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Myoblasts are defined as stem cells containing skeletal muscle cell precursors. A decade of experimental
work has revealed many properties of myoblasts, including the stability of resulting hybrid myofibers without
immune suppression, the persistence of transgene expression, and the lack of tumorigenicity. Early phase
clinical trials also showed that myoblast-based therapy is a promising approach for many intractable clinical
conditions, including both muscle-related and non-muscle-related diseases. The potential application of my-
oblast therapy may be in the treatment of genetic muscle diseases, cardiomyocyte damaged heart diseases,
and urinary incontinence. This review will provide an overview of myoblast biology, along with discussion
of the potential application in clinical medicine. In addition, problems in current myoblast therapy and
possible future improvements will be addressed.
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INTRODUCTION diseases treated in the clinic (45). This review focuses
on the recent development of myoblast therapy and dis-
cusses the substantial benefits of myoblast therapy inMyoblasts are the quiescent skeletal muscle satellite

cells. These cells, situated beneath the basal lamina that clinical medicine.
surrounds each myofiber, function for growth and repair

BIOLOGY OF MYOBLASTSof muscle (11,65). Within the last decade, many biologi-
cal characteristics of myoblasts, along with the success Human myoblasts are functional heterogeneity (11).

Human self-renewing myoblasts have also been identi-of primary myoblast isolation, have been understood.
Transplanted autologous myoblasts can survive and fuse fied in the progeny of single human muscle satellite cells

(HMSC) in culture (4). Native desmin-positive HMSC,with myofibers in vivo in syngeneic hosts; however, im-
planted cells were completely eliminated within 3 weeks cultured as single cells, yielded two major populations

of myoblasts, alpha-sarcomeric (alpha-SR) actin-posi-in allogeneic hosts. Transplanted primary myoblasts,
different from the transformed myoblast cell line, do not tive myoblasts and desmin-positive myoblasts. In appro-

priate culture conditions, alpha-SR-actin-positive my-form tumors in immunodeficient mice. The properties of
these cells after transplantation (the stability of resulting oblasts fused into myotubes, whereas a population of

desmin-positive nonfusing myoblasts (NFMB) survivedhybrid myofibers without immune suppression, the per-
sistence of transgene expression, and the lack of tumori- for weeks among the myotubes, without fusion. Upon

isolation from myotubes, some of the NFMB resumedgenicity) inspired clinical researchers to explore the pos-
sibility of myoblast therapy for muscle diseases, based proliferation, resulting in fusing and nonfusing my-

oblasts, with the same cytoskeletal phenotypes as theon the concept of many similarities between smooth mus-
cle cells, cardiomyocytes, and myoblasts. Moreover, the progeny of native HMSC. Repetition of the self-renewal

cycle yielded four cohorts of myoblasts, with an appear-approach of myoblast-based gene therapy may become
an important application for additional non-muscle-related ance of decrease in the yield of cells as the number of
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cycles increased. These results suggest that muscle stem expansion of a trinucleotide repeat (CTG) located in the
3′ untranslated region of the myotonic dystrophy proteincells are present among NFMB (4) and recent results

have confirmed that human myoblasts contain muscle- kinase gene (DMPK). Gene-engineered myoblasts re-
sulted in a preferential decrease in mutant DMPK tran-derived stem cells (1).

In 1990, Dr. R. S. Walsh proposed that NCAM was scripts, resulting in effective restoration of human DM1
myoblast functions, such as myoblast fusion and the up-a target cell surface antigen for the purification of mus-

cle cells for myoblast transfer therapy (62). Since then, take of glucose, which can ameliorate dystrophic muscle
pathology at the cellular level (19).NCAM has been used for either identification of my-

oblasts or development of antibody-based purification. In 1992, the first clinical trial in the US demonstrated
the feasibility, safety, and efficacy of Phase II myoblastThe isolation of human myoblasts requires three steps.

In step 1, a single cell suspension of muscle tissue was transfer therapy (MTT) (26). In this study, 5 billion nor-
mal myoblasts, from a male donor, were injected intomechanically dissociated and digested by collagenase

and trypsin, and then cloned. In step 2, the developed each of 21 Duchenne muscular dystrophy (DMD) boys
(aged 6–14 years), with or without histocompatibility.clones were then tested for NCAM cell surface expres-

sion by use of cytofluorometric analysis with CD56 Results showed that MTT increased muscle strength in
DMD: 81% of the muscles tested showed either an in-monoclonal antibodies. Finally, in step 3, only those clones

with more than 98% strongly labeled positive cells were crease in strength or did not show continuous loss of
strength. In addition, injections of 5 billion myoblastsexpanded for cell transfer therapy (6). In vitro propa-

gated human myoblasts expressed the myoblast markers have not provoked any immunological rejection symp-
toms in the Phase II subjects. The study also showedCD56 and desmin, but not TE7, a marker associated

with the fibroblast phenotype (52). that donor cell rejection, by the recipient, in allogeneic
myoblast therapy can be prevented with cyclosporine A,Additional in vivo characteristics of human myoblasts

have been evaluated in the RAG2(−/−)/gammac(−/−) when properly managed. Moreover, first human my-
oblast transfer therapy efforts continue to show evidenceand RAG2(−/−)/gamma(c)/C5 triple immunodeficient

mouse models (12,13). Moreover, it is also known that of dystrophin after 6 years (25–27). These results sug-
gest that autogenous myoblast transfer therapy is a use-myoblasts are immunogenic, and allomyoblast trans-

plantation must be combined with immunosuppression ful treatment for congenital ptosis and other focal myop-
athies (3). And yet, in a pilot study, myoblast implantation(23). Therefore, physicians prefer autologous myoblast

therapy for the treatment of muscle or nonmuscle dis- did not improve strength of the implanted TA muscles.
Another clinical study, conducted with monozygoticeases. The majority of the grafted cells quickly die, leav-

ing only a minority responsible for new muscle forma- twin girls, both carriers of DMD, showed only a small
increase in the number of dystrophin-positive fibers, intion. This minority is behaviorally distinct, with a slow

divide in tissue culture, followed by a rapid proliferation addition to the presence of numerous small type II fi-
bers. Although the myoblast injections produced a sig-after grafting. These in vivo findings verified that the

subpopulation with stem cell-like characteristics is re- nificant force gain (12–31%) in wrist extension, there
was no force gain for elbow flexion (36–38,57,58). Thesponsible for in vivo function (5).
reason for this limited benefit has been known to be

MYOBLAST THERAPY FOR DUCHENNE assessed to be inflammatory reaction, immunological
MUSCULAR DYSTROPHY problems, and low spread and poor survival of the in-

jected myoblasts. Therefore, the myoblast-based ther-Duchenne muscular dystrophy (DMD) is a disease
caused by the incapacity to synthesize dystrophin, which apy, when used for treatment of DMD, can still be opti-

mized (50).is implicated in the maintenance of the sarcolemma in-
tegrity. Experimental studies demonstrated that the dys- Several modified animal study protocols showed the

improvement of these problems. For example, myoblaststrophin gene-transduced myoblast opened a new per-
spective in muscular dystrophy gene therapy (56,59). In genetically engineered to express an inhibitor of the in-

flammatory cytokine, IL-1, can improve the survival ratea mouse model of congenital ptosis, a focal myopathy,
the injected autologous myoblasts were found to be in- of the injected myoblasts (44). The induction of heat-shock

proteins (HSPs) via heat-shock treatment was reportedcorporated into muscle fibers within 2 weeks in the leva-
tor basal lamina, in contrast to the control. Electron mi- to improve the success of myoblast transplantation (8).

Myostatin is known to be responsible for limiting skele-croscopy of nearby sections showed these fibers to be
maturing striated muscle, eluding to the fact that trans- tal muscle regeneration. Blocking the myostatin signal

in mdx mice resulted in the following: increase of theplantation of normal myoblasts results in long-term res-
toration of dystrophin. Another intractable muscle dis- size of the muscle fibers, increase in the fiber resistance

to damage induced by exercise, and an improved successease, myotonic dystrophy (DM1), is caused by the
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of normal myoblast transplantation (7). Leukemia inhib- tomography (32,34). In another case, a 72-year-old man
had autologous cultured myoblasts, from his vastus lat-itory factor (LIF) enhanced regeneration in injured and

diseased muscle, followed by an increased number of eralis, injected into an area of transmural inferior myo-
cardial infarction in nonreperfused scar tissue. Symp-dystrophic fibers expressing dystrophin, after myoblast

transplantation (63). Coadministration of the anti-LFA- toms and left ventricular ejection fraction improved.
When he died 17.5 months later, deemed unrelated to1 (TIB-213) mAb markedly reduced myoblast death at

3 days, without altering leukocyte tissue infiltration (20). the cell transplantation after the procedure, the grafted
postinfarction scar displayed well-developed skeletalAdditionally, basic fibroblast growth factor, co-injected

with primary myoblasts, improved significantly the level myotubes, with a preserved contractile apparatus. Sixty-
five percent of the myotubes expressed the slow myosinof expression of recombinant factor IX in vivo (64). Si-

multaneous administration of control-released hepato- isoform and 33% coexpressed the slow and fast isoforms
(44% and 0.6%, respectively, in skeletal muscle). Thecyte growth factor (HGF) may also enhance the efficacy

of skeletal myoblast transplantation through its antiapo- survival, along with a switch to slow-twitch fibers of the
myoblast grafts, may be directly related to the sustainedptotic, angiogenic, and antifibrotic effects (53). CTLA4Ig

coexpression, associated with a transient anti-CD154 improvement in cardiac function (21). A further 10 pa-
tients were included, based on the following criteria: 1)treatment, can also prolong delivery of the recombinant

protein, erythropoietin (Epo), via transfer of ex vivo severe left ventricular dysfunction (ejection fraction
≤35%); 2) the presence of a postinfarction akinetic andmodified cells in allogeneic recipients (22,47). These ef-

forts may improve the clinical success of myoblast- nonviable scar, as assessed by dobutamine echocardiog-
raphy and 18-fluorodeoxyglucose positron emission to-based therapy for treatment of DMD in the future.
mography; and 3) an indication of coronary bypass in

MYOBLAST THERAPY remote areas. Results obtained showed an average of
FOR MYOCARDIOPATHY 871 × 106 cells (86% of myoblasts) were obtained after

a mean period of 16 days, and implanted, uneventfully,Chronic heart failure is the most common cause of
hospitalization in the US, with about half a million pa- across the scar at the time of bypass. Although four pa-

tients showed delayed episodes of sustained ventriculartients each year. Cell-based cardiac repair shows the
promise of rebuilding the injured heart from its compo- tachycardia and were implanted with an internal defibril-

lator, the mean New York Heart Association functionalnent parts. Myoblast therapy for heart diseases is the
most popular among the cell-based therapies (24). Nu- class improved from 2.7 ± 0.2 preoperatively to 1.6 ±

0.1 postoperatively (p < 0.0001). In addition, the ejec-merous experimental successes for heart diseases have
been demonstrated in rabbits (54,60), CHF147 Syrian tion fraction increased from 24 ± 1% to 32 ± 1% (p <

0.02) in all patients at an average follow-up of 10.9hamsters (41), rat, and sheep models (2,9,30,39,42,43).
Studies showed that the ACE inhibitor, in combination months. Moreover, a blinded echocardiographic analysis

showed that 63% of the cell-implanted scars (14 of 22)with myoblast therapy, significantly improved left ven-
tricular function (42), which suggested that the cardio- demonstrated improved systolic thickening (33,35).

Another clinical trial demonstrated that myoblastprotective effects of autologous SM cell transplantation
appears more successful than those observed with ACE transplantation was feasible (48). In this clinical trial of

10 patients, one patient died of a recent infarction oninhibitors. The improvement in ejection fraction is
highly correlated with the number of injected myoblasts day 7 postoperatively, due to a recent infarction located

in a remote area of the left ventricle. The left ventricularin the rat model. Therefore, the strategy, as used in the
DMD model, to increase cell survival after transplanta- ejection fraction increased from 25% to 40% (mean

35.2%) before the procedure to 29% to 47% (meantion may improve the clinical results. Evidence showed
that coadministration of control-released hepatocyte growth 42.0%) after the procedure, as noted during the 4-month

follow-up visit (p < 0.05). This increased effect wasfactor, or hypoxia-inducible factor 1α, enhanced the
efficacy of skeletal myoblast transplantation, through its maintained throughout the entire 12 months of follow-

up. Sustained ventricular tachycardia was observed inantiapoptotic, angiogenic, and antifibrotic effects in rats,
with chronic myocardial infarction (2,53). two patients in the early postoperative period and in an-

other two patients after 2 weeks of follow-up. This ad-In 2001, Menasche’s team in France first reported a
success with implanted autologous skeletal myoblasts verse event was controlled by amiodarone infusion.

A clinical trial in the US provided additional evi-into the postinfarction scar, during coronary artery by-
pass grafting of remote myocardial areas, in a patient dence for the feasibility and safety of autologous skele-

tal myoblast transplantation into infarcted myocardiumwith severe ischemic heart failure. Five months later,
there was evidence of contraction and viability in the (17). This Phase I nonrandomized, multicenter, pilot

study enrolled 30 patients total, in which 24 of the pa-grafted scar on echocardiography and positron emission
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tients were candidates for the elective CABG, and six of heart transplantation. Based on these positive results,
myoblast transfer is being researched in larger, random-the patients were candidates for LVAD, as a bridge to

heart transplantation. The patients had suffered myocar- ized trials that use an average of 300 patients. The trials
hope to thoroughly assess the efficacy of the procedure,dium infarction (MI) previously, and had significant re-

duction in their LV ejection fraction. The cultured my- in the clinical setting. The design of these studies must
comply with the stringent methodological guidelinesoblasts were injected into the epicardial surface of the

infarction area, at the time of surgery. The preliminary commonly used in drug trials, as this is the only means
of accurately assessing whether to use the procedure,results showed that the myoblasts were transplanted suc-

cessfully, in all patients, without any acute injection- and to what extent, in order to impact the outcome of
patients with advanced left ventricular ischemic dys-related complications, or significant long-term, unex-

pected adverse events. Histological evaluation in four of function (31).
six patients who underwent heart transplantation pro-

MYOBLASTS AS A TOOLvided documentation of survival and engraftment of the
FOR GENE DELIVERYskeletal myoblasts, within the infarcted myocardium.

Follow-up PET scans also showed new areas of viability Myoblasts, the proliferative cell type of skeletal mus-
cle tissues, become an integral part of the muscle intowithin the infarct scar in CABG patients. Echocardiogra-

phy was used to measured left ventricular ejection frac- which they are injected. As such, they are potent tools
for stable delivery of a gene of interest into the body,tion (LVEF). In the 24 CABG patients, LVEF was im-

proved from 28 ± 9% baseline to 35 ± 8% (p = 0.02) at even in close proximity to circulation (18,19,40). Gene-
engineered myoblasts afford a robust and long-lastinga 1-year interval, and to 36 ± 11% (P = 0.01) at 2 years

(16,17). However, the functional improvement was sig- expression in muscle. The combined insertion of differ-
ent gene constructs into single myoblasts, with their re-nificant only in the concomitant CABG patients. It

should be noted that in the absence of a control arm, the sulting progeny, allows the simultaneous expression of
a functional and a reporter gene within the same cell inimprovement in LVEF, LV dimensions, and LV vol-

umes may be related only to benefits of the CABG. vivo. Additionally, the effects of timing and duration of
gene expression can also be controlled by using tetracy-Therefore, regarding the efficacy, a meaningful conclu-

sion cannot be drawn in this study. In order to show cline-inducible constructs and dosage effects, by select-
ing subpopulations consistently expressing distinct lev-solid improvement of LVEF, further clinical trials

should be considered in the absence of CABG and with els of growth factors. The modification of the vector
system may also dramatically enhance transduction ina control group. Meanwhile, the potential adverse event,

which was determined to be related to myoblast therapy, differentiated myocytes in vitro and in skeletal muscle
in vivo (18). Based on these biological advantages, my-was nonsustained ventricular tachycardia. Fortunately,

the adverse event of arrhythmia could be controlled by oblast-based gene therapy proves to be a promising ap-
proach to gene therapy.medication, or an ICD. Additionally, the author pointed

out that the previous high incidence of arrhythmia was A sustained systemic expression of factor IX was
achieved by transplanting the genetically modified my-due to the small sample size. Nevertheless, the prepara-

tion of an antiarrhythmia therapy has been determined oblasts into skeletal muscles in nude mice and SCID
mice. This suggested that myoblast transplant may rep-to be necessary before implementing myoblast trans-

plantation. resent a useful approach to gene therapy for a variety of
genetic diseases, including intrinsic muscle disease andRecently, a clinical study with five patients, using an

invasive pressure-volume loop analysis, also demon- defects in circulating proteins, as seen in the hemophil-
iac (46,64). Recent attempts of gene-modified myoblaststrated that the autologous myoblast transplantation im-

proved pump function, with a tendency for improved therapy have been expanded to insulin-dependent diabe-
tes mellitus (IDDM) (49), neuropathy (29), anemia ofsystolic function, at up to 12 months into follow-up (51).

Because all patients in this study had a MI at least 2 end-stage renal failure (ESRF) with recombinant eryth-
ropoietin (EPO) (22,47), and human growth hormoneyears before the cell transplantation, the myoblast ther-

apy truly increased the contractility. They also demon- (hGH) (14). This approach, which used transduced my-
oblasts, could also function as an alternative gene deliv-strated that the adverse event of arrhythmia did occur,

but was found to be controlled by medication, without ery system for therapeutic angiogenesis in patients,
avoiding the toxicities seen with some viral vectors (61).hospitalization or the implantation of a cardioverter-

defibrillator. From the data of those pioneer clinical
MYOBLAST-BASED THERAPY FOR URINARYtrials, there is an agreement that myoblast therapy will

INCONTINENCE AND OTHER DISEASESbenefit those patients with reduced viable cardiomyo-
cytes, and, at the very least, this approach will be an Myoblast therapy for stress urinary incontinence is

another popular topic, as it affects nearly 15 million peo-important option for those patients who are waiting for
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ple (primarily women) around the world. Dr. Chancel- an important therapeutic approach for musculoskeletal
conditions with poor intrinsic healing capacity, in areaslor’s team at the University of Pittsburgh demonstrated

that the feasibility of myoblasts, the precursors of mus- such as ligaments, meniscus, and cartilage (15). Research-
ers are continuing to improve current protocols for my-cle fibers, injected periurethrally as a potential treatment

of stress urinary incontinence, with results obtained oblast-based tissue engineering (28). Recently, myoblast-
mediated gene therapy of nitric oxide synthase (NOS),from an animal study. Myoblast injection into the blad-

der wall improved detrusor contractility. The fusion of an important transmitter that mediates smooth muscle
relaxation and is essential for erection, injected into thethe injected myoblasts to form myotubes and myofibers

in the smooth muscle layers of the lower urinary tract corpus cavernosum of the penis, showed promise in
correcting erectile dysfunction in adult male Sprague-was seen in both the urethral and bladder walls. This

suggests that myoblast injections can be used to enhance Dawley rats (55).
In conclusion, myoblasts are adult stem cells and in-urethral closure and bladder function (10). Moreover,

they recently confirmed the results of using human mus- clude skeletal muscle cell precursors. Although my-
oblasts are committed myogenic cells, these cells can becle-derived cells, pluripotent stem cells found in muscle,

to cure stress urinary incontinence, by testing in animal induced to differentiate, and can stably survive in the
form of hybrid myofibers. After fusion, hybrid myofib-models. This finding signals that these cells are prime

candidates to treat this condition in adults (news report ers maintain their muscle character and in vivo contrac-
tility. Because we can isolate, purify, and expand humanin September 18, 2005). Currently, clinical trials using

muscle-derived cell therapy for incontinence have been myoblasts in vitro, myoblast therapy has been brought
to early phase clinical trials for several indications, andinitiated in Toronto, Canada.

On December 5, 2004, Dr. Frauscher at the Univer- has been shown to be a positive trend for many intracta-
ble clinical conditions, including muscle- and non-muscle-sity Hospital in Innsbruck, Austria, reported the first

successful use of muscle myoblast stem cells for inconti- related diseases. The popular clinical trials of myoblast
therapy are in the treatment of genetic muscle diseases,nence. The stem cells were removed from a patient’s

arm, cultured in a lab for 6 weeks, and then injected in cardiomyocyte-damaged heart diseases, and urinary in-
continence. However, in order to gain a more definitivethe wall of the urethra and into the sphincter muscle.

The result was increased muscle mass and contractility test of the efficacy of myoblast therapy in the setting of
chronic ischemic heart diseases, the design of clinicalof the sphincter, along with a thicker urethra. Many pa-

tients showed no evidence of urinary leakage within 24 trials should include a protocol with randomized groups
and without CABG. The protocol of further clinical trialsh of completion of the 15–20-min outpatient procedure.

Twenty females, ages 36 to 84, who were experiencing should also include a procedure to minimize the adverse
event of ventricular tachycardia, though all of the reportsminor to severe stress incontinence, participated in this

research trial. One year after the procedure, 18 of the showed safety of myoblast therapy so far. Moreover, to
improve the clinical effects, problems such as inflamma-study’s 20 patients remain continent. The research team

has now planned to start using this technique at other tory reactions, immunologic rejection, low spread and
poor survival of the injected myoblasts, and synergiccenters, including three centers in Austria, two in Ger-

many, one in Switzerland, and one in the Netherlands contractility with host cardiomyocytes need in vitro and
in vivo solutions. The mechanism of myoblast therapy[The Annual Meeting of The Radiological Society of

North America (RSNA)]. The expectation is to see more for heart damage needs also to be investigated. Because
the application of myoblast therapy is substantial, moreclinical trials being initiated throughout the world.

In 1997, Day reported the injection of a myoblast- fundamental research regarding those problems and clin-
ical trials is warranted.based gene-delivery vehicle into a joint of both a new-

born rabbit and an adult mouse with severe combined
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