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REVIEW ARTICLE

Cell therapy for ischaemic heart disease:
focus on the role of resident cardiac stem

cells

S.A.J. Chamuleau, K.R. Vrijsen, D.G. Rokosh, X.L. Tang, J.J. Piek, R. Bolli

Myocardial infarction results in loss of cardio-
myocytes, scar formation, ventricular remodelling,
and eventually heart failure. In recent years, cell
therapy has emerged as a potential new strategy
for patients with ischaemic heart disease. This
includes embryonic and bone marrow derived stem
cells. Recent clinical studies showed ostensibly
conflicting results of intracoronary infusion of
autologous bone marrow derived stem cells in pa-
tients with acute or chronic myocardial infarction.
Anyway, these results have stimulated additional
clinical and pre-clinical studies to further enhance
the beneficial effects of stem cell therapy. Recently,
the existence of cardiac stem cells that reside in the
heart itself was demonstrated. Their discovery has
sparked intense hope for myocardial regeneration
with cells that are obtained from the heart itself
and are thereby inherently programmed to recon-
stitute cardiac tissue. These cells can be detected
by several surface markers (e.g. c-kit, Sca-1, MDRI,
Isl-1). Both % vitro and iz vive differentiation into
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cardiomyocytes, endothelial cells and vascular
smooth muscle cells has been demonstrated, and
animal studies showed promising results on im-
provement of left ventricular function. This review
will discuss current views regarding the feasibility
of cardiac repair, and focus on the potential role
of the resident cardiac stem and progenitor cells.
(Neth Heart ] 2009;17:199-207.)

Keywords: ischaemic heart disease, stem cell therapy,
regeneration, cardiac stem cell

yocardial infarction results in loss of cardiomyo-

cytes, scar formation, ventricular remodelling,
and eventually heart failure. Pharmacological, catheter-
based, and surgical interventions have led to improved
survival of patients with coronary artery disease,
although these techniques fail to regenerate dead
myocardium. Consequently, the reduced mortality is
accompanied by increased morbidity due to ischaemic
heart failure. In recent years, cell therapy has emerged
as a potential new strategy.! The ultimate goals of cell
therapy are myocardial regeneration and neovascular-
isation, leading to clinical improvement without severe
adverse effects. Important features of stem cells include
self renewal, clonogenicity, and ability to differentiate
into cardiomyocytes, endothelial cells and vascular
smooth muscle cells. Recent studies in animal models
of myocardial infarction have demonstrated that
various subsets of adult primitive cells can regenerate
functional cardiomyocytes with improvement in cardiac
structure and function. Small clinical trials using adult
bone marrow derived stem cell therapy in patients with
myocardial infarction and ischaemic cardiomyopathy
have recapitulated these beneficial effects in humans,
with infarct size reduction and improvement of cardiac
function. Recently, the existence of cardiac stem cells
that reside in the heart itself was demonstrated.? These
cells are capable of differentiation into both myocytes
and vascular cells, leading to functional improvement
in animal models of heart failure. Their discovery has
sparked intense hope for myocardial regeneration with
cells that are obtained from the heart itself and are
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thereby inherently programmed to reconstitute cardiac
tissue. This review will discuss current views regarding
the feasibility of cardiac repair, and focus on the
potential role of the resident cardiac stem and pro-
genitor cells.

Stem cells for cardiac repair

Several phenotypically distinct cell populations have
been utilised for cardiac regeneration, and the relative
merits of one cell over another remain to be de-
termined.! In general, totipotent (e.g., embryonic),
pluripotent (e.g., bone marrow mesenchymal stem
cells) and multipotent (e.g., tissue specific) stem cells
can be distinguished.** The last-mentioned have less
ability to differentiate than embryonic stem cells.
Embryonic stem cells have been shown to be able to
differentiate into cardiomyocytes and all cell lines
necessary for formation of new blood vessels.®®
However, aside from ethical issues, no clinical studies
using embryonic stem cells for myocardial regeneration
have been initiated because of the possibility of
teratoma formation.*’ On the other hand, it has been
shown that several pluripotent or somatic stem cells
are able to differentiate into cardiomyocytes and/or
lead to neovascularisation, e.g., haematopoetic (CD34*,
CD45%),'""!" mesenchymal (CD34", CD45)'*!* and
endothelial progenitor (CD133*) stem cells.'®®

Experimental evidence for cardiac repair using
stem cells

The first experimental evidence for cardiac repair was
provided by a unique observation by Quaini and col-
leagues. Analysis of post-transplant organs in recipients
of sex-mismatched heart transplantations indicated the
existence of a circulating pool of stem cells that is
capable of differentiation into myocytes, coronary
arterioles, and capillaries.”” Cases in which a male
patient received a heart from a female donor showed
that primitive cells translocated from the recipient to
the graft. The Y chromosome was used to detect
migrated undifferentiated cells expressing stem-cell
antigens (Sca-1, c-kit, MDR1), and to discriminate
between primitive cells derived from the recipient and
those derived from the donor. Y chromosome positive
myocytes made up 7 to 10% of those in the donor
hearts and were highly proliferative. These results
showed a high level of cardiac chimerism caused by
the migration of primitive cells from the recipient to
the grafted heart.

Next, Orlic and colleagues showed that trans-
plantation of bone marrow derived stem cells can lead
to a regenerative response in a mouse model of myo-
cardial infarction.! They used lineage-negative (Lin)
bone marrow cells from transgenic mice expressing
enhanced green fluorescent protein; cells were separated
by fluorescence-activated cell sorting on the basis of
c-kit expression. Nine days after transplantation, these
injected cells in the border zone of infarcted myo-
cardium led to newly formed myocardium that
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occupied a large area of the infarcted portion of the
ventricle. The developing tissue comprised both
proliferating myocytes and vascular structures. The
authors concluded that locally delivered bone marrow
cells can generate myocardium de novo, ameliorating
the outcome of coronary artery disease. Other groups
were not able to replicate these findings. Murry et al.
used a different strategy by studying a transgenic mouse
line with a reporter gene for the cardiac specific o-
myosin heavy chain (MHC-nLAC)."® Bone marrow
derived haematopoietic stem cells (lin, c-kit*) from
these transgenic mice were transplanted into infarcted
myocardium in non-transgenic, histocompatible re-
cipient mice. Although donor cells were detected in the
hearts, none of these cells had differentiated into
cardiomyocytes. They concluded that this failure of
transplanted stem cells to contribute to formation of
new cardiomyocytes may call into question the
mechanistic underpinnings of clinical trials. Surprising-
ly, the idea that clinical trials should be withheld on the
basis of a negative mouse study was editorialised.*
Fortunately, however, cardiologists did not heed this
exhortation and several trials of stem cells have been
performed in patients with ischaemic heart disease.

Clinical trials with bone marrow derived stem cells
Autologous cells should be used preferably for clinical
purposes to obviate tissue rejection. At present, bone
marrow is the most frequent source of cells used for
clinical studies in cardiac repair. The first clinical trial
(in ten patients) was reported in 2002.2° In 20006, three
large randomised clinical trials were published in the
New England Journal of Medicine: the ASTAMI,
REPAIR-AMI and TOPCARE-CHD trials.?*%* These
studies showed ostensibly conflicting results of intra-
coronary infusion of autologous bone marrow derived
stem cells in patients with acute or chronic myocardial
infarction, but the discrepancy is only apparent because
the ASTAMI study did not use optimal techniques to
preserve the function of bone marrow cells. A meta-
analysis of randomised and cohort studies showed a
significant increase in left ventricular ejection fraction
at four months of 2.3 to 3.7% (figure 1).24* Although
it has been suggested that this improvement is not
clinically important,?® many researchers in the field con-
sider these results encouraging, particularly since these
were only the first attempts. The results have stimulated
additional clinical and preclinical studies to further
enhance the beneficial effects of stem cell therapy. The
current debate on differences between clinical studies
and their results is focused on several parameters, such
as endpoint measurement (echocardiography versus
MRI), timing of cell delivery, and viability and /or
number of cells to be transplanted.??”3* Most of all,
the #ype of cell will determine the ultimate success of
stem cell therapy for ischaemic heart disease. In this
context, the recent discovery of cardiac stem cells that
reside in the heart is both important and very
promising.
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Study Control <—— Bone marrow —— Favours Favours WMD (random
N BaseEF AEF(SD) N BaseEF A EF(SD) control  treatment (95% Cl)
BoOST# 30 51.3 3.1(9.6) 30 50.0 5.9(8.9) - 2.8 (1.9-7.5)
ASTAMI?? 50 42.6 7.0(9.8) 50 41.3 8.1(11.2) — 1.1 (-3.0-5.2)
Janssens etal.®® 30 46.9 2.2(7.3) 30 485 3.4(6.9) e B —— 1.2 (2.4-4.8)
REPAIR-AMI?® 92 469 3.0(65) 95 483 55(7.3) —a— 2.5 (0.5-4.5)
TCT-STAMI™® 10 582 -1.9(5.9) 10 53.8 4.8(9.6) = P 6.7 (-0.3-13.7)
Total 212 215 - 2.3 (0.8-3.8)
10 5 0 5 10
Weighted Mean Difference of change in EF

Figuve 1. Estimation of the effect of intracovonary injection of non-mobilised bone marvow cells on LV ejection fraction after acute MI. Meta-
analysis including cuvvent vandomised controlled trials. Test for heterogeneity P=0.68 and test for overall effect P=0.002. Follow-up was
four months in the REPAIR-AMI trial® and in the study by Janssens et al.’ six months in the ASTAMI trial” and in the TCT-STAMI,*
and 18 months in the BOOST.* Base=baseline, EF=ejection fraction, D=change from baseline to follow-up, WMD=weighted mean difference.

(Adapted with permission from Hirsch et al.)*
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Resident cardiac stem cells

The heart has been classically considered a post-mitotic
organ. However, it has been suggested that a respons-
ive stem cell pool resides in the adult myocardium, and
may influence adaptation of the post-natal heart.3*3*
Recent studies have shown evidence for actual re-
generation by differentiation of stem cells into cardio-
myocytes.** % Although myocardial infarcts do not
regenerate spontaneously, the endogenous repair
mechanisms that are present in the heart can be
manipulated. Recently, adult cardiac stem cells (CSCs)
were discovered. These cells reside in the heart itself and
are inherently programmed to reconstitute cardiac
tissue. Indeed, resident CSCs have the ability to pro-
liferate and differentiate into cardiomyocytes, smooth
muscle cells, and endothelial cells.® It is suggested that
CSCs account for physiological turnover in absence of
injury. Thus, they have the potential to regenerate the
infarcted heart. For stem cell therapy, these cells need
to be harvested, cultured and delivered to the infarcted
heart. CSCs represent a logical source to exploit in
cardiac regeneration therapy because, unlike other
adult stem cells, they are intrinsically programmed to
generate cardiac tissue and to increase cardiac tissue
viability.

Characterisation of cardiac stem cells using
different surface markers

CSCs are undifferentiated cells, some of which express
transcription factors for early myocyte lineage (e.g.
Nkx2.5, GATA-4, MEF2). CSCs can be detected by
several surface markers (e.g. c-kit, Sca-1, MDRI, Isl-1).
None of these markers are specific for CSCs; they are
found in haematopoietic stem cells, but also in other
cell types. Whether these cells are true cardiac stem
cells remains to be ascertained. An issue of biological

Netherlands Heart Journal, Volume 17, Number 5, May 2009

and clinical relevance is whether newly formed
myocytes are derived from CSCs that accumulated in
the heart during early development, or are the progeny
of bone marrow stem cells that home to the myo-
cardium later in life. In favour of the first possibility is
the fact that c-kit* cells migrate during foetal growth
and form colonies in several organs, including the
heart. However, the carlier-mentioned study by Quaini
ct al. demonstrates that the heart contains ‘new heart
cells’ derived from the recipient of a donor heart."”
Chemotaxis of haematopoietic stem cells is modulated
by stem cell factor, which promotes their migration to
specific sites, suggesting that stem cells may have been
stored in the heart as remnants from the cardiac
primordia. Moreover, CSCs differ from other types of
stem cells as they are typically Lin, CD34 and CD45.
Endothelial progenitor cells, in addition to expressing
c-kit, are also positive for CD34. CD45 expression has
been considered a marker of haematopoietic specifi-
cation for even the most primitive stem cells.” Because
most c-kit* cells of bone marrow origin are also positive
for CD45 and other blood lineage markers, it is possible
that CSCs either represent a diftferent subpopulation
or they have resided in the myocardium long enough
to have lost the epitopes of the blood cell lineages.

Several groups have isolated and expanded un-
differentiated cells from adult heart tissue, based on
different stem cell and progenitor antigens and other
characteristics: c-kit*, sca-1*, side population cells, car-
diospheres, and Islet]* cardiac progenitor cells. 234046
These cells will be discussed hereafter; table 1 represents
their most important properties.

c-kit* cardiac stem cells

The tyrosine kinase receptor c-kit is the receptor for
stem cell factor and is important for proliferation,
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migration, differentiation, and secretion. Beltrami et al.
isolated cardiac stem cells from rat hearts (age 20-25
months), using c-kit antibody.? The isolated population
contained approximately 90% c-kit* cells. In general
these cells are negative for myocyte, endothelial and
smooth muscle cells and fibroblast cytoplasmatic
proteins. They did express markers for cardiac or
myocyte lineage (e.g. GATA-4, GATA-5, Nkx2.5 and
MEE2), whereas skeletal muscle, blood cell lineage and
neural markers were not detected (see also table 1). In
differentiation medium, these c-kit* cells expressed
signs of biochemical differentiation into either
myocytes, smooth muscle cells or endothelial cells.
Although they observed biochemical differentiation,
these changes did not result in a mature phenotype. In
vitro myocytes did not contain organised structures,
lacked the presence of sarcomers, and were not able to
contract spontaneously. However, when c-kit" lin" cells
were injected in the myocardium after infarction more
animals survived in the experimental group. The
injected cells multiplied and differentiated over time
giving rise to a regenerated myocardium. The

regenerated myocardium consisted of small myocytes,
capillaries, and arterioles resembling a neonatal myo-
cardium. The expression of many cardiac genes and
proteins could be detected in the newly formed
myocytes (table 1).

Recently, Bearzi and colleagues established conditions
for the isolation and expansion of c-kit-positive human
CSCs from small samples of myocardium.* Human
CSCs differentiated predominantly into cardiomyo-
cytes and, to a lesser extent, into smooth muscle cells
and endothelial cells. Potentially, these cells can be
isolated and expanded n vitro for subsequent auto-
logous regeneration of non vital myocardium in
patients affected by heart failure of ischaemic and non-
ischaemic origin, which is important for entering the
clinical arena.

Stem cell antigen-1 positive (Sca-1*) cardiac stem
cells

While Beltrami et al. made their selection based on
c-kit, other groups based the isolation of progenitor cells

Table 1. Overview of specific properties (e.g. stem cell markers, cardiac transcription factors) of different cardiac stem cells: c-kit*,

sca-1*, side population cells, cardiospheres, and Islet1* cardiac progenitor cells.

CSC type Ref Tissue Stem cell markers
Positive Negative
c-kit 2,4748 Rat CD34
Pig c-kit CD45
Human Lineage
Sca-1 36374146 Mouse Sca-1 ckit (+/-)
Human CD31 CD34
CD45
Lineage
Side population 334344 Mouse Abcg2 CD31
Sca-1 c-kit (low)
CD34 (low)
CD45(low)
Cardiospheres ~ 405% Mouse c-kit, CD34
Human Sca-1 Lineage
MDR
Islet-1 48 Neonatal lls-1 Sca-l
mouse c-kit
CD31

Cardiac Cardiac myocyte In vivo In vivo
specific TF gene* myocytic functional
(at isolation) (in vitro diff.) diff. studies
GATA4 o-sarcomeric actin, Yes Yes
GATAS cardiac myosin, (also into
MEF2C desmin, SMC, EC,
NKX2.5 connexin 43 fibroblast)
GATA4 Troponin |, Yes Yes
GATAS o-sarcomeric actin,
MEF2C cardiac myosin,
NKX2.5 MHC (o and B),
desmin, connexin 43
GATA4 Troponin, ND ND
MEF2C o-cardiac actinin
NKX2.5
GATA4 Troponin, ND Yes
o-MHC
NKX2.5 Troponin T, ND ND
GATA4 o-cardiac actinin

* Cardiac myocytic markers were negative at isolation. CSC=cardiac stem cell, TF= transcription factors, ND=not determined, diff=differentiation, MHC=myosin heavy

chain.
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on another stem cell marker, stem cell antigen (Sca-1).3*
It is involved in cell signalling and cell adhesion.
Schneider’s group isolated cardiac cells by using
magnetic anti-biotin microbeads recognising Scal*-
biotin labelled cells.** They could be grown and
subsequently differentiated, in the presence of 5-
azacytidine (5-aza) — a cytosine analogue, into cells
expressing cardiac genes and protein which were not
expressed initially. Sca-1* heart derived cells are small
interstitial cellsand CD31+, located adjacent to the basal
lamina. They do not express blood lineage markers,
c-kit, Flt-1, Flk-1, vascular endothelial cadherin, von
Willebrand factor and the haematopoietic stem cells
marker, CD45 and CD34 (table 1). Telomerase
activity is observed in Sca-1* cells, suggesting self
renewal capacity of these cells. Initially no cardiac
proteins are expressed but some cardiac transcription
factors could be detected. Upon stimulation with 5-
aza, cardiac genes and structural proteins were
expressed. In vivo studies were performed in an
ischaemia /reperfusion model in mice. Given intra-
venously, Sca-1* cells homed to injured myocardium.
By using a Cre /Lox donor/recipient pair, differenti-
ation was shown to an equal extent with and without
fusion to host cells.

Matsuura et al. also use Sca-1* cells.® They showed
that murine cardiac Sca-1* cells are able to differentiate
into spontaneously beating cardiomyocytes upon
oxytocin stimulation. Only a small number of cardiac
cells (0.3%) were Sca-1*, some of which expressed
CD45, CD34 and c-kit (40%, 10% and 10% respective-
ly). Two weeks after oxytocin stimulation, the majority
of Sca-1* cells were fast-replicating small round cells with
a high nucleus/cytoplasm ratio. Sca-1*/CD45" dit-
ferentiated into cardiomyocytes, and could also be
differentiated into other lineages (when stimulated in
a different environment) supporting the multipotent
potency of Sca-1* cells. The results indicated that
Sca-1* cells in the adult murine heart have potential as
stem cells and may contribute to the regeneration of
injured hearts.

Recently Goumans and Doevendans’ group reported
the isolation of a human progenitor cell based on
Sca-1.%4¢ Although Sca-1 has not been described in
humans, a mouse Sca-1 antibody is able to bind a
homogenous population in the foetal and adult human
heart. This population, defined as cardiomyocyte
progenitor cells (CMPC), could easily be expanded. So
far there are no data of iz vive studies using CMPCs,
but ¢z vitro results are promising since they were able
to differentiate into mature cardiomyocytes, and beat
spontancously upon 5-aza stimulation. Less than 15%
of the cultured Sca-1+ cells differentiated into myocytes,
which expressed organised sarcomers upon difterenti-
ation with absorbic acid. This effect was strongly
enhanced by adding TGF-B. Connexin 40 and 43 were
expressed on the cell membrane in a typical gap-
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junctional pattern, indicating coupling and com-
munication between differentiated CMPC, which is
essential for functional cardiomyocytes.

Side population cells

Another progenitor cell population is called side-
population (SP) cells. SP cells are found in several adult
tissues and are able to differentiate into organ specific
cells from the tissue in which they originate. Side
populations are isolated based on the expression of the
ATP binding cassette transporter, Abcg2, by effluxing
Hoechst 33342.*% Abcg2 is expressed in embryonic
cells indicating expression during development. Besides
in embryonic cells, Abcg2 could also be detected in
the developing and adult heart, which would suggest
that there is still a potential for development or
(re)generation in the adult heart.*® Cardiac SP cells
express several stem cell markers in different quantities
(Scal~, c-kit*) and they are CD31, CD34*and CD45
(table 1). After co-culturing with cardiac cells in cardio-
myocyte specific medium, cardiac SP are able to express
o-actin indicating cardiomyocyte differentiation. They
also express several transcriptional regulators involved
in cell-cycling (e.g. Notch and TGE-), suggesting a
self-renewal capacity as seen in ES. It has been
suggested that these SP cells function as a progenitor
cell population for the development, maintenance and
repair of the heart.*® In addition, Pfister et al. showed
that CD31"/Sca-1* SP cells represent a distinct cardiac
progenitor cell population that is capable of cardio-
myogenic differentiation into mature cardiomyocytes.*

Cardiospheres

In 2004, another cell population was isolated from
cardiac tissue which has the properties of cardiac stem
cells.* These self-adherent clusters of undifterentiated
cells were termed ‘cardiospheres’ and grow as self-
adherent clusters from subcultures of postnatal atrial
or ventricular human biopsy specimens and from
murine hearts. They are clonogenic, express stem and
endothelial progenitor cell antigens/markers, and
appear to have the properties of adult cardiac stem cells
(table 1). Both éz vitro and in vivo they differentiate
into the major specialised cell types of the heart:
myocytes (i.e., cells demonstrating contractile activity
and /or showing cardiomyocyte markers) and vascular
cells (i.e., cells with endothelial or smooth muscle
markers).

Isl-1* cells

In the hearts of newborn rodents and humans, CSCs
are found that do not express c-kit and sca-1.* They
are identified by the expression of the transcription
factor islet-1. They also express factors that are known
to be involved in the early stage of cardiogenesis (e.g.
Nkx2.5, GATA4) (table 1). When co-cultured with
neonatal myocytes, these cells were able to differentiate
and adopt the cardiomyocyte phenotype, including
electrical and contractile properties. The clinical
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application of Isl-1* cells seems limited, as they are
extremely scarce, and have so far only be detected in
neonatal tissues.

In vivo experiments with CSCs

Cardiac stem cells are expected to be introduced from
bench to bedside, as in vitro differentiation and
proliferation has been shown. Several studies have been
performed to document left ventricular improvement
in animal models of myocardial infarction; the results
on left ventricular ejection fraction are summarised in
figure 2. Beltrami injected 1x10° c-kit* cells or placebo
(PBS) in two border zone regions of a five-hour-old
myocardial infarction in rats (n=22).> These cells or
their progeny reconstituted myocardium formed of
new vessels and myocytes with the characteristics of
young cells, encompassing up to 70% of the ventricle,
as shown by BrdU labelling. Moreover, left ventricular
function at 20 days, as measured by echocardiography,
improved significantly as compared with the placebo
group (34+3 vs. 45£10%). Cell implantation also
reduced infarct size and LV dilation, increased wall
thickness and ejection fraction, and significantly
improved end-diastolic pressure, developed pressure

and dP/dt.

In a study by Dawn et al., rats (n=80) were subjected
to a 90-minute coronary occlusion and four hours of
reperfusion.®® In total, 1x10° c-kit* cells were infused
intracoronarily. At five weeks left ventricular function
had significantly improved as compared with the
control group (38.9+2 vs. 48.4+2%). They also showed
that CSCs were able to induce regeneration, and
decrease myocardial infarct size by 29%. Bolli’s group
also showed a marked improvement in a large animal
(porcine) model of myocardial infarction.* Thirty days
after intracoronary infusion of CSCs during cardiac
catheterisation, the left ventricular ejection fraction
improved significantly (42.9+2.3 vs. 51.7+2.0). These
studies indicate the clinical potential for the use of
CSCs.

Bearzi etal. used human CSC in immunodeficient
mice (n=25) and immunosuppressed rats (n=19).*
After myocardial infarction, these human cells were
able to generate a chimeric heart, which contained
human myocardium composed of myocytes, coronary
resistance arterioles and capillaries. It was structurally
and functionally integrated in the rodent heart, and
contributed to the cardiac performance, as shown by
echocardiography and haemodynamic measurements.
For instance, left ventricular ejection fraction at two
weeks was 46 compared with 31% in the control groups
without human CSC treatment.

Wang et al. investigated the role of Sca-1*/CD31
cardiac progenitor cells in a postinfarction model in
mice.*” Three weeks after transplantation, attenuated
functional decline and adverse structural remodelling
was seen in the infarcted mouse heart, as evidenced by
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Figure 2. Overview of animal studies evaluating the effect on left
ventricular ejection fraction at two to five weeks after CSCs thevapy
for myocardial infarction. X-axis: tested cells from adult heart
tissue, based on diffevent stem cell and progenitor antigens and
other chavactevistics. All these in vivo studies weve done in vodents,
except the study by Bolli et al.,” which was performed in pigs. For
other detnils see text. * p<0.05.

increased left ventricular ejection fraction, decreased
end-diastolic and systolic dimension, a significant
increase of myocardial neovascularisation, and modest
cardiomyocyte regeneration. Attenuation of left ven-
tricular remodelling was accompanied by remarkably
improved myocardial bioenergetic characteristics.
Importantly, cell transplantation with Sca-1" cells did
not attenuate left ventricular remodelling.

Smith et al. transplanted human derived cardio-
spheres into the borderzone of myocardial infarction
in immunodeficient mice.®* These cells were derived
from biopsy specimens in humans. After 20 days, the
percentage of viable myocardium within the infarct
zone was greater in the cardiosphere CSC-treated
group than in the control group; likewise, left ventricu-
lar ejection fraction was significantly higher in the
cardiosphere CSC-treated group (42.8+3.3% vs.
25.0£2.0% for control group).

In summary, thus far all animal studies published with
CSCs have shown a significant improvement in cardiac
performance at two to five weeks. The effects of CSC
transplantation in these animal studies on left ventricu-
lar ejection fraction after myocardial infarction are
summarised in figure 2. Additional trials in animal
models should elucidate the long-term effects and
safety of these cells in the setting of ischaemic heart
failure, prior to designing clinical trials.

Future directions

Several questions regarding cell therapy remain that
are of interest for ongoing and future research projects.
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First, the mechanism for clinical effects (i.e. improve-
ment of left ventricular function) remains un-
known.?>*? Do these cells have a true regenerative
capacity (i.e. new myocyte and blood vessel formation),
or are paracrine effects responsible? The Dutch
multicentre HEBE trial will potentially address this
issue. The trial has randomised 200 patients with acute
myocardial infarction in three arms, in addition to
standard therapy: infusion of bone marrow derived
mononuclear cells, peripheral mononuclear cells and
no additional therapy.?®° Primary endpoint is left
ventricular function at four months, assessed by MRI.
Enrolment was completed in April 2008, and the final
results are expected at the end of 2008.

Second, what is the optimal strategy for cell
delivery? The ultimate goal is delivery of enough cells
to the injured myocardium that will actually engraft
and survive to maximise restoration of function. To
this end, several approaches are being used:*¢? (1)
percutaneous intracoronary infusion during short
balloon occlusion of the artery that supplies the area
ofinterest, (2) direct injection into the ventricular wall
during open chest surgery, or (3) percutaneous intra-
myocardial injection using an endomyocardial injection
catheter guided by an electromechanically mapping
system.®%® Tracking of the transplanted stem cells
(using scintigraphy, PET and /or MRI) will allow the
investigator to monitor how many cells will remain in
the heart.” A head-to-head comparison, using optimal
stem cell tracking modalities, is currently ongoing.
Safety issues in cardiac cell transplantation include:
abnormal cellular differentiation, arrhythmias, re-
stenosis, accelerated atherosclerosis, calcifications,
microinfarctions and coronary obstruction.*

Third, what is the difference between the various
CSCs (c-kit*, sca-1*, SP cells, cardiospheres, and
Islet-1*) that have been isolated so far? Maybe all or
some of these cells originate from a common primitive
cell that resides in the heart, but are at different stages
of development.

Lastly, how can we optimise differentiation and
survival of the transplanted cells at the region of interest?
Interactive signalling is important for mobilisation,
homing, survival, proliferation and differentiation of
stem cells. In general, the receptor tyrosine kinase
signalling pathway is important for survival of cells by
inhibition of apoptosis and is also involved in
orchestrating the cross talk between reservoir (stem
cell niche) and target area (infarcted myocardium).
Several growth factors act as ligands in a part of this
pathway that signals via mitogen-activated protein
kinases, phosphatidyl inositol 3 kinase, and Akt. Pre-
clinical studies have shown that interference with this
axis leads to improved homing and survival of stem
cells.®72 In this view, molecular techniques (e.g.
growth factor therapy, transduction with viral vectors,
optimising culture medium) to modify the stem cell for
better homing, differentiation and survival are of
specific interest.
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Concluding remarks

It is now apparent that the heart contains relatively
primitive cells that have the potential to differentiate
into cardiomyocytes, endothelial cells and smooth
muscle cells. The main advantage of these cardiac stem
cells over other types of cells lies in their heightened
predisposition to adopt the cardiac muscle fate. Several
subtypes of CSCs have been described, and clinical
improvement in animal models of myocardial infarction
has been shown, both for autologous and human-
derived CSCs. Cardiac stem cell therapy could change
the fundamental approach to the treatment of heart
disease, as it has produced improved left ventricular
function in animal models of myocardial infarction.
Translational research projects are ongoing to elucidate
the mechanism of success. Isolation, expansion and
delivery of these cells should be optimised before
heading for clinical trials in patients. Data so far are in
favour of this exciting field of research with CSCs,
which can potentially improve the outlook for millions
of patients with ischaemic heart disease.
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