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Abstract
Nine years after the existence of resident Cardiac Stem Cells was first demonstrated, and despite the fact that we 

are right now evaluating the preliminary and promising results of the first phase I clinical trials, our understanding of the 
mechanisms responsible for cardiac regeneration is still partial and the ability to take advantage of it for therapeutic 
purposes can be considered still rudimentary. However, the worldwide urgency of developing new regenerative 
therapeutic strategies to reverse the progression of advanced heart failure is funneling a multidisciplinary effort 
aimed at better comprehending the biological pathways governing cardiac regeneration.

Therefore, in this paper we are critically reviewing the novel scientific evidences regarding: the multiplicity of 
stem cell populations hosted in the heart; the mechanisms regulating the cardiac embryonic development, such as 
the epithelial to mesenchymal transition, that may play a part in pathology too; the instructive micro-environmental 
factors acting within the Cardiac Stem Cell niche and the information gained from clinical trials. Hopefully the 
consideration of all these aspects will yield potential new targets and more effective strategies for cardiovascular 
regenerative therapies.

Keywords: Cardiac Resident Stem Cells; CSC Niches; Myocyte;
Cardiospheres

Introduction
Why do we need to continue investigating on Cardiac Stem 
Cells?

Cardiac Stem Cells (CSC) can be defined as a population of 
adult primitive cells endowed with stem cell properties, namely self-
renewal, clonogenicity, multipotency and in vivo regenerative capacity 
[1]. In fact, when injected into injured myocardium, CSC regenerate 
functionally competent cardiac tissue, being able to give rise to all the 
major cardiac cell lineages [2]. This rare population resides in specific 
anatomic regions of the myocardium, the so-called CSC niches, which 
are localized mainly in the atria and apex of the heart [3]. Stem cell 
niches are defined as a specialized microenvironment able to fine 
tuning primitive cell proliferation and differentiation, thus regulating 
how stem cells participate in tissue generation, maintenance and repair 
[4]. Therefore, CSC are considered both to be at the helm of the cardiac 
turnover and to play a fundamental role in the adaptive response of the 
myocardium to cardiac injury, either in acute or chronic pathological 
settings [5,6].

As throughly described, CSC were first isolated from rat hearts 9 
years ago by Anversa et al., using, as a marker, the Stem Cell Factor 
Receptor, c-Kit [2]. Few years later, the same marker resulted to be 
effective in isolating CSC also from human hearts [7]. Self-renewing, 
multipotent, clonogenic, cardiac-derived- human stem cells, 
characterized by in vivo regenerative potential, were also isolated with 
an alternative method by Messina et al., taking advantage of the ability 
of these primitive cells to grow as cardiospheres [8]. The therapeutic 
effectiveness demonstrated by both human CSC and cardiospheres in 
diverse preclinical models of cardiac damage [7,9], have funneled the 
beginning of phase I clinical trials whose preliminary and promising 
results have been recently published [10,11].

However, despite the fact that human CSC appear to follow a 
seemingly straight bench-to-bedside path, the scientific literature is 

still characterized by sometimes contradictory experimental evidences, 
thus indicating that we are still far away from reaching a definitive 
conclusion on many CSC-related issues. Specifically:

1. There are still doubts on the existence of CSC and of a cardiac
turnover in the adult heart. While promising results of two phase 
I clinical trials that experimented the use of human CSC [10,11] for 
cardiac cell therapy have been recently published, several authors 
still continue to manifest their disbelief in the existence of a pool of 
primitive cells that reside in the heart [12]. The inadequate capacity 
of the heart to repair itself, due either to the incapacity of cardiac 
myocytes to proliferate or to the failure to mobilize stem cells, has been 
utilized as an argument in support to this static view.

2. Multiple CSC populations have been described, both in adult
and in developing hearts, generating some confusion. Since the first 
description of the existence of CSC [2], accumulating data confirmed 
the persistence, both under physiologic and pathologic conditions, of a 
post-natal production of cardiac myocytes, together with a continuous 
myocyte turnover [3,5,13,14]. However, since several cell types have 
been described as being involved in myocyte renewal, results have 
been interpreted as contradictory, while they are just delineating the 
complexity of a biological system [15].

3. Paucity of knowledge on mechanisms and micro environmental
clues able to direct CSC function. Stem cells can correctly exert their 
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function only when inserted into a specialized microenvironment, 
able to control and coordinate CSC proliferation and differentiation 
[4]. Unfortunately, we have just begun to gather information on the 
mechanisms responsible for these functions [16], whose understanding 
would definitely improve the efficacy of cell therapies. One example 
of our limited understanding of such mechanisms is given by our 
still insufficient capability to regenerate myocardium by employing 
pluripotent stem cells (i.e. embryonic stem cells and induced 
Pluripotent Stem cells -iPS-). These latter, although powerful, are 
limited by several unsolved problems [17], such as immuno-rejection 
and tumorigenicity. While the first issue may be solved employing 
iPS, the latter could be circumvented pre-differentiating the cells 
before their use. Nonetheless, it has not yet been established which 
is the best strategy to efficiently obtain cardiac commitment [18]. In 
this regard, an intense research is ongoing to identify embryological 
and adult pathways of cardiomyocyte specification and differentiation 
that could be employed to move pluripotent stem cells to the clinical 
settings. Among them, it would be fundamental to get insights into 
embryological mechanisms such as the epithelial to mesenchymal 
transition and to better comprehend the micro environmental 
pathways acting within the CSC niches.

4. Adult stem cells, other than CSC, are able to regenerate viable 
myocardium. Advanced chronic heart failure represents a worldwide 
primary clinical problem [19] and it is considered top priority to 
offer to patients with advanced disease a therapeutic alternative to 
heart transplantation. In fact, this latter represents nowadays the only 
available cure, but, because of scarcity of donated hearts, it is accessible 
only to a minority of patients. As a consequence, a considerable effort 
has been made in developing regenerative therapeutic strategies aimed 
at reverting the progression of advanced heart failure [17,20,21]. 
However, CSC were considered, for a long time, to be too rare, too 
difficult to be isolated and expanded in vitro to be of practical use. 
This long-held consideration induced several scientists to investigate 
the regenerative capacity of non-cardiac progenitor cells [22]. This 
approach was funneled by scientific works demonstrating that even 
adult stem cells possess a certain grade of developmental plasticity that 
make them, especially if of mesodermal origin, able to differentiate 
into cardiac cells, if located in the appropriate niche [23,24]. With this 
aim, stem cells of non-cardiac origin were employed experimentally to 
treat patients affected either by acute or chronic heart diseases. While 
early phase clinical trials showed very promising results, larger ones 
demonstrated a modest improvement in cardiac function, thus casting 
doubts on the magnitude of the beneficial effect that could be obtained 
by employing this strategy (see below) [17,20,21].

For these reasons, aim of this review is to illustrate the increasingly 
complex and complete picture that is emerging from stem cell (SC) 
studies and to present evidences supporting the role played by CSC 
not only in cardiac cell physiology and pathology, but also in cardiac 
embryology, in an attempt to reveal all the aspects that must be taken 
into consideration in defining an effective cardiac regenerative strategy. 
A perspective on the employment of CSC-therapies in the clinical arena 
will be given as well.

Myocyte Turnover and Identification of CSC
It has been a difficult task to establish if we are limited with the 

cardiomyocytes we are born with or if they can also be generated later 
in life. Although several authors tried to challenge the view of the heart 

as a static organ over the years [25], myocyte turnover was accepted 
only recently. The main milestones in this paradigm shift were: the 
demonstration of the intense myocyte proliferation that occurs, in 
human hearts, both acutely post-MI [13] and in cardiac hypertrophy 
secondary to aortic stenosis [26], and, more recently, the quantification 
of the cardiomyocyte turnover either through radiocarbon dating 
[27] or combining morphometric data with mathematical models [5]. 
Although we are still far away from an unambiguous quantification of 
the cardiac turnover [5,27], the evidence that cardiac myocytes can be 
generated postnatally has been accepted.

The next fundamental question that was addressed by the scientific 
community, over the last 5-10 years, regarded the origin of these 
renewing myocytes. In the ‘90s authors believed that a subset of non 
terminally differentiated myocytes could be retained in adult hearts 
[28,29], while in the 2000s we assisted to a paradigm shift; authors 
hypothesized that newly formed myocytes could be generated by 
stem/progenitor cells [30,31]. In order to test this hypothesis, sex-
mismatched cardiac transplants were studied, and scientists observed 
that cardiac myocytes, smooth muscle cells and endothelial cells of 
recipient origin could be identified in implanted hearts [30,31]. In 
addition, undifferentiated cells, expressing stem cell markers shared 
by hematopoietic stem cells, such as c-Kit, Sca1, and MDR1, were 
documented as integrated in the cardiac architecture [30,31]. These 
results were interpreted as the first clues indicating the existence, 
within the heart, of cells possessing stem cell features, migratory 
abilities and the potential to differentiate into myocardial lineages. 
Whether these cells were of hematopoietic origin or originated from 
the recipient atria could not be discriminated at that time. More 
recently, the origin of renewing myocytes was addressed utilizing 
elegant genetic fate mapping studies. This way, Hsieh et al. showed, in 
a murine model, that myocyte renewal is sustained by undifferentiated 
cells only in pathological conditions [14]. A possible explanation for 
this is that cardiac progenitors expressing α- MHC [32] are responsible 
for myocyte turnover in physiological conditions, while primitive cells 
are progressively recruited with increasing tissue damage.

The prospective isolation of CSC was a challenge since, in early 
2000s, a distinguishing cardiac resident stem/progenitor cell marker 
was not available; for this reason, antigens or enzymatic activities 
expressed by other SC types were initially utilized [15]. Specifically, 
Hoechst effluxing [33,34], c-Kit+ [2], and Sca-1+ [35] cells, displaying, 
both in vitro and in vivo, SC features were isolated from adult 
mammalian hearts and char acterized [36]. An alternative approach 
was to culture candidate SCs under stringent conditions, able to 
prevent the expansion of differentiated cell contaminants [8,37]. This 
way, cardiosphere forming cells and Multipotent Adult Stem Cells 
(MASCs) were obtained from human hearts [8,37]. This strategy was 
criticized, as the nature of cells dispersed from intact tissue sources 
could be potentially altered by long-term culture, thus determining 
tissue culture artifacts [38]. However, in SC biology, as very elegantly 
summarized by Kirkland, it has to be considered a form of uncertainty 
principle by which it is very unlikely to simultaneously measure the 
capability of a cell to proliferate and differentiate [24,39]. Therefore, 
in order to overcome this problem, researchers used lineage-tracing 
analysis as an alternative method. This way Isl-1+ [40,41], Flk1+ 

[41,42], Wt1+ [43], Tbx18+ [44,45], Scleraxis+ (Scx) and Semaphorin3D 
(Sema3D)+ [46] multipotent cells were identified. However, these 
studies did not provide information on the self-renewal, clonogenicity 
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and multipotentiality of progenitor cells in vivo. These limitations 
were recently circumvented utilizing in vivo viral-tagging protocols, 
that, taking advantage of the semi-random insertion of retroviral and 
lentiviral vectors into the host genome, allowed the identification of the 
progeny of differentiating SCs [47], corroborating the hypothesis of the 
origin of cardiac myocytes from CSC in the adult.

In conclusion, nowadays the collected experimental evidences 
sufficiently support the notion that adult heart is a self-renewing 
organ whose turnover is guaranteed by a resident primitive cell pool. 
Seemingly, prospective isolation experiments, lineage tracing analyses 
and in vivo viral-tagging protocols failed in identifying, as a CSC, the 
same identical cell. However, these divergent results can be somehow 
reconciled taking into consideration the role played by CSC during 
development and in adulthood.

CSC in Development and Adulthood
From an historic perspective, the identification in the heart of a 

population of cells fulfilling all the stem cell criteria (i.e. a population 
of self-renewing, clonogenic and multipotent cells able to regenerate, 
in vivo, a damaged organ), was first obtained in adult organisms, while 
the involvement of primitive cells in cardiac development is a more 
recent finding.

The first reports on the prospective isolation of putative CSC were 
performed investigating the “side population” (SP). This latter is a class 
of highly primitive stem cells that was first described by Goodell et al.in 
the bone marrow [48]. A cardiac SP (CSP) was initially identified by 
Hierliy et al. [33]. They demonstrated that SP cells constituted ≈1% 
of freshly dissociated cardiac cells and could be either differentiated 
into cells expressing cardiomyocyte markers, when co-cultured with 
neonatal myocytes, or induced to form hematopoietic colonies, when 
cultured in a semisolid medium. However, the in vivo regenerative 
potential of these cells was not assayed.

The first work that identified a cardiac resident SC fulfilling every 
stem cell feature was carried out a few years later in the rat. For this 
purpose, putative cardiac resident stem cells were prospectively 
isolated using c-Kit, which is the receptor for Stem Cell Factor (SCF), 
as a marker [2]. In the murine myocardium there was about one cell 
expressing c-Kit, but not expressing hematopoietic markers (Lin-), 
per 104 myocytes [2]. These cells, once isolated from adult rat hearts, 
displayed, in vitro, self-renewal, clonogenicity, and multipotency, 
while, in vivo, they could repair infarcted hearts. Specifically, when 
injected into the border zone of infarcted hearts, c-Kit+ cells contributed 
to cardiac regeneration, in the absence of cell fusion, generating new 
capillaries, arterioles and striated muscle cells, thus determining 
the reappearance of contractions in the infarcted area. Importantly, 
newly formed myocytes were characterized by the same mechanical 
properties of fully mature spared myocytes [2]. Additionally, some 
years later, Anversa et al. proved the functional integration of c-Kit+ 
cells in the myocardium and their role in tissue homeostasis [3]. 
Specifically, they searched for stem cell niches localized in specific areas 
of the myocardium, demonstrating that these specialized structures 
were mainly located in atria and apex and contained CSC and lineage 
committed cells, which were connected to supporting cells, represented 
by myocytes and fibroblasts [3].

Almost simultaneously to the description of c-Kit+ CSC, Schneider 
et al. described a population of cardiac resident progenitor cells 

expressing the Stem Cell Antigen-1 (Sca1) [35]. These cells, that 
comprised 14-17% of the non-myocyte adult cardiac cell population, 
were negative for: blood cell lineage markers, c-Kit, Flt-1, Flk-1, 
and VE-Cadherin, while they were in large part positive for CD31 
and CD38. Sca1+ cells possessed telomerase activity, expressed the 
cardiac transcription factors GATA4, ME2C, TEF-1, while they were 
negative for Nkx2.5, α- and β-MHC, atrial and ventricular myosin 
light chain-2, cardiac and skeletal α-actin, and CRP3. When treated 
with the demethylating agent 5-Azacytidine, Sca1+ cells differentiated 
into Nkx2.5+, α- and β-MHC+, α-sarcomeric actin+, and Troponin I+ 
cardiomyocytes. When tested in a mouse ischemia/reperfusion injury 
model, Sca1+ cells showed their ability to differentiate into α-sarcomeric 
actin positive cells in vivo. However, about half of the putative newly-
formed myocytes were indeed formed by cell fusion, as shown utilizing 
the Cre/Lox donor/recipient pair. This paper, although pioneering, 
did not investigate the vasculogenic potential of Sca1+ cells nor their 
clonogenic ability [35].

As previously mentioned, the fact that different, and apparently 
independent, CSC types were isolated from adult murine hearts is not 
totally unexpected if we consider cardiogenesis.

This latter event occurs through a complex series of events that 
require the interplay between different cell types [49]. Early studies 
performed on avians demonstrated the independent formation of 
cardiac myocytes, fibroblasts, endothelial cells, and smooth muscle 
cells during heart formation [50]. However, this notion was in part 
revised studying rodent development [49]. More recently, investigators 
demonstrated that the heart forms from two separate progenitor cell 
populations or “heart fields”, of which one forms mainly the left 
ventricle (primary heart field), while the second one (secondary heart 
field) forms the right ventricle, the outflow tract and the larger part of 
atria [51,52]. Last, cells migrating from the neural crest [53] and the 
proepicardial organ [54] take an extremely relevant part to the process 
of heart formation.

Primary heart field

Given the complexity of heart development and the seemingly 
conflicting results, it was relatively recently that researchers started to 
investigate on the role played by multipotent progenitor cells in heart 
development. Among the first, Orkin et al. addressed this issue focusing 
on Nkx2.5 expressing cells [55]. These latter could be identified starting 
from mouse embryonic day (E) 8.5 and were mostly negative for the 
transcription factor isl1. In vitro, Nkx2.5+ cells behaved as multipotent 
progenitors, since they could be differentiated into: smooth muscle 
cells, functionally competent Purkinje cells, AV node cells, atrial and 
ventricular myocytes. Importantly, authors utilized an embryonic 
stem cell (ES) differentiation system to identify, among >30 different 
surface proteins, candidate molecules that could enrich in progenitor 
cells within Nkx2.5+ cells. They observed that, unlike Sca1 expressing 
cells, c-Kit was able to select a subpopulation of cells that appeared 
to be highly proliferative, more undifferentiated, clonogenic and 
multipotent. Importantly, cells co-expressing c-Kit and Nkx2.5 were 
documented in vivo, in the developing heart field.

In order to directly visualize and to establish the differentiation 
potential of c-Kit+ cells in developing mouse embryos, a transgenic 
mouse expressing the enhanced green fluorescent protein (EGFP) 
under the control of c-Kit locus was developed [56]. Taking advantage 
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of this animal, investigators documented: the presence of c-Kit-EGFP+ 
cells in the atrial and ventricular walls starting from 14.5 days post 
coitus (dpc), an increase in the total number of these cells as the heart 
expanded in size, and their decrease in adulthood. c-Kit-EGFP+ cells, 
however, could be identified in post-natal hearts too, where they were 
localized in the atrio-ventricular region, in the atrial and ventricular 
walls, and in the epicardial border. The majority of c-Kit-EGFP+ cells 
isolated from postnatal hearts expressed the primitive intermediate 
filament nestin, could be expanded in culture, did not co-express Isl1 
and could generate endothelial, smooth muscle, and cardiac myocytes 
at a clonal level in vitro. The same authors took also advantage of this 
animal model to investigate the involvement of adult c-Kit-EGFP+ 
cells in cardiac repair. Intriguingly, they observed that cardiac damage 
determines an increased c-Kit-EGFP expression that peaks 7 days post-
cryoinjury, which occurs in endothelial cells, smooth muscle cells, and 
mature myocytes of the region bordering the infarcted zone. However, 
using a similar model, Sussman et al. demonstrated that, after acute 
myocardial injury, c-Kit+ cells were involved not only in vascular 
regeneration, but also in cardiomyogenesis [57]. The role played by 
c-Kit-positive CSC during development has been recently confirmed 
by Ferreira-Martins et al. [58]. They showed that the major determinant 
of cardiac growth, in mice, would be represented by the formation of 
myocytes from CSC differentiation. In addition, the division of c-Kit-
positive CSC was promoted by spontaneous Ca (2+) spikes. These latter 
determined the pattern of stem cell replication and the generation of a 
myocyte progeny at all phases of prenatal life and up to one day after 
birth [58].

Secondary heart field

The demonstration that the outflow tract of the heart is not present 
at the linear heart tube stage dates back to many years ago [59]. 
Nonetheless, it was necessary to accumulate an important body of work 
[40,41,50,60] to demonstrate that cells with stem cell properties were 
implicated in the generation of both the right ventricle and the outflow 
tract [41]. Specifically, lineage-tracing experiments and studies on 
mice homozygously null for the transcription factor isl1 demonstrated 
that isl1-expressing cells would contribute to the majority of cells 
of: the outflow tract, the right ventricle, and both atria and less than 
20% of cells within left ventricle [40]. Importantly, isl1 seems to be 
required for crucial developmental steps, such as the proliferation and 
survival of both pharyngeal endoderm and splanchnic mesoderm, 
and for the migration of cardiac progenitors into the heart. Although 
lineage-tracing experiments demonstrated the multipotentiality of isl1 
expressing cells in the embryo, it did not verify if these cells were able to 
generate fully functional cells, at a clonal level. Two works of Chen et al. 
addressed this issue [41,60], demonstrating that isl1+ culture-expanded 
cells, that neither did efflux Hoechst 33342 nor expressed c-Kit, were 
able to differentiate into fully functional cells. Clonal analysis, utilizing 
ES derived cells cultured on cardiomyocyte feeder layers, revealed the 
existence of subsets of double positive cells within a clone: isl1+/flk1+, 
isl1+/Nkx2.5+, and flk1+/Nkx2.5+ cells. Interestingly, isl1+/flk1+/Nkx2.5+ 
clones differentiated into all three lineages, while clones generating 
myocyte-endothelial or smooth muscle-endothelial cells expressed 
isl1 and flk1, whereas cardiomyocytes and smooth muscle cells were 
identified both in isl1+ and isl1- clones. Therefore, endothelial cells 
were observed only in isl1 expressing clones, while Nkx2.5 played a 
pivotal role in the specification into the myocyte lineage. Importantly, 
these findings were replicated, even at a clonal level, isolating isl1 

expressing cells directly from mouse embryos. Therefore, isl1+ cells are 
multipotent cardiovascular progenitors of the secondary heart field, 
that contribute to the generation of endothelial cells, smooth muscle 
cells, and cardiomyocytes. However, isl1+ cells are rapidly lost with 
development and seem not to be present in adult hearts.

Proepicardial organ

As outlined above, the contribution of the primary- and the 
secondary-heart fields to cardiogenesis is complemented by that of the 
epicardium [38]. In adults, the epicardium, is the visceral layer of the 
epicardium and is composed of a simple squamous epithelium, similar 
to other mesothelia. Its major function is to produce the pericardial 
fluid and to provide a smooth surface on which the heart slides during 
contraction [61]. However, it is well known that during embryogenesis, 
proepicardial cells provide the progenitors for the epicardium, coronary 
smooth muscle, endothelium, and cardiac fibroblasts [62]. The origin 
of coronary endothelial cells has been disputed for a long time [54,63], 
although recent data seem to support its emergence from a subset 
of proepicardial cells [46]. This process that leads to the generation 
of vasculogenic cells from a mesothelium is a unique in vertebrate 
development, and has stimulated investigations aimed at verifying if 
this embryonic property could persist in post-natal hearts. Following 
this hypothesis, Bader’s and de Vries et al. have both demonstrated 
that adult epicardial cells could maintain part of their embryonic 
differentiation potential, being able to generate smooth muscle cells 
[61,64]. However, the most compelling evidence of the multipotentiality 
of epicardial cells comes from recently published papers [43,44,46,65]. 
Specifically, Zhou et al. identified a novel cardiogenic precursor 
characterized by the expression of Wt1, a transcription factor whose 
expression, during development, is restricted to the proepicardium and 
epicardium [43]. Lineage-tracing experiments demonstrated that most 
Wt1-derived cells adopted a smooth muscle cell fate, while a minority 
of Wt1+ cells differentiated into endothelial cells. Importantly, in fetal 
hearts, 7-10% ventricular- and 18% atrial-cardiomyocytes resulted to 
be derived from Wt1+ cells [43]. Cai et al., on the other hand, reported 
the existence, in the pro-epicardium, of a cardiac progenitor cell 
population expressing the transcription factor Tbx18. This population 
resulted to contribute to all the major cardiac cell types, myocytes 
included, in the ventricular septum and in the atrial and ventricular 
walls [44]. Importantly, Tbx18+ precursor cells seemed not to originate 
endothelial cells; these latter could be originated from an independent 
proepicardial population [46]. In fact, Katz et al. demonstrated that the 
proepicardium is composed by sub-compartments identified by the 
markers Scleraxis (Scx) and Semaphorin3D (Sema3D) on one hand, 
and Tbx18 and WT1 on the other hand. Differently from this latter, the 
first compartment gives rise mainly to endothelial cells and, at minor 
extent, to other cardiac fates [46].

Particular interest has been recently arisen by the demonstration of 
the persistence, during the adulthood of the proepicardial progenitor 
population marked by the expression of the Wt1 and Tbx18 proteins, 
which seems to play a role in response to myocardial injury (see below) 
[66,67].

Altogether, genetic fate mapping studies show that embryonic 
cardiogenesis proceeds according to a hierarchical model in which 
lineage-restricted progenitor cells give rise to the multiplicity of cells 
present in the adult heart [17]. The variety of CSC isolated from adult 
heart can reflect the fact that multiple embryological sources contribute 
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to the development of this organ and can persist throughout adulthood. 
Importantly, biological mechanisms, essential during embryogenesis, 
such as the epithelial to mesenchymal transition, can continue to play a 
crucial role during adulthood.

Mechanisms able to Direct hCSC Function: Epithelial 
to Mesenchymal Transition in Development and 
Adulthood

Both epithelial mesenchymal transition (EMT) and its reverse 
process (mesenchymal to epithelial transition -MET-) are aspects of 
plastic cell behavior that play a crucial role in development [68]. These 
processes describe the transition from an immobile epithelial cell, 
bound by adherens junctions to adjacent cells, to a mobile, fibroblast-
like mesenchymal cell that loses its cell-cell contacts, in EMT, whereas 
the reverse occurs during MET [68]. Cells undergoing EMT are 
characterized by the acquisition of migratory and invasive qualities, 
stem cell features, prevention of senescence and immunosuppressive 
properties [69]. Additionally, accumulating evidences indicate a 
relevant role for these phenomena in pathology.

Three successive cycles of EMT and MET characterize cardiac 
development [69]. Cardiac mesoderm is first specified during the 
EMT that occurs at gastrulation, while cardiac progenitors in the 
splanchnopleura become organized in a two layered epithelium via 
MET. A secondary EMT occurs when the two cardiogenic areas fold 
around the primitive foregut. Mesenchymal cells formed during this 
process undergo a subsequent MET, forming an endocardial tube 
surrounded by a myocardial epithelium. Finally, endothelial cells 
from the atrio-ventricular canal undergo a tertiary EMT, forming the 
endocardial cushion, a structure that gives rise to the atrio-ventricular 
valvulo-septal complex. Last but not least, epicardial cells undergo EMT 
to give rise to the endothelial and smooth muscle cells of the coronary 
vasculature, perivascular, intermyocardial and subendocardial 
fibroblasts, and even a small number of endocardial cells and myocytes 
[43,44,70].

Regarding the contribution of EMT in pathology, both its 
importance in tissue regeneration and in fibrosis have been described.

Adult zebrafish can regenerate a cardiac damage, when up to 20% 
of its ventricle is surgically removed [71]. Recent works investigating 
on the mechanisms responsible for this phenomenon demonstrated 
that new cardiomyocytes originate from undifferentiated progenitor 
cells. Additionally, authors showed that myocardial injury activates 
the entire epicardial cell layer, which expresses developmental markers 
(Tbx18 and Raldh2), rapidly expands and undergoes an EMT invading 
the wound, thus providing new vasculature to regenerating muscle 
[72]. Interestingly, zebrafish display an indefinite growth throughout 
adulthood. Lowering fish density in the aquarium triggers rapid animal 
growth and robust cardiomyocyte proliferation throughout the adult 
ventricle, greater than that observed during slow animal growth or size 
maintenance [73]. In this experimental setting, it was demonstrated 
the generation of new myocytes from undifferentiated progenitors and 
the contribution of pericardial activation, growth and differentiation 
to the formation of new vessels and epicardial derived cells. In this 
regard, Limana [74] and coworkers recently demonstrated both that 
myocardial infarction (MI) induces the up-regulation of WT1, Tbx18, 
and RALDH2 in epicardial cells and that these cells co-express c-Kit. 
Last, the injection of pericardial fluid from MI patients induces 
epicardial cell proliferation and WT1 expression.

As previously mentioned, epicardial Wt1+ and Tbx18+ cells seem 
to persist during the adulthood and, in response to myocardial injury, 
they proliferate and acquire a mesenchymal phenotype. Importantly, 
these epicardium-derived cells (EPDCs), could act by secreting 
trophic growth factors into the underlying myocardium [66,67]. 
Importantly, this cell population can be activated by paracrine factors 
such as thymosin β4 [75]. Cre-LoxP-mediated genetic lineage trace 
has confirmed that activation of epicardial cells, both during heart 
development and postnatal heart repair and regeneration, is mediated 
by an epithelial-to-mesenchymal transition (EMT) [76]. Even more 
importantly, the Montagnani et al. [65,77] showed not only the 
presence, in the subepicardium, of a population of c-Kit+ cells [77], but 
they documented, at least in vitro, the possibility that c-Kit+ CSC could 
originate from EMT of the epicardial cells [65]. 

In addition to the role played by EMT in tissue regeneration, recent 
evidence point to the role played by this mechanism in organ fibrosis 
[78]. Although tissue fibrosis has been classically considered to be the 
resultant of the activation and proliferation of resident fibroblasts, 
recent studies indicate that both bone marrow-derived fibroblast 
and epithelial cells may contribute, through an EMT, to fibroblast 
accumulation [78]. Thus, it has been demonstrated the role of EMT in 
lung-, liver-, kidney-, skin-, and cardiac-fibrosis [78,79]. In this latter 
case, an endothelial to mesenchymal transition has been described, 
where TGF-β1 signaling seems to be the responsible mechanism for 
this phenomenon while BMP-7 was able to counteract it.

Altogether these results indicate that cardiac resident cells are 
endowed with a differentiation plasticity whose mechanism can be 
partly explained by EMT.

CSC Niches: Looking for Microenvironmental Cues
Advances in stem cell biology greatly improved our understanding 

of SC self-renewal and differentiation. Embryonic stem cells, iPS and 
multipotent adult SCs can be differentiated into several cell types, 
including cardiac myocytes. Nonetheless, in vivo studies and clinical 
trials revealed major limitations in reconstituting the myocardium 
in failing hearts. These limitations include precise control of SC 
proliferation, survival and phenotype both prior and subsequent 
to transplantation and avoidance of serious adverse effects such as 
tumorigenesis and arrhythmias [80]. These crucial functions are played 
by stem cell niches, specialized tissue domains that regulate adult stem 
cell quiescence, self-renewal, expansion and differentiation [81]. 

These structures are characterized by a specialized 
microenvironment constituted by cells that support stem cell function 
(supporting cells), specific growth factor gradients and extracellular 
matrix (ECM) components [81]. In most stem cell systems, stem 
cell niches have been identified “retrospectively” as sites of stem cell 
accumulations.

Utilizing this approach, Urbanek et al. identified CSC niches in the 
mouse as protected areas of the myocardium, mainly localized in the 
atria and apex [3]. Cardiac myocytes and fibroblasts act as supporting 
cells in this system, while fibronectin and the α2 chain of laminin are 
part of the specialized extracellular matrix composing CSC niches. 
Castaldo et al. obtained similar data in human hearts [77], however they 
also demonstrated that CSC accumulate in the epicardial-subepicardial 
region of human hearts. Additionally, they demonstrated that laminin1 
and α6 integrin positive CSC accumulates in these regions. The 
interaction between this ECM component and its receptor regulates 
CSC proliferation, apoptosis, and migration [77]. 
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CSC is mechanically and electrically coupled with supporting cells 
through adherens and gap junctions [3]. This feature suggests a potential 
role for: small molecules (such as miRNAs) [82] and electrolytes, able 
to cross gap junctions, and membrane bound molecules, presented by 
supporting cells, in controlling SC fate. In line with this, it has been 
shown that CSC in the niches expresses Notch1 receptor, while the 
supporting cells present the Notch ligand Jagged1 [83]. Following this 
interaction, the Notch1 intracellular domain (N1ICD) is translocated 
to the nucleus, where it up-regulates Nkx2.5, thus promoting the 
formation of cycling myocytes in vitro; additionally, Notch1 activation 
downregulates vascular cell specific transcription factors, interfering 
with endothelial cell and smooth muscle cell differentiation. Last, it 
has been demonstrated the effect of IP3-induced calcium oscillations 
in regulating CSC proliferation [58,84]. Although this effect is not 
mediated by calcium influx through gap junctions, it demonstrates 
the importance of calcium homeostasis in regulating CSC fate. 
Additionally it has been speculated that the intercellular passage of 
calcium may activate in lineage committed cardiac progenitors the 
release of calcium from the ER conditioning the acquisition of the adult 
cardiomyocyte phenotype and contractile function.

More recently, in the attempt to apply micro- and nanoscale 
techniques to recreate SC niches, we gained further insight into key 
factors responsible, within the niche, for the maintenance and regulation 
of SC behavior [80,85]. Specifically, it has becoming clear that micro- 
and nanoscale manipulation of several micro-environmental features, 
such as scaffold composition, mechanical properties, and three-
dimensional architecture, can direct SC fate [80,85]. This pioneering 
field has clearly shown the limitations of the conventional biological 
approaches and will represent a novel tool for developing the next 
generation of ‘‘transplantable SC niches’’ for regeneration of heart and 
other tissues [80,85].

In summary, CSC are nested in specialized areas of the myocardium 
that regulate their state; however, the molecular determinants 
responsible for this are just starting to be decrypted. This discovery 
is of paramount importance since it demonstrates that the heart may 
exert an instructive role on primitive cells [86-88], regulating the fate of 
plastic cells [89] that may reach the heart even from remote sites, such 
as the bone marrow. Nanotechnologies, allowing the micro- and nano-
scale control of key factors such as scaffold composition, architecture 
and mechanical forces, would represent a promising tool.

Clinical Trials Using Cardiac-derived Stem Cells 
Although an increasing body of literature has shown, over the 

last almost ten years, that the use of Cardiac-derived Stem and 
Progenitor cells attenuates Left Ventricular (LV) remodeling and 
improves LV function in animal models of both acute and chronic 
myocardial infarction [2,7,9,90,91], the experimentation of the use 
of these cells in clinical settings has been carried out only recently. 
Specifically, three independent groups have started, between the 
years 2009 and 2010, three distinct Phase I clinical trials (ALCADIA 
-ClinicalTrials.gov Identifier: NCT00981006-, SCIPIO-ClinicalTrials.
govIdentifier:NCT00474461-, and CADUCEUS -clinicaltrials.gov 
Identifier:NCT00893360-) to investigate feasibility, safety and to have 
some hints on the efficacy of Cardiac-derived Stem and Progenitor cell 
treatment of both acute and chronic ischemic heart disease. In two 
cases (SCIPIO and CADUCEUS), respectively initial results and more 
definitive ones were recently published [10,11].

SCIPIO trial [10] is a randomized, open-label, single centre trial 
designed to test the feasibility and safety of a procedure that consists 
in the collection, expansion in vitro and intracoronary infusion of 
autologous-, atrial derived- c-Kit+ CSC. The target population consisted 
of patients who underwent coronary artery bypass grafting (CABG), 
and had LV ejection fraction (EF) of less or equal to 40% and a previous 
myocardial infarction. Atrial tissue was collected at the time of CABG, 
processed to obtain growing cultures that were eventually enriched in 
c-Kit + cells through immunomagnetic separation. Not more than 106 
cells per patient were injected. In treated patients, on top of clinical 
assessment and laboratory tests, two-dimensional (2D) and three-
dimensional (3D) trans-thoracic echocardiograms were done before 
CSC infusion and at 1 month, 4 months, and 12 months thereafter. In 
patients without contra indications, cardiac MRI (cMRI) was performed 
as well. Between March 2009 and April 2011, authors screened 1,385 
patients undergoing surgical re-vascularisation. Of these, 1,200 did not 
meet the inclusion criteria (EF was >40%). Of the remainder, 104 were 
excluded because they either did not meet additional inclusion criteria 
(e.g. myocardial infarction of <7days, advanced age, poor glycemic 
control, presence of co-morbidities) or did not will to participate. 
Therefore, 81 patients were enrolled in two stages: in the first phase 
(stage A) 25 patients were consecutively enrolled (19 of which were 
CSC treated and 6 served as controls), while in the second phase (stage 
B) 56 patients were randomly assigned to either treatment (24 patients) 
or control (32 patients) groups. At present, 4 months follow-up data 
are available for 9 CSC treated patients and 4 controls enrolled at stage 
A and 7 CSC treated patients and 3 controls enrolled at stage B. Results 
obtained so far indicate that: cells may be produced from almost every 
patient (80/81 patients), ≈88% of the expanded cells are c-Kit+, possess 
long telomeres and ≈97% of these CSC are negative for the senescence 
marker p16INK4A. Functionally, LV Ejection Fraction (LVEF), as 
assessed by 3D echocardiography, increased significantly at 1 and 4 
months post CSC infusion. In controls, LVEF did not change over the 
same period. The increase in LVEF in the CSC-treated patients was 
coupled with a significant improvement in the regional wall motion 
score index. This was not observed in control patients. cMRI data 
(available for 7 patients) supported echocardiographic data, showing 
a significant reduction in infarct size and a significant increase in wall 
thickening. Altogether these results demonstrate that CSC treatment 
is feasible, safe (no adverse effects attributable to CSC were noted), 
and suggests that it may be associated with a reduction in infarct size 
and a functional improvement in LV systolic function. However, some 
caveats should be considered: these results are still preliminary and the 
study (which is a Phase I clinical trial, not a strictly double-blind, fully 
randomized, placebo-controlled Phase II-III trial) was not designed to 
test efficacy [10].

CADUCEUS is a randomized open-label trial designed to test the 
feasibility and safety of a procedure that consists in: the generation of 
Cardio spheres from endomyocardial biopsies, the in vitro expansion 
of Cardio sphere Derived Cells (CDC) and their infusion in the 
infarct-related artery [11]. Quality control of cells was performed by 
investigating if: more than 95% of cells expressed CD105, and fewer 
than 5% expressed CD45. Karyotype was performed as well to verify 
euploidy. Investigators enrolled patients who had an acute myocardial 
infarction in the past 2-4 weeks and a LVEF of 25-45%. A first cohort 
of patients received a “low cell dose” (12.5×106 cells; n=4) or standard 
of care. Once defined as safe by the National Heart, Lung, and Blood 
Institute (NHLBI) Gene and Cell Therapy Data and Safety Monitoring 

http://clinicaltrials.gov/
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Board (DSMB), a second cohort of patients received a high dose (25×106 
cells; n=12). Efficacy of the treatment was evaluated clinically, and by 
cMRI, performed at baseline, at 6 months for the primary endpoint, 
and at 12 months to assess longevity of the treatment effects. Between 
May 2009 and December 2010, 436 patients were screened. Of these, 
405 were excluded because they did not meet inclusion criteria. The 
remainder 31 were randomly allocated to receive either CDC (n=23) 
or standard of care (n=8). 6 patients in the CDC arm were excluded 
because either the procedure did not generate CDC meeting the quality 
criteria (n=4) or patients withdrew consent or the infarct related 
artery occluded. Six patients in the CDC group had serious adverse 
events (one acute myocardial infarction, two cases of chest pain, one 
coronary re-vascularization, one implantable defibrillator insertion 
for prophylactic indications, and two other non-cardiac events), while 
one patient in the control group had atypical chest pain. The serious 
adverse events were regarded (with the exception of the development 
of a non-Q wave myocardial infarction in one patient who had received 
25 million CDCs 7 months previously) as unrelated or unlikely to be 
related to the study treatment. As regards efficacy of the treatment, scar 
size was significantly reduced in CDC treated patients, while remained 
unchanged in controls. Scar mass too was reduced in CDC treated 
patients but remained unchanged in controls. By contrast, viable 
myocardial mass increased in patients who received CDC, while it did 
not change in controls. Since cMRI observed differences in myocardial 
mass and scar size could be secondary to the distortion of myocardial 
architecture by CDC, an experimental animal model mimicking the 
key features of CADUCEUS was performed (syngeneic CDC given 
after a myocardial infarction through the intracoronary route in rats) 
and histological examination of infarcted animal hearts confirmed 
cMRI data. As regards cardiac function, Investigators did not observe 
an increase in LVEF, but demonstrated that both contractility and 
systolic wall thickening were significantly increased by CDC treatment. 
As a whole, this proof-of-concept clinical study demonstrates that 
endomyocardial biopsy samples can be used to harvest heart tissue in a 
minimally invasive manner for treatment. In addition, CDC treatment 
is feasible, safe, and seems to reduce scar tissue, and increase myocardial 
mass. However, this trial too was not designed to test efficacy, but 
rather feasibility and safety.

Last, as regards ALCADIA trial, this study, which has started to 
recruit patients on April 2010 and is still recruiting participants, is 
designed to evaluate the safety of the intra-myocardial injection of 
autologous human Cardiac-derived Stem Cells in association with 
a gelatin hydrogel sheet incorporating 200 µg bFGF. Preclinical data 
have been obtained in a porcine model [91]. Target population will 
be heart failure patients with chronic ischemic cardiomyopathy and 
severe ventricular dysfunction (15% LVEF 35%).

Non Cardiac Resident Stem Cells in Cardiac 
Regeneration Treatment

As previously mentioned, clinical trials based on the use of stem 
cells of non cardiac origin started some years before those relying 
on the injection of CSC [22]. Specifically, skeletal myoblasts, bone 
marrow mononuclear cells (either unselected, CD133+ or CD34+ cells), 
circulating progenitor cells, bone marrow-derived and adipose tissue-
derived mesenchymal stem cells were employed in early phase clinical 
trials (excellently reviewed in [17,20,21]). These latter showed, with 
few exceptions [92], safety, feasibility and suggested a high degree of 
efficacy. 

Table 1 summarizes arguments favoring or against the use of 
each of these cell types. For some aspects, the use of non-CSC may 
be advantageous over CSC. Specifically, non-CSC (e.g. bone marrow- 
or peripheral blood-derived SC) are easily accessible and require 
procedures that could be considered as minimally invasive for the 
patient and, therefore, repeatable, theoretically, over time. Second, 
most hematopoietic stem cells (and their subpopulations) could be 
collected, enriched, and injected after a minimal cell manipulation 
that does not require in vitro cell expansion, thus greatly simplifying 
the procedures. However, as regards efficacy, the largest placebo-
controlled, randomized, phase II-III clinical trials (especially those 
experimenting bone marrow mononuclear cells) showed conflicting 
results [17,20] that were interpreted as the inability of non-CSC 
to directly take part to the newly formed, functionally competent 
myocardium. In line with this, several investigators still debate on the 
in vivo transdifferentiation ability of non-cardiac stem cells and pre-
clinical data, either supporting or neglecting this possibility have been 
accumulated [93-95]. To reconcile these seemingly contrasting results, 
investigators have demonstrated that cell-based therapies can exert 
their positive effects without a direct integration of donated cells into 
the host tissue, but rather through a powerful paracrine mechanism 
[96], which may involve exosomes [97]. However a large number of 
studies is still ongoing and a definitive conclusion on the efficacy of 
non-CSC-based therapy cannot be drawn yet [17,20,21].

Although not yet ready for clinical trials, great hopes are now 
placed on induced Pluripotent Stem Cells (iPS). These latter closely 
resemble embryonic stem cells and were first obtained by Takahashi 
and Yamanaka by reprogramming in-vitro differentiated cells, such as 
skin fibroblasts [98]. Specifically, iPS can be derived from individual 
patients, greatly expanded in vitro and differentiated into cardiac cells, 
allowing autologous cell transplantation, with a theoretical reduction 
in risk of immune rejection [99,100]. However, this promising strategy 
is affected by several unsolved problems [17]. For example, since 
undifferentiated iPS are tumorigenic, they must be pre-differentiated 
before implantation, although it has not yet been established 
which is the best strategy to efficiently obtain cardiac commitment 
[18]. In addition, it has been shown that iPS’ residual epigenetic 
and transcriptional memories of the cell of origin cause a biased 
differentiation propensity, thus requiring the development of strategies 
aimed at erasing cellular memory of the somatic cell of origin, thus 
unleashing the full differentiation capacity of bioengineered iPS [101]. 
Intriguingly, strategies that may take advantage of this epigenetic 
memory may be envisioned as well, as elegantly demonstrated by 
Rizzi et al. who showed that mouse neonatal cardiac myocytes 
can be efficiently reprogrammed and re-differentiated toward the 
cardiomyocyte lineage more efficiently then either cardiac fibroblast-
derived iPS cells or mouse Embryonic Stem cells [102].

Last, two recent examples of direct reprogramming of somatic cells 
to cardiomyocytes have demonstrated that the fate of stromal cells may 
be altered in vivo, suggesting that in the future it may be possible to 
convert scarred tissue to functioning myocardium [103,104].

Conclusions
Cardiac-resident Stem Cells were first described almost ten 

years ago. Since that pioneering work, independent investigators 
have demonstrated that several classes of cells possessing stem cell 
properties take part to the complex process of cardiac organogenesis 
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Regenerative Strategy Pro Contra Reference [20]

Unselected bone 
marrow-derived 
cells

1.largest amount of available data,
2.minimal cell manipulation with no 

requirement for in vitro cell expansion,
3.presence of a mixed population 

containing hematopoietic stem 
cells, endothelial progenitors and 
mesenchymal stem cells,

4.safety,
5.some efficacy.

1.poorly characterized cell population,
2.variable results in clinical trials.

Completed Trials: Astami [133], Boost  
[132],  Cao  et al. [131], Fincell [130], 
Hebe [129], Janssens et al. [128], 
MYSTAR [127], Ramshorst et al. 
[126], BELAMI [125], REPAIR-AMI 
[124], TOPCARE-CHD [118] and 
others. 

CD133+ bone marrow 
cells

1.minimal cell manipulation with no 
requirement for in vitro cell expansion,

2.use of a better characterized cell 
population.

1.may increase the rate of restenosis,
2.early phase clinical trials showed benefits, while larger 

ones did not.

Completed Trials: Bartunek et al. [123],  
Adler et al. [122], CARDIO133 [121].

CD34+CXCR4+ bone 
marrow cells

1.minimal cell manipulation with no 
requirement for in vitro cell expansion,

2.use of a better characterized cell 
population,

3.patients with Ejection Fraction at 
baseline below median benefit the most.

1.selected cells showed a worse efficacy with respect to 
unselected bone marrow cells.

Completed Trial: REGENT [120].

Circulating Progenitor 
Cells

1.improvement in symptoms and exercise 
tolerance when given intramyocardially.

1.necessity for growth factor-induced progenitor cell 
mobilization or progenitor cell in vitro culture,

2.mobilization procedures are associated with 
aggravation of restenosis and cardiac enzyme 
elevation,

3.little or no effects when given via intracoronary route.

Completed Trials: ACT34-CMI [119], 
TOPCARE-CHD [118], Magic cell 
[117].

Mesenchymal stem 
cells 

1.feasibility and safety,
2.possible efficacy.

1.requirement for more than minimal in vitro cell 
manipulation,

2.less data available,
3.small number of trials have been completed.

Completed Trials: Prochymal [116], 
POSEIDON pilot study (Clinicaltrials.
gov identifier NCT01087996), 
C-CURE [115].

Cardiac Stem Cells 1.employment of a population of cells 
isolated from myocardial tissue,

2.feasibility and safety,
3.possible efficacy.

1.requirement for more than minimal in vitro cell 
manipulation,

2.less data available,
3.only 2 trials have been completed.

Completed Trials: SCIPIO [10], 
CADUCEUS [11].

Skeletal myoblasts 1.feasibility,
2.not significant trends towards 

improvement.

1.requirement for more than minimal in vitro cell 
manipulation,

2.ventricular tachicardia. 

Completed trials: MAGIC [93], 
MARVEL [114].

Table 1: Comparison of the major completed clinical trials.

and that, some of them, are retained throughout adulthood, possibly 
contributing to adult cardiac cell turnover, both in physiologic and 
pathologic settings. 

In order to experiment feasibility, safety, and to have some 
hints on the efficacy of cell therapy approaches based on the use of 
Cardiac-resident Stem Cells, three independent laboratories have 
decided to perform phase I clinical trials. Patients were carefully 
selected, taking advantage of the experience accumulated with clinical 
trials experimenting the use of bone marrow cells to treat infracted 
patients, where those patients that had the greatest benefits were 
the ones that had the worst cardiac function at the beginning [105]. 
Results are encouraging and showed feasibility and safety. SCIPIO 
trial demonstrated also a remarkable improvement in LVEF in treated 
patients, while CADUCEUS demonstrated a reduction in scar mass 
and a parallel increase in viable myocardium. Authors consider their 
results as a challenge to the conventional wisdom that considers cardiac 
scarring as permanent and that neglects the possibility to restore heart 
muscle. 

These exciting results deserve the investigation of Cardiac-derived 
Stem Cell therapy in Phase II-III clinical trials to confirm their 

efficacy, even in trials specifically and rigorously designed to assess this 
parameter, and to have some hints on their possible superiority with 
respect to non-CSC.

Although the mechanisms possibly responsible for the positive 
results obtained with CSC in the clinical arena cannot be asserted, 
both a direct repair and a paracrine effect have been considered among 
the most plausible ones [11,90]. Intriguingly, a recent report that 
compared directly CSC versus non-CSC for their: paracrine effects, 
tissue engraftment-, differentiation- and anti-apoptotic-capabilities 
have revealed that the first ones were superior in all these aspects [106].

Finally, we and others have demonstrated that CSC obtained from 
failing hearts are characterized by cellular senescence processes and 
functional impairment [107-109], thus suggesting that effectiveness 
of autologous CSC transplantation could be further improved if we 
are able to understand and reverse the mechanisms that, in chronic 
heart failure, impairs the resident CSC reservoir [110-112]. Moreover, 
regenerative treatments that rely on paracrine mechanisms could be 
less effective in very sick patients, due to the dysfunction of resident 
CSC. In this case, other therapeutic options that could modify CSC 
potency locally may be taken into consideration as well [113].
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In conclusion, a hard basic-science work is still needed since many 
questions, such as: how to optimize cell expansion, how to increase 
cell engraftment (possibly by gaining insights into stem cell niches) 
or how to empower cell efficacy (by understanding the role played by 
cell senescence in stem cell dysfunction and organism aging), are still 
waiting for their responses.
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