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Abstract: Despite advances in the management of myocardial infarction, congestive heart
failure following myocardial infarction continues to be a major worldwide medical problem.
Mononuclear cells from bone marrow are currently being studied as potential candidates for cell-
based therapy to repair and regenerate damaged myocardium, with mixed results. The success
of this strategy requires structural repair through both cardiomyogenesis and angiogenesis but
also functional repair. However, pre-clinical and clinical studies with the intracoronary admin-
istration of cells indicate limited cardiomyogenesis and cell survival, controversial functional
benefit and suggest paracrine effects mediated by the administered cells. Further investigations
for optimizing therapeutic benefit focus on the requirement for stable cell engraftment and the
involvement of cytokines in this process. This includes a large and varied range of strategies
including cell or heart pre-treatment, tissue engineering and protein therapy. Although cell-
based therapy holds promise in the future treatment of myocardial infarction, its current use is
significantly hampered by biological and technological challenges.
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From bench to bedside

Despite advances in the management of myocardial infarction (MI), congestive heart
failure following MI continues to be a major worldwide medical problem. Current
pharmacologic and interventional strategies fail to regenerate dead myocardium and
are usually insufficient to address the challenge caused by necrotic cardiac myocytes.
There is growing evidence suggesting that heart muscle may have the ability to partially
repair itself through activation of resident cardiac stem cells' or through recruitment
of a stem cell population from other tissues, such as bone marrow (BM).>*

Many cell types from BM are currently being studied as potential candidates for
cell-based therapy to repair and regenerate damaged myocardium after MI. Successful
cardiac regeneration requires the production of functional cardiomyocytes and also the
development of a network of blood vessels to support and nourish these newly formed
cardiomyocytes. Thus the challenge of cell-based therapy for Ml is to identify one or
several precursors or progenitor cells capable of giving rise to cardiomyocytes, smooth
muscles cells and endothelial cells in order to restore cardiac function. In these settings
unselected BM mononuclear cells (MNCs) or selected BM-MNCs or BM-derived mes-
enchymal stem cells (MSCs) have undergone numerous experimental, pre-clinical and
clinical studies. Newly formed myocardium, occupying the majority of the infarcted
part of the left ventricle (LV), were obtained after transplanting male lineage-negative
c-kit—positive BM cells from male transgenic mice into female animals 3 to 5 hours
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after coronary artery ligation.* The origin of the cells in
regenerating myocardium was determined by expression of
enhanced green fluorescent protein and the presence of Y
chromosome.* Subsequently another group injected CD34
positive hematopoietic stem cells mobilized from the BM
by granulocyte colony-stimulating factor (G-CSF) intrave-
nously into rats after ligation of the left anterior descending
coronary artery.® These cells also infiltrated the damaged
myocardium within 48 hours in infarcted, but not in sham-
operated animals. Microvascularity was increased and matrix
deposition and fibrosis were reduced in the infarct zone and
in the tissue adjoining the infarction.’ In numerous animal
models of transplantation following MI, MSCs derived from
BM differentiate into both cardiomyocytes and endothelial
cells in vivo.*? Synergistic functional effects of MSCs with
co-transplanted fetal cardiomyocytes in post-infarcted pig
model has also been reported.!® Further human investiga-
tion in sex-mismatched heart transplant subjects revealed
that recipient cardiomyocytes were present in donor hearts,
indicating the migration of BM-derived stem cells into the
transplanted donor heart.!:12

Evidence for vasculogenesis and arteriogenesis was
found after delivery of BM-derived stem cells in transgenic
mice with myocytes, endothelial and smooth muscle cells
proliferating in the infarcted region and originating from the
donor stem cells.”* However, some laboratories have failed
to reproduce these initial results showing that transplanted
cells only expressed surface markers of their own stem cell
line, suggesting that any functional improvement once again
may be due to indirect effects.!4 !¢

After promising results of experimental cardiac stem cell
therapy with significant improvement in L'V function, this
new type of regenerative treatment has been introduced rela-
tively early in humans. Several randomized, double-blinded,
placebo controlled, multicenter studies have evaluated the
therapeutic potential of BM-derived stem cells in MI to
improve cardiac function.'”?

Most clinical studies have focused on the intracoronary
administration of the entire bone marrow MNC fraction?'-¢
with the rationale that any therapeutic effect depends on the
balance between multiple cell types, and by using a large
panel of precursors, no potentially beneficial cell type is
omitted. This is supported by the results of recent double-
blind and placebo-controlled trials in patients with MI.232*
These clinical studies indicate mixed and discrepant results
(for review see)'” which could be explained by the differences
in patient- and cell-related factors (eg, dosing and timing of
delivery, technique of cell processing) across various studies.

Indeed, the results of several observational studies suggested
a favorable effect of bone marrow cell infusion after acute MI
on LV function with a reduced infarct size. However, a num-
ber of randomized controlled studies yielded mixed results
in terms of therapeutic benefit. Magnetic resonance imaging
(MRI) in the BOOST and the ASTAMI studies revealed
that bone marrow cell transfer did not improve LV ejection
fraction (LVEF) or decrease infarct size.?*?” In contrast other
studies show that intracoronary bone marrow cell infusion is
associated with a significant improvement in LVEF on LV
angiography and a reduced infarct size.” In the largest study
to date (the REPAIR-AMI study), the mean (SD) absolute
improvement in LVEF on LV angiography at 4 months was
5.5 % in the bone marrow cell group, as compared to 3.0%
in the placebo group (P=0.01).2* Subgroup analysis revealed
that patients with an impaired baseline LVEF (<48.9%) and
patients in whom cells were transplanted 4 days after infarc-
tion derived most benefit. Intriguingly, patients receiving
bone marrow cell infusion exhibited a significantly lower
rate of pre-specified major cardiovascular events.?” The
latter positive effect, however, seemed to be mainly driven
by a relatively high rate of cardiovascular adverse events
in the placebo group.*® The lack of consistent results on the
efficacy of bone marrow cell transfer for acute infarction is
probably related to differences in enrolment criteria, bone
marrow cell processing, the moment of cell delivery after
infarction, and the imaging method used to assess changes
in LV function, myocardial perfusion and infarct size. The
latter issue emphasizes the need for the use of highly accurate,
quantitative imaging techniques such as cine MRI, positron
emission tomography (PET) and contrast enhanced MRI.
In patients with chronic MI, several studies suggested a
significant improvement in LV function after bone marrow
cell transplantation.’'*® The IACT investigators reported
that bone marrow cell injection was associated with an 8%
increase in LVEF on LV angiography.’! In this study,
the increase in LVEF was associated with a reduced infarct
size and an improved infarct wall motion velocity. In the
TOPCARE-CHD study bone marrow cell transplantation
in patients with chronic infarction was associated with a
2.9% increase in LVEF on LV angiography at 3 months.?!
No improvement in LV function was observed in patients
receiving circulating progenitor cells or in patients who
received no cell infusion. Although the preliminary efficacy
results seem to be encouraging, it should be emphasized that
the current studies are limited by the small sample size, the
short follow-up period, and the heterogeneity of the baseline
patient characteristics. The latter issue is particularly relevant
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to the IACT study in which the baseline LVEF ranged from
38% to 69%.>' Another limitation of the current studies is
the non-randomized trial design of most of them. Therefore,
randomized, double-blind, placebo-controlled studies are
needed to assess the efficacy of cell therapy in patients with
chronic infarction.

From a functional cellular perspective myocardial
infarction leads to a loss of approximately one billion of
cardiomyocytes.’” However, so far no study has been able to
demonstrate an equal repopulation with transdifferentiated
cardiomyocytes after cell therapy. Experimental studies
suggest that the transferred cells are largely eliminated from
the heart within the first 24 to 48 hours after intracoronary
infusion.'**%3% Furthermore, a recent study using two-photon
laser fluorescence microscopy has demonstrated the inability
of engrafted bone marrow cells to respond to a depolarizing
current by a cyclic calcium transient, which is fundamental
attribute of cardiomyocytes.*’

A recent genetic proof of-concept study, however,
showed that transplanted bone marrow cells can induce
cardiac gene expression, although the number of these cells
that acquire a cardiac phenotype is low.*' The concept of cell
fusion, when transplanted cells fuse with other cells, resulting
in a hybrid cell progenitor with differentiated cell markers,
has been demonstrated in vitro, but its clinical relevance is
disputed and generally considered to be small in regard to
cardiac regeneration.'®

Nonetheless, for the present, we are faced with a paradox:
the overwhelming conclusion from multiple sources is that
cell transplant translates into a range of beneficial responses,
but these occur in an environment characterized by a lack
of clinically or pathophysiologically relevant cell transdif-
ferentiation, retention, and survival. Although a vigorous
regenerative capacity has not been demonstrated with cur-
rent cell populations, that does not preclude the potential for
enhancement of endogenous repair capabilities through a
variety of other mechanisms, nor does it mean that ongoing
efforts to enhance regeneration are doomed to failure.*

Several studies have proposed that the functional benefits
observed after BM-MNC transfer in animal models of cardiac
injury might be related to secretion of soluble factors that,
acting in an autocrine fashion on the administered stem
cells or in a paracrine fashion on nearby host cells, protect
the heart, attenuate pathological ventricular remodeling,
induce neovascularization and promote repair.**** This point
was first demonstrated in a series of experiments utilizing
Akt-expressing MSCs. #4447 In the initial study, transplanta-
tion of the stem cells resulted in a marked reduction in infarct

size and a concomitant improvement in cardiac function as
compared to untreated hearts. Aktl-expressing MSC secrete
sFRP2 that protects cardiomyocytes from hypoxia-induced
apopotosis.*®* Despite enhanced cardiac function, the
differentiation of MSC to cardiomyocytes is limited*’->°-52
suggesting that alternative mechanisms contributed to
treatment effect. In support of this, injection of conditioned
medium from cultured stem cells completely recapitulated
the effect observed with stem cell transplantation,*4+%3
indicating that a paracrine activity underlies at least in part the
cardioprotection observed with this cell treatment.> Indeed, it
has been shown that BM-MNCs produce and secrete a broad
of variety of cytokines, chemokines and growth factors that
may potentially be involved in cardiac repair such as bFGF
(basic fibroblast growth factor),”> PDGF (platelet derived
growth factor), VEGF (vascular endothelial growth factor),
HGF (hepatocyte growth factor) and IGF-1 (insulin growth
factor) (Tablel). Furthermore, hypoxic stress increases the
production of several of these factors:* MSCs exposed to
hypoxic conditions express VEGF, which may enhance their
survival.*3¢57 [n addition, the up-regulation of VEGF in the
donor cells also promotes angiogenesis and improves regional
blood flow in the surrounding ischemic host myocardium. >
Transplantation of MSC resulted in increase expression of
bFGF and VEGF, which was associated with improvements
in both perfusion and function.*® Hepatocyte growth factor
(HGF) is another secreted angiogenic and cardioprotective
factor which has been observed to enhance neovascularization
and reduce apoptosis® and IGF1 is known to mediate anti-
apoptotic effects.®* According to these findings, the beneficial
effects of BM-MNCs transplantation are probably mediated
primarily through the preservation, not regeneration, of car-
diac myocytes within the infarcted area.®’ These paracrine
factors may influence adjacent cells and exert their actions
via several mechanisms including myocardial protection,
neovascularization and perhaps activation of resident cardiac
stem cells and/or stimulation of endogenous cardiomyocyte
replication (for review see)®* (Table 1). Thus this hypothesis of
paracrine effects extends the traditional concept of stem cell
niche to include the influence of stem cell-associated factors
on the microenvironment modulating both stem cell biology
and the tissue response.

From bedside to bench

It is reasonable to argue based on clinical trials to date that
intracoronary infusion of BM-MNC:s is safe and feasible and
that the transplanted cells are likely to stimulate the endog-
enous regenerative myocardial processes, perhaps through
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Table | Paracrine factors secreted by bone marrow-derived stem cells and their paracrine effects

Cells Paracrine factors Investigated paracrine effects
Myocardial protection Neovascularization Cardiac regeneration References

BM-MNCs VEGF X (antiapoptotic effect) X 36

VEGF, PDGF, IGF-| X 33
BMCs VEGF, bFGF, SDF I I, IGF-1 X (antiapoptotic effect) 37

VEGF, bFGF, HGF, IGF-1 X (antiapoptotic effect) X X (cardiomyocyte 38

proliferation)

MSCs bFGF, VEGF, SDF-1 X (antiapoptotic effect) X 39

VEGF, bFGF, HGF, IGF-1 X (antifibrotic effect) X X 29,40
MSCs-CM VEGF, bFGF, IGF-1, SDF-1 X (antifibrotic effect) X X 28-30,41-42

VEGF, HGF X (antifibrotic effect) X 43
MSCs-CM Sfrp2 X (antiapoptotic effect) 35

Abbreviations: BM-MNCs, bone marrow mononuclear cells; BMCs, total bone marrow cells; MSCs, mesenchymal stem cells; CM, conditioned media; bFGF, basic fibroblast
growth factor; HGF, hepatocyte growth factor; IGF-1, insulin growth factor |; PDGEF, platelet-derived growth factor; VEGF, vascular endothelial growth factor; SDF-1, stromal-

derived factor |.

a combination of direct and indirect effects. However given
that precise mechanisms of benefit are yet to be clearly
elucidated. Future research in the field will need to focus
on the requirement for stable engraftment for long-term
therapeutic efficacy, and on the involvement of cytokines in
this process. Indeed, based on the recent basic observations,
activation of signaling cascades by secreted cytokines, ulti-
mately giving rise to enhanced survival and/or contractility
of host cardiomyocytes could constitute a useful direction
for targeted preclinical investigation. A major limitation of
current cell therapy is the low “payload” of therapeutic cells
delivered to the site of injury.

Despite positive results in early and later clinical trials,
in vivo tracking of the intracoronary injected cells in several
studies revealed that, within hours of their delivery, around
90% of the cells disappeared and <1% of donor cells were
identified 4 weeks after transplantation.’®%* This very low
rate of sustained cell engraftment is presumably due to cell
stress, the hostile environment around the infarcted tissue
(inflammation, hypoxia), insufficient vascular supply and
elaboration of inflammatory cytokines resulting from isch-
emia and/or cell death.® % Increased cell dosing therefore
appears one of the significant challenges facing BM cell
therapy.®”%® A major lesson from preclinical and early clinical
trials is that enhancement of cell engraftment is mandatory
for optimizing the therapeutic benefits of the procedure.
This scalability issue is particularly relevant to heart failure,
where the cardiomyocyte deficit has been estimated to be in
the range of one billion cells.*’

The strategy of cell therapy is to repair injured tissue
through delivery of an adequate cell dose to an area of interest.

Achieving this goal requires a conducive microenvironment
for cell survival, retention, and/or homing, among other
factors. Currently available routes of administration include
intravenous,® intracoronary,’ transmyocardial (by direct epi-
cardial injection),”" catheter-based transendocardial injection
using electromechanical voltage mapping,” and a recently
implemented approach of transvenous injection into coro-
nary veins” (for review of their respective advantages and
disadvantages).” At present, no single strategy has emerged
as the preferred technique.” The percentage of transplanted
cells retained in the myocardium appears to be strongly
dependent on the local milieu. In particular, the strength
of homing signals may vary in different clinical scenarios.
In general, the intracoronary infusion technique seems to be
most suited for the treatment of recently infarcted myocardium
when high levels of homing signals are expressed.” The rate
of homing has recently been shown to be time-dependent,
being greater when cells are delivered shortly after the acute
ischemic event.”

Further strategies to augment cell engraftment include
pre-treating the cells to stimulate incorporation: most of the
studies have used vector systems to increase the expression
of anti-apoptotic, “cytoprotective” genes (Akt, Bcl2 GSK,
IIK, telomerase, eNOS) promoting survival of injected or
infused cells (for review see).”

Pre-treating the target tissue in order to provide additional
cytokines and stimulate stem cell incorporation would be
another strategy. Indeed in patients with MI, the expression
of VEGF and stromal-derived factor 1 (SDF-1) was signifi-
cantly suppressed compared to controls suggesting a lack of
recruitment signals in these patients.” Therefore injection of
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cytokines may be useful to attract stem cells in the absence
of necrosis or acute ischemia. Indeed, local injection of
SDF-1 in ischemic hind limbs increased the recruitment of
intravenously infused myeloid-derived endothelial progenitor
cells (EPC).2° SDF-1 stimulates the CXCR4 receptor, which
is expressed on EPC and BMC, and, thereby, acts as a chemo-
tactic and pro-migratory factor.?' Moreover, an activation of
ischemic tissue by low energy shock wave application stimu-
lated the expression of SDF-1 and VEGF within the target
zone and promoted homing of intravenously infused EPC.%
Changing the environment may also be an attractive approach
for increasing the efficiency of intramuscular injected cells.
This point was recently illustrated with the local myocardial
delivery of both insulin-like growth factor 1 (IGF-1) using
biotinylated peptide nanofibers and cells (neonatal rat car-
diomyocytes or endogenous cardiac progenitor cells).338
This combined strategy led to an improvement of cardiac
recovery and function after MI in rats.

Pre-treating the heart with ultrasound and microbubbles
may also enhance cell delivery and induce cardiac beneficial
effects. Indeed ultrasound contrast agents in current clinical
use are small (1 to 4 um) gas-filled “microbubbles” comprised
a perfluorocarbon gas that is encapsulated by a biocompatible
shell.® These agents freely transit through the microcircula-
tion; high-powered ultrasound can be used to selectively
destroy these microbubbles, with consequent release of their
contents into the organ of interest. This strategy has been
exploited for the targeted delivery of genes that are incorpo-
rated into the microbubble shell prior to systemic injection.
Early studies demonstrated capacity to safely deliver and
direct reporter gene expression in the heart.38 Recently, this
approach was applied to address a challenge encountered in
cell-based therapies for the heart; improving the microenvi-
ronment supporting exogenously delivered cells will improve
cell engraftment.®*° The authors demonstrated that the ultra-
sound-targeted microbubble destruction successfully deliv-
ered VEGF and stem cell factor (SCF) genes into the infarcted
heart, increased vascular density and improved myocardial
perfusion and ventricular function. However, it is still not
clear whether “progenitor cells” were mobilized, as the flow
cytometry data presented were somewhat equivocal as to the
presence of discrete subpopulations of c-kit positive cells.*
In a second study, the authors demonstrated that targeted pre-
treatment with ultrasound-targeted microbubble destruction
improves regional adhesion and transendothelial migration
of intravascularly transplanted MSC in non-ischemic and
post-ischemic myocardium.” Indeed acute release of pro-
inflammatory cytokines, induction of MMP activity and

reduction of total laminin content were limited to myocardial
segments pre-treated by targeted ultrasound-mediated
stimulation of microbubbles. Thus, the site-directed aug-
mentation of myocardial MSC engraftment is associated with
ultrasound-targeted microbubble destruction related effects®
Future studies might include an accurate characterization of
the recruited progenitors cells and should also determine the
benefits of combined gene therapy and cell therapy after pre-
treatment with ultrasound and microbubbles.

Tissue engineering could be another strategy to deliver
stem cells and enhance engraftment. This strategy has been
proposed for heart valves’ and myocardial muscle.”? This
is an emerging field that could give hope to patients needing
heart transplants or smaller structures such as heart patches in
the case of congenital heart disease. Cardiac tissue engineer-
ing involves the synthesis of a preformed three-dimensional
scaffold or patch combined with living cells. The main func-
tion of the biomaterial is to act as a vehicle for the delivery
of cells to the infarcted myocardium (for review see).”

Polymers, both natural and synthetic, are the largest class
of engineered biomaterials used today as scaffolds for myo-
cardial tissue engineering. Natural and synthetic biomaterials
have been used separately or in combination to repair in vivo
the myocardium (for review see).” Different types of cells
including BM-MNCs and MSCs but also foetal or neonatal
rodent cardiac cells were seeded onto these scaffolds.”

Synthetic polymers can also be deployed in part using
the cell-sheeting methods which involve culture of cells on
temperature-responsive dishes.** These dishes are made of
a specific polymers that are hydrophobic and cell-adhesive
at 37°C. However by reducing the temperature as little as
5°C, the polymer is caused to rapidly hydrate and swell,
becoming hydrophilic and non-adhesive to cells. This
method facilitates the production of individual cell sheets,
forming a 3D simultaneously beating myocardial tissue.’>’
Spontaneous pulsation was observed in vivo, in nude rats,
3 days post-implantation and this was preserved for up
to 1 year, with graft integration increasing proportionally
with host growth.”® More recently, a group has reported
the success of implanting a 100 mm thick cardiac tissue,
made from 6 monolayered MSC sheets layered together and
implanted onto the infarcted region, improving the infarcted
wall thickness.” Finally a synthetic polymer seeded with
BM-MNCs was recently suggested as a cardiac patch for
rat hearts post-MI,'® reporting reduced LV remodeling, and
preserved systolic function of the LV.

Natural materials, including an artificial extracellular
matrix composed of collagen type I and glycosaminoglycan
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(both abundant proteins in the extracellular matrix of the
body) were also used to transplant MSCs onto the infarcted
rat myocardium, resulting in neovascularization in this
specific area.'” However, as the mechanical properties of
collagen are poor, researchers have attempted to combine
synthetic polymers with collagen to engineer a tailor-
made scaffold matching the properties of the heart. An
example of this was reported in a study in which MSCs
were transplanted into infarcted rat hearts with promising
results. 5102

Although cardiac tissue engineering has been shown to
have successful outcomes in experimental studies, it is still
in its formative years and further investigations are required
before clinical application.

The demonstration that stem cells may secrete therapeu-
tic factors also provides a potential therapeutic alternative
to cell therapy in that, rather than administering cells, one
may be able to administer specific proteins produced by
these cells. If specific paracrine cell-derived factors that
improve cardiac function are identified, then protein-based
therapy might be easily translated into clinical benefits.!*
A known quantity of protein can be administered using
intravenous, intracoronary, or intramyocardial approaches.
The limitation of protein therapy is the necessity to maintain
therapeutic concentration to induce the desired effect for
the necessary length of time. Establishing the threshold
concentration and the necessary treatment time remains
to be determined and represents a challenging task. Dif-
ferent actions may require different concentrations and
timing. Substantial differences between animal models and
humans further complicate this translational scenario. For
example, it has been shown that a single dose of specific
growth factors is effective in enhancing neovascularization
in animals but not in humans.'*!% To overcome the prob-
lems of protein stability and pharmacokinetics, a variety of
strategies have emerged for manipulating protein properties
including stability, specificity, immunogenicity, and phar-
macokinetics.! Techniques for altering these properties
include manipulation of primary structure, incorporation
of chemical and post-translation modifications, and utili-
zation of fusion partners. Various delivery strategies have
also evolved over the past few years to improve delivery
of proteins and peptides, including the use of biopolymers
and nanomaterials for controlled release of proteins®!1?7
and delivery via non-invasive routes such as subcutaneous
release or dermal patches. Together these bioengineering
approaches may be synergized with cell therapy to the
benefit of both.

Conclusion

The recent demonstration of paracrine mechanisms improves
our understanding of stem cell biology and stem cell action
in tissue repair and regeneration. Although stem cell therapy
holds promise in the future treatment of heart disease such
as M1, its current use is significantly hampered by biological
and technological challenges.
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