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The incidence of heart failure is achieving epidemic proportions. Adult human myocytes cannot
regenerate because these cells do not reenter the cell cycle. In patients with heart failure,
myoblast transplantation is emerging as a potential therapeutic option to augment the function
of remaining myocytes. Both skeletal myoblasts and autologous bone marrow cell trans-
plantation, after intensive preclinical experimental animal studies, have entered phase | safety
studies in humans. Most of these clinical trials have involved small groups of patients and cell
transplantation was carried out as an adjunct to coronary revascularization. Preliminary results
show that the procedure is safe and leads to improved myocardial function. This paper reviews
and summarizes the outcome of these phase | trials involving skeletal myoblast transplantation.
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INTRODUCTION

Cardiovascular diseases (CVD), principally heart disease
and stroke, remain the leading cause of morbidity and
mortality for both men and women globally. In the
United States alone, approximately 5 million patients
suffer from heart failure. More than 61 million Ameri-
cans have some form of CVD, including high blood
pressure and coronary artery disease [1]. The incidence
is likely to increase and in particular with ““the graying of
America” the proportion of elderly will increase. Al-
though medical management has much improved, once
a patient develops end-stage heart failure the prospect is
dismal. These statistics serve to focus attention on the
urgent need to develop additional therapeutic measures
to manage this serious problem. The concept of whole-
organ heart transplantation has been successful but has
major limitations such as donor supply and immunosup-
pressive complications. Currently, artificial hearts and
left ventricular assist devices are cumbersome and expen-
sive and not a viable option. The concept of cellular
transplantation to augment the function of the failing
heart has much experimental and now increasing clinical
evidence to suggest more detailed clinical evaluation
[2,3]. However, the type of the cell, the number of the
cells, the delivery strategy, and the time of injection still
remain the subjects of intense investigation. This review

will discuss the current status of myoblast transplanta-
tion in the clinical arena and highlights the progress and
pitfalls of the approach.

TREATMENT FOR HEART FAILURE

The etiology of heart failure is multifactorial. Manage-
ment of heart failure includes medical and surgical
options [4-7]. The surgical options include revasculari-
zation, correction of valvular dysfunction, implantation
of assist devices, and heart transplantation. Each of the
aforementioned techniques has its limitations. The
search for an alternative to pharmacological treatment
is mandatory for patients with advanced disease. Dynam-
ic cardiomyoplasty, after extensive evaluation, has largely
been abandoned [8,9]. As the majority of patients in most
regions of the world have heart failure due to an ischemic
etiology that largely results in left ventricular impairment
initially, the use of left ventricular assist devices for the
management of heart failure holds promise. The concept
of using left ventricular assist devices (LVAD) as a bridge
to transplantation has gained wide acceptance [10]. Oth-
er options for LVAD use include a bridge to recovery and
an alternative to transplantation. However, the use of
LVAD is associated with considerable morbidity and
mortality and they are extremely expensive. The current
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LVAD available are not suitable for long-term implanta-
tion and to a large extent the elderly and patients with
comorbid conditions may be excluded. Heart transplan-
tation remains the only definitive treatment for the
resultant end-stage heart failure; however, donor hearts
remain scarce, transplant atherosclerosis develops uni-
formly in the transplanted heart, and immunosuppres-
sion is associated with considerable complications. Thus
heart transplant cannot be viewed as a viable surgical
option in the vast majority of patients with end-stage
heart failure. Xenotransplantation currently, and for the
foreseeable future, is not available.

The 21st century has seen rapid advances in the emer-
gence of both molecular and cellular-level approaches to
diagnose and treat diseases. In the area of heart failure and
coronary artery disease such approaches have focused on
cell transplantation for cellular myocardial reconstruction
and gene therapy for angiogenesis [11-13]. These new
approaches supplement the insufficiency of the intrinsic
repair mechanism of cardiac muscle.

THE ABILITY OF THE ADULT MYOCYTE TO RESPOND
TO IRREVERSIBLE INJURY 1S LIMITED

The limited regenerative ability of the adult myocardium
is related to the fact that the adult cardiac cell is a
postmitotic cell. In humans cardiomyocytes withdraw
from the cell cycle early in postnatal life and become
terminally differentiated [14]. The mechanism and the
timing of this switch are not certain, although it is
currently believed that the transition is gradual [15].
Division and proliferation of the terminally differentiated
ventricular cardiomyocytes in the adult mammal do not
occur after injury such as that caused by a myocardial
infarction [14]. This, together with the lack of tissue-
specific stem cells, renders the heart less capable of
regenerating muscle cells in the event of irreversible
injury. However, recently the aforementioned limitations
for myocardial repair have been called into question [16].
A number of studies have shown that some cardiomyo-
cytes can reenter the cell cycle in response to ischemic
injury. The number, however, is small and is probably
insufficient to repair the damage completely or sufficient-
ly to restore overall function [17,18]. In addition recent
publications suggest that there is a subpopulation of
cardiac muscle stem cells in the adult heart that may
transform into myocytes and vascular structures in re-
sponse to myocardial injury [19]. Thus, the damaged
heart has some potential to repair itself.

Alternative methods have been considered to compen-
sate for the deficient intrinsic repair mechanism for the
regeneration of myocardial tissue damaged by ischemia
and infarction [20-22]. These include the transplanta-
tion of contractile cells into the myocardium to repopu-
late the area of injury and scarring [23,24].

CELL TRANSPLANTATION FOR HEART FAILURE

Myocardial cell transplantation is intended to compen-
sate for the loss of cardiomyocyte number and aims to
limit and/or reverse the consequences of contractile dys-
function of a damaged left ventricle [25-28]. These
effects could be related directly to the injected cells or
mediated indirectly by angiogenic or growth factors se-
creted by transplant cells [29-31]. More recently, trans-
plantation of cells with inherent ability to secrete growth
factors or genetically modulated cells carrying angiogenic
growth factors is being assessed with the added conse-
quence of angiogenesis concomitant with myogenesis
[32-37]. These results are still relatively preliminary and
await additional preclinical studies. However, the techni-
ques for cardiac regeneration appear promising and offer
alternative methods for the treatment of ischemic heart
disease [38].

THE CHoICE OF DONOR CELLS

In addition to other factors, choice of cells is influenced
by the ultimate and desired aim of the procedure [39].
Various cell types such as embryonic, fetal, and adult;
differentiated and undifferentiated; and myogenic and
nonmyogenic have been explored in numerous animal
studies as possible sources for implantation into the
damaged heart. The earlier studies have used cells includ-
ing embryonic stem cells, adult and fetal cardiomyocytes,
fibroblasts, smooth muscle cells, mesenchymal stem
cells, and skeletal myoblasts [40-46]. Of these, embryon-
ic stem cells, fetal cardiomyocytes, mesenchymal stem
cells, and myoblasts appear to have the greatest potential
for use in cellular cardiomyoplasty. Grafting of adult and
fetal cardiomyocytes is efficacious, producing viable and
stable grafts after implantation in animals [47,48]. They
form intercalated discs and gap junctions after grafting,
suggesting electromechanical coupling of these cells with
the host myocardium [49]. However, the use of embry-
onic stem cells and fetal cardiomyocytes in humans raises
ethical and availability issues.

SUITABILITY OF MYOBLASTS FOR TRANSPLANTATION

Unlike heart muscle, skeletal muscle has the ability to
regenerate and repair after injury due to the presence of
satellite cells. They proliferate and differentiate when
activated in response to muscle injury. Skeletal myoblasts
are mononucleated unipotent progenitor cells that can
be expanded in vitro (Fig. 1). The advantages of using
autologous skeletal myoblasts are availability, the lack of
immunologic barriers to the transplantation process,
which precludes the need for immunosuppression to
allow donor cell acceptance by the host, and the dimin-
ished risk of tumorigenesis. At the same time, the satel-
lite cells can be genetically modified in vitro to deliver
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FIG. 1. Human skeletal myoblast in vitro culture.

angiogenic cytokines and growth factors to encourage
angiomyogenesis. Animal studies have shown that
grafted myoblasts form myotubes in the myocardium
and eventually mature to become well-formed myofibers
with contractile apparatus. These results have been con-
firmed by results in humans [50,51]. These grafted cells
acquire a fatigue-resistant slow-twitch muscle phenotype
that is better suited to perform a cardiac-type work load.
Furthermore, it has also been shown that the transplan-
tation of myoblasts results in a significant functional
improvement in damaged hearts [25,28,52—-54]. Howev-
er, there have been contradicting reports on the differ-
entiation of myoblasts into cardiomyocyte-like cells with
intercalated discs [55]. The ability of the skeletal myo-
blasts to make meaningful electromechanical connec-
tions for the transmission of electrical impulses with
the host cardiomyocytes through gap junctions is ques-
tionable [56].

SKELETAL MYOBLASTS IN HUMAN STUDIES

The European Experience

As a result of encouraging animal studies, the first clinical
application of cell transplantation as an adjunct to coro-
nary artery bypass grafting (CABG) was performed by
Menasche and colleagues using cultured autologous skel-
etal myoblasts in a 72-year-old male patient [57]. The
patient was in New York Heart Association (NYHA) class
III [58,59] with a mean left ventricular ejection fraction
(LVEF) of 21 + 2% by echocardiography. Follow-up at 5
months showed the patient was in NYHA class II with an
improvement in the LVEF to 30%. The procedure was
performed without any complications. The promising

results of this study paved the way for phase I clinical
trials. These have been carried out in humans with two

different cell types: bone marrow-derived adult stem cells
[33,60,61] and skeletal muscle myoblasts [57,62,63].
Patients were selected based on a previous history of
myocardial ischemia, left ventricular dysfunction, the
presence of a nonviable and akinetic postinfarction scar,
and an indication for CABG.

Since their first landmark study, Menasche and col-
leagues have reported nine more patients as a part of
phase I trials [64]. The patients (mean age 60 + 3 years)
were diagnosed with severe left ventricular dysfunction
(LVEF, 35%). An average of 8.74 x 10% autologous
myoblasts (range 5 x 10® to 1.15 x 10%) (86% CD56%;
range 67-96) were injected into akinetic, nonrevascular-
izable, and nonviable scar as assessed by dobutamine
echocardiography and positron emission tomography
(PET). The average number of sites injected was 38
(range 27-57). The cell transplantation procedure was
event free, without any perioperative complications. The
nine operative survivors were followed for up to
8 months. The results showed an improvement in NYHA
class for all the patients, from NHYA class 2.7 + 0.2 to
1.6 + 0.1 (P < 0.02), in parallel with documented
improvement in LVEF from 24 + 1 to 34 £+ 1% (P =
0.02). The improvement in cardiac function restoration
was observed during the first 3 months posttransplanta-
tion. This improvement has not deteriorated since.
These positive findings have resulted in a randomized
multicenter trial.

Siminiak and colleagues in Poland, in August 2001,
documented the first reported case report of autologous
myoblast transplantation for the treatment of post-myo-
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cardial infarction-depressed myocardial function [62].
The procedure was carried out as an adjunct to CABG
in a 55-year-old female patient who suffered a trans-
mural anterior wall myocardial infarction. Echocardio-
graphic functional assessment revealed extensive
akinesia of the apex and apical segments of the anterior
wall and the septum. The absence of the viability in the
akinetic region was shown by low-dose dobutamine
echocardiography. Transplantation of 1.2 x 10° autolo-
gous myoblasts prepared from the patient’s own skeletal
muscle biopsy samples was carried out into the akinetic
area of the left ventricle during routine CABG. Echocar-
diography at 4 weeks posttransplantation revealed sig-
nificant improvement in segmental contractility,
especially in the apical region. A more detailed account
of the phase I study involving one female and nine male
patients was presented by Siminak et al. during the
American Heart Association Scientific Sessions 2002
[65]. All the patients underwent autologous myoblast
transplantation as an adjunct to CABG. Six-month fol-
low-up showed improved segmental contractility and
restored myocardial function.

Chachques and colleagues initiated a phase I study for
autologous myoblast transplantation as an adjunct to
routine CABG in 4 male and 1 female patient (mean
age 63 years) in NYHA functional class III [66]. The study
has now been extended to include 18 patients (90%
males) with an average NYHA class 2.6 [67]. The patients
were diagnosed with impaired left ventricular function
(ejection fraction 32 + 5%) and left ventricular posterior
wall postischemic scars (akinetic and absence of metabol-
ic viability). Autologous myoblasts were generated from
12 + 3 g skeletal muscle biopsy samples from the patients
and expanded in 17 + 4 days up to 300 + 20 million. The
propagation of the cells was carried out in complete
human medium, using the patients’ own sera. At the
time of implantation, the purity of myoblasts was 78 +
5%, with 95 + 3% cell viability. The cells, suspended in 5
ml human albumin solution, were injected into 12 + 4
injection sites in and around the infarct region. There
were no complications related to the cell transplantation
procedure. The patients showed uneventful recovery and
were discharged from the ICU 2 days after surgery. At
follow-up (mean 9 + 3 months) no cardiac arrhythmias
were observed. Echocardiographic studies showed an
improvement in regional wall motion (from akinetic
scars to hypokinetic ventricular wall). The infarct scar
size appeared to be significantly reduced from 21 + 5 to
8 + 3 cm? (P < 0.05). Myocardial viability tests showed
regenerating nodes, with patients moving from mean
heart failure class 2.6 to class 1.3.

In addition to the aforementioned phase I studies,
clinical myoblast transplantation studies are under way
in Spain (14 cases), The Netherlands (13 cases), Germany
(Diisseldorf and Rostock), and Italy (5 patients) (unpub-
lished data).

The American Experience

In addition to myoblast transplantation as an adjunct to
CABG, the procedure has also been carried out in associ-
ation with LVAD implantation as the first part of a
multicenter trial sponsored by Diacrin, Inc., in Massachu-
setts [51]. Five patients (median age 60 years) with a
history of ischemic cardiomyopathy were selected for
the study. These patients were on the waiting list for
heart transplantation and were to receive an LVAD im-
plantation as a “‘bridge to transplantation.” They were on
maximal inotropic support with a median LVEF of 15%.
Muscle biopsies from the thigh were cultured and
resulted in a myoblast purity of 43 to 97%. A total of
300 x 10° cells were injected into each patient, with the
exception of one patient who required urgent LVAD
implantation before sufficient cells could be cultured. A
total of 3 to 38 sites were injected into the infracted areas
or the border zones. These sites were marked with surgical
clips. This permitted histological examination of the site
after LVAD explantation. The second part of the trial is a
dose-escalation phase II trial, with safety being evaluated
at doses ranging from 10 million to 300 million cells.

Dib and colleagues at the Arizona Heart Institute,
Phoenix, presented a study involving transplantation of
skeletal muscle cells into the scarred regions of the heart
in 16 patients as an adjunct to CABG (n = 11) or LVAD
implantation (n = 5) [68]. The study was part of the
multicenter industry-sponsored trial from Diacrin and
involved a dose-escalation study. Autologous myoblasts
were purified and proliferated in vitro from each patient’s
thigh muscle biopsy samples. A total of 10 million to 300
million cells were injected directly into the scarred
regions. There were no intraoperative or postoperative
complications associated with the procedure. The follow-
up evaluation by magnetic resonance imaging, echocar-
diography, and PET showed successful survival of the
transplanted cells within the heart at the site of the graft,
which registered improvement in LVEF from 21 to 29% at
3 weeks follow-up.

Recently, Bioheart has initiated the multicenter Food
and Drug Administration-approved MYOHEART clinical
trial to be carried out at Mount Sinai Hospital (New York,
NY), Duke University, and the American Cardiovascular
Research Institute (Atlanta, GA). Similarly, Genzyme has
announced a MAGIC (myoblast autologous grafting in
cardiomyopathy) multicenter trial in Europe and Amer-
ica. Some other institutions involved in myoblast trans-
plantation include the University of California at Los
Angeles, Temple University at Philadelphia, the Univer-
sity of Michigan at Ann Arbor, and the Cleveland Clinic.

The Asian Experience

Our group in Singapore carried out the first autologous
myoblast transplantation on a beating heart as a part of a
phase I clinical study. A 55-year-old male patient pre-
sented with acute myocardial infarction. The apex, ante-
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FIG. 2. Fluorescent immunostaining of human skeletal
myoblast for desmin expression in vitro using FITC-
labeled antibodies.

rior wall, and septum of the left ventricle were akinetic
and the LVEF was 31%. After informed consent and as
part of an Institutional Review Board-cleared clinical
trial, the patient received 3.78 x 10® autologous myo-
blasts at 20 different sites in and around the infarct
region during CABG. The cells were >98% pure for des-
min expression, with >99% viability at the time of injec-

FIG. 3. Autologous human myoblast transplantation
in a human patient as an adjunct to coronary artery
bypass surgery on a beating heart.

tion (Fig. 2). A 6-month follow-up revealed a perfusion
defect involving the anterior wall and the apex with
partial reversibility on *™Tc-tetrafosamine nuclear scan.
Our findings were in agreement with previously pub-
lished reports and demonstrated the safety, viability,
and benefit of autologous myoblast transplantation as
an adjunct to off-pump CABG (Fig. 3). Although further
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patients need to be evaluated, the benefits of reduced
risks associated with off-pump CABG cardiopulmonary
bypass offer an attractive technique for delivering the
cells for transplantation.

More recently, Zhang and colleagues from Nanjing
Medical University, People’s Republic of China, have
reported a phase I study including three patients with a
history of coronary heart disease [63]. The patients un-
derwent coronary artery bypass grafting and implanta-
tion of autologous satellite cells. Satellite cells were
isolated from muscle biopsies of the right vastus lateralis
muscle after enzymatic treatment. While the heart was
under hypothermic cardioplegic arrest, 4 ml of cell sus-
pension divided into approximately 40 doses was
injected into the ventricular wall of the ischemic area
in less than 5 min. All patients survived the procedure
and had an uneventful recovery. There were reports of
occasional arrhythmias. However, these did not require
treatment. No arrhythmia was observed during longer
follow-up. Beneficial results noted at 4 months after the
operation include an increase in left ventricular ejection
fraction and decreased left ventricular diastolic diameter,
as well as improved ventricular wall thickness observed
by 2-D echocardiography. There was significant improve-
ment in perfusion (°*™Tc MIBI) and metabolic activity
(*®F-deoxyglucose) at the cell implantation sites. The
same group has reported a fourth patient with heart
failure (NYHA class III-1V) and LVEF 37.1% [69]. The
patient underwent routine CABG and autologous skeletal
myoblast transplantation. At 5 months follow-up, the
patient showed dramatic improvement to NYHA class
II. The LEVF improved to 48.6% by 2-D echocardiography
and the left ventricular systolic diameter changed from
48 mm (before cell transplantation) to 45 mm (after cell
transplantation). There was marked improvement in the
perfusion and metabolic activity. These results confirm
the safety and early benefit of cellular cardiomyoplasty
using autologous satellite cells.

Time constraints and the logistic problem of gener-
ating autologous skeletal myoblasts for every patient can
be overcome if allogeneic skeletal myoblasts from
healthy young donors can be made available. The safety
and feasibility of allogeneic myoblast transplantation
were tested for the first time in human subjects on
January 17, 2003, at the Bakoulev Center in Moscow,
Russia [70]. Two patients (mean age 59) received be-
tween 1 and 1.2 billion skeletal myoblasts as an adjunct
to CABG on nonbeating hearts. The patients received 5—
7 mg/kg/day cyclosporin starting 5 days prior to until 2
months after cell transplantation. Despite cyclosporin
discontinuation, immunorejection was not observed. At
3 months follow-up, subjects were in stable condition
with angina at class I-II (CCS) instead of class IV.
Echocardiography demonstrated 14.6 and 10.5%
increases in LVEF. Nuclear imaging using single photon
emission computed tomography demonstrated positive

dynamics, with an increase in LVEF, and a reduction in
perfusion defects both at rest and during exercise. The
results of this study support the concept of using allo-
geneic myoblasts as an alternative therapy for heart
failure using only a short course (2 months) of immu-
nosuppressive therapy.

SOME IMPORTANT CONSIDERATIONS RELEVANT TO
MyYOBLAST THERAPY IN HUMANS

Safety, Feasibility, and Efficacy

The safety and feasibility of cell transplantation have
been repeatedly documented during multiple preclinical
animal experiments and clinical phase I studies
[57,71,72]. There have been no reports of perioperative
complications in any of the studies involving myoblast
transplantation. The only serious postoperative adverse
event related to the procedure was the occurrence of
ventricular arrhythmias [51,64].

Because the preliminary goal of initial studies has
been to assess the safety of the procedure, most of the
studies to date have lacked a control arm, i.e., a group
of patients into whom no cells were injected. The
sample size included in these early studies was small
and the application of the cell transplantation approach
in all these studies was conducted as an adjunct to
standard revascularization procedures such as CABG
and LVAD. This makes it impossible to interpret the
outcome of the uncontrolled studies and to assess the
benefits of the approach in real terms. However, the
end-point measurements in these studies highlight im-
provement in the quality of life, reduced nitroglycerine
consumption, enhanced exercise tolerance, improve-
ment in NYHA class, improvement in wall motion by
echocardiography, and significantly reduced perfusion
defects (Table 1).

Mortality

There have been no reported intraoperative deaths. Post-
operative deaths have occurred (Table 1). By the end of
the follow-up period (mean = 7.5 months, range 1.0 to
12.0), there have been three reported cases of unrelated
postoperative deaths among patients who have under-
gone cell transplantation after CABG [64]. One early
postoperative death was related to a mesenteric infarc-
tion, while the cause of death for the other two patients
was unrelated to myoblast transplantation. In addition,
another patient died 17.5 months after the procedure as a
result of a stroke [50]. After a mean LVAD support time of
122 days (range 68 to 191), four of the five patients who
had a LVAD implanted before cell transplantation under-
went device explantation [51]. Three of them received
heart transplant, while one died as a result of sepsis. One
other patient remains on LVAD support. No deaths have
been linked directly to the cell transplant procedure. One
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Table 1

Reference

Menasche
et al.

Menasche

et al.

Chachques

et al.

Siminiak
et al.
Siminiak
et al.

Nabil et al.

Sim et al.

Pagani
et al.

Law et al.

Zhang
et al.

Adjunct
CABG

CABG

CABG

CABG

CABG

CABG

CABG on

beating
heart

LVAD

CABG

CABG

Source

Autologous

Autologous

Autologous

Autologous

Autologous

Autologous

Autologous

Allogeneic

Autologous

Patients (n)
1

5 extended
to 18

N

Cell count
800x10°

871x10°

300+20x10°

1x10°

2x107

10-300x10°

3.74x108

300x10°

1.1x108
and 1.2x108

Purity
65% CD56"

86+3%
(range 67-97%)

82+5%

61-96% CD56*

>98% desmin
positive

43 to 97%

>98%

Sites injected
33

37+3
(range 27-57)

612

20

3 to 38

18 and 19

30-40

Results

Stabilized in NYHA class Il

LVEF improved to 30%

Improved segmental contractility
and perfusion

LVEF increase (from 23.8+3.9 to
32.1+£7.5%)

New-onset echocardiographic

systolic shortening

Improvement in NYHA class
(2.7£0.2 to 1.6+0.1)

Improved regional fractional
shortening (943 to 20+5%);
reduced scar size

Improvement in NYHA class

Increase in segmental contractility
seen on echocardiography

No peri operative complications

Improved segmental contractility

Improved LVEF from 21 to 29%

MRI and PET scan showed
evidence of viability

Improved cardiac function on
echocardiography

Reduction of perfusion defect
from 30 to 22%

Improved LVEF from 30
to 37% at 6 months

Myofiber staining for myosin heavy

chain parallel to host myocardial fibers
Increased blood vessel count (72+17

cells vs 229+ 24 cells, P<0.0001)
Echocardiography showed 14.6 and

10.5% increases in LVEF with no local

hypokinetic regions
99MTc-tetrofosamine SPECT showed

positive dynamics, reduced perfusion

defects during exercise and rest
Improved LVEF and left ventricular

wall thickness on 2-D echocardiography

Significant improvement on
perfusion scan

Complications

None

4 patients
with VT

None

1 episode of
sustained VT
Sustained VT in 2
patients; 1 death
unrelated to cell
transplantation
None

None

Atrial fibrillation
(n=2); VT (n=2)

None

Occasional arrhythmia
during intensive care
unit stay but not
observed during
the follow-up

CABG, coronary artery bypass grafting; LVAD, left ventricle assist device; LVEF, left ventricle ejection fraction; MRI, magnetic resonance imaging; PET, positron emission tomography; VT, ventricular tachycardia.
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death has been reported by Siminiak et al. (2002) post-
operatively [65]. The death, however, has been related to
acute myocardial infarction and was unrelated to the cell
transplantation procedure.

Histology

Histological data of the grafted areas in the human
patients have been reported by Hagege et al. and Pagani
et al. [50,51]. The patient of Menasche’s landmark study
died 17.5 months after receiving myoblast transplanta-
tion. The heart was explanted postmortem and subjected
to histological studies [50]. The results showed the pres-
ence of myofibrils that stained for skeletal muscle-specific
myosin heavy chain in the injected areas. They were seen
to be aligned in a direction parallel to host myocardial
fibers. Slow-twitch isoforms and fast-twitch isoforms as
well as coexpression of both forms were seen in percen-
tages of 32, 35, and 33%, respectively. Percentages of 44,
55, and 0.6% are seen in human skeletal muscle. This
switch of phenotype toward the slow-twitch isoform is
thought to be caused by repeated stretch as a result of
contraction of the adjacent myocardium or by incom-
plete elimination of the fibers expressing only the fast
isoform. Compared to noninjected areas, areas where
myoblasts were injected showed a significant increase in
number of blood vessels (72 + 17 cells vs. 229 + 24 cells,
P < 0.0001).

Multinucleated giant cells have also been seen in
grafted segments in the myocardium, associated with
noncellular material introduced during transplantation
[51]. Aside from these cells, no sign of ongoing inflam-
mation was reported. There was an absence of connexin-
43 staining on immunohistochemistry, thus suggesting
impaired electrophysiological coupling between the
grafted cells and the surrounding host cardiomyocytes.

Cell Survival

Myoblast transplantation is confronted with the problem
of donor cell survival posttransplantation [73]. It has
been shown in animals that up to 90% of grafted cells
die within the first 24 to 48 h after transplantation
[74,75]. In addition, total myoblast survival is probably
<1% in humans. This poor cell survival has been attrib-
uted to inflammatory changes at the site of implantation.
Inflammation is the result of trauma due to needle
puncture, immune-mediated rejection of myoblasts, or
release of immune modulators as a result of myoblast cell
death [76]. In particular, natural killer cells have been
shown to play a central role in the early death of grafted
myoblasts [77]. The exposure of myoblasts to the culture
medium containing animal proteins in vitro may lead to
changes in the surface antigen characteristics of the
myoblasts and expression of neoantigens [78]. To over-
come this problem, Chachques and colleagues are the
only group using human serum-supplemented myoblast
culture medium for myoblast purification and culture

[67]. However, a recent investigation has revealed the
poor ability of human serum-supplemented culture me-
dium to support myoblast growth in vitro [79]. The
presence of nonviable cells in the myoblast preparation
for transplantation renders them vulnerable to immune
rejection [76]. Other mechanisms proposed for low cell
survival include mechanical cell damage during grafting
and cell leakage from the sites of needle puncture.

Cardiac Arrhythmia

Cardiac arrhythmia as a postoperative complication has
been reported after myoblast transplantation. Menasche
reported that 4 of the 10 patients suffered from sustained
monomorphic ventricular tachycardia (VT) that was re-
sistant to treatment by amiodarone and beta-blockers
and necessitated the implantation of an automatic inter-
nal cardioverter/defibrillator [13,64]. Pagani reports that
4 of 5 patients suffered from atrial fibrillation (n = 2) or
VT (n = 2) [S1]. The patient in the Poland trial also
suffered from an episode-sustained VT that was resolved
by treatment with amiodarone. Six of eight patients who
developed arrhythmias had a prior history of arrhyth-
mias. Most episodes of arrhythmias were clinically well
tolerated and did not result in any deaths. The etiology of
arrhythmia after myoblast transplantation is probably
multifactorial and includes an inhomogeneous distribu-
tion of gap junctions, a difference in the isotypes of ion
channels on skeletal muscle cells and cardiomyocytes,
and the release of inflammatory mediators after needle
puncture [80]. The presence of a nonmyogenic popula-
tion present in the myoblast cell population that is trans-
planted may further aggravate the situation.

FUuTURE DIRECTIONS

The results of the phase I human studies, although
encouraging, are still preliminary. A more concerted
collaborative effort between the various research groups
involved is likely to further the knowledge in the field.
The development of strict inclusion and exclusion crite-
ria, better establishment of the target population of
patients who may benefit from cell transplantation, and
more widespread trials will allow the real benefit of this
concept to be established. The methods for end-point
measurements of the studies should be made more uni-
form so that the results emanating from various centers
may be more uniformly interpreted. To date, studies on
myoblast transplantation have been carried out as an
adjunct to routine surgical procedures such as CABG
and mechanical-assist device implantation. This makes
it hard to realize the true effectiveness of the cell trans-
plantation approach. The beneficial effects could be re-
lated directly to the injected cells or indirectly to a
combined effect of surgical manipulation and cell trans-
plantation. Further investigative work needs to be done
on the basic issues such as the ideal cell type, the optimal
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number of cells, and the route of administration. The
beneficial effects seen to date may be related directly to
the injected cells or mediated indirectly by angiogenic or
growth factors secreted by the transplanted cells. The
most suitable time for cell transplantation after ischemic
injury has also not been resolved [81]. If cells are trans-
planted too early after the injury, their survival could be
impaired by the ongoing inflammatory response at the
injured site; if they are injected too late, transplantation
may not successfully prevent fibrosis from developing in
the injured region.

The optimal mode of cell delivery continues to be
evaluated. Without exception, in all the previous clin-
ical studies reported, direct intramyocardial injection
has been used for myoblast delivery. This is the sim-
plest approach but is too invasive if considered in the
perspective of the clinical scenario in which cell ther-
apy will be used as the sole therapy. Furthermore, loss
of cells due to leakage from the site of injection after
direct injection needs to be prevented [67]. In addition
to the surgical route of direct intramyocardial cell
transplantation, intravenous, intracoronary, intra-arteri-
al, and catheter-based delivery systems are currently
being intensively evaluated as alternative approaches
for cell delivery [61,82,83]. The results in the animal
studies have shown the feasibility of an endovascular
route of delivery to an infarcted area [84,85]. Cells can
be delivered accurately with the assistance of NOGA
electromechanical mapping. Catheter-based needle
endomyocardial injection is associated with equivalent
or superior injectate retention compared with open
chest epicardial injection [86]. The percutaneous proce-
dure raises the possibility of repeated grafting of cells
without the need to perform an open chest procedure.
The use of myoblasts from other than autologous
sources may result in on-the-shelf availability of cells,
which will help solve some of the logistic problems.

The mechanisms responsible for the beneficial effects
seen with cell transplantation remain controversial. Elu-
cidation of the exact mechanism of cell survival and
exactly how the transplanted cells contribute to im-
provement in overall cardiac function remain the focus
of intense investigation. In addition, the spectrum of
cardiovascular pathologies that could benefit from myo-
blast transplantation needs to be assessed. Clinical trials
must be designed to address these basic issues. Further
to this, there is a need for blinded and placebo-con-
trolled studies to assess the true efficacy of this ap-
proach. There is much theoretical and practical
advantage to combining angiogenic gene therapy with
myoblast transplantation using myoblasts as carriers of
the exogenous genes encoding one or more angiogenic
factors. In conclusion, the use of novel cell-based tech-
niques to assist with cardiac regeneration holds much
promise for the treatment of heart failure and could
complement other available therapies.

RECEIVED FOR PUBLICATION SEPTEMBER 3, 2003; ACCEPTED OCTOBER 22,
2003.

REFERENCES

1. American Heart Association (2002). Heart and Stroke Statistical Update. Am. Heart
Assoc.

2. Al-Radi, O. O., Rao, V., Li, R. K., Yau, T., and Weisel, R. D. (2003). Cardiac cell trans-
plantation: Closer to bedside. Ann. Thoracic Surg. 75: S674-S677.

3. Vilquin, J. -T., Marolleau, ]. -P., Hagege, A., Menasche, P., Fiszman, M., and

Schwartz, K. (2002). Cell transplantation for post ischemic heart failure. Arch. Mal.

Coeur. 95: 1219-1225.

. Ranjan, A., Tarigopula, L., Srivastava, R. K., Obasanjo, O. O., and Obah, E. (2003).
Effectiveness of the clinical pathway in the management of congestive heart failure.
South Med. . 96: 661 -663.

. Ventura, H. O., and Kalapura, T. (2003). Beta-blocker therapy and severe heart failure:
myth or reality? Congest. Heart Fail. 9: 197 -202.

. Christiansen, S., Brose, S., and Autschbach, R. (2003). Surgical therapy of end-stage
heart failure. Herz 28: 380-392.

. Jayakar, D. V. (2003). Surgical treatment for chronic heart failure. Compr. Ther. 29:
66-76.

. Chachques, |. C., et al. (2002). From dynamic to cellular cardiomyoplasty. /. Card. Surg.
17: 194-200.

. Carraro, U., and Rigatelli, G. (2003). Cardiac-bio-assists: biological approaches to sup-
port or repair cardiac muscle. /tal. Heart . 4: 152-162.

10. Oz, M. C,, et al. (2003). Left ventricular assist devices as permanent heart failure

therapy: the price of progress. Ann. Surg. 238: 577 -583.

11. Chiu, R. C. (2001). Therapeutic cardiac angiogenesis and myogenesis: The promises
and challenges of a new frontier. /. Thoracic Cardiovasc. Surg. 122: 851 -852.

12. Gulbins, H., Meiser, B. M., Reichenspurner, H., and Reichart, B. (2002). Cell trans-
plantation: A potential therapy for cardiac repair in the future? Heart Surg Forum 5:
E28-E34.

13. Hagege, A. A., and Menasche, P. (2000). Cellular cardiomyoplasty: A new hope in
heart failure? Heart 84: 465-466.

14. Claycomb, W. C. (1992). Control of cardiac-muscle cell-division. Trends Cardiovasc.
Med. 2: 231-236.

15. Li, F. Q., Wang, X. |., Capasso, |. M., and Gerdes, A. M. (1996). Rapid transition of
cardiac myocytes from hyperplasia to hypertrophy during postnatal development.
J. Mol. Cell. Cardiol. 28: 173-176.

16. Anversa, P., Leri, A., Kajstura, ]., and Nadal-Ginard, B. (2002). Myocyte growth and
cardiac repair. J. Mol. Cell. Cardiol. 34: 91-105.

17. Anversa, R., Torella, D., Kajstura, J., Nadal-Ginard, B., and Leri, A. (2002). Myocardial
regeneration. Eur. Heart J. Suppl. 4(G): G67-G71.

18. Beltrami, A. P., et al. (2001). Evidence that human cardiac myocytes divide after my-
ocardial infarction. N. Engl. J. Med. 344: 1750-1757.

19. Nadal-Ginard, B., Kajstura, J., Leri, A., and Anversa, P. (2003). Myocyte death, growth,
and regeneration in cardiac hypertrophy and failure. Circ. Res. 92: 139-150.

20. Chiu, R. C. J., Zibaitis, A., and Kao, R. L. (1995). Cellular cardiomyoplasty: Myocardial
regeneration with satellite cell implantation. Ann. Thoracic Surg. 60: 12-18.

21. El Oakley, R. M., Ooi, O. C., Bongso, A., and Yacoub, M. H. (2001). Myocyte trans-
plantation for myocardial repair: A few good cells can mend a broken heart. Ann.
Thoracic Surg. 71: 1724-1733.

22. Semsarian, C. (2002). Stem cells in cardiovascular disease: from cell biology to clinical
therapy. Intern. Med. . 32: 259-265.

23. Dowell, ). D., Rubart, M., Pasumarthi, K. B. S., Soonpaa, M. H., and Field, L. ]. (2003).
Myocyte and myogenic stem cell transplantation in the heart. Cardiovasc. Res. 58:
336-350.

24. Penn, M. S,, Francis, G. S., Ellis, S. G., Young, J. B., McCarthy, P. M., and Topol, E. |.
(2002). Autologous cell transplantation for the treatment of damaged myocardium.
Prog. Cardiovasc. Dis. 45: 21 -32.

25. Atkins, B. Z., Hueman, M. T., Meuchel, . M., Cottman, M. J., Hutcheson, K. A., and
Taylor, D. A. (1999). Myogenic cell transplantation improves in vivo regional perform-
ance in infarcted rabbit myocardium. J. Heart Lung Transplant 18: 1173 -1180.

26. Murry, C. E., Whitney, M. L., and Reinecke, H. (2002). Muscle cell grafting for the
treatment and prevention of heart failure. /. Card. Fail. 8: $532-S541.

27. Tang, G. H., et al. (2003). Cell transplantation to improve ventricular function in the
failing heart. Eur. J. Cardiothoracic Surg. 23: 907 -916.

28. Taylor, D. A., et al. (1998). Regenerating functional myocardium: Improved perform-
ance after skeletal myoblast transplantation. Nat. Med. 4: 929 -933.

29. Hamano, K., et al. (2002). Therapeutic angiogenesis induced by local autologous bone
marrow cell implantation. Ann. Thoracic Surg. 73: 1210-1215.

30. Chedrawy, E. G., Wang, . S., Nguyen, D. M., Shum-Tim, D., and Chiu, R. C. (2002).
Incorporation and integration of implanted myogenic and stem cells into native my-
ocardial fibers: Anatomic basis for functional improvements. /. Thoracic Cardiovasc.
Surg. 124: 584 -590.

31. Tomita, S., et al. (2002). Improved heart function with myogenesis and angiogenesis

N

w

=)

~N

)

o

22

MOLECULAR THERAPY Vol. 9, No. 1, January 2004
Copyright © The American Society of Gene Therapy



doi:10.1016/j.ymthe.2003.10.009

REeviEW

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

47.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

after autologous porcine bone marrow stromal cell transplantation. /. Thoracic Cardio-
vasc. Surg. 123: 1132-1140.

Chekanov, V., and Kipshidze, N. (2003). Angiogenesis by means of endothelial cell
transplantation. J. Thoracic Cardiovasc. Surg. 125: 441-442.

Hamano, K., et al. (2001). Local implantation of autologous bone marrow cells for
therapeutic angiogenesis in patients with ischemic heart disease. Jpn. Circ. J. 65:
845-847.

Sakai, T., Ling, Y., Payne, T. R., and Huard, J. (2002). The use of ex vivo gene transfer
based on muscle-derived stem cells for cardiovascular medicine. Trends Cardiovasc.
Med. 12: 115-120.

Suzuki, K., et al. (2001). Cell transplantation for the treatment of acute myocardial
infarction using vascular endothelial growth factor-expressing skeletal myoblasts. Cir-
culation 104: 1207 -1212.

Tse, H. F., Kwong, Y. L., Chan, K. F,, Lo, G., Ho, C. L., and Lau, C. (2003). Angiogenesis
in ischemic myocardium by intra-myocardial autologous bone marrow mononuclear
cell implantation. Lancet 361: 47 —49.

Yau, T. M., Fung, K., Weisel, R. D., Fujii, T., Mickle, D. A., and Li, R. K. (2001). Enhanced
myocardial angiogenesis by gene transfer with transplanted cells. Circulation 104:
1218-1222.

Atkins, B. Z. (2002). Results of cellular therapy for ischemic myocardial dysfunction.
Minerva Cardioangiol. 50: 333 -341.

Reinlib, L., and Field, L. (2000). Cell transplantation as future therapy for cardiovascular
disease? A Workshop of the National Heart, Lung and Blood Institute. Circulation 101:
e182-e187.

Al Attar, N., et al. (2003). Long-term (1 year) functional and histological results of
autologous skeletal muscle cells transplantation in rat. Cardiovasc Res. 58: 142-148.

Henningson, C. T., Jr., Stanislaus, M. A., and Gewirtz, A. M. (2003). Embryonic and
adult stem cell therapy. Allergy Clin. Immunol. 111(2 Suppl.): S745-S753.

Hutcheson, K. A., Atkins, B. Z., Hueman, M. T., Hopkins, M. B., Glower, D. D., and
Taylor, D. A. (2000). Comparison of benefits on myocardial performance of cellular
cardiomyoplasty with skeletal myoblasts and fibroblasts. Cell Transplant 9: 359 -368.

Kim, W. G., Park, |. J., Chung, D. H., and Na, C. Y. (2002). Autologous cardiomyocyte
transplantation in an ovine myocardial infarction model. Int. J. Artif. Org. 25: 61-66.

. Scorsin, M., et al. (2000). Comparison of the effects of fetal cardiomyocyte and skeletal

myoblast transplantation on post infarction left ventricular function. J. Thoracic Cardi-
ovasc. Surg. 119: 1169-1175.

Yoo, K. J., Li, R. K., Weisel, R. D., Mickle, D. A., Li, G., and Yau, T. M. (2000). Autol-
ogous smooth muscle cell transplantation improved heart function in dilated cardio-
myopathy. Ann. Thoracic Surg. 70: 859 -865.

. Yoo, K. J., et al. (2002). Smooth muscle cells transplantation is better than heart cells

transplantation for improvement of heart function in dilated cardiomyopathy. Yonsei
Med. J. 43: 296 -303.

Li, R. K., et al. (1996). Cardiomyocyte transplantation improves heart function. Ann.
Thoracic Surg. 62: 654-661.

. Reffelmann, T., Dow, J. S., Dai, W., Hale, S. L., Simkhovich, B. Z., and Kloner, R. A.

(2003). Transplantation of neonatal cardiomyocytes after permanent coronary artery
occlusion increases regional blood flow of infarcted myocardium. . Mol. Cell. Cardiol.
35: 607-613.

Rubart, M., Pasumarthi, K. B., Nakajima, H., Soonpaa, M. H., Nakajima, H. O., and
Field, L. J. (2003). Physiological coupling of donor and host cardiomyocytes after
cellular transplantation. Circ. Res. 92: 1217 -1224.

Hagege, A. A, et al. (2003). Viability and differentiation of autologous skeletal myoblast
grafts in ischemic cardiomyopathy. Lancet 361: 491 -492.

Pagani, F. D., et al. (2003). Autologous skeletal myoblasts transplanted to ischemia-
damaged myocardium in humans: Histological analysis of cell survival and differentia-
tion. J. Am. Coll. Cardiol. 41: 879 -888.

Ghostine, S., et al. (2002). Long-term efficacy of myoblast transplantation on regional
structure and function after myocardial infarction. Circulation 106: 1131 -1136.

Jain, M., et al. (2001). Cell therapy attenuates deleterious ventricular remodeling
and improves cardiac performance after myocardial infarction. Circulation 103:
1920-1927.

Rajnoch, C., Chachques, J. C., Berrebi, A., Bruneval, P., Benoit, M. O., and Carpentier,
A. (2001). Cellular therapy reverses myocardial dysfunction. J. Thoracic Cardiovasc.
Surg. 121: 871-878.

Reinecke, H., Poppa, V., and Murry, C. E. (2002). Skeletal muscle stem cells do not
trans-differentiate into cardiomyocytes after cardiac grafting. /. Mol. Cell. Cardiol. 34:
241-249.

Leobon, B., Garcin, I., Menasche, P., Vilquin, J. -T., Audiant, E., and Charpak, S. (2002).
Myoblasts transplanted into rat infarcted myocardium are functionally isolated from
their host. Proc. Natl. Acad. Sci. USA 100: 7808—-7811.

Menasche, P., et al. (2001). Myoblast transplantation for heart failure. Lancet 357:
279-280.

Chavey, W. E., II, Blaum, C. S., Bleske, B. E., Harrison, R. V., Kesterson, S., and Nicklas, J.
M. (2001). Guideline for the management of heart failure caused by systolic dysfunc-
tion. Part I. Guideline development, etiology and diagnosis. Am. Fam. Physician 64:
769-774.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Chavey, W. E., Il, Blaum, C. S., Bleske, B. E., Harrison, R. V., Kesterson, S., and
Nicklas, J. M. (2001). American Heart Association guideline for the management of
heart failure caused by systolic dysfunction. Part Il. Treatment. Am. Fam. Physician
64: 1045-1054.

Stamm, C., et al. (2003). Autologous bone marrow stem-cell transplantation for my-
ocardial regeneration. Lancet 361: 45-46.

Strauer, B. E., et al. (2002). Repair of infarcted myocardium by autologous intracoro-
nary mononuclear bone marrow cell transplantation in humans. Circulation 106:
1913-1918.

Siminiak, T., Kalawski, R., and Kurpisz, M. (2002). Myoblast transplantation in the
treatment of post infarction myocardial contractility impairment—A case report. Kar-
diol. Pol. 53: 131.

Zhang, F. M., et al. (2003). Clinical cellular cardiomyoplasty: technical considerations.
J. Card. Surg. 18: 268-273.

Menasche, P., et al. (2003). Autologous skeletal myoblast transplantation for severe
post-infarction left ventricular dysfunction. /. Am. Coll. Cardiol. 41: 1078 -1083.
Siminiak, T., et al. (2002). Transplantation of autologous skeletal myoblasts in the
treatment of patients with post infarction heart failure. Circulation 106: 11-636 [Abstract
3137].

Chachques, |. C., et al. (2002). Treatment of heart failure with autologous skeletal
myoblasts. Herz 27: 570-578.

Chachques, J. C., Gonzalez, |. H., and Trainini, |. C. (2003). Cardiomioplast. Cel. Rev.
Argent. Cardiol. 71: 138-145.

Dib, N., et al. (2002). Safety and feasibility of autologous myoblast transplantation in
patients with ischemic cardiomyopathy: Interim results from the United States experi-
ence. Circulation 106(Suppl. I1): 11-463 [Abstract 2291].

Kao, R. L., Zhang, F., Yiang, Z. -J., Gao, X., and Li, C. (2003). Cellular cardiomyoplasty
using autologous satellite cells: from experimental to clinical study. Basic Appl. Myol. 13:
23-28.

Law, P. K., Fang, G., Chua, F., Kakuchaya, T., and Bockeria, L. A. (2003). First-in-Man
myoblast allografts for heart degeneration. Int. |. Med. Implants Devices 1: 100-155
[Abstract].

Glinanes, M., Loubani, M., Davies, |., Chin, D., Pasi, ]., and Bell, P. (2002). Safety
and efficacy of transplantation of autologous bone marrow into scarred myocardium
for the enhancement of cardiac function in man. Circulation 106(Suppl. Il): 11-463
[Abstract 2292].

Tran, N., et al. (2002). Autologous cell transplantation and cardiac tissue engineering:
potential applications in heart failure. Biorheology 40: 411-415.

Hodgetts, S. I., Beilharz, M. W., Scalzo, A. A., and Grounds, M. D. (2000). Why do
cultured transplanted myoblasts die in vivo? DNA quantification shows enhanced sur-
vival of donor male myoblast in host mice depleted of CD4"* and CD8" cells or NK cells.
Cell Transplant. 9: 489 —502.

Irintchev, A., Zweyer, M., and Wernig, A. (1995). Cellular and molecular reactions in
mouse muscles after myoblast implantation. /. Neurocytol. 24: 319-331.

Pouzet, B., et al. (2000). Intramyocardial transplantation of autologous myoblasts: Can
tissue processing be optimized? Circulation 102: 111210-111215.

Skuk, D., Caron, N., Goulet, M., Roy, B., Espinosa, F., and Tremblay, J. P. (2002).
Dynamics of the early immune cellular reactions after myogenic cell transplantation.
Cell Transplant. 11: 671-681.

Hodgetts, S. I., Spencer, M. |., and Grounds, M. D. (2003). A role for natural killer cells
in the rapid death of cultured donor myoblasts after transplantation. Transplantation
75: 863-871.

Smythe, G. M., and Grounds, D. D. (2000). Exposure to tissue culture conditions can
adversely affect myoblast behavior in vivo in whole muscle grafts: Implications for
myoblast transfer therapy. Cell Transplant. 9: 379 -393.

Rozwadowska, N., Fiszer, D., Siminiak, T., Kalawski, R., and Kurpisz, M. (2002). Eval-
uation of in vitro culture of human myoblasts for tissue auto transplants to the post-
infarcted heart. Kardiol. Pol. 57: 233.

Menasche, P. (2002). Myoblast transplantation: feasibility, safety and efficacy. Ann.
Med. 34: 314-315.

Li, R. K., Mickle, D. A., Weisel, R. D., Rao, V., and Jia, Z. Q. (2001). Optimal time for
cardiomyocyte transplantation to maximize myocardial function after left ventricular
injury. Ann. Thoracic Surg. 72: 1957 -1963.

Perin, E. C., et al. (2003). Trans-endocardial, autologous bone marrow cell transplan-
tation for severe, chronic ischemic heart failure. Circulation 107: 2294 -2302.
Thompson, C. A,, et al. (2003). Percutaneous transvenous cellular cardiomyoplasty: a
novel non-surgical approach for myocardial cell transplantation. /. Am. Coll. Cardiol. 41:
1964-1971.

Chazaud, B., et al. (2003). Endoventricular porcine autologous myoblast transplanta-
tion can be successfully achieved with minor mechanical cell damage. Cardiovasc. Res.
58: 444 -450.

Dib, N., et al. (2002). Endoventricular transplantation of allogeneic skeletal myoblasts
in a porcine model of myocardial infarction. J. Endovasc. Ther. 9: 313-319.
Grossman, P. M., Han, Z. G., Palasis, M., Barry, |. J., and Lederman, R. |. (2002).
Incomplete retention after direct myocardial injection. Cath. Cardiovasc. Intervent.
55:392-397.

MOLECULAR THERAPY Vol. 9, No. 1, January 2004
Copyright © The American Society of Gene Therapy

23



	Myoblast Transplantation for Cardiac Repair: A Clinical Perspective
	Introduction
	Treatment for Heart Failure
	The Ability of the Adult Myocyte to Respond to Irreversible Injury is Limited
	Cell Transplantation for Heart Failure
	The Choice of Donor Cells
	Suitability of Myoblasts for Transplantation
	Skeletal Myoblasts in Human Studies
	The European Experience
	The American Experience
	The Asian Experience

	Some Important Considerations Relevant to Myoblast Therapy in Humans
	Safety, Feasibility, and Efficacy
	Mortality
	Histology
	Cell Survival
	Cardiac Arrhythmia

	Future Directions
	References


