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The whole cardiology community is
well aware that ischemic heart failure is a
major challenge for the years to come. The
incidence and related health care expendi-
ture are steadily increasing as a result of the
improved survival rates after myocardial
infarction and the aging of the population1.
Despite the dramatic improvements in drug
therapy, a substantial number of patients
still remain severely disabled, thereby re-
quiring to consider more aggressive op-
tions like cardiac transplantation, implanta-
tion of “destination therapy” assist devices
or biventricular resynchronization. The in-
dications of these treatments are, however,
selective so that there remains ample room
for alternative interventions aimed at im-
proving functional outcomes. Over the past
decade, there has been increasing experi-
mental evidence that cell therapy could be
one of them.

The rationale for cell therapy

Cell therapy is based on the assumption
that heart failure develops when a critical
number of cardiomyocytes has irreversibly
been lost, and that, consequently, function
could be improved by repopulating these
areas of dysfunctional myocardium with a
new pool of contractile cells. Even if self-
repair endogenous mechanisms exist in the
adult human heart, they are of insufficient
magnitude to compensate for the infarct-re-
lated loss of cardiomyocytes, which has led
to the idea that the most realistic approach
was to exogenously supply a new pool of

contractile cells targeted to engraft into the
post-infarct scars2. Indeed, the question of-
ten arises as to why implanting cells in scar
tissue. The answer is that it is precisely the
fundamental, although admittedly chal-
lenging, objective of this therapy to regen-
erate dead myocardium and make it a new-
ly functional tissue following successful
engraftment. In addition, it would not be
appropriate to implant cells in viable tissue
as recovery of hibernating myocardium
would not require additional cells but only
restoration of an adequate blood flow (by
angioplasty or bypass surgery) to rescue re-
versibly damaged cardiomyocytes.

Experimental data

Historically, the initial “proof-of-con-
cept” experiments have entailed the use of
fetal cardiomyocytes with the underlying
assumption that these cells would be the
most suitable for replacement of lost car-
diomyocytes. Indeed, these studies have
actually demonstrated in rodent models of
myocardial infarction, that fetal cardiomy-
ocytes successfully engrafted in scar tissue,
established connexions with host car-
diomyocytes through gap junctions, im-
proved left ventricular function3 and main-
tained their cardioprotective effects up to 6
months after transplantation4. However,
from a clinical perspective, the multiple is-
sues associated with the transplantation of
fetal cardiac cells (ethics, availability, sen-
sitivity to ischemia, immunogenicity) have
rapidly led to question the clinical rele-
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vance of this approach and to refocus on a cell type best
suited for human applications.

In this context, skeletal myoblasts (which normally
lie in a quiescent state under the basal membrane of
skeletal muscular fibers and direct their post-injury re-
pair through active proliferation and fusion) feature at-
tractive characteristics: 1) an autologous origin which
overcomes all problems related to availability, ethics
and immunogenicity is a key factor for large-scale clin-
ical applicability, 2) a high proliferative potential under
appropriate culture conditions which allows a substan-
tial upscale (from a few millions in the initial biopsy to
one billion in the final product) over a 2-3-week time
frame, 3) a commitment to a well-differentiated myo-
genic lineage which virtually eliminates the risk of tu-
morgenicity, and 4) a high resistance to ischemia,
which is a major advantage given the poor vascularity
of the post-infarct scars in which they are to be im-
planted. Almost a decade of pre-clinical work has es-
tablished that the injected myoblasts differentiate into
typical multinucleated myotubes, that this engraftment
is associated with an improvement in left ventricular
function both in small and large animal models of my-
ocardial infarction5 and that these functional benefits
are sustained over time6, possibly because of the ap-
pearance of a composite population of fibers co-ex-
pressing, in addition to the skeletal muscle-specific fast
myosin, the slow-type myosin isoform which should
increase the graft resistance to fatigue and thus allow it
to better withstand a cardiac-type workload.

The robustness and consistency of these data
sharply contrast with those yielded by bone marrow-
derived cells in the context of chronic post-infarction
scars. In this context, most experimental studies have
failed to document a sustained engraftment of
hematopoietic progenitors7 as well as a conversion of
cells into cardiomyocytes8,9. Indeed, there is increasing
agreement that bone marrow cells are unlikely to be ef-
fective in inducing myogenesis and that their primary
effect is to increase angiogenesis through the release of
cytokines and growth factors10. This might explain the
good results reported with their administration at the
acute stage of myocardial infarction11 where the appro-
priate signaling pathways may still be harbored in the
ischemic border zone whereas they are no longer pre-
sent in scar tissue. Thus, we do not think that there is a
“competition” between skeletal myoblasts and bone
marrow cells but, rather, that each lineage is more elec-
tively indicated in a given myocardial environment and,
consequently, fits different patient populations.

The consistent documentation of the improvement
in functional outcomes associated with skeletal my-
oblast transplantation contrasts with the persisting un-
certainties regarding the mechanisms of these benefits.
Limitation of left ventricular remodeling by a girdling
effect is a first possibility that has been demonstrated
experimentally12 although we speculate that while this
mechanism might be operative when cells are injected

at a relatively early stage after the infarction, before
ventricular dilation has occurred, it is less likely to be
effective for reversing an already completed remodel-
ing process. A second hypothesis is that the cells con-
tribute to improve function through their contractile
properties. This hypothesis is challenged by the obser-
vation that engrafted myoblasts are not physically con-
nected to host cardiomyocytes through connexin 43-
supported gap junctions and do not beat in synchrony
with them13 although our electrophysiological findings
have shown that the engrafted myotubes retain their ex-
citable and contractile properties13. These data are con-
sistent with a recent report that transplanted myoblasts
can fuse with neighboring cardiac cells, thereby result-
ing in chimeric cells primarily located at the graft-host
interface14. These cells can occasionally contract syn-
chronously with the host cardiomyocytes but they are
scarce and, as such, it remains uncertain whether they
can significantly contribute to increase systolic func-
tion. Finally, the myoblast-induced enhancement of
contractile function could be mediated by cell-released
paracrine factors that could mobilize resident quiescent
cardiac cells15, thereby endogenously increasing the
number of contractile elements and/or affect extracel-
lular matrix remodeling16.

Clinical applications

Despite the unsettled mechanistic issues associated
with myoblast transplantation, the bulk of animal data
has been deemed convincing enough to justify a move
toward clinical applications that actually started in
June, 200017. So far, six phase I safety and feasibility
pilot studies of autologous skeletal myoblast trans-
plantation have been performed, four of which were
surgical, i.e., myoblast implantation at the time of
coronary artery bypass grafting18-21 while the two oth-
ers were designed as catheter-based stand-alone proce-
dures22,23. Basically, these trials have shown that my-
oblast expansion from a small biopsy could be per-
formed efficiently under Good Manufacturing Practice
conditions and that multiple cell injections could then
be implemented without specific procedural complica-
tions. An additional important piece of information,
based on pathology studies, has been that myotube en-
graftment was sustained over time24,25. These early tri-
als have also raised the concern that intramyocardial
skeletal muscle grafts might represent arrhythmogenic
substrates but, as discussed later, this issue may re-
quire to be revisited.

While the initial clinical experience with myoblast
transplantation has yielded valuable feasibility and
safety data, it does not allow to draw meaningful con-
clusions regarding efficacy because these studies were
neither designed nor powered to address this issue. In-
deed, the interpretation of functional outcomes is
clouded by several confounding factors such as the dif-
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ferences in cell culture processes, the variable type of
examinations used for assessing viability, and the
revascularization or lack of revascularization of the
grafted scar. For this reason, we have implemented the
MAGIC (Myoblast Autologous Grafting in Ischemic
Cardiomyopathy) trial which has been specifically de-
signed to assess the effects of myoblast transplantation
on functional recovery of the injected areas and clinical
outcomes in patients meeting the following three inclu-
sion criteria: 1) a severe left ventricular dysfunction re-
flected by an echocardiographically measured ejection
fraction ≤ 35%), 2) a post-infarction discrete akinetic
and non-viable scar, as assessed by dobutamine
echocardiography, and 3) an indication for coronary
artery bypass surgery in remote ischemic areas, i.e., ar-
eas different from those in which the cells (or placebo)
are injected.

This study whose sponsorship involves both a pub-
lic institution (Assistance Publique-Hôpitaux de Paris)
and an industry sponsor (Genzyme) representing MG
Biotherapeutics, a joint venture of Medtronic Inc. and
Genzyme Corporation, is multicenter, randomized,
placebo-controlled, dose-ranging and double-blind. It
currently involves 29 centers in Europe, of which 5 are
located in Italy (Milan, Genoa, Bologna, Udine and
Treviso). Additional centers should soon be included in
Europe and Canada.

Features of the MAGIC study

Some key methodologic features of the protocol
need to be briefly outlined. First, the trial is random-
ized: once a potential candidate has been screened in
one of the participating centers and has signed the in-
formed consent form, his (her) echo tapes (rest + dobu-
tamine) are shipped to the echocardiographic core lab-
oratories headed by Professors Albert A. Hagège (De-
partment of Cardiology, Hôpital Européen Georges
Pompidou in Paris) for European patients and Scott
Solomon (Brigham’s and Women Hospital, Boston,
MA, USA) for north-American patients. If the inclu-
sion is validated on the basis of an ejection fraction be-
tween 15 and 35% and an akinesia of at least three non-
septal contiguous segments without response to low-
dose dobutamine, the patient is randomized into one of
the following three groups: control (placebo solution),
cells at low dose (400 � 106) and cells at high dose
(800 � 106) in combination, irrespective of the group,
with bypass surgery. The placebo group is deemed im-
portant to rule out any effect of multiple needle punc-
tures if, at the end of the study, a benefit is demonstrat-
ed in the treated cohorts. For those patients allocated to
this placebo group, the biopsy is kept frozen and can
subsequently be grown for a later catheter-based cell
delivery. Given the rapid industry-driven development
of these percutaneous less invasive approaches, such an
anticipation is not unreasonable.

All patients included in the MAGIC trial are im-
planted with an internal cardioverter-defibrillator
(ICD). This decision has been taken for the following
reasons: 1) the initial phase I trials have outlined a pos-
sible proarrhythmic risk associated with myoblast im-
plantation, making ethically mandatory to offer these
patients a safety net; 2) by virtue of the inclusion crite-
ria, most of the MAGIC patients match the MADIT II
criteria26 and it is therefore not unreasonable to maxi-
mize protective measures by implanting a device which
is expected to confer a survival benefit in this heart fail-
ure population; 3) finally, the readouts of the defibrilla-
tors provide the only means of objectively assessing the
incidence of ventricular arrhythmic events in the treat-
ed patients compared with those receiving placebo in-
jections. There is no specified timing of ICD implanta-
tion (before or after the operation) provided that the de-
vice is in place at the time of the final patient hospital
discharge.

Once the patient has been randomized, the local in-
vestigators define a date for the biopsy in coordination
with a central operational center. There are two cell
production sites, one in Paris (Hôpital Saint Louis,
which supplies the French and German centers) and the
other in Cambridge, MA, USA (Genzyme laboratories,
which supply the other European centers and, in the
near future, Canada). Extensive pre-clinical studies
have allowed defining a transportation medium which
ensures adequate cell viability up to 72 hours and the
details of the complex logistical issues associated with
these long distance shipments have also been worked
out successfully. The myoblast cultivation procedures
have been tightly harmonized so as to guarantee the
similarity of the final cell therapy product between the
two production sites. After a 3-week expansion period
and once the product has successfully passed the strin-
gent quality controls required for final release (viabili-
ty, purity, sterility), it is shipped back to the transplan-
tation center for intramyocardial implantation. The pro-
cedure is straightforward and entails approximately 30
injections of 200 �l each with a total volume of 6 ml
across the scar segments identified by echocardiogra-
phy as non-viable, including the borders. This requires
a 15 min extra-time of aortic cross-clamping which is
not considered as an additional risk factor given the ef-
ficacy of the current myocardial protection methods
(although off-pump surgery is permitted as well).

As previously mentioned, the cell-grafted area is
not bypassed and because the reason for this feature of
the protocol is often questioned, it is important to ex-
plain its rationale. Indeed, three major considerations
account for this decision: 1) virtually all pre-clinical
studies have used permanent coronary artery occlusion
models and this has not precluded the injected my-
oblasts to successfully engraft. The likely reason is that,
even in animal models, the scar area is never fully avas-
cular and that some residual blood flow persists that
can afford cell survival; this is even more true in pa-
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tients whose infarcts typically feature a patchy pattern
with islands of subnormal myocardium interspersed
with islands of necrosis; 2) in most cases, the coronary
artery subserving the infarct area is completely occlud-
ed or at least so badly diseased that it is not reasonably
amenable to any form of revascularization; 3) finally,
the present trial should primarily be viewed as confir-
matory; as such, it aims at establishing the proof of
principle, which intends to show that implantation of
myoblasts in scar areas restores some functionality in
the formerly akinetic territories; an associated revascu-
larization would then be a major confounding factor,
making virtually impossible to distinguish between the
effects of cell grafting versus those of coronary bypass
if the kinetics of the target zone are ultimately found to
improve (for that same reason, patients should not un-
dergo a concomitant mitral valve procedure either).
However, in the future, and after efficacy, if any, has
been established, the cell-implanted area will likely be
revascularized concomitantly (whenever feasible) as it
makes sense to optimize the graft blood supply and,
thus, to minimize the ischemic component of cell death
which is quantitatively important27 and likely hampers
the benefits of the procedure.

As alluded to in the preceding paragraph, the pri-
mary endpoint of the trial is the improvement in con-
tractility of the myoblast-grafted myocardial segments
6 months after the operation, as assessed in the core
laboratory by a blinded echocardiographist. Secondary
endpoints include changes in global left ventricular
function (assessed by echocardiographic and scinti-
graphic measurements of ejection fraction) and major
adverse cardiac events at 1 year after transplantation. A
flow chart of the protocol is depicted in figure 1. The
trial is carefully scrutinized by an independent Data
Monitoring Committee that analyzes safety data at reg-
ular intervals. It is important to report that the first
blinded assessment of the arrhythmic events is rather
reassuring as only 5 out of 44 patients whose defibril-
lators have been interrogated experienced some form of

ventricular tachycardia and only 2 patients out of 44 re-
quired ICD therapy. This incidence is certainly lower
than expected from the phase I experience; our as-
sumption is that strict maintenance of the beta-blocker
treatment combined with administration of amiodarone
(starting at the time of the muscular biopsy and contin-
ued uninterruptedly thereafter until 2 months after the
operation) has been pivotal in reducing the incidence or
at least the severity of the arrhythmic events potential-
ly triggered by myoblast implantation.

Overall, the study has been powered so as to include
a total number of 300 patients. However, safety and ef-
ficacy interim analyses will be performed at regular in-
tervals and their results will determine the ultimate out-
come of the trial.

Conclusion

In conclusion, cell therapy is now founded on robust
and consistent experimental grounds but we know that
data collected in animal models are not easily extrapo-
lated to our patients. It is therefore likely that the ongo-
ing clinical trials will provide additional insights with
regard to the safety and efficacy of this novel approach
which is, so far, the only one to really target regenera-
tion of non-functional myocardial tissue. Among these
trials, MAGIC holds a unique place because of its size,
design, compliance with international monitoring stan-
dards and rigorousness of assessment. The earlier we
have exploitable data, the earlier we know to what ex-
tent myoblast transplantation can really impact on the
management of heart failure and this should have ma-
jor implications for routine patient care and future re-
search plans. It is therefore important that each cardiol-
ogist who has to take care of these difficult patients
feels him(her)self committed to contribute to this study
by thinking of identifying potentially eligible candi-
dates and referring them for further evaluation to the
closest participating center. This is the key for an active
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Figure 1. Flow chart of the MAGIC protocol. CABG = coronary artery bypass grafting; D = day; ICD = implantable cardioverter-defibrillator;
M = month.



enrollment rate leading to meaningful conclusions in a
foreseeable future. It is also noteworthy that irrespec-
tive of the actual results, the MAGIC trial has yet the
merits to have set, in close collaboration with the dif-
ferent regulatory authorities, the guidelines for cell
therapy trials. This should turn out to be time- and en-
ergy-saving when time comes to consider the next gen-
eration of cells more directly targeted at truly “rebuild-
ing” mended hearts.
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