent hearts via a fusion-independent mechanism
(Bearzi et al., 2007).

Despite the wealth of published studies on adult cardiac stem/progenitor cells, there is
relatively little known about the developmental origin of these cells and their contribution to
myocardial homeostasis and/or repair after injury. Using an eGFP-labeled bone marrow-
derived cells transplantation system, it was found that a majority of the c-Kit* cells within
the injured adult heart originated from the circulation (Fazel et al., 2006). Since c-Kit, Sca-1,
and ABCG2 (SP) are all known markers for hematopoietic cells, it is likely that at least
some of these cell populations are bone marrow/circulatory in origin.

Enhancing the Therapeutic Potential of Cardiac Progenitor Cells and
Cardiomyocytes

For cardiac progenitor and cardiomyocyte populations to be therapeutically useful, we must
be able to produce them in sufficient numbers and direct them to differentiate into fully
mature, functional cardiomyocytes. Transplantation of cardiac progenitors into the infarcted
heart has shown very limited ability to mediate cardiac regeneration and repair due to
massive cell death and inefficient differentiation of progenitors into cardiomyocytes. These
limitations have prompted investigations into specific factors that promote cardiac
progenitor and cardiomyocyte survival, proliferation, and differentiation.

To improve cell engraftment after transplantation,Laflamme et al. (2007) employed a pro-
survival cocktail that broadly inhibits multiple mechanisms of cell death, including anoikis
and apoptosis via mitochondrial death pathways, ATP channel activity, Akt signaling, and
caspase activity. This pro-survival cocktail improved the rate of successful ES cell-derived
myocardial graft formation in infarcted rat hearts without teratoma formation. Treatment of
c-Kit* cardiac progenitor cells with HGF (hepatocyte growth factor) and IGF-1 (insulin-like
growth factor 1) activated these cells to proliferate while reducing the levels of cell death
due to anoikis following transplantation into damaged myocardium (Tillmanns et al., 2008).

Although its mechanism remains to be clarified, the cytokine HMGB1 (high motility group
protein B1) activates adult c-Kit* stem cells to proliferate and transmigrate following
infarction in mouse, leading to myocardial regeneration and improved cardiac performance
(Limana et al., 2005). Additionally, signals such as retinoic acid, FGF (fibroblast growth
factor), Thymosin 4, and Thx18 have been reported to trigger epicardial mobilization after
cardiac injury suggesting that paracrine, non-cell-autonomous pathways drive angiogenesis
(and possible myogenesis) following cardiac injury (Lepilina et al., 2006; Smart et al.,
2007). Moreover, it has been suggested that the binding of the a,-chain of laminin and
fibronectin to a4-integrins on cardiac stem cells is involved in maintaining cardiac stem
cells in an undifferentiated state (Urbanek et al., 2006). Altogether, these data support the
notion that promoting ligand/receptor interaction on cardiac progenitor/stem cells may be a
reasonable therapeutic strategy.
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To address whether a developmental remnant cardiac progenitor cell population truly exists
in the postnatal heart and participate, potentially, in myocardial repair after injury, we
recently generated a line of inducible Nkx2.5 cardiac enhancer-eGFP-Cre transgenic mice
(Liu et al., unpublished data). These mice were bred with ROSA26-LacZ reporter mice to
lineage trace postnatal cardiomyogenic precursor cells. By suppressing Cre expression with
doxycycline during embryonic development, we found robust contribution of Nkx2.5* cells
in the neonatal heart to cardiomyogenesis and in the myocardium of a post-injury heart (Liu
et al., unpublished data). While the extent of Nkx2.5* cell contribution is modest (~4% of
total myocardium), it raises the possibility that these cells in the adult heart may be
modulated pharmacologically to enhance cardiomyogenesis post-myocardial infarction.

Enhancing cardiomyocyte division

Although cardiomyocytes were long believed to be terminally differentiated and incapable
of cell division, recent studies demonstrate that human cardiomyocytes renew over the adult
lifespan, albeit at a very slow rate that declines with age (Bergmann et al., 2009; Hsieh et al.,
2007). The mechanism of this renewal and the source of the new cardiomyocytes are
unknown, but it is possible that cardiomyocytes may arise de novo from the epicardium
(Laugwitz et al., 2005). The dogma that cardiomyocytes are in a terminally differentiated
state and do not normally undergo cell division has recently been challenged. /7 vivo,
neuregulin-1, FGF1, and periostin can induce differentiated cardiomyocytes to reenter the
cell cycle and undergo cell division, promoting cardiac repair (Bersell et al., 2009; Engel et
al., 2005; Kuhn et al., 2007).

Future Perspective

While results from cell-based transplantation to achieve cardiac regeneration have gained
some early successes so far, there remain a significant number of limitations to this
approach. The first challenge lies in obtaining sufficient quantities of mature
cardiomyocytes. Current techniques are unable to drive cardiac progenitor cells to undergo
the proliferation and efficient differentiation needed to generate a sufficient supply of
cardiomyocytes for transplantation. The use of ES cells is theoretically able to overcome the
cell number limitation; however, ES cell-derived cardiomyocytes display an immature
phenotype (Mummery et al., 2003). It is unclear if ES cell-derived cardiomyocytes will ever
be able to reach a similar degree of maturation after transplantation as adult cardiomyocytes,
aside from the ethical concerns regarding the use of human embryonic or fetal cells. Much
excitement surrounded the discovery that human somatic cells can be reprogrammed into
induced pluripotent stem (iPS) cells by cell fusion or somatic cell nuclear transfer because it
offered a means of generating stem cells from adult cells, thereby bypassing the need to for
embryo destruction (Takahashi et al., 2007; Yu et al., 2007). However, mouse iPS cell-
derived cardiomyocytes show a greater degree of heterogeneity compared with ES cell-
derived cardiomyocytes and some iPS cell lines exhibit an impaired ability to mature into
well-differentiated, functional cardiomyocytes (S.M. Wu, unpublished data). Very recently,
it was reported that iPS cells differ epigenetically from embryonic stem cells (Urbach et al.,
2010), which may limit their ability to form mature, functional cardiomyocytes.

Provided that these cell number and maturation concerns can be overcome, immune
rejection of the transplanted cells will continue to be of significant concern unless iPS cells
are used. The use of pluripotent stem cells such as ES and iPS cells poses a significant risk
of teratoma formation unless the transplanted cells are exquisitely pure—a feat which has
not been achieved satisfactorily for any pluripotent stem cell lineage thus far. Further studies
to identify surface markers that allow for isolation of highly purified cardiac progenitor cells
will help overcome this issue.
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If the transplanted cells are able to successfully engraft the infarcted myocardium, the graft
must be long-lived and able to electrically couple with the host myocardium to achieve
cardiac repair. To-date, no long-term functional improvements have been documented
following cardiac progenitor or cardiomyocyte transplantation into infarcted myocardium. In
most cell-based transplantation studies thus far, the cardiac benefit is short-lived which is
likely due to effects from paracrine signaling (Chien, 2006). Therefore, it is crucial that the
neocardiomyogenesis achieved for cell-based therapies is durable in the long-term. To do so,
a comprehensive understanding of the mechanism by which functional myocardium is
generated during embryonic development will be required. Ultimately, this knowledge will
guide and refine our strategy for cardiac regeneration in order to address this important
unmet medical need.
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Figure 1. Routesto myocardial regeneration

Methods to regenerate functional myocardium currently being explored include, but are not
limited to: 1) injection of paracrine factors that enhance cardiomyocyte survival, trigger
cardiac lineage-specific differentiation of endogenous cardiac progenitor cells, promote
cardiac progenitor and/or cardiomyocyte proliferation; 2) injection of mature
cardiomyocytes derived from embryonic, induced pluripotent, or endogenous stem cells; and
3) transplantation of engineered myocardium.
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Figure 2. The epicardium asa niche for cardiac progenitor cells

During development, the epicardium regulates myocardial proliferation via FGF signaling,
and recent studies indicate that cardiomyocytes arise from the subepicardium during cardiac
regeneration. Given these roles, the epicardium may serve as a niche for developing cardiac
progenitor cells.
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