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ase Presentation: A 56-year-

old farmer who experienced a

transmural anterior myocardial
infarction (MI) 3 years ago was re-
ferred for evaluation of progressive
dyspnea and fatigue. During the acute
phase of MI, he was treated with fibri-
nolysis, as primary angioplasty was
not available at his local hospital. An-
giography performed 3 months after
MI revealed occlusion of the left ante-
rior descending artery with diffuse
changes distal to the occluded seg-
ment. An attempt at percutaneous re-
canalization had failed. Despite treat-
ment with B-blockers and angiotensin-
converting enzyme inhibitors, serial
echocardiograms performed by his lo-
cal cardiologist had shown a large
dyskinetic area and subsequently pro-
gressive dilatation and remodeling of
the left ventricle. The patient is cur-
rently presenting with New Y ork Heart
Association class Il symptoms and a
history of several recent episodes of
pulmonary edema.

Rationale for Myocardial
Replacement Therapy
The development of postinfarction
congestive heart failure in survivors of
the acute phase of MI is related to
myocardia cell loss in the area sup-
plied by the infarct-related artery and

M\

IJ\,/\,/J\,/\,

the subsequent formation of a scar. As
the most important strategies during
the acute phase of MI, primary angio-
plasty and fibrinolysis are aimed at the
restoration of blood flow to minimize
necrosis. In addition, late revascular-
ization procedures may enable recov-
ery of contractility, but only in areas of
the hibernating myocardium that con-
tain a minima number of viable, re-
versibly injured myocytes. In patients
with a large myocardia necrotic area
resulting from acute M1, and especially
when the necrotic zone is weakly sup-
plied by collateras, the loss of cardio-
myocytes results in the formation of
fibrous tissue and, subsequently, in left
ventricular remodeling, aneurysm for-
mation, and progression of congestive
heart failure. In some patients, cardiac
transplantation may be an option, but
because of the shortage of organs, its
practical use is limited to end-stage
heart failure cases.

Stem cell implants have been dis-
covered to exhibit regenerative proper-
ties for damaged organs, among them
irreversibly damaged post-infarction
regions of the myocardium. The clas-
sification of stem cells has also
evolved. It must be stressed that toti-
potent stem cellsin general expressthe
potential to be differentiated into al 3
main embryonal layers (ectodermal,

endodermal, and mesodermal),
whereas the committed progenitor
cells belong to the tissue stem cell
reservoir. However, it was recently
proven that tissue progenitor cells
may, under certain conditions, modify
their ability for cell (tissue) differenti-
ation into cells having characteristics
different from cells in their primary
location. Committed cells may change
their characteristics dramatically and
can thus be considered as the stem
cells for tissue repair in distant loca-
tions, eg, hematopoietic cells into he-
patocytes.r To simplify the origin of
pluripotent cells, we may classify them
into 3 main sources: (1) embryonal
stem cells, (2) somatic totipotent stem
cells (mostly originating from the bone
marrow, but also identified in the cord
blood samples), and (3) somatic pro-
genitor cells of the tissue reservoir (eg,
satellite cells, myoblasts).

Embryonal Stem Cells

Embryonal stem cells (ESCs) originate
from the inner mass of the blastocyst
or from primordial germ cells and can
be propagated in vitro for a virtualy
unlimited time at the stage of totipo-
tent ability, thus raising the possibility
that they may be of use in the regen-
eration of every tissue and organ in the
human body. Results of investigations
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in this area confirm that, depending on
the specific microenvironment, ESCs
may mature and acquire al the char-
acteristics of the target tissue. The
instrumentation of ESC delivery, eg,
via a blastocyst or clone reconstructed
from the diploid nucleus and enucle-
ated oocyte? is a topic of debate.
Because ESCs tend to imitate the
physiological as well as the patholog-
ical environment, they therefore can be
subjected to the influence of the sur-
rounding tissue, eg, in a scar in the
postinfarction heart, they can be differ-
entiated into connective tissue cells.
The plasticity of ESC and the other
sources of stem cells have become a
matter of considerable significance in
the study of organ regeneration.

Bone Marrow Cells

Bone marrow cells (BMCs) are almost
equal to ESCs in their ability for plu-
ripotent cell differentiation. These
cells display a significant degree of
heterogeneity and include bone
marrow-residing hematopoietic stem
cells (HSCs) and mesenchymal stem
cells (MSCs), which are also known as
stromal stem cells (SSCs), as well as
progenitor cells for different tissues.
The potential ability to restore both
myogenesis and cardiomyogenesis can
be ascribed to both of these main cell
subsets.® BMCs, as well as their cord
blood counterparts, are now under in-
vestigation regarding their plasticity,
eg, their potential to restore the capac-
ity of target tissues, including myocar-
dium. A number of cell markers, in-
cluding CD 34 or KDR, that probably
reflect the totipotential ability of
BMCs have been delineated.* Subfrac-
tions of cells either sharing these
markers or indicating a separate cell
origin appear to subdivide HSCs into
endothelial-hematopoietic stem cells
that seem to possess different cardio-
myocyte potential. In general, experi-
mental data suggest that the plasticity
of BMCs may result in their differen-
tiation into cell lines similar to the
surrounding tissue and, as such, BMCs
are more widely accepted for use in
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areas of fresh myocardial injury, ie,
before the scar has had time to form.

Tissue Stem Cells

Tissue stem cells (TSCs) have become
one of the most interesting targets for
the study of organ regeneration be-
cause of their limited plasticity.
Among them, cells from different
sources have been applied for postin-
farction heart regeneration.s

Cardiomyocytes

These cells have been extensively uti-
lized in preclinical studies. The results
of transplantation of these cells were
dependent upon whether they were
obtained from adults or were of fetal
origin. Although transplanted mature
cardiomyocytes were thought to coop-
erate well with endogenous cardio-
myocytes, this was not the case when
fully mature cells were implanted. Fur-
thermore, it was found that only fetal
cardiomyocytes can form fully com-
patible gap junctions and functioning
implants.® It has to be emphasized that
in regard to a non-inbred human pop-
ulation, the use of fetal origin cardio-
myocytes would be ethically question-
able and, secondly, allogenic cell
implants could not be used in clinical
practice because of alloimmune reac-
tions occurring between cells originat-
ing from different individuals.

Fibroblasts

After the application of gene transfer
technology with the help of adenovirus
vector,” it was found that isolated hu-
man fetal fibroblasts that had been
transfected with a construct containing
MyoD resulted in a phenotype with
immunochemical and morphological
characteristics similar to muscle cells.
These cells were then delivered to
immunocompromised mice, where the
cells formed normal tubules with con-
tractile properties. Preclinical studies
suggest that, even if not genetically
modified to obtain muscle-like pheno-
type, fibroblast transplantation into
damaged myocardium may strengthen
the scar and therefore prevent left ven-
tricular remodeling.8

Myoblasts

The most interesting committed pro-
genitor cells are the tissue reservoir
cells known as satellite cells. Satellite
cells (skeletal myoblasts) are located
in the basal lamina of adult skeleta
muscle. In both preclinical studies and
in safety clinical trias, they appear to
repopulate the irreversibly damaged
postinfarction area. Their limited plas-
ticity has been seen as an advantage
over the more environmentally vulner-
able totipotential stem cells (Figure).
Experimental data suggest that only
myoblasts are capable of forming
myocyte-like elements and of improv-
ing the contractile performance of the
left ventricle after transplantation into
an “old” postinfarction scar, ie, with
necrotic myocytes being replaced by
fibrous tissue.> Although originating
from skeletal muscle, myoblasts form
intercalated discs in the heart with a
loose association with original cardio-
myocytes. In functiona experimental
studies, however, myoblasts seemed to
increase the gection fraction. As au-
tologous cells of the skeletal reservair,
myoblasts do not pose either ethica
difficulties or an immunological haz-
ard. Several studies have shown that
both systolic and diastolic function
have been improved as a result of
skeletal myoblast transplantation into
the area of the damaged myocardi-
um,589 despite the fact that clear evi-
dence suggests that differentiated skel-
etal muscle grafts do not express
N-cadhedrin or connexin 43, two pro-
teins involved in electromechanical
coupling between cardiac myoblasts.s
Intensive studies aimed at improving
cooperation between myablasts and
cardiomyocytes in response to syn-
chronous electrophysiological stimuli,
including studies using conditioned
gene transfer technologies, are
ongoing.

Clinical Experience With

Cell Transplantation for

Myocardial Regeneration
The possible therapeutic use of embry-
onic or fetal stem cells raises serious
political, ethical, and even religious
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Non-stained photographs of preparations from in vitro cell culture (magnification 200X).
Myoblasts used for transplantation (above) and preparation confirming the cultured
myoblasts’ capability of transformation into myocytes in vitro in serum-free conditions

(below).

issues, and therefore it is some way
from clinical application. The use of
cells from allogenic sources, including
cell lines, would require immunosup-
pression. Currently, therefore, only au-
tologous bone marrow stem cells and
skeletal myoblasts are being studied as
possible cells for myocardia regener-
ation in patients with postinfarction
heart failure.

Bone Marrow Cell
Transplantation

Experimentd data have shown that bone
marrow cells are cgpable of improving the
contractile performance of infarcted myo-
cardium by inducing myogenesis and an-
giogenesisd® This is supported by evi-
dence that severa different fractions of
mononuclear BMCs may differentiate into
endothdium and smooth muscle cdls, as
wel as into cardiac myocytes. Further-
more, transendothelid migration of bone-

marrow—derived cells from coronary cap-
illaries and incorporation into heart muscle
has been observed experimentally.1°
Findings from preclinical studiesre-
sulted in the initiation of clinical trials
to evaluate the use of autologous
BMCs for myocardial regeneration.
Evidence for extravasation of BMCs
from coronary capillaries into dam-
aged myocardium has encouraged sev-
eral groups, including Strauer et al,'t
to perform the intracoronary adminis-
tration of autologous mononuclear
bone marrow cells in patients who
survived an acute MI. The cells were
delivered directly into the infarct-
related coronary artery via an angio-
plasty balloon catheter under high
pressure. In 10 BMC recipientsin this
phase | clinical trial, improvements in
stroke volume index, left ventricular
end systolic volume, and contractility
were observed 3 months after cell

transplantation, compared with pa-
tients receiving standard treatment.1t
A phase | clinical trial on autologous
BMC transplantation performed to-
gether with coronary artery bypass
grafting (CABG) was reported by
Stamm et a.12 They used AC133 pos-
itive cells, a more specified subpopu-
lation of bone-marrow derived cells,
for intra-myocardial injections per-
formed during an open-chest proce-
dure and observed increased left ven-
tricular gjection fraction and improved
tissue perfusion during follow-up.

Because totipotent stem cells after
transplantation could differentiate into
more mature cell types depending on
information from the surrounding mi-
croenvironment, the effect of BMC
transplantation in postinfarction myo-
cardia regeneration may be related to
the time of cell delivery after the onset
of infarction. Experimental data sug-
gest that administration of BMCs very
early after infarction may not increase
myocardia contractile performance,3
and it may be speculated that cell
transplantation during the inflamma-
tory phase of myocardia healing could
result in the involvement of BMCs in
the inflammatory reaction itself. On
the other hand, very late BMC trans-
plantation into a fibrous postinfarction
scar may result in their differentiation
into fibroblasts.2415 Despite these ob-
servations, a clinical study evaluating
injections of bone marrow cell suspen-
sion during CABG severa months af-
ter an acute MI has been performed
and suggests a beneficial effect.’6 This
was followed by a paper by Perin et
al*” evaluating percutaneous intramyo-
cardia injections of autologous BMCs
with the NOGA system in patients
with heart failure weeks to months
after acute MI. Increased perfusion
was detected on single photon emis-
sion computed tomography and in-
creased gjection fraction was observed
through echocardiography .

Current evidence indicates that au-
tologous BMCs may be used for myo-
cardial regeneration early (ie, 2 to 3
days to a few weeks) after infarction.
These cells are capable not only of
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differentiation into myocytes but also
of contribution to the formation of new
vessels, and their potential therapeutic
use seems therefore to be very attrac-
tive. In addition, no side effects, espe-
cidly no significant arrhythmogenic
effects, of BMC transplantation have
been reported so far. However, clear
evidence of formation of new cardiac
myocytes after BMC transplantation
into an old, fibrous postinfarction scar
is missing.

Skeletal Myoblast
Transplantation
Skeletal myablasts have been exten-
sively studied as possible cells for
transplantation into damaged myocar-
dium. Several investigators have pro-
duced clear evidence indicating ade-
quate survival and engraftment of
autologous skeletal myoblasts in in-
farcted myocardium. Skeletal myo-
blasts are highly resistant to ischemia
and, after transplantation even into fi-
brous scar, they do form myocyte-like
cells with their appropriate orienta-
tion.>° Numerous experimental studies
have shown improved systolic and di-
astolic performance as a result of the
transplantation of skeletal myoblasts
into the area of myocardia injury, irre-
spective of the method used to assess
function in vitro (dP/dt or force trans-
duction) or in vivo (sonomicrometry,
echocardiography) and regardless of the
species studied (rat, rabbit, dog, pig,
sheep) or the model of myocardia injury
(reviewed in references 5, 8, and 9).
These encouraging preclinical data
have led to clinical trials. After the
first-in-human experience by Mena-
sché et al,’® we have performed an
independent phase | clinical trial on
autologous skeletal myoblast trans-
plantation in patients undergoing
CABG.1920 M| survivors, with an aki-
netic area of the left ventricle and
scheduled for CABG, were screened
by means of dobutamine stress echo-
cardiography and included in the study
when no viable myocardium was de-
tected. A skeletal myocardia biopsy
was obtained from the vastus lateralis
in al patients. The biopsy sample was
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digested with collagenase | and myo-
blasts (satellite cells) were isolated.
The cells were cultured for 3 weeks
and up to 2x10" myoblasts per pa-
tients were grown. Myoblast injections
into the akinetic area were done after
constriction of the anastomoses during
the CABG procedure. An increase in
segmental contractility was seen in al
patients 2 to 3 months after the proce-
dure, and this effect was maintained
throughout a 12-month follow-up pe-
riod. It should be noted that in studies
on cell transplantation performed dur-
ing CABG, including the phase | ob-
servations of Menasché et al8 and our
own, despite the use of careful inclu-
sion criteria aimed at selection of pa
tients with no viable myocardium
within the area of postinfarction injury,
the possible effect of skeletal myoblast
transplantation may be enhanced by
myocardial revascularization. Studies
with percutaneous myoblast delivery
with no concomitant revascularization
are ongoing.

Transplantation of autologous skeletal
myoblastsinto an old, fibrous postinfarc-
tion scar may result in the generation of
ventricular arrhythmias. A postinfarction
scar isan arrhythmia substrate itself, and
the insertion of muscle cellsinto the scar
may further disturb its electrophysiolog-
ical homogeneity. In our phase | study,
we observed sustained ventricular
tachycardia episodesin 2 patients during
their early postoperative period and in 2
other patients during Holter monitoring
at their 2-week follow-up visit. We used
prophylactic amiodarone infusionsin all
of our other patients, and this prevented
any other episodes of ventricular
tachycardia. No amiodarone was used 3
months after transplantation. Similarly,
data from the phase | clinical study by
Menasché et al*8 indicate that the possi-
ble arrhythmogenic effect of myoblast
transplantation was observed only in the
initial weeks after the procedure. Thus,
the possible arrhythmogenic effect of
myoblast transplantation is more proba-
bly related to its mechanics, including
myocardia puncture or the inflamma-
tory response to transplanted cells, some
of which die after injection, than to

possible problems with electromechani-
ca coupling between newly developed
myocytes and cardiomyocytes. Possible
electromechanical coupling problems
would result in late arrhythmia as cells
differentiate, asituation that has not been
observed in clinicd trids so far.

Conclusion
Myocardial replacement therapy for
the treatment of patients with postin-
farction heart failure is feasible, and
initial observations justify further re-
search, particularly involving con-
trolled clinical trias, to validate the
method and to defineitsrolein clinical
practice. Current data indicate that, for
clinical application, bone marrow cells
may be the best option when trans-
planted early after infarction, whereas
autologous skeletal myoblast trans-
plantation may be capable of restoring
contractile performance within a fi-
brous postinfarction scar.
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