Chapter 2
Resident Cardiac Progenitor Cells

Ayelet Itzhaki-Alfia and Jonathan Leor

Abstract Resident cardiac stem/progenitor cells are implicated in cell replace-
ment, repair and maintenance of the myocardium. These cells are already com-
mitted to a specific cardiomyogenic pathway. Stimulation of these cells in injured
hearts can open new options in cardiovascular regenerative medicine, and advance
our approach to patients with end-stage heart failure. This chapter reviews some of
the recent discoveries in the field of resident cardiac stem/progenitor cells, focusing
first on human cardiac stem cell characteristics and reparative potential, including
the concept of myocardial regeneration. In addition, we will briefly review recent
clinical trials, controversies and unresolved issues.

Stem Cells can be Used to Replace Lost and Damaged Cells

Replacement of dead or dysfunctional cardiac myocytes through cell-based thera-
pies represents a novel option for the treatment of cardiovascular diseases. Stem
cell-based therapies may achieve true cardiac regeneration by renewing the pool
of cardiomyocytes or may lead to cardiac repair by stimulating neovascularization,
cytoprotection, modulation of inflammation and by extracellular matrix deposition
(Laflamme and Murry 2005, 2011).

There are several approaches for the use of stem cells in cardiovascular thera-
pies. The primary strategy is cell therapy that increases the number of functional
cardiomyocytes in the infarcted myocardium by cell transplantation, which entails
the delivery of a volume or mass of cells to the damaged tissue. The implanted cells
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may have the potential for growth, self-repair and remodeling by forming new car-
diac tissue (Etzion et al. 2001; Leor et al. 1996). Such an approach can be divided
into two treatment strategies: the first uses differentiated cells to replace the scar
tissue with living cells, while the second uses undifferentiated stem cells as building
blocks to grow specific types of tissue in situ, in an attempt to regenerate the myo-
cardium (Penn et al. 2002; Zimmet and Krum 2008). Stem cells could be used to
replace lost or damaged cells, if they possess the capacity to produce a large number
of specific cell types in situ or ex vivo for transplantation.

Adult Stem Cells are Involved in Tissue Replacement,
Repair and Maintenance

Adult stem cells, which can be found in adult tissue, are involved in tissue replace-
ment, repair and maintenance, and are already committed to a specific developmen-
tal pathway. Usually they generate cell types already present in the same tissue from
which they are derived. These cells are multi-potent and have the potential to de-
velop into several, but not all cells types (Passier and Mummery 2003). Adult stem
cells include bone marrow cells (Orlic et al. 2001), haemopoietic stem cells (HSC)
(Muller-Sieburg et al. 2002), endothelial progenitor cells (EPCs) (Asahara et al.
1999), mesenchymal stem cells (MSCs), and resident cardiac stem cells (Smith
et al. 2007; Messina et al. 2004; Oh et al. 2003; Urbanek et al. 2003).

Cells for Cardiovascular Regenerative Therapy

The optimal cells for human myocardial regeneration should be autologous, capable
of differentiating into all adult heart cell types, without forming tumors. Various
cells proposed to be beneficial for myocardial regeneration are shown in Table 2.1.

Compared with adult stem cells, human embryonic (hES) stem cells and induced
pluripotent stem cells (iPS) are more flexible and versatile, and can differentiate into
almost every type of cell in the human body. They are capable of almost unlimited
division and proliferation, can be grown fairly easily and produce large numbers of
stem cells in vitro. In contrast, most adult stem cells do not multiply readily after
isolation, which is a major problem in stem cell replacement therapies. Since adult
stem cells can differentiate into only a limited number of cell types, their versatility
for therapy is limited. Within this property, however, lies a major advantage: such
cells are committed and do not form tumors. Adult stem cells have another advan-
tage over ES cells in cardiovascular regenerative medicine (see Table 2.1). They are
autologous and do not carry the risk of rejection or the need for immunosuppressive
therapy connected with adverse effects. However, all of these cell sources and their
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Table 2.1 Advantages and limitations of various cell sources for myocardial repair

Autologous Easily Highly Cardiac Clinical Safety
obtainable expandable = myogenesis experience concerns
Human embryonic No No Yes Yes No Yes
stem cells
Mesenchymal stem Yes No Dependson  ? Yes No
cells age
Crude bone mar-  Yes Yes Dependson  ? Yes No
row cells age
Cardiac stem cells  Yes No Depends on  Yes Yes ?
the method
iPS Yes No No Yes No Yes

mechanisms need further research to achieve improvements in therapies. Despite
significant advances in stem cell biology, the best cell type and delivery strategy
remains to be defined. It is possible that different diseases require different cells for
optimal therapy.

Human Heart Regeneration

The question of whether human hearts are able to regenerate has been the subject
of furious debate for several years. However, data gathered in the last decade have
suggested that the human heart has self-renewal potential. For example, in hearts of
patients who died after myocardial infarction (MI), 4 and 1% of myocytes, in the
border zone and remote area, are positive for the cell proliferation marker Ki-67
(Beltrami et al. 2001). Some Ki-67-positive cells, however, were also present in
control hearts, suggesting that myocyte proliferation not only occurs during life but
is further enhanced following injury (Beltrami et al. 2001). It has been estimated
that muscle cells of the entire heart are replaced every 4.5 years (Anversa et al.
20006).

Another method to estimate the turnover of human cardiomyocytes utilized '*C
levels in the nucleus as a age biomarker (Bergmann et al. 2009). Due to nuclear
testing, atmospheric levels of '“C have been increased, and '“C has spread around
the world as '*CO, However, following the nuclear test ban in 1963, atmospheric
14C levels gradually declined. Because “C is incorporated into the DNA of dividing
cells, and DNA remains stable after its last division, '“C concentration in DNA mir-
rors the atmospheric levels of '“C at the time of its last division, and therefore can
be used to determine the age of human cells (Spalding et al. 2005). Mathematical
calculations estimated that ~1 and ~0.4 % of myocytes are renewed every year at
the ages of 20 and 80, leading to the estimation that ~45 % of myocytes are replaced
during a normal human life span (Spalding et al. 2005; Bergmann et al. 2009)
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The reason for the difference between the two studies is unclear. Ki-67 label-
ing may over-estimate cardiomyocyte proliferation because cardiomyocytes some-
times undergo DNA synthesis without nuclear division, or nuclear division without
cytokinesis. It is also unclear from these studies whether the newly formed myo-
cytes are derived from pre-existing myocytes or from human cardiac progenitor
cells (hCPCs). Genetic fate-mapping studies in mice have suggested that cardio-
myocyte renewal following myocardial injury originate from either resident CPCs,
(Hsieh et al. 2007) or cardiomyocyte dedifferentiation and proliferation (Porrello
et al. 2011; Kubin et al. 2011). Nonetheless, recent human specimen studies pro-
vide evidence that the human heart retains self-renewal capacity, but with a low
frequency.

Human Resident Cardiac Stem Cells for Myocardial
Regeneration and Repair

The discovery that the adult mammalian heart contains a small pool of stem cells
has generated a new field in cardiac regenerative medicine. These specific sub-
populations of hCPCs are involved in cell replacement, repair and maintenance of
the myocardium, cardiac cellular homeostasis during aging and possess stem cell
characteristics.

Surprisingly, different researchers have described different markers and pheno-
types of hCPCs (Table 2.2). These markers and cell types include c-Kit-positive
cells (CD117, the receptor for stem cell factor) (Bearzi et al. 2007), cardiospheres
(Messina et al. 2004), cardiosphere-derived cells (Smith et al. 2007), stem cell an-
tigen (Sca)-1-positive cells (Morrison et al. 1997), islet 1-positive cells (Laugwitz
et al. 2005), stage-specific embryonic antigen 1-positive cells (Pouly et al. 2008;
Ott et al. 2007) and Wtl epicardial-derived cells (Zhou et al. 2008).

A. P. Beltrami (Beltrami et al. 2003, 2001) from the Anversa group was the
first to isolate and grow CPCs from rat heart. C. Bearzi (Bearzi et al. 2007) from
the Anversa group was the first to report that human cardiac stem cells (hCSCs),
isolated from human biopsies, were positive for c-kit, a stem cell growth factor re-
ceptor, also known as CD117. The c-kit receptor was originally detected in murine
HSCs with ability to restore bone marrow in irradiated recipients (Orlic et al. 1993).
Anversa et al. showed a major contribution of c-kit progenitor cells to cardiomyo-
genesis during embryonic development (Ferreira-Martins et al. 2012), aging (Tang
et al. 2010), and after myocardial infarction (Beltrami et al. 2003). Furthermore,
c-kit is re-expressed in dedifferentiated cardiomyocytes during myocardial regen-
eration (Kubin et al. 2011)

Another proposed marker of CPC population is the insulin gene enhancer protein
Islet-1, a marker of the secondary heart field that is involved in embryonic heart
formation, gives rise to the outflow tract and ventricles. K.-L. Laugwitz (Laugwitz
et al. 2005) was the first to find cardioblasts, Islet-1+ progenitor cells, isolated from
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pediatric surgery. Those cells were cultured on cardiac mesenchymal feeder lay-
ers and were positive to early cardiac mesoderm markers (Nkx2.5 and GATA-4).
Finally, while previous groups described cultured CPCs as adherent cells, Messina
et al. described human cardiospheres: suspension of cells obtained from human
myocardial biopsy samples (Messina et al. 2004). Thus, the markers that phenotype
the hCPC population are varied among different researchers.

The anatomical source of hCPCs in the heart is an important factor in under-
standing their role in maintaining cardiac homeostasis and therapeutic potential.
Pouly et al. conducted a histopathological study analyzing tissue samples from
biopsies of a right-sided septum from heart-transplanted patients, and right atrial
appendage specimens from patients with ischemic cardiomyopathy (Pouly et al.
2008). They found higher amounts of c-kit* cells in septal biopsies compared with
those of the right atrial appendage. However, the septal biopsies were taken from
heart transplant patients, a third of whom had some degree of rejection and were on
immunosuppressive therapy. When we compared cell cultures from tissue derived
from various patients and analyzed the data, multi-variant models were incorpo-
rated to eliminate potential differences in baseline characteristics. This showed that
the number of cultured c-kit* cells produced from the right atrium was 5 fold higher
than from other sources (Itzhaki-Alfia et al. 2009).

An Efficient and Reproducible Enzymatic Protocol
to Isolate HCPCs

Each group in the field worked so far with a different isolation method and differ-
ent tissue sources. The cell yield and cluster formation were different with each
of the techniques used for cell isolation. Methods to isolate hCPCs include enzy-
matic (Goumans et al. 2008; Laugwitz et al. 2005; Bearzi et al. 2007; Argentin
et al. 1994; Parker et al. 1990a, b; Zhou et al. 2000; Itzhaki-Alfia et al. 2009) and
non-enzymatic approaches (Smith et al. 2007; Messina et al. 2004). Using the en-
zymatic approach, researchers used various enzymes to dissociate the cells from
the myocardial specimens. Then, stem cells were isolated from the dissociated cells
with a magnetic cell sorter using antibodies against stem cell markers, such as c-kit
(Bearzi et al. 2007). However, the cell yield was low and required several months
to grow a sufficient number of cells for potential therapeutic applications (Argentin
et al. 1994; Parker et al. 1990a, b; Zhou et al. 2000; Forrester et al. 2009). In the
non-enzymatic method, tissue samples were seeded, allowing for the spontaneous
outgrowth of cells which could then be harvested as cell aggregates in suspension,
e.g. cardiospheres (Messina et al. 2004).

We improved the technology and developed an enzymatic digestion cocktail
as well as an efficient and reproducible protocol to isolate c-kit* hCPCs from di-
verse tissue samples (Itzhaki-Alfia et al. 2009). Compared with other methods
(Argentin et al. 1994; Parker et al. 1990a, b; Zhou et al. 2000; Table 2.3), our method
has a near 100 % success rate in isolating hCPCs (Itzhaki-Alfia et al. 2009). During
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Table 2.3 Isolation methods used to dissociate human heart tissue

Technique used Researchers  Percentage of Living/ The amount of
tissue that yielded dead cell viable cells per gram
progenitor cells  ratios tissue

RDB proteolytic enzyme  (Shneyvays  No data Nodata  No data

(Institute of Biology, et al. 1998)
Nes-Ziona,lIsrael)
Collagenase (Bearzietal. 8of12 Nodata  No data
2007)
Explanted technique (Bearzietal. 46 of 70 Nodata 6,000
2007)
Explanted technique (Smithetal. 69 of 70 Nodata  No data
2007)
0.1% trypsin, 0.1 % (Parker et al. No data Nodata  No data
collagenase, 0.025 % 1990b)
DNAase

Trypsin-EDTA 0.25% and  (Itzhaki-Alfia 249 of 249 95-98%  7x10°46.53x10%/g

dispase II et al. 2009) samples

our study we compared our method with different other methods, enzymatic diges-
tion cocktails and isolation protocols with respect to cell yield. Isolation methods
described in Table 2.3 were tested on human tissues, whereas these methods were
originally used to obtain cells from rodents, a fact which might explain the low yield
compared with our method.

Patient Characteristics and the Number of hCPCs

One of the most important challenges in the field of regenerative medicine is to
predict the yield of hCSC production from a specific patient. Previous reports corre-
lated increased numbers of CPCs in humans with aortic stenosis, acute and chronic
ischemia, and cardiomyopathies (Beltrami et al. 2001, 2003; Kajstura et al. 1998;
Urbanek et al. 2005b; Kubo et al. 2008). Together, these findings, which are con-
sistent with ours, support the notion that an endogenous reparative system is stimu-
lated in the injured heart (Hsieh et al. 2007).

Several studies have attempted to determine the correlation between patient
characteristics and hCPC yield. While it has been found that coronary artery dis-
ease does not affect CPC yield (Aghila Rani et al. 2009) the use of B-blockers was
positively associated with CPC percentage at first passage (Gambini et al. 2012).

We found that patients with hypertension had 2-fold greater percentage of c-
kit* cells in culture, compared with normotensive patients. No correlation was
found between medical therapy, including aspirin, ACE inhibitors, amiodarone or
statins and the number of c-kit" cells (Itzhaki-Alfia et al. 2009). Another intriguing
finding was that female gender is associated with a higher number of c-kit" cells
(Itzhaki-Alfia et al. 2009). Although the explanation for this finding is unclear, it
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is consistent with previous reports suggesting variability in stem cell function and
numbers between genders (Olivetti et al. 1995; Anversa et al. 2005; Nelson et al.
2007).

Previous work on stem cell aging in the adult heart has indicated that the cardiac
progenitor population undergoes an aging process, which could be attributed to
either telomere shortening-mediated cell senescence or cumulative cellular trauma
(Rota et al. 2008; Anversa et al. 2005; Sussman and Anversa 2004). Consequently,
histological analysis of myocardial tissue from elderly patients with cardiomyopa-
thy showed lower numbers of c-kit* cells compared with younger patients (Chi-
menti et al. 2003). It has been suggested that in older patients, stem cell isolation
from cardiac biopsies may not succeed, and such cells may not be available for cell
therapy (Aghila Rani et al. 2009). We found however, that age does not significantly
affect the number of hCPCs derived from myocardial specimens (Itzhaki-Alfia et al.
2009), a finding consistent with other researchers who suggest that chronological
age is not necessarily the main determinant of hCPC functionality and frequency
(Rota et al. 2008). There are probably other background conditions that play an
important role in the physiology of hCPCs. An additional explanation is that in the
aged heart, hCPCs are probably located in certain regions within the myocardium
(e.g. the atrium) that retain significant amounts of telomerase-competent hCPCs
with long telomeres, which replicate in response to pathological states and partici-
pate in regeneration of damaged areas (Gonzalez et al. 2008).

Cardiac Progenitor Cells for Myocardial Repair

Stimulation of endogenous regenerative activity is an attractive strategy for myo-
cardial regeneration and repair. Regeneration can be achieved by stimulation of
self-renewal of cardiomyocytes or hCPCs in situ, with a drug or cytokine (Bock-
Marquette et al. 2004; Smart et al. 2007; Ruvinov et al. 2011). Alternatively, regen-
eration can be achieved by ex vivo propagation of hCPCs followed by transplanta-
tion of the cells into the injured area (Fig. 2.1; Bearzi et al. 2007; Beltrami et al.
2003; Quaini et al. 2004).

Regeneration can be achieved by ex vivo proliferation of hCPCs. Small biopsies
of the myocardium can be digested by a proteolysis enzyme cocktail, followed by
proliferation and expansion in culture. In the final stage, these cells are transplanted
into the injured area. Regeneration can be also achieved by stimulation of endog-
enous cardiomyocytes or hCPCs in situ, by delivering to injured myocardium spe-
cific growth factors or cytokines.

Animal studies have suggested that transplantation of cells expressing c-kit into
the heart could stimulate formation of new blood vessels and myocardium (Beltra-
mi et al. 2003; Tang et al. 2010). Suspension culture of cells obtained from human
myocardial biopsy samples yields cardiospheres that contain a mixed population
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Fig. 2.1 Cardiac progenitor cells for myocardial regeneration and repair

of c-kit™ and Sca-1-expressing cells that could stimulate cardiac regeneration
(Chimenti et al. 2010).

Whether CSCs are superior to MSCs for myocardial regeneration is unknown.
However, a recent study found that hCSCs have a greater ability to engraft and
improve cardiac function compared with MSCs (Oskouei et al. 2012). When both
hCSCs and MSCs were separately injected into a mouse MI model, both cell types
improved ejection fraction, but MSCs required a higher dose (1 x 10°) compared
with CSCs (3.6 x 10* cells). Moreover, CSCs were superior in reducing scar tis-
sue. These results suggest enhanced engraftment of CSCs compared with MSCs
(Oskouei et al. 2012).

To become a viable clinical option, cardiac cell therapy should adopt improved
methods of cell engraftment and survival. These improvements can be done by the
addition of growth factors (Takehara et al. 2008; Penn and Mangi 2008), genetic en-
gineering (Mohsin et al. 2012), and restoration of the damaged extracellular matrix
with scaffolds or injectable biomaterials (Ruvinov et al. 2011; Landa et al. 2008).
Alternatively, resident CPCs could be activated in situ by delivering specific growth
factors or cytokines to injured myocardium. For example, local delivery of bioti-
nylated IGF-1 complex increased cardiomyocyte growth both in vitro and in vivo
(Davis et al. 2006; D’ Amario et al. 2011). Another approach for CSC stimulation
was achieved by co-culturing them together with MSCs (Hatzistergos et al. 2010).
The number of c-kit CSCs was then 6-fold higher than in CSCs cultured without
MSCs (Hatzistergos et al. 2010).
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From Bench to Bedside: hCSCs and Cardiospheres
in Clinical Trials

The encouraging results of CPCs in animal models led to the initiation of first
in man” clinical trials: ALCADIA (NCT00981006), SCIPIO (NCT00474461), and
CADUCEUS (NCT00893360). Preliminary results have recently been published
from the SCIPIO and CADUCEUS trials (Makkar et al. 2012; Bolli et al. 2011).
Both were designed to assess the feasibility and safety of intracoronary injection
of autologous hCPCs (1 million in the SCIPIO, and 12.5-25 million cells in the
CADUCEUS) after recent infarction. The SCIPIO study (Bolli et al. 2011) involved
c-kit-expressing cells cultured from explanted atrial tissue, whereas the CADU-
CEUS study (Makkar et al. 2012) involved cardiospheres cultured from biopsies
obtained from inter-ventricular septum. Both studies reported on safety and reduc-
tion in myocardial scar mass following cell treatment, but only the SCIPIO trial
reported improvement in left ventricular ejection fraction. These preliminary results
should be viewed with caution, since the number of patients in the treatment group
of each study was small (16 in SCIPIO and 17 in CADUCEUS), and neither study
included a true placebo group. Many questions are raised following these prelimi-
nary trials. Nevertheless, these trials on hCPC treatment for ischemic heart failure
established a milestone in the history of cardiac cell therapy.

Unresolved Issues

Substantial gaps remain in our knowledge regarding hCPCs and the mechanisms
by which they might promote regeneration. First, the existence and regenerative
potential of hCPCs in the adult heart has been questioned and debated. Second, no
consensus exists relating to phenotype definition or isolation technique of these
populations, many of which have not been compared. Third, genetic fate mapping,
a stringent scientific technique used to establish the derivatives of a progenitor cell
population, suggests that c-kit-positive cells and cardiospheres do not differentiate
into cardiomyocytes (Zaruba et al. 2010). In mice, c-kit-positive cells derived from
bone marrow stimulate cardiomyocyte renewal after infarction without direct trans-
differentiation (Loffredo et al. 2011). This effect might be attributable to paracrine
factors released by the implanted cells on a distinct population of endogenous car-
diac cells (Hatzistergos et al. 2010). While advanced age and heart disease did not
affect the number of hCPCs (Itzhaki-Alfia et al. 2009), the effect on hCPC function
and reparative properties is less clear. Finally, the adoptive transfer of hCSCs results
in modest repair due in part to lack of survival, proliferation, and commitment of the
transplanted cells after MI.
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Summary and Perspective

The area of resident hCPCs is still in its infancy and significant amounts of data
regarding the characterization and function of these cells are lacking. However, data
from several labs show that the adult human heart, especially the right atrium, re-
tains a unique cell population with stem cell properties. These cells can be isolated,
expanded and stored, and could be a viable option to treat patients with heart dis-
ease. Augmentation of endogenous regenerative activity in injured hearts will open
exciting new options in cardiovascular regenerative medicine, and revolutionize
our approach to patients with end-stage heart failure. Larger clinical trials, powered
to show clinically meaningful outcomes, are warranted to prove the safety and ef-
ficacy of these strategies.

Source of Funding This work was supported by an EC grant (FP7 HEALTH-
F2-2009-222995 INELPY) to JL.
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