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1            The Clinical Need of Stem Cells 
for Cardiovascular Diseases 

 Heart failure (HF) has been singled out as an epidemic and is a staggering clinical 
and public health problem, associated with signifi cant mortality, morbidity, and 
healthcare expenditures, particularly among those aged ≥65 years (Roger  2013 ). In 
particular, HF has a prevalence of roughly six million in the United States (a similar 
number is reached in Europe) and more than 23 million worldwide. After the diag-
nosis of HF, survival remains quite poor with estimates of 50 % and 10 % at 5 and 
10 years, respectively. Despite modest progress in reducing HF-related mortality, 
hospitalizations for HF remain frequent and rates of readmissions continue to rise 
(Roger  2013 ). It is predicted that the constant progress in the primary prevention of 
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HF will eventually lead to decreasing incidence of the disease. Accordingly, the 
constant improvement in modern medical care of the acute cardiac diseases will 
result in improved survival. However, the latter in turn will anyway increase the 
prevalence of HF. This is so because modern management for HF is mainly a symp-
tomatic treatment that does not fi ght against its cause, leave organ transplantation 
as the only alternative available to restore function, with all the logistic, economic 
and biological limitations associated with this intervention (Kahan  2011 ). Indeed, 
the root problem responsible for the poor outcome of the CHF is a defi cit of func-
tional myocardial contractile cells (cardiomyocytes) and adequate coronary circu-
lation to nurture them resulting in pathological cardiac remodelling, which, in turn, 
triggers the late development of cardiac failure in these patients (Jessup and 
Brozena  2003 ). For this reason, it has been a goal of cardiovascular research for the 
past decade to fi nd methods to replace the cardiomyocytes lost as a consequence of 
the MI in order to prevent or reverse the pathological cardiac remodelling. Overall, 
the need to identify new therapies has become a key research area in regenerative 
cardiovascular medicine and stem cell-based therapies are fast becoming an attrac-
tive and highly promising experimental treatment for heart disease and failure 
(Terzic and Nelson  2010 ).  

2     Adult Heart Self-Renewal and Tissue-Specifi c 
Endogenous Cardiac Stem/Progenitor Cells 

 Out of the limelight and apart from the cultural and philosophical wars, over the past 
15 years there has been a slow but steady re-evaluation of the prevalent paradigm about 
adult mammalian—including human—tissue cellular homeostasis. It has been slowly 
appreciated that the parenchymal cell population of most, if not all, adult tissues is in 
a continuous process of self-renewal with cells continuously dying and new ones being 
born. Once cell turnover was accepted as a widespread phenomenon in the adult 
organs, it was rapidly surmised that in order to preserve tissue mass, each organ con-
stituted mainly of terminally differentiated cells needed to have a population of tissue-
specifi c regenerating cells. Not surprisingly, this realization was rapidly followed by 
the progressive identifi cation of stem cells in each of the adult body tissues (Yamanaka 
 2007 ; Robinton and Daley  2012 ; Rountree et al.  2012 ; Reule and Gupta  2011 ; Kopp 
et al.  2011 ; Kotton  2012 ; Buckingham and Montarras  2008 ; Suh et al.  2009 ). 

 For a long time, the cardiovascular research community has treated the adult 
mammalian heart as a post-mitotic organ without intrinsic regenerative capac-
ity. The prevalent notion was that the >20-fold increase in cardiac mass from 
birth to adulthood and in response to different stimuli in the adult heart, results 
exclusively from the enlargement of pre-existing myocytes (Hunter and Chien 
 1999 ; Soonpaa and Field  1998 ; Lafl amme and Murry  2011 ). It was accepted 
that this myocyte hypertrophy, in turn, was uniquely responsible for the initial 
physiological adaptation and subsequent deterioration of the overloaded heart. 
This belief was based on two generally accepted notions: (a) all myocytes in the 
adult heart were formed during fetal life or shortly thereafter, were terminally 
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differentiated and could not be recalled into the cell cycle (Nadal-Ginard  1978 ; 
Chien and Olson  2002 ); therefore, all cardiac myocytes have to be of the same 
chronological age as the individual (Oh et al.  2001 ); (b) the heart has no intrin-
sic parenchymal regenerative capacity because it lacks a stem/progenitor cell 
population able to generate new myocytes. Despite published evidence that this 
prevalent view was incorrect (Beltrami et al.  2001 ; Quaini et al.  2002 ; Urbanek 
et al.  2003 ,  2005 ; Anversa and Nadal-Ginard  2002 ; Nadal-Ginard et al.  2003 ), 
it took the publication of Bergmann et al. in 2009, based on  14 C dating in human 
hearts showing that during a lifetime the human heart renews ~50 % of its myo-
cytes (Bergmann et al.  2009 ), to produce a signifi cant switch in the prevalent 
opinion. After this, intensive research and still much controversy on the adult 
mammalian heart’s capacity for self-renewal has fi nally brought a consensus 
that new cardiomyocytes are indeed formed throughout adult mammalian life 
(Bergmann et al.  2009 ; Hsieh et al.  2007 ). However, the physiological signifi -
cance of this myocyte renewal, the origin of the new myocytes as well as the 
rate of adult myocyte turnover are still highly debated. Indeed, while Bergmann 
et al. ( 2009 ) have calculated a yearly cardiomyocyte turnover of about 1 % 
(Bergmann et al.  2009 ) others calculated 4–10 % (Senyo et al.  2013 ) and some 
as high as 40%/year (Kajstura et al.  2012 ). This very high spread on the “mea-
sured” values of such an important phenomenon raises questions about the con-
ceptual and methodological approaches used in these studies. If Bergmann’s 
calculations were the one more close to the reality, because this “measured” 
self-renewal is far from being very robust, its physiological signifi cance would 
be highly doubtful. However, the conclusion of Bergmann et al. ( 2009 ) on the 
rate of turnover depends on the validity of a complex mathematical formula, 
whose impact on the results dwarfs that of the measured data. Their calculations 
identify the highest turnover rate during youth and early adulthood followed by 
a steady decrease with age. The latter conclusion, which is contrary to most or 
all the turnover values measured for all other human tissues, including the heart 
(Nadal-Ginard et al.  2003 ), has passed without a ripple. Similar discrepancy 
exists with respect to the origin of the new myocytes and their physiological 
signifi cance. Three main sources of origin of the new myocytes have been 
claimed: (a) circulating progenitors, which through the bloodstream home to the 
myocardium and differentiate into myocytes (Quaini et al.  2002 ); (b) mitotic 
division of the pre-existing myocytes (Boström et al.  2010 ; Bersell et al.  2009 ; 
Kühn et al.  2007 ) and (c) a small population of resident myocardial and/or epi-
cardial multipotent stem cells able to differentiate into the main cell types of the 
heart: myocytes, smooth and endothelial vascular and connective tissue cells 
(Torella et al.  2007 ; Rasmussen et al.  2011 ). It is clear now that the blood borne 
precursors, although well documented as a biological phenomenon (Eisenberg 
et al.  2006 ), might be limited to very special situation (Orlic et al.  2001 ) and 
their direct regenerative import is very limited, if any (Loffredo et al.  2011 ). 
Myocyte replacement, particularly after injury, was originally attributed to dif-
ferentiation of a  stem- progenitor cell compartment (Beltrami et al.  2003 ) a 
source confi rmed by genetic cell fate mapping (Hsieh et al.  2007 ). However, 
more recently this last investigator group, using the same genetic tools, claims 
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that myocytes in the border zone of an infarct are actually replaced by the divi-
sion of pre-existing post-mitotic myocytes (Senyo et al.  2013 ). Pre-existing car-
diomyocyte division has not been convincingly documented and/or remains to 
be confi rmed by different authors. This result, in addition to being contrary to 
most known biology of terminally differentiated cells, would shift the target of 
regenerative therapy towards boosting mature cardiomyocyte cell cycle re-entry. 
However, Senyo et al. ( 2013 ) only document that a very small fraction of car-
diomyocyte DNA replication occurs in cells that have already activated the 
αMHC gene, a well-documented part of myocyte development, which falls short 
of documenting mature myocyte re-entry into the cell cycle. This evidence is 
indeed equally compatible with new myocyte formation from the pool of multi-
potent cardiac progenitor cells because it is a well-documented fact that newly 
born myocytes are not yet terminally differentiated and are capable of a few 
rounds of mitosis before irreversibly withdrawing from the cell cycle (Nadal-
Ginard et al.  2003 ). Undoubtedly, the best documented source of the regenerat-
ing myocardial cells in the adult mammalian heart, including the human, is a 
small population of cells distributed throughout the atria and ventricles of the 
young, adult and senescent mammalian myocardium, that have the phenotype, 
behaviour and regenerative potential of bona fi de cardiac stem cells (eCSCs) 
(Torella et al.  2007 ; Rasmussen et al.  2011 ; Srivastava and Ivey  2006 ). In 2003, 
we identifi ed the fi rst population of eCSCs in the adult mammalian rat heart 
(Beltrami et al.  2003 ). These cells express the stem cell marker c-kit (c-kit pos ), 
are positive for Sca-1 and MDR-1 (ABCG2), yet are negative for markers of the 
blood cell lineage, CD31, CD34 and CD45 (described as Lin neg ). They are self-
renewing, clonogenic and multipotent and exhibit signifi cant regenerative poten-
tial when injected into the adult rat heart following a myocardial infarction (MI), 
forming new myocytes and vasculature and restoring cardiac function (Beltrami 
et al.  2003 ). c-kit pos  eCSCs with similar properties to those originally identifi ed 
in the rat have been identifi ed and characterized in the mouse (Messina et al. 
 2004 ; Fransioli et al.  2008 ), dog (Linke et al.  2005 ), pig (Ellison et al.  2011 ) and 
human (Messina et al.  2004 ; Torella et al.  2006a ,  b ; Bearzi et al.  2007 ; Arsalan 
et al.  2012 ). These cells are present at a similar density in all species (~1 eCSC 
per 1,000 cardiomyocytes or 45,000 human eCSCs per gram of tissue) (Torella 
et al.  2007 ). Similar to the rodent heart, the distribution of c-kit pos  eCSCs in the 
pig and human heart varies with cardiac chamber. Although a variety of markers 
have been proposed to identify eCSCs in different species and throughout devel-
opment (Messina et al.  2004 ; Oh et al.  2003 ; Matsuura et al.  2004 ; Martin et al. 
 2004 ; Laugwitz et al.  2005 ; Moretti et al.  2006 ; Kattman et al.  2006 ; Wu et al. 
 2006 ; Smart et al.  2011 ), it still remains to be determined whether these markers 
identify different populations of eCSCs or, more likely, different developmental 
and/or physiological stages of the same cell type (Ellison et al.  2010 ). Recently, 
another multipotent cell type, present in the epicardium and derived from the 
pro-epicardial organ has been described (Ellison et al.  2007a ). The role of these 
cells in normal or pathological myocyte turnover remains to be elucidated. 

 The progeny of a single eCSC is able to differentiate into cardiac myocytes, 
smooth muscle and endothelial vascular cells and when transplanted into the 
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 border zone of an infarct regenerates functional contractile muscle and the 
 microvasculature of the tissue (Beltrami et al.  2003 ). In a normal adult myocar-
dium, at any given time, most of the eCSCs are quiescent and only a small fraction 
is active to replace the myocytes and vascular cells lost by wear and tear. In 
response to stress (hypoxia, exercise, work overload, or other damage), how-
ever, a proportion of the resident eCSCs are rapidly activated, they multiply and 
generate new muscle and vascular cells (Ellison et al.  2007a ,  2012a ), contribut-
ing to cardiac remodelling. Recently, two studies have questioned the in situ 
myogenic potential of c-kit (pos)  cardiac cells in adult life as being signifi cantly 
reduced compared to their neonatal counterparts (Zaruba et al.  2010 ), and in a 
model of myocardial cryo-injury (Jesty et al.  2012 ). Thus, whether the c-kit pos  
eCSCs are necessary and/or suffi cient for the adult cardiac regenerative response 
to damage/injury remained unproven. However, recently, using mouse and rat 
experimental protocols of severe diffuse myocardial damage which unlike an 
experimental infarct spares the eCSCs (Ellison et al.  2007b ) combined with sev-
eral genetic murine models and cell transplantation approaches, we have shown 
that the eCSCs, in the presence of a patent coronary circulation, fulfi l the crite-
ria as the cell type necessary and suffi cient for myocyte regeneration, leading to 
complete cellular, anatomical and functional myocardial recovery (Fig.  2.1 ) 
(Ellison et al.  2013 ). To follow c-kit pos eCSC physiological response to cardiac 
injury, we induced severe diffuse myocardial damage in adult rats with a single 
high dose of isoproterenol (ISO) (Ellison et al.  2007b ). This treatment—in the 
presence of a patent coronary circulation—produces a Takotsubo-like cardio-
myopathy (Akashi et al.  2008 ) (a clinical syndrome affecting up to 2 % of 
patients with symptoms and signs of acute myocardial infarction (AMI), char-
acterized by catecholamine overdrive and reversible cardiomyopathy) kill-
ing-10 % of the LV myocytes and resulting in overt acute heart failure (Ellison 
et al.  2007b ). Interestingly, the myocardial damage and heart failure spontane-
ously reverses anatomically and functionally by 28 days. The anatomical and 
functional recovery is met through a robust c-kit (pos)  eCSC activation and ensu-
ing new myocyte formation, the latter completely balancing the myocyte loss by 
ISO injury. Using inducible double-transgenic reporter mice to track the fate of 
adult cardiomyocytes in a “pulse-chase” fashion we compellingly show that 
new myocytes after diffuse myocardial injury are not generated through the 
division of pre-existing terminally differentiated myocytes but rather from non-
myocyte cells, with the characteristics of a stem-progenitor compartment. Then, 
to directly identify whether c-kit pos  eCSCs replenish cardiomyocytes lost by 
myocardial damage, we genetically tagged in situ the resident c-kit pos eCSCs and 
their committed progeny. Through these in vivo genetic cell-fate mapping 
experiments, we have eventually proved that new myocytes after myocardial 
injury in the adult mammalian heart originate from resident c-kit pos eCSCs. 
Furthermore, we have shown in a rat model of severe cardiomyopathy induced 
by ISO injury and 5-Fluoro Uracil that the ablation of the eCSCs abolishes 
regeneration and functional recovery. The regenerative process however is com-
pletely restored by replacing the ablated eCSCs with the tagged progeny of one 
eCSC. These eCSCs recovered from the primary host, and re-cloned, retain 
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their regenerative potential in vivo and in vitro. Finally, after regeneration, 
selective suicide of these exogenous eCSCs and their progeny abolishes the 
regeneration, severely impairing ventricular performance. Thus, overall these 
data have provided the ultimate and solid documentation that the resident tis-
sue-specifi c eCSCs are necessary and  suffi cient for the regeneration of the adult 
myocardium and establish these cells as true cardiac regenerative agents.

  Fig. 2.1    eCSCs are necessary and suffi cient for myocardial repair and regeneration. ( a ) Schematic 
of myocyte damage and cardiac recovery through eCSC activation and new myocyte formation. 
( b ) When eCSC are ablated, cardiac regeneration is absent with the development of a severe car-
diomyopathy. ( c ) If CSCs are exogenously transplanted, cardiac anatomy and function is restored. 
However, the selective suicide of the transplanted CSCs and their progeny sets back the animal in 
heart failure       
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3        Autologous Cardiac Stem Cell Therapy for Heart Failure 

 Many questions about eCSC basic biology still remain unanswered, particularly 
their long-term effectiveness and regenerative potential as well as their origin. It is 
imperative that such issues be addressed quickly if the full potential of these cells is 
to be realized, manipulated and applied clinically. In particular, it is imperative to 
document whether the teratogenic and neoplastic potential of the in vitro expanded 
eCSCs is low enough to make their use in humans safe. However, clinical trials 
using autologous cardiac stem/progenitor cells are already underway (Bolli et al. 
 2011 ; Makkar et al.  2012 ). In the SCIPIO (Stem Cell Infusion in Patients with 
Ischemic Cardiomyopathy; NCT00474461) trial, 16 patients with ischaemic cardio-
myopathy with post-infarction LV dysfunction (ejection fraction ≤40 %) who had 
undergone coronary artery bypass grafting, had 500,000–1 million of autologous 
c-kit positive, lineage negative, cardiac progenitor cells infused intracoronary, 
~4 months after surgery (Bolli et al.  2011 ). The control group was not given any 
treatment. LVEF increased by 8 EF points at 4 months after infusion, whereas the 
LVEF did not change in the control patients, during the corresponding time interval. 
Moreover, LVEF increased by 12 EF points in eight of the treated patients at 1-year 
follow-up. cMRI of seven of the treated patients showed that infarct size decreased 
at 4 and 12 months (Bolli et al.  2011 ). Furthermore, the interim analysis of myocar-
dial function and viability by magnetic resonance in SCIPIO on a total of 33 patients 
(20 CSC-treated and 13 control subjects) confi rmed the improvement in both global 
and regional LV function, and a reduction in infarct size at 1 year (Chugh et al. 
 2012 ). In the prospective, randomized cardiosphere-derived autologous stem cells 
to reverse ventricular dysfunction (CADUCEUS) trial, 17 patients (with left ven-
tricular ejection fraction of 25–45 %) were infused into the infarct-related artery 
with up to 25 million, CD105-positive, autologous cardiosphere-derived cells 
(CDCs), 1.5–3 months after myocardial infarction (Makkar et al.  2012 ). Eight 
patients received standard care and acted as the control group. Compared with con-
trols at 6 months, MRI analysis of patients treated with CDCs showed signifi cant 
reductions in scar size and mass, increased viable heart mass, regional contractility 
and systolic wall thickening. However, changes in end-diastolic volume, end- 
systolic volume, and LVEF did not differ between groups at 6 months (Makkar et al. 
 2012 ). Recently, the ALCADIA clinical trial was initiated, which will focus on a 
hybrid biotherapy approach for treating chronic ischemic cardiomyopathy. This 
translational study is focusing on the safety and effi cacy of autologous clonally 
amplifi ed CSCs, which have shown to be enriched for embryonic stem cell markers 
and have mesenchymal cell characteristics (Matsubara and Kyoto Prefectural 
University School of Medicine  2012 ). This trial is also investigating cell therapy 
with the controlled release of basic fi broblast growth factor (bFGF) from a gelatin 
hydrogel sheet. While this innovative work has proved promising in the respect that 
transplantation of autologous CSCs has not resulted in any adverse health effects, 
we now await further studies, which focus on the effi cacy of eCSC-based therapies 
and compare these to results obtained with BMDCs. Indeed, because of the high 
cost and the long wait for the availability of the cells for autologous cardiac stem/
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precursor cell therapy, it will become imperative to compare the benefi cial effects of 
this approach to that obtained with BMDCs because of their easier availability, 
accessibility and lower cost of the procedure. Furthermore, the widespread use and 
applicability of autologous cardiac stem cell therapy is highly debatable. Firstly, the 
procedure for cell acquisition, scale-up and transplantation is complex, time con-
suming and very expensive. The isolation and expansion of eCSCs to the number 
needed from catheter and surgical biopsies takes 1–3 months. Therefore, the cells 
are not available to be administered when they would be most effective, that is when 
a patient with an AMI in progress arrives at the hospital. Furthermore, the cost of 
the procedure in human and material resources would make it unavailable to patients 
beyond those few required to establish proof-of-concept for the therapy and to a 
small group of individuals with abundant economical resources. Finally, eCSCs 
undergo senescence with severe pathological consequences (Torella et al.  2004 , 
 2006a ; Matsubara and Kyoto Prefectural University School of Medicine  2012 ; 
Chimenti et al.  2003 ). Accordingly, for the cohort of patients (the aged population) 
most likely candidates for the regenerative therapy, >50 % of their eCSCs can be 
senescent and unable to participate in the regenerative process (Torella et al.  2004 , 
 2006a ; Matsubara and Kyoto Prefectural University School of Medicine  2012 ; 
Chimenti et al.  2003 ). Thus, if eCSC “aging” is an age or cell cycle dependent pro-
cess, which affects all or most of the eCSC population, most or all regenerative 
therapies based on eCSC isolation and expansion will likely result in further exhaus-
tion of the self-renewal capability of these cells with an accelerated loss of their 
regenerative capacity.  

4     Stimulation of the Myocardial Endogenous 
Capacity for Repair and Regeneration 

 As above mentioned, while autologous eCSCs undoubtedly hold great promise for 
cardiac repair, their isolation and expansion prior to cell transplantation can be 
complex, time consuming and costly. This has raised the question of whether it may 
be advantageous to target the activation and regenerative capacity of the resident 
eCSCs to reconstitute damaged myocardium in the absence of cell therapy. One 
potential therapeutic mechanism of action by which the different forms of trans-
plantation cell therapy are now receiving a lot of attention, is the activation, through 
a paracrine mechanism, of survival pathways in the cohort of cells at risk together 
with the endogenous regeneration compartment, represented by the eCSCs. A cor-
ollary of this hypothesis is that the identifi cation of the molecules secreted by the 
transplanted cells should make possible the design of therapies, which eliminate the 
use of the cells and concentrate on the administration of the principal effector mol-
ecules these cells had identifi ed. Myocardial regenerative cell-free therapies effec-
tive on the in situ activation, multiplication and differentiation of the resident eCSCs 
should have many advantages over those based on cell transplantation. First, thera-
peutic components should be available as “off-the-shelf” and ready to use at all 
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times without the lag time required for the cell therapy approaches; second, they 
should be affordable, in terms of the production costs of the medicinal product; 
third, such a therapy should be easy to apply and compatible with current clinical 
standard of care for AMI, including the widespread use of percutaneous coronary 
interventions (PCI); and fourth, because of the robustness of the regenerative 
response produced it should be able to produce and/or recover ~50–60 g of func-
tional myocardial tissue, which is the minimum needed to change the course of the 
disease in a seriously ill patient. In an attempt to move towards cell-free, protein- 
based therapies, various growth factors and cytokines have been identifi ed as poten-
tial candidates for therapeutic cardiac regeneration and as this list expands so too 
does our awareness of growth factor-mediated regenerative potential. Vascular 
endothelial factor (VEGF) is one such factor, which has been identifi ed as central in 
promoting neo-vascularization post-MI (Crottogini et al.  2003 ). Initially phase II 
clinical trials suggested that limited functional benefi ts were observed upon direct 
administration of VEGF post-MI (Henry et al.  2003 ). However, this is now known 
to be due to the short half-life of VEGF and goes some way to demonstrate how 
important initial experimental studies are when designing clinical trials. Recent 
studies have focused on delivering VEGF in combination with various scaffolds and 
have achieved much greater success in stimulating angiogenesis and restoring car-
diac function (Wu et al.  2011 ; Formiga et al.  2010 ). Neuregulin 1 (NRG-1) is 
another key factor implicated in stimulating cardiac repair and regeneration 
(Wadugu and Kühn  2012 ; Waring et al.  2012 ). An Ig-domain containing form of 
NRG-1β, also known as glial growth factor 2 (GG2) has been shown to improve 
LVEF and remodelling in pigs post-MI, compared to controls (Kasasbeh et al. 
 2011 ). It is thought that NRG-1 imparts functional benefi ts by activating and 
increasing c-kit pos  eCSC proliferation (Waring et al.  2012 ), inducing cardiomyocyte 
replacement (Bersell et al.  2009 ), protecting cardiomyocytes from apoptosis and 
improving mitochondrial function (Kasasbeh et al.  2011 ). Testing regenerative ther-
apies in mouse models of human diseases, although a necessary step in pre-clinical 
assays, is not an accurate predictor of their human effectiveness. This is so not only 
because of the potential biological differences between the two species but because 
of the three order of magnitude difference in mass between the two organisms, 
which make the challenges not only quantitatively but qualitatively different. 
Therefore, it is necessary that pre-clinical testing of therapies be carried out in a 
model, which is more similar in tissue biology, size and physiology to the human 
than the rodent models commonly used. The pig, because of its size, rapid growth 
rate, well-known physiology and availability, has proven a very useful and fre-
quently used pre-clinical large animal model for many pathologies, particularly 
those involving tissue regeneration. Thus, we have recently tested the regenerative 
effects of intracoronary administration of two growth factors known to be involved 
in the paracrine effect of the transplanted cells (Ellison et al.  2011 ). Insulin-like 
growth factor I (IGF-1) and hepatocyte growth factor (HGF), in doses ranging from 
0.5 to 2 μg HGF and 2 to 8 μg IGF-1, were intracoronary administered, just below 
the site of left anterior descendent occlusion, 30 min after AMI during coronary 
reperfusion in the pig. This growth factor cocktail triggers a regenerative response 
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from the c-kit pos  eCSCs, which is potent and able to produce anatomically, 
 histologically and physiologically signifi cant regeneration of the damaged myocar-
dium without the need for cell transplantation (Ellison et al.  2011 ). IGF-1 and HGF 
induced eCSC migration, proliferation and functional cardiomyogenic and micro-
vasculature differentiation. Furthermore, IGF-1/HGF, in a dose-dependent manner, 
improved cardiomyocyte survival, and reduced fi brosis and cardiomyocyte reactive 
hypertrophy. Interestingly, the effects of a single administration of IGF-1/HGF are 
still measurable 2 months after its application, suggesting the existence of a feed-
back loop triggered by the external stimuli that activates the production of growth 
and survival factors by the targeted cells, which explains the persistence and long 
duration of the regenerative myocardial response. These histological changes were 
correlated with a reduced infarct size and an improved ventricular segmental con-
tractility and ejection fraction at the end of the follow-up assessed by cMRI (Ellison 
et al.  2011 ). Despite their effectiveness, the administration of IGF-1 and HGF has a 
signifi cant drawback. Although it is very effective in the regeneration of the myo-
cytes and micro-vessels lost, the rate of maturation of the newly formed myocytes 
is heterogeneous and quite slow. While the newly formed myocytes which are in 
contact with spared ones mature rapidly and can reach a diameter close to a normal 
pig cardiomyocyte, there is an inverse correlation between new myocyte size and 
their distance from the small islands of spared myocardium scattered within the 
ischemic zone (Ellison et al.  2011 ). With the exception of those new myocytes in 
close proximity to spared micro-islands of surviving pre-existing myocytes within 
the ischemic tissue or those in the border region, at 3 weeks after treatment the 
length and diameter of the remaining new myocytes (~85 % of those regenerated) 
is between 1/2 and 1/5, respectively, of an adult myocyte, which means that their 
volume is signifi cantly less than 1/10th of their mature counterparts (Ellison et al. 
 2011 ). Because of this slow maturation process, although the therapy is very effec-
tive in restoring the number of myocytes lost by the AMI this is not the case as to 
the regeneration of the lost ventricular mass which lags behind very signifi cantly. In 
consequence, the myocardial generation of force capacity, that is the meaningful 
functional recovery, also lags signifi cantly behind the regeneration of the cell num-
bers to the pre-AMI state. Despite the benefi cial effect of the therapy in reducing the 
scar area, pathological remodelling and partial recovery of ventricular function, 
there is little doubt that it would be desirable to obtain a more rapid recovery of the 
ventricular mass and the capacity to generate force. All the currently proposed 
autologous cell approaches are very attractive from the theoretical and biological 
standpoint. For those rare diseases with chronic and long-term evolution affecting 
hundreds or even thousands of potential patients to be treated, these personalized 
therapies, despite their high cost in medical and material resources, might even 
make sense from an economic standpoint. Unfortunately, this is not the case for 
diseases of high prevalence, such as the consequences of ischaemic heart disease, 
with millions of patients/candidates for regenerative therapy. Not even the devel-
oped world has the resources needed to start a program of personalized regenerative 
medicine for the patients already in CHF who presently are left with heart trans-
plantation as the only realistic option for recovery. Therefore, although the cell 
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transplantation approaches outlined are very valuable as proof-of-concept and as 
research tools with the possibility of greatly improving a narrow subset of patients 
in need of therapy, we believe that all of the autologous cell strategies taken together, 
now and in the foreseeable future, are and will continue to be ineffective to favour-
ably impact the societal healthcare problem posed by the consequences of CHF 
post-AMI (Ellison et al.  2012b ). Moreover, as outlined above, a consensus is gain-
ing ground that most of the favourable effects of cell transplantation protocols used 
until now exert their benefi cial effect by a paracrine mechanism of the transplanted 
cells over the surviving myocardial cells at risk and/or through the activation of the 
endogenous myocardial regenerative capacity represented by the eCSCs. If this is 
correct, then there seems to be little advantage in the use of autologous cells because 
a similar, and perhaps enhanced, effect can be obtained by the administration of the 
proper cell type isolated from allogeneic sources. These can be produced in large 
amounts beforehand, kept stored frozen before their use, and remain available at all 
times, which would allow their use not only for the treatment of the pathological 
remodelling once it has developed but soon after the acute insult in order to induce 
early regeneration of the cells lost in order to prevent or diminish the pathological 
remodelling. Mesenchymal stem cells (MSC) have a broad repertoire of secreted 
trophic and immunodulatory cytokines, however they also secrete factors that nega-
tively modulate cardiomyocyte apoptosis, infl ammation, scar formation and patho-
logical remodelling (Ranganath et al.  2012 ). Medicetty and colleagues ( 2012 ) used 
a porcine model of AMI and delivered 20–200 million allogeneic, multipotent, 
adult BMDCs (MultiStem; that are nonimmunogeneic and can suppress activated 
T-cell proliferation and have anti-infl ammatory and angiogenic properties as well), 
directly to the myocardium via the infarct related vessel using a transarterial micro-
syringe catheter-based delivery system, 2 days after AMI. Echocardiography 
showed signifi cant improvements in regional and global LV function and remodel-
ling at 30 and 90 days after myocardial injury (Medicetty et al.  2012 ). Rapidly fol-
lowing on from this pre-clinical study, Penn et al. ( 2012 ) conducted a multi-centre 
phase I trial of the effects of adventitial delivery of MultiStem in patients 2–5 days 
after primary PCI. In patients with EF determined to be <45 % before the MultiStem 
injection, at 4 months after AMI, a 1, 4, 14, and 11 % absolute increase in EF was 
observed following injection of 20, 50, and 100 million cells, respectively (Penn 
et al.  2012 ). Recently, Marban and colleagues ( 2012 ) have tested the safety and 
effi cacy of using allogeneic, mismatched cardiosphere-derived Cells (CDCs) in 
infarcted rats. Rats underwent permanent ligation of the LAD coronary artery and 
two million CDCs or vehicle were intramyocardially injected at four sites in the 
peri-infarct zone. Three weeks post-MI, animals that received allogeneic CDCs 
exhibited smaller scar size, increased infarcted wall thickness and attenuation of LV 
remodelling. Allogeneic CDC transplantation resulted in a robust improvement of 
fractional area change (~12 %), ejection fraction (~20 %), and fractional shortening 
(~10 %), and this was sustained for at least 6 months. Furthermore, allogeneic 
CDCs stimulated endogenous regenerative mechanisms (cardiomyocyte cycling, 
recruitment of c-kit pos  eCSCs, angiogenesis) and increased myocardial VEGF, 
IGF-1 and HGF (Malliaras et al.  2012 ). Unlike other cell types (Janssens  2010 ; 
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Hofmann et al.  2005 ), eCSCs have a very high tropism for the myocardium (Ellison 
et al.  2013 ). Under proper culture conditions it is possible to clone and expand a 
single rodent, porcine or human eCSC to up to 1 × 10 10  cells without detectable 
alteration of karyotype, loss of differentiating properties or the phenotype of the 
differentiated progeny (Fig.  2.2 ) (Ellison et al.  2011 ). These cloned cells produce a 
repertoire of pro-survival and cardiovascular regenerative growth factors [Our 
unpublished data]. For this reason, we decided to test whether these in vitro 
expanded cells, when administered into allogeneic animals, would be the source of 
a more complex and physiologic mixture of growth and differentiating factors 
which, through a paracrine effect would produce a robust activation of the eCSCs 

  Fig. 2.2    Endogenous cardiac stem cell essential phenotype. ( a ) Light microscopy representative 
image of long-term cultured pig eCSCs. ( b ) Cytospin preparation and c-kit immunofl uorescence 
of cloned eCSCs. ( c ) Essential CD phenotype of a typical CSC preparation ( b ,  c ) are adapted from 
Ellison et al. (45)       
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with more rapid maturation of their progeny. It was expected that once their 
 short-term effect had been produced and the auto/paracrine feedback loop of growth 
factor production has been activated in the eCSCs, the allogeneic cells would be 
eliminated (presumably by apoptosis) and that the regeneration triggered by acti-
vated eCSCs would be completely autologous. c-kit pos  eCSCs do not express either 
MHC-I locus or co-activator molecules and have strong immunomodulatory prop-
erties in vitro when tested in the mixed lymphocyte reaction [Our unpublished 
Data]. We therefore expected the expanded cells to survive long enough in the allo-
geneic host to produce their paracrine effect before being eliminated by the host 
immune system. Allogeneic, non-matched, cloned male EGFP-transduced porcine 
eCSCs, were administered intracoronary in white Yorkshire female pigs, 30 min 
after MI and coronary reperfusion (Ellison et al.  2009 ). Pig serum was injected to 
control pigs after MI (CTRL). The cells or sera were injected through a percutane-
ous catheter into the anterior descending coronary artery just below the site of bal-
loon occlusion used to produce the AMI. We found a high degree of EGFP pos /c-kit pos  
heterologous HLA non-matched allogeneic porcine CSCs nesting in the damaged 
pig myocardium at 30 min through to 1 day after MI. At 3 weeks post-AMI, all the 
injected allogeneic cells had disappeared from the myocardium and peripheral tis-
sues (i.e. spleen). There was signifi cant activation of the endogenous GFP neg  c-kit pos  
CSCs (eCSCs) following allogeneic CSC treatment (Fig.  2.3 ), so that by 3 weeks 
after MI, there was increased new cardiomyocyte and capillary formation, which 
was not evident in the control hearts (Fig.  2.3 ). Moreover, through paracrine mecha-
nisms, c-kit pos  heterologous HLA non-matched allogeneic CSC treatment preserved 
myocardial wall structure and attenuated remodelling by reducing myocyte hyper-
trophy, apoptosis and scar formation (fi brosis) (Ellison et al.  2009 ). In summary, 
intracoronary injection of allogeneic CSCs after MI in pigs, which is a clinically 
relevant MI model, activates the eCSCs through a paracrine mechanism resulting in 
improved myocardial cell survival, function, remodelling and regeneration. A pos-
sible risk of using large numbers of in vitro expanded CSCs is the appearance of 
transformed cells with the potential to form abnormal growths. This risk is com-
pletely eliminated by the use of allogeneic cells, with a different HLA allele from 
the recipient, because they all get eliminated by the immune system without immu-
nosuppression. Claims that some of the transplanted allogeneic cells have a long-
term survival in the host, have not been reproduced or thoroughly documented 
(Malliaras et al.  2012 ; Quevedo et al.  2009 ; Huang et al.  2010 ). If their survival 
proves to be correct, many of the immunology concepts, which have ruled trans-
plant biology until now, will need to be revised. Furthermore, despite thorough 
pathological examination and contrary to many iPS- and ECS- derived cell lines, the 
adult tissue-specifi c eCSCs have a very low or non-existent capacity to form 
tumours and/or teratomas in syngeneic or immunodefi cient animals [our unpub-
lished data and (Chong et al.  2011 )]. Allogeneic CSC therapy is conceptually and 
practically different from any presently in clinical use. The proposed cell therapy is 
only a different form of growth factor therapy able to deliver a more complex mix-
ture of growth factors than our present knowledge permits us to prepare. The factors 
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produced by the allogeneic cells are designed to stimulate the endogenous stem 
cells of the target tissue but the transplanted cells themselves survive only tran-
siently and do not directly participate in the production of progeny that contributes 
to the regenerated tissue. Once more information is available, the allogeneic cells 
could be used either alone or in combination with the available factor therapy to 
improve the activation of the eCSCs and the maturation of their progeny.

  Fig. 2.3    Activation of tissue-specifi c endogenous resident c-kit pos  CSCs following intracoronary 
injection of c-kit pos  allogeneic porcine CSCs after acute myocardial infarction in pigs. ( a ) A cluster 
of activated GFP neg , c-kit pos  ( red ) endogenous CSCs in the 3-week-old infarcted region of the allo-
geneic CSC-treated porcine myocardium. Nuclei are stained by DAPI in  blue . ( b ) Regenerating 
band of newly formed BrdU pos  ( green ) cardiomyocytes ( red , MHC) in the infarct region, 3 weeks 
following allogeneic CSC treatment. Nuclei are stained by DAPI in  blue . ( c ) The number of c-kit pos  
endogenous CSCs signifi cantly increased following intracoronary allogeneic CSC treatment. 
* P  < 0.05 vs. CTRL. ( d ) New BrdU pos  myocyte formation signifi cantly increased following alloge-
neic CSC therapy. * P  < 0.05 vs. CTRL. Adapted from Ellison et al. J Cardiovasc Transl Res. 
2012;5:667–77       
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5         Summary and Conclusions 

 The fi ndings that the adult heart harbours a regenerative multipotent cell population 
composed by eCSCs and that mammalian, including human, cardiomyocytes are 
replaced throughout adulthood represents a paradigm shift in cardiovascular biol-
ogy. The presence of this regenerative agent within the adult heart supports the view 
that the heart has the potential to repair itself if the eCSCs can be properly stimu-
lated. Indeed, it is predicted that in the near future it should be possible to replace 
cell transplantation-based myocardial regeneration protocols with an “off-the- 
shelf”, readily available, unlimited and effective regenerative/reparative therapy 
based on specifi c growth factor administration or on the paracrine secretion by allo-
geneic CSC transplantation able to produce the activation in situ of the resident 
eCSCs. However, before reaching this optimistic clinical scenario, it is mandatory 
to obtain a better understanding of eCSC biology in order to fully exploit their 
regeneration potential. The latter will ultimately lead to developing realistic and 
clinically applicable myocardial regeneration strategies. Cardiac regenerative medi-
cine is set to revolutionize the treatment of cardiac diseases and such research will 
have signifi cant and long-term impact on socio-economics and patient well-being. 
Indeed, therapies which are based on fi ndings from high quality research will 
undoubtedly cut deaths from cardiovascular disease, reduce recovery times, increase 
life expectancy and quality of care and save money.     

   References 

    Akashi YJ, Goldstein DS et al (2008) Takotsubo cardiomyopathy: a new form of acute, reversible 
heart failure. Circulation 118:2754–2762  

    Anversa P, Nadal-Ginard B (2002) Myocyte renewal and ventricular remodelling. Nature 415:
240–243  

    Arsalan M, Woitek F et al (2012) Distribution of cardiac stem cells in the human heart. ISRN 
Cardiol 2012:483407  

    Bearzi C, Rota M et al (2007) Human cardiac stem cells. Proc Natl Acad Sci U S A 104(35):
14068–14073  

    Beltrami AP, Urbanek K et al (2001) Evidence that human cardiac myocytes divide after myocar-
dial infarction. N Engl J Med 344:1750–1757  

       Beltrami AP, Barlucchi L et al (2003) Adult cardiac stem cells are multipotent and support 
 myocardial regeneration. Cell 114:763–776  

        Bergmann O, Bhardwaj RD et al (2009) Evidence for cardiomyocyte renewal in humans. Science 
324:98–102  

     Bersell K, Arab S et al (2009) Neuregulin1/ErbB4 signaling induces cardiomyocyte proliferation 
and repair of heart injury. Cell 138:257–270  

      Bolli R, Chugh AR et al (2011) Cardiac stem cells in patients with ischaemic cardiomyopathy 
(SCIPIO): initial results of a randomised phase 1 trial. Lancet 378:1847–1857  

    Boström P, Mann N et al (2010) C/EBPβ controls exercise-induced cardiac growth and protects 
against pathological cardiac remodeling. Cell 143:1072–1083  

    Buckingham M, Montarras D (2008) Skeletal muscle stem cells. Curr Opin Genet Dev 18:
330–336  

2 Understanding Tissue Repair Through the Activation of Endogenous…



46

    Chien KR, Olson EN (2002) Converging pathways and principles in heart development and 
 disease: CV@CSH. Cell 110:153–162  

     Chimenti C, Kajstura J et al (2003) Senescence and death of primitive cells and myocytes lead to 
premature cardiac aging and heart failure. Circ Res 93:604–613  

    Chong JJ, Chandrakanthan V et al (2011) Adult cardiac-resident MSC-like stem cells with a 
 proepicardial origin. Cell Stem Cell 9:527–540  

    Chugh AR, Beache GM et al (2012) Administration of cardiac stem cells in patients with ischemic 
cardiomyopathy: the SCIPIO trial: surgical aspects and interim analysis of myocardial function 
and viability by magnetic resonance. Circulation 126:S54–S64  

    Crottogini A, Meckert PC et al (2003) Arteriogenesis induced by intramyocardial vascular endo-
thelial growth factor 165 gene transfer in chronically ischemic pigs. Hum Gene Ther 14(14):
1307–1318  

    Eisenberg CA, Burch JB et al (2006) Bone marrow cells transdifferentiate to cardiomyocytes when 
introduced into the embryonic heart. Stem Cells 24:1236–1245  

     Ellison GM, Torella D et al (2007a) Myocyte death and renewal: modern concepts of cardiac 
 cellular homeostasis. Nat Clin Pract Cardiovasc Med 4(suppl 1):S52–S59  

      Ellison GM, Torella D et al (2007b) Acute beta-adrenergic overload produces myocyte damage 
through calcium leakage from the ryanodine receptor 2 but spares cardiac stem cells. J Biol 
Chem 282:11397–11409  

    Ellison GM, Torella D et al (2009) Use of heterologous non-matched cardiac stem cells (CSCs) 
without immunosuppression as an effective regenerating agent in a porcine model of acute 
myocardial infarction. Eur Heart J 30(Abstract Supplement):495  

    Ellison GM, Galuppo V et al (2010) Cardiac stem and progenitor cell identifi cation: different 
markers for the same cell? Front Biosci 2:641–652  

          Ellison GM, Torella D et al (2011) Endogenous cardiac stem cell activation by insulin-like growth 
factor-1/hepatocyte growth factor intracoronary injection fosters survival and regeneration of 
the infarcted pig heart. J Am Coll Cardiol 58(9):977–986  

    Ellison GM, Waring CD et al (2012a) Physiological cardiac remodelling in response to endurance 
exercise training: cellular and molecular mechanisms. Heart 98:5–10  

    Ellison GM, Nadal-Ginard B et al (2012b) Optimizing cardiac repair and regeneration through 
activation of the endogenous cardiac stem cell compartment. J Cardiovasc Transl Res 5(5):
667–677  

     Ellison GM, Vicinanza C et al (2013) Adult c-kit(pos) cardiac stem cells are necessary and suffi -
cient for functional cardiac regeneration and repair. Cell 154:827–842  

    Formiga FR, Pelacho B et al (2010) Sustained release of VEGF through PLGA microparticles 
improves vasculogenesis and tissue remodeling in an acute myocardial ischemia-reperfusion 
model. J Control Release 147(1):30–37  

    Fransioli J, Bailey B et al (2008) Evolution of the c-kit-positive cell response to pathological chal-
lenge in the myocardium. Stem Cells 26(5):1315–1324  

    Henry TD, Annex BH et al (2003) The VIVA trial: vascular endothelial growth factor in ischemia 
for vascular angiogenesis. Circulation 107(10):1359–1365  

    Hofmann M, Wollert KC et al (2005) Monitoring of bone marrow cell homing into the infarcted 
human myocardium. Circulation 111:2198–2202  

     Hsieh PC, Segers VF et al (2007) Evidence from a genetic fate-mapping study that stem cells 
refresh adult mammalian cardiomyocytes after injury. Nat Med 13(8):970–974  

    Huang XP, Sun Z et al (2010) Differentiation of allogeneic mesenchymal stem cells induces 
 immunogenicity and limits their long-term benefi ts for myocardial repair. Circulation 122:
2419–2429  

    Hunter JJ, Chien KR (1999) Signaling pathways for cardiac hypertrophy and failure. N Engl J Med 
341:1276–1283  

    Janssens S (2010) Stem cells in the treatment of heart disease. Annu Rev Med 61:287–300  
    Jessup M, Brozena S (2003) Heart failure. N Engl J Med 348:2007–2018  
    Jesty SA, Steffey MA et al (2012) c-kit+ precursors support postinfarction myogenesis in the neo-

natal, but not adult, heart. Proc Natl Acad Sci U S A 109(33):13380–13385  

I. Aquila et al.



47

    Kahan BD (2011) Fifty years in the vineyard of transplantation: looking back. Transplant Proc 
43:2853–2859  

    Kajstura J, Rota M et al (2012) Cardiomyogenesis in the aging and failing human heart. Circulation 
126:1869–1881  

    Kasasbeh E, Murphy A et al (2011) Neuregulin-1β improves cardiac remodeling after myocardial 
infarction in swine. Circulation 124:Abstract 15531  

    Kattman SJ, Huber TL et al (2006) Multipotent fl k-1+ cardiovascular progenitor cells give rise to 
the cardiomyocyte, endothelial, and vascular smooth muscle lineages. Dev Cell 11:723–732  

    Kopp JL, Dubois CL et al (2011) Progenitor cell domains in the developing and adult pancreas. 
Cell Cycle 10:1921–1927  

    Kotton DN (2012) Next generation regeneration: the hope and hype of lung stem cell research. Am 
J Respir Crit Care Med 185(12):1255–1260  

    Kühn B, Del Monte F et al (2007) Periostin induces proliferation of differentiated cardiomyocytes 
and promotes cardiac repair. Nat Med 13:962–969  

    Lafl amme MA, Murry CE (2011) Heart regeneration. Nature 473:326–335  
    Laugwitz KL, Moretti A et al (2005) Postnatal isl1+ cardioblasts enter fully differentiated cardio-

myocyte lineages. Nature 433:647–653  
    Linke A, Müller P et al (2005) Stem cells in the dog heart are self-renewing, clonogenic, and mul-

tipotent and regenerate infarcted myocardium, improving cardiac function. Proc Natl Acad Sci 
U S A 102(25):8966–8971  

    Loffredo FS, Steinhauser ML et al (2011) Bone marrow-derived cell therapy stimulates endoge-
nous cardiomyocyte progenitors and promotes cardiac repair. Cell Stem Cell 8:389–398  

      Makkar RR, Smith RR et al (2012) Intracoronary cardiosphere-derived cells for heart regeneration 
after myocardial infarction (CADUCEUS): a prospective, randomised phase 1 trial. Lancet 
379:895–904  

      Malliaras K, Li TS et al (2012) Safety and effi cacy of allogeneic cell therapy in infarcted rats 
transplanted with mismatched cardiosphere-derived cells. Circulation 125:100–112  

    Martin CM, Meeson AP et al (2004) Persistent expression of the ATP-binding cassette transporter, 
Abcg2, identifi es cardiac SP cells in the developing and adult heart. Dev Biol 265:262–275  

     Matsubara H, Kyoto Prefectural University School of Medicine (2012) AutoLogous human 
cardiac- derived stem cell to treat ischemic cardiomyopathy (ALCADIA). ClinicalTrials.gov. 
Available from: http://clinicaltrials.gov/ct2/show/NCT 00981006  

    Matsuura K, Nagai T et al (2004) Adult cardiac Sca-1-positive cells differentiate into beating 
 cardiomyocytes. J Biol Chem 279:11384–11391  

     Medicetty S, Wiktor D et al (2012) Percutaneous adventitial delivery of allogeneic bone marrow 
derived stem cells via infarct related artery improves long-term ventricular function in acute 
myocardial infarction. Cell Transplant 21(6):1109–1120  

      Messina E, De Angelis L et al (2004) Isolation and expansion of adult cardiac stem cells from 
human and murine heart. Circ Res 95(9):911–921  

    Moretti A, Caron L et al (2006) Multipotent embryonic isl1+ progenitor cells lead to cardiac, 
smooth muscle, and endothelial cell diversifi cation. Cell 127:1151–1165  

    Nadal-Ginard B (1978) Commitment, fusion and biochemical differentiation of a myogenic cell 
line in the absence of DNA synthesis. Cell 15:855–864  

      Nadal-Ginard B, Kajstura J et al (2003) Myocyte death, growth, and regeneration in cardiac hyper-
trophy and failure. Circ Res 92:139–150  

    Oh H, Taffet GE et al (2001) Telomerase reverse transcriptase promotes cardiac muscle cell prolif-
eration, hypertrophy, and survival. Proc Natl Acad Sci U S A 98:10308–10313  

    Oh H, Bradfute SB et al (2003) Cardiac progenitor cells from adult myocardium: homing, differ-
entiation, and fusion after infarction. Proc Natl Acad Sci U S A 100:12313–12318  

    Orlic D, Kajstura J et al (2001) Bone marrow cells regenerate infarcted myocardium. Nature 
410:701–705  

     Penn MS, Ellis S et al (2012) Adventitial delivery of an allogeneic bone marrow-derived adherent 
stem cell in acute myocardial infarction: phase I clinical study. Circ Res 110:304–311  

2 Understanding Tissue Repair Through the Activation of Endogenous…



48

     Quaini F, Urbanek K et al (2002) Chimerism of the transplanted heart. N Engl J Med 346:5–15  
    Quevedo HC, Hatzistergos KE et al (2009) Allogeneic mesenchymal stem cells restore cardiac 

function in chronic ischemic cardiomyopathy via trilineage differentiating capacity. Proc Natl 
Acad Sci U S A 106:14022–14027  

    Ranganath SH, Levy O et al (2012) Harnessing the mesenchymal stem cell secretome for the treat-
ment of cardiovascular disease. Cell Stem Cell 10:244–258  

     Rasmussen TL, Raveendran G et al (2011) Getting to the heart of myocardial stem cells and cell 
therapy. Circulation 123:1771–1779  

    Reule S, Gupta S (2011) Kidney regeneration and resident stem cells. Organogenesis 7:135–139  
    Robinton DA, Daley GQ (2012) The promise of induced pluripotent stem cells in research and 

therapy. Nature 481:295–305  
     Roger VL (2013) Epidemiology of heart failure. Circ Res 113:646–659  
    Rountree CB, Mishra L et al (2012) Stem cells in liver diseases and cancer: recent advances on the 

path to new therapies. Hepatology 55:298–306  
      Senyo SE, Steinhauser ML et al (2013) Mammalian heart renewal by pre-existing cardiomyocytes. 

Nature 493:433–436  
    Smart N, Bollini S et al (2011) De novo cardiomyocytes from within the activated adult heart after 

injury. Nature 474:640–644  
    Soonpaa MH, Field LJ (1998) Survey of studies examining mammalian cardiomyocyte DNA syn-

thesis. Circ Res 83:15–26  
    Srivastava D, Ivey KN (2006) Potential of stem-cell-based therapies for heart disease. Nature 

441:1097–1099  
    Suh H, Deng W et al (2009) Signaling in adult neurogenesis. Annu Rev Cell Dev Biol 

25:253–275  
    Terzic A, Nelson TJ (2010) Regenerative medicine advancing health care 2020. J Am Coll Cardiol 

55:2254–2257  
     Torella D, Rota M et al (2004) Cardiac stem cell and myocyte aging, heart failure, and insulin-like 

growth factor-1 overexpression. Circ Res 94:514–524  
      Torella D, Ellison GM et al (2006a) Resident human cardiac stem cells: role in cardiac cellular 

homeostasis and potential for myocardial regeneration. Nat Clin Pract Cardiovasc Med 3(suppl 1):
S8–S13  

    Torella D, Ellison GM et al (2006b) Biological properties and regenerative potential, in vitro and 
in vivo, of human cardiac stem cells isolated from each of the four chambers of the adult human 
heart. Circulation 114:87  

      Torella D, Ellison GM et al (2007) Resident cardiac stem cells. Cell Mol Life Sci 64:661–673  
    Urbanek K, Quaini F et al (2003) Intense myocyte formation from cardiac stem cells in human 

cardiac hypertrophy. Proc Natl Acad Sci U S A 100:10440–10445  
    Urbanek K, Torella D et al (2005) Myocardial regeneration by activation of multipotent cardiac 

stem cells in ischemic heart failure. Proc Natl Acad Sci U S A 102:8692–8697  
    Wadugu B, Kühn B (2012) The role of neuregulin/ErbB2/ErbB4 signaling in the heart with special 

focus on effects on cardiomyocyte proliferation. Am J Physiol Heart Circ Physiol 302(11):
H2139–H2147  

       Waring CD, Vicinanza C et al (2012) The adult heart responds to increased workload with physi-
ologic hypertrophy, cardiac stem cell activation, and new myocyte formation. Eur Heart J. Oct 
25. [Epub ahead of print] PMID: 23100284  

    Wu SM, Fujiwara Y et al (2006) Developmental origin of a bipotential myocardial and smooth 
muscle cell precursor in the mammalian heart. Cell 127:1137–1150  

    Wu J, Zeng F et al (2011) Infarct stabilization and cardiac repair with a VEGF-conjugated, 
 injectable hydrogel. Biomaterials 32(2):579–586  

    Yamanaka S (2007) Strategies and new developments in the generation of patient-specifi c 
 pluripotent stem cells. Cell Stem Cell 1:39–49  

    Zaruba MM, Soonpaa M et al (2010) Cardiomyogenic potential of C-kit(+)-expressing cells 
derived from neonatal and adult mouse hearts. Circulation 11:121(18)    

I. Aquila et al.



http://www.springer.com/978-3-319-03571-0


