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Abstract
Skeletal muscle has an impressive regenerative potential. The cells that mediate muscle repair have unique 

properties that are not restricted solely to the formation of new muscle, but also contribute to the repair of damaged 
residual tissue. Recent studies have shown that freshly isolated muscle-regenerative cells maintain these properties, 
and contribute to muscle repair after transplantation to host muscle tissue. Muscle-regenerative cells are typically 
present in low numbers, and the yield of therapeutic cells from biopsies is low. Ex-vivo expansion of the candidate cells 
is therefore required. However, when cultured in vitro, the muscle-regenerative cells, and particularly muscle satellite 
cells, lose their regenerative capacities. This poses a major limitation on the introduction of cell-based therapies for 
muscle disorders. Here, we take the opportunity to review the promise of cell-based therapies specifically for the 
treatment of degenerative muscle diseases. We focus particularly on optimizing the conditions for expanding the 
cells in vitro in a way that maintains their regenerative properties.
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Introduction
Muscle disorders are a group of inherited or acquired diseases with 

a great variety of disease manifestations. Their common denominator 
is progressive loss of muscle structure and function, for which no 
sufficient therapy is currently available.

Cell transplantation and stem-cell-based therapies are emerging 
therapies. Cell-based therapies were established with the use of bone-
marrow transplantations, which were performed for the first time in 
1968 [1]. Various clinical trials (http://clinicaltrials.gov) have studied 
the potential of allogeneic stem cells such as mesenchymal stem 
cells, human embryonic stem-cell (hESC)-derived stem cells and 
hematopoietic stem cells for treating a range of conditions. Particularly 
exciting in this respect is the first in-man clinical trial to evaluate neural 
stem cells for use in patients who have suffered a stroke (a study by 
ReNeuron; http://www.reneuron.com), which is currently in progress. 
These developments indicate that the field of cell-based therapies is 
expanding and that expectations are high. 

Cell-based therapies have been considered for the treatment 
of muscular dystrophies ever since the injection of myoblasts into a 
mouse model for Duchenne Muscular Dystrophy (MDX mice) resulted 
in the generation of dystrophin positive myofibers [2-4]. The initial 
excitement was dampened by observations that, due to poor survival, 
immune rejection and the limited bio-distribution of transplanted cells, 
the regenerative effects were both modest and transient. The field was 
re-ignited by the identification of muscle-regenerative cells other than 
myoblasts - i.e. satellite cells, pericytes and muscle-derived stem cells – 
with superior engraftment potential. Recent studies in animal models 
have shown that, upon transplantation, several muscle stem-cell 
populations do indeed retain their unique regenerative properties [5-7]. 
This sets the scene for their clinical exploration. The potential of some 
of the muscle-regenerative cells such as mesangioblasts is currently 
being evaluated in clinical trials – a development that indicates the 

progress in the field. Several recent reviews have extensively evaluated 
the properties of the different muscle-regenerative cell types [8-11]. 

The inherited muscle disorders show general involvement of 
skeletal muscles, often with a limb-girdle distribution, indicating both 
that several muscle groups need to be targeted and that considerable 
numbers of donor cells are required. It remains an important practical 
limitation that the candidate populations can often be obtained only 
in small numbers, and that expansion of these populations is required 
to obtain these cells in clinically relevant numbers. A potential 
advantage of using cultured therapeutic cells is that they might offer 
an opportunity to correct the disease-causing genetic defect before 
injection, potentially opening the way for the development of an 
autologous cell-based therapeutic approach. Furthermore, autologous 
stem/regenerative cells will greatly reduce the risk of immune rejection 
that limited the success of earlier muscle-cell transplantation strategies. 
However, two major concerns are associated with the culture of 
therapeutic cells: the loss of regenerative potential and the acquisition 
of genomic instability. If the development of cell-based therapies is to 
be successful, these considerations should be taken into account. 

In this review, we highlight several types of muscle-regenerative cells 
with distinct properties and focus on recent approaches and advances 
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in the expansion of muscle stem or progenitor cells. The systematic 
application of these strategies will be essential to exploring the further 
clinical application of these exciting new treatment modalities. 

Skeletal Muscle Disorders and Muscle Regeneration 
Muscle disorders

Skeletal muscle comprises the body’s largest tissue, accounting for 
about 40% of total body weight, and playing critical roles in movement, 
respiration, stabilization of the skeleton, glucose homeostasis, and 
thermoregulation. It consists of bundles of multinucleated, elongated 
membrane-bound cells, called muscle fibers. These fibers contain 
bundles of myofibrils showing a striated pattern of repeating units, 
known as sarcomeres, which are the fundamental contractile units 
of skeletal muscle. The myofibrils set off a mechanical contraction in 
response to neuronal or electrical stimuli, generating the contractile 
force needed by a particular skeletal muscle to perform its function. 
Adult skeletal muscle also houses several populations of stem cells, 
which play important roles in maintaining the integrity of the tissue 
and mediating the repair of any damage to the muscle. As we discuss 
below, satellite cells comprise the predominant muscle stem cell 
population responsible for postnatal muscle regeneration [12].

Acute or chronic muscle damage results from the disruption of the 
structural organization of the muscle, inducing muscle-fiber necrosis, 
infiltration of inflammatory cells, and the deposition of non-myogenic 
material (e.g. connective tissue, fat, and/or glycogen deposits). Many 
hereditary and acquired neuromuscular disorders – including the 
muscular dystrophies, toxic, inflammatory and metabolic myopathies, 
and neuropathies leading to muscle denervation – are associated with 
muscle damage. Muscle damage is also seen in systemic conditions such 
as ageing, cancer and endocrinological disorders. The neuromuscular 
disorders are a heterogeneous group of rare disorders that may present 
at any age and may significantly reduce life-expectancy, especially when 
the cardiac and respiratory muscles are involved (such as in Duchenne 
Muscular Dystrophy (DMD) and Pompe’s Disease).

Muscle disorders are associated with a lengthening list of defects in 
genes that encode cytoskeletal, lysosomal, sarcomeric and membrane-
associated proteins. The clinical and pathophysiological hallmarks 
of these myopathies can vary widely and are beyond the scope of 
this review (interested readers are referred to the specific literature; 
see for instance [13-15]). However, irrespective of the mechanisms 
involved, the common denominator is a muscle-wasting phenotype. 
With regard to several of the inherited muscular dystrophies (Table 
1), it is thought that disease progression is determined largely by 
exhaustion of the stem-cell pool and the resulting progressive loss of 
muscle-regeneration potential. On the basis of this assumption, it is 
possible that the attenuation of muscle damage or the restoration of 
the muscle-regenerative potential is key to the effective treatment of 
neuromuscular disorders.

Muscle regeneration in healthy and diseased muscle

Minor damage to the muscle fibers is patched by the family of 
dysferlin proteins [48], while more extensive injury results in the 
activation of muscle-resident stem cells that marks the initiation of the 
regenerative response. Recent studies have shown that adult muscle 
regeneration depends mainly on one population of stem cells, the 
satellite cells (SCs) (Figure 1) [49-51]. Upon sustaining damage, the 
activated SCs start to proliferate and generate committed myoblasts, 
which differentiate into myocytes. To repair the damage, these 

myocytes fuse with each other to make new myofibers, or fuse with the 
residual myofiber (Figure 1). 

While the repair process in healthy muscle is completed within 
one to three weeks, depending on the extent of the damage, the 
regenerated muscle fibers of dystrophic muscle remain unstable 
due to the underlying genetic defects, and continue to accumulate 
damage. As a result, dystrophic muscle engages in continuous rounds 
of degeneration and SC activation. These ongoing cycles of muscle 
degeneration and regeneration characterize dystrophic muscle, and 
are thought to result in exhaustion of the SC pool (discussed further 
below) which progresses to loss of function of the affected muscle and, 
eventually, to muscle atrophy. It is unclear whether ongoing muscle 
regeneration occurs during the disease progression of all muscle 
disorders (such as facioscapulohumeral dystrophy; FSHD). But even 
for conditions in which mainly atrophy has been observed (and loss of 
SCs is not implied), the affected muscles will have reduced regenerative 
potential, and muscle wasting will be progressive.

It has been proposed that muscle is capable of complete regeneration 
when SC numbers are at least 10-20% of those in young adults [52]. This 
may indicate that the numbers of regenerative-competent SCs decrease 
below the critical threshold during disease progression, which may 
imply that even a modest increase in stem-cell numbers would have 
a beneficial effect in diseased muscle. This observation may provide a 
basis for cell therapy of muscle disorders using muscle-regenerative 
cells.

Mechanisms of satellite-cell exhaustion

Postnatal muscle growth and regeneration is mediated by muscle 
satellite cells, which characteristically reside beneath the basal lamina 
and were first described over fifty years ago by Alexander Mauro [53]. 
Recently, to celebrate their discovery, excellent reviews on them [12,54] 
have been published. SCs are characterized by the expression of the 
paired box transcription factor Pax7 across species, including man, 
mouse and chicken [54]. Several recent studies have shown that SCs 
are bona-fide stem cells [55] and generate both differentiating progeny 
(myoblasts and myocytes) and, in a process called self-renewal, new 
SCs. As stated above, muscle regeneration does not proceed in the 
absence of SCs [49-51] and loss of SC numbers or activity is thought 
to be at the basis of the muscle-wasting that is observed in the diverse 
conditions affecting skeletal muscle. There may be several mechanisms, 
both cell-intrinsic and -extrinsic, underlying SC exhaustion in 
dystrophic muscle and here we will discuss several of the mechanisms 
that have been proposed.

In some hereditary myopathies, the association between the gene 
defect and SCs exhaustion is very clear. In these cases, the ‘disease’ gene 
is normally expressed in SCs in healthy individuals; the absence or loss 
of function of this gene directly affects SC function. For instance, lamin 
A/C deficiency in Emery-Dreifuss myopathies induces premature SC 
differentiation and cell-cycle exit [38] (Table 1). As a result, the SC pool 
is depleted and muscle-regenerative potential progressively lost. 

Other disease-causing genes, such as dystrophin, are not expressed 
in the SC compartment, but only in the terminally differentiated 
myofibers. While loss of function of these genes is directly related to 
myofiber stress and damage, the lack of expression of these genes does 
not directly affect SC behavior. In these cases, the progressive muscle-
wasting alters the architecture of the muscle in a process that may 
involve inflammation, fibrosis or deposition of non-myogenic material, 
as has been described for DMD [35,56]. As SCs reside in a specialized 
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 Disease  Gene1  Animal model2  SC exhaustion3 

Inherited muscular dystrophies 

Becker Muscular Dystrophy Dystrophin (Xp21) MDX mouse [16], mild phenotype Indirect: Functional change: extensive 
activation; change in environment [35]

Congenital Muscular Dystrophy Laminin A2/Merosin (6q22-6q23) Laminin A2-deficient mouse [17]

Integrin A7 (12.q13.2) Integrin A7-deficient mouse [18] Indirect? Changes in environment (loss 
of integrin A7) [36]

Fukutin (9q31-q33) Fukutin chimeric mouse [19]
SEPN1 (1p36) SEPN1-deficient mouse [20] Direct: increased proliferation SCs [37]

Duchenne Muscular Dystrophy Dystrophin (Xp21) MDX mouse [16]; GRMD dogs [21] Indirect: Functional change: extensive 
activation; change in environment [35]

Emery-Dreifuss Emerin (Xq28) Emerin-deficient mouse [22] Direct: Premature differentiation/cell 
cycle exit [38]

Lamin A/C (1q11-q21) Lamin a-deficient mouse [23]

Facioscapulohumeral Muscular 
Dystrophy

FSHMD1A, D4Z4 contraction (95%; 
4q35) FRG-1 transgenic mouse [24]

Direct and indirect: Increased apoptosis 
of myoblast/inhibition of differentiation 
[39,40]

Limb-Girdle Muscular Dystrophy Dysferlin (2p13.2) Dysferlin-deficient mouse [25] Indirect: Inhibition of myoblast fusion [41]
Alpha-sarcoglycan (17q12- 21.33) BIO 14.6 hamster [26]

POMT1 (9q34.1) and POMT2 (14q24.3) POMT1-deficiency in mouse is 
embryonic letal [27]

Indirect; apoptosis in droshophila 
myoblasts [42]

Myotonic Dystrophy DMPK (DM1; 19q13.2-q13.3) DMPK-deficient mice [28] Indirect: myoblast dysfunction was 
reported [43]

ZNF9 (DM2; 3q21) ZNF9+/- mouse [29]

Oculopharyngeal Muscular Dystrophy PABPN1 (14q) Transgenic mouse expressing mutated 
PABPN1 [30]

Direct and indirect: defects in myoblast 
differentiation and proliferation [44]

Metabolic Myopathies 

Pompe’s Disease Acid Alpha-Glucosidase (17q25.2-q25.3) GAAKO mouse [31,32] Unknown: Increased SC activation 
reported [45]

Other 

Stress Urinary incontinence4 Ageing Models reviewed by [33] Indirect: Age-related loss of replicative 
potential, apoptosis) [46]

Chronic Obstructive Pulmonary Disease 
(COPD) Alpha-1 Antitrypsin (14q32.1) Klotho knockout [34] Indirect: replicative senescence/

reduction minimal telomere length [47]

1=Genes involved in disease; human gene locus between brackets, for some syndromes more genes were implicated and are indicated in a new row
2=Examples of animal models, mainly mouse, are listed. The selected models were reported to give a relevant phenotype, unless indicated otherwise. References are 
shown between brackets
3=Exhaustion of SC pool may be direct (gene expressed and has critical function in SC) or indirect (gene not expressed in SC). Adapted from Morgan and Zammit Exp. 
Cell. Res (2010) 316: 3100-3108 [164]; Relevant references for SC exhaustion are shown between brackets

Table 1: Muscle disorders with indication of SC exhaustion. The table lists a number of muscle disorders with indications of satellite cell (SC) exhaustion. SC 
exhaustion may be direct if the gene is expressed in SC pool and affects the function of SCs. The effect of the gene defect may be indirect if the gene is normally not 
expressed by SCs.  The disease causing genes and relevant animal models are listed.

niche formed by the basal lamina covering them, their functioning and 
survival is dependent on the availability of this niche. The detrimental 
changes to the muscle architecture inhibit the potential of SCs to 
regenerate the muscle, or even induce the death of SCs. 

The importance of the SC environment in determining the muscle 
regenerative response has also become clear from heterochronic 
transplantation studies. These studies showed that the age of the host 
determines the efficiency of the muscle-regenerative response [57]. 
Aged muscle progenitors were capable of efficient muscle regeneration 
when transplanted into a young host. More recent findings using 
a heterochronic parabiosis approach further substantiated these 
early findings and showed that circulating factors play key roles in 
determining the regenerative potential of aged SCs [57-60]. The 
progressive apoptosis of SCs observed in stress urinary incontinence 
(SUI), which is an age-related myopathy, has been proposed to result 
from a changing (ageing) environment [46] and would be supporting 
the findings in the (parabiotic) mouse studies. In conclusion, changes 
in the availability of ‘regenerative factors’ in the aged or diseased 
environment (either niche or circulating factors) limit an adequate 

regenerative response of SCs and contribute to functional and 
numerical loss of SCs.

As a third mechanism of SC exhaustion excessive activation/
proliferation of the SC pool has been proposed, such as for instance 
in DMD [61] and chronic obstructive pulmonary disease (COPD) 
[47] (Table 1). As stated above, some dystrophies and muscle-wasting 
conditions are characterized by continuous cycles of degeneration and 
regeneration, and lead to excessive use of muscle SCs. This is thought 
to induce replicative stress and is attributed to telomere erosion [62,63] 
or oxidative stress [64]. As a result, the SC pool becomes progressively 
depleted. The association of replicative stress by telomere erosion with 
the dystrophic phenotype is underscored by findings in the mouse 
model of Duchenne Muscular Dystrophy, the MDX model. Relative to 
human patients, MDX animals have a very mild phenotype and a near-
normal lifespan. However, using MDX/mTRnull (mTR= telomerase 
RNA component Terc) compound mouse model, the authors showed 
that loss of telomere maintenance exacerbated the phenotype of 
the MDX mouse, more closely mimicking the disease progression 
observed in human patients. The study of Sacco et al. [7] found the 
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Figure 1: Skeletal muscle regeneration and muscle resident stem cells. The figure depicts a cross-section of skeletal muscle showing myofibers surrounding a 
blood vessel and the localization of several types of muscle-resident stem cells. The satellite cells (SCs) are located at the periphery of the myofibers, beneath the basal 
lamina, and become activated upon damage. The activated SCs start expressing myogenic factors, including MyoD and progress to become myoblasts. Myoblasts 
upregulate the expression of the differentiation factor myogenin (Mgn) and differentiate into myocytes that finally fuse together (forming neofibers) or to damaged myofib-
ers. The figure is adapted from Kuang et al. [114] Trends Mol Med 14: 82-91.

function of the SC population to be compromised and the SC pool to 
become depleted with disease progression. Myoblasts isolated from 
the MDX/mTRnull mice were also found to have significantly shorter 
telomeres. Taken together, these findings suggest that loss of telomere 
length and replicative stress contribute to the muscle pathology in 
DMD [63]. A recent study on a modest number of patients found 
reduced minimal telomere length in limb muscle from COPD patients, 
resulting in an exhausted muscle regenerative capacity and a muscle-
wasting phenotype [47]. This indicates that exhaustion of the SC pool 
through excessive proliferation is not only restricted to DMD, but 
may contribute to loss of muscle function and mass in other muscle 
disorders as well.

Cell-based Therapies
Therapy of muscle disorders 

There are currently few treatment options for muscle disorders. 
One of the few myopathies for which a relatively effective treatment 
modality is available is Pompe’s disease. Patients with this disease 
develop skeletal muscle pathology due to storage of glycogen in the 
lysosomes caused by acid α-glucosidase (GAA) deficiency. The clinical 
symptoms of Pompe’s disease can manifest at any age [65]. Patients 
of all ages receive enzyme replacement therapy (ERT). The rapid 
demise of infants with symptoms presenting at birth is prevented by 
correction of their cardiac hypertrophy and by the maintenance of their 
pulmonary function. Most treated infants acquire sitting and walking 
abilities while they would have had a life expectancy of less than 1 
year if untreated [66]. Patients with later onset and less progressive 
forms of Pompe’s disease benefit from enzyme replacement therapy 
and show improved walking capacity and stabilization of pulmonary 

function [67]. Recent results suggest that ERT in these patients also 
prolongs survival (Gungor/ van der Ploeg, personal communication). 
Despite the success of this treatment, a number of limitations are 
associated with ERT –including poor responder patients, development 
of resistance to ERT and the high treatment costs – thus explaining the 
need for novel treatments.

For most of the other muscle disorders, no treatments are currently 
available and most approaches offer palliative care. However, some 
of the treatments that are in use, such as for instance glucocorticoid 
treatment for DMD, actually attenuate disease progression. 
Glucocortoid treatment slows down the loss of muscle strength, 
prolongs ambulation, and supports respiration [68] and even though 
suboptimal is currently the standard treatment for DMD [69]. 

Some experimental therapies (such as exon skipping for DMD [70] 
(e.g. clinical trial identifier NCT00159250)) have reached the clinical 
trial phase, and the hope of a positive outcome is high. Inherited 
muscular diseases are promising targets for gene-therapy strategies: in 
most cases, the etiology of the disease involves a single gene (so-called 
single-gene disorders). 

Cell therapy for the treatment of muscle disorders is one alternative 
being considered as an alternative to ERT, gene therapy or other 
experimental approaches. Its promise is discussed below. 

Rationale for the use of muscle stem cells in the treatment of 
muscle disorders

Cell-based therapies are particularly promising for the treatment 
of muscle disorders, as they would enable the robust regenerative 
properties of muscle-regenerative cells to be exploited. Muscle-
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regenerative cells are attractive for therapy for three reasons: their 
ability to generate new myofibers, to repair damaged myofibers, 
and to correct the genetic defect through cellular fusion. The ability 
to fuse and share genetic material with the regenerated myofibers is 
an inherent programmed activity of muscle-regenerative cells and is 
restricted to muscle regeneration. When cells from healthy donors are 
used, or when gene-corrected autologous cells are used, this property 
can be employed to restore expression of the disease-causing genes.

In addition to these properties, most of the cell types that are 
considered for muscle-regenerative purposes (see below) replenish the 
stem-cell pool. As discussed above, exhaustion of the endogenous stem 
cell pool is thought to contribute to the muscle-wasting phenotype 
that is common to a subset of muscle disorders. The self-renewing 
transplanted cells continue to be recruited during ongoing cycles 
of regeneration and expand the regenerated area. Over time, the 
condition of the transplanted muscles improves, potentially restoring 
the function of the affected muscles. 

Based on these properties, we and others hypothesize that the 
use of cells with myogenic potential may make it possible to arrest or 
attenuate the muscle-wasting process that is common to all myopathies.

Several donor cell types as a source of muscle stem-cell therapy

Skeletal muscle is known to harbor several populations of stem 
cells; including satellite cells [53,55], interstitial cells [71] and vessel-
associated cells [72], and novel candidates continue to be identified. 
The predominant muscle-resident stem cells are the satellite cells (SCs), 
which recent independent studies have shown to be mainly responsible 
for postnatal muscle growth and regeneration [49-51]. It is still unclear 
whether the non-SC populations are involved in the physiological and 
pathophysiological repair of adult muscle, and, if so, which role they 
play. As vessel- associated cells have been shown to contribute to the SC 
pool early in postnatal life [6], it has been suggested that a subset of the 
non-SC population are SC progenitors [73]. But as SC populations [5,7] 
and non-SC populations [71,72] both display potential to regenerate 
muscle and replenish the endogenous SC pool upon transplantation 
[6,74,75], both qualify as significant candidate donor-cell populations 
for cell therapy. 

The various muscle-regenerative cells have different properties, 
and ideally the candidate donor cells should comply with the following 
features: 

•	 They should have a robust muscle-regenerative potential

•	 The cells should have the potential to expand ex-vivo while 
maintaining their regenerative properties

•	 They should contribute to the stem-cell population and 
replenish the SC pool

•	 They should induce minimal immunogenicity

•	 The cells should have the potential to be delivered systemically, 
although cells delivered locally may be clinically relevant.

We discuss these guidelines for two candidate cell populations with 
distinct properties: cells with the highest myogenic potential after local 
delivery (myoblasts/satellite cells), and cells that can regenerate muscle 
after systemic delivery (vessel-associated cells). The properties of other 
muscle-regenerative cells are summarized in table 2. 

To illustrate their clinical potential the two selected cell types are 
described only briefly. For a much more detailed discussion of the 

properties and clinical potential of the different muscle-regenerative 
cells readers are referred to several recent reviews [10,11,76,77].

Muscle stem cells for local delivery: myoblasts/satellite cells

The myogenic lineage constitutes different cell populations with 
distinct phenotypical and functional properties. SCs (Pax7-expressing 
cells in the mouse) (Figure 1) are the predominant muscle-resident 
stem-cell population and are capable of proliferation and self-renewal. 
Upon activation, SCs enter the cell cycle and progress to become 
myoblasts (pax7-/myod+) (Figure 1), which represent committed 
progenitors [86]. Equipped with limited self-renewal, but extensive 
differentiation potential, myoblasts, undergo a limited number of 
divisions before differentiating into myocytes (Figure 1). Myocytes are 
differentiated muscle cells that have upregulated myogenin and are 
programmed to fuse either with each other (thereby forming neofibers) 
or with damaged myofibers. 

On the basis of their extensive proliferation and differentiation 
potential in vitro, myoblasts have long been considered for muscle 
cell-therapy. Initially, very promising results were produced by using 
myoblasts as donor cells for transplantation purposes (Myoblast 
Transfer Therapy; MTT) [4], but subsequent studies revealed a number 
of obstacles that complicated their introduction into the clinic. These 
included poor survival, immune rejection, and limited migration of the 
donor cells [87,88]. 

It was hypothesized that muscle stem cells, SCs, would have greater 
regenerative potential, and recent studies have indeed demonstrated 
the remarkable muscle-regenerative potential of freshly isolated 
SCs [5,7,75], which succeeded in repopulating muscle even after 
transplantation of a single SC [7]. After transplantation into muscle 
of MDX hosts, SCs were shown to restore dystrophin expression [5]. 
This also restored interest in the therapeutic potential of myogenic 
cells. As well as contributing to muscle regeneration, transplanted SCs 
were shown to give rise to new SCs [5,7,75], indicating that SCs retain 
the potential to self-renew upon transplantation. Recently this self-
renewal capacity was further demonstrated in a serial transplantation 
assay [75], which is currently the most stringent assay for showing self-
renewal potential. 

Unlike myoblasts, SCs appear to have low immunogenicity. Cerletti 
and colleagues have shown that healthy SCs transplanted into the 
muscle of immune-competent MDX mice resulted in robust donor-
cell engraftment and contribution to the formation of host-donor 
chimaeric myofibes that lasted up to 4 months after transplantation [5]. 
The authors even reported reduced inflammation of the host muscle, 
indicating that the transplanted cells did not generate a strong immune 
response

Despite their promising regenerative potential, SCs share a 
major limitation: their low migratory potential. SCs and myoblasts 
therefore have limited or no ability to engraft after systemic delivery, 
while a contribution to muscle regeneration following intramuscular 
injection is often observed only in the proximity of the injection site. 
Recently, this was also verified for systemically delivered human 
muscle progenitors (i.e. SC-derived myoblasts) that failed to engraft 
in dystrophic muscle [72]. The same study showed that the human 
muscle progenitors contributed robustly to muscle regeneration after 
intramuscular injection.

Taken together, the properties of SCs, and, to a lesser extent, of 
myoblasts, are most suitable for the treatment of disorders affecting 
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Donor cell type Primary location Muscle 
regeneration1

Ex vivo expansion with 
regenerative potential2

Contribution to 
Stem cell pool3 Immunogenicity4 Systemic 

delivery References

Bone Marrow-
derived Stem Cells bone marrow yes no yes phenotypic unknown yes [78]

iPS cells skin (fibroblasts) yes yes yes phenotypic unknown no [74]
Meschenchymal 
Stem Cell (MSC) all organs yes yes at least 15 passages no unknown yes [79]

Muscle CD133+ve 
cells muscle interstitium/circulation yes limited (blood-derived), 

extensive (muscle-derived) yes phenotypic unknown yes [80,81]

Muscle SP cells muscle interstitium yes not tested yes functional 
(reinjury) low not 

studied [82]

Muscle-Derived 
Stem Cells unknown yes yes, MDSC were tested at 

passage 10-12 yes phenotypic low no [83]

Myoblasts myofiber yes easy to culture, loss of 
regenerative potential 

yes (probably SC 
subpopulation) high no [4]

Myoendothelial 
cells blood vessels yes yes with regenerative potential no evidence unknown no [84]

PICs (PW1+ve 
cells) muscle interstitium yes not tested yes (phenotypic) Unknown not 

studied [71]

Satellite Cells sublaminar yes no, loss of regenerative potential yes functional (serial 
transplantation) low no [5,7]

Vessel-associated 
cells blood vessels muscle yes early passages were tested yes phenotypic low yes [72,85]

1=Contribution to muscle regeneration after transplantation is scored
2=Scored positive (‘yes’) if the studies report regeneration potential in vivo following extensive ex vivo expansion. In most cases freshly isolated cells were evaluated
3=Scored positive when functional (e.g. serial transplantations or reinjury experiments) or phenotypic contribution to the stem cell pool was reported. Contribution was 
scored as ‘phenotypic’ only if study reports localization to the SC niche with/without expression of Pax7 
4=Immunogenicity was considered low, when cells engrafted muscle of immunocompetent hosts 

Table 2: Regenerative properties of muscle regenerative cells. The table depicts different types of muscle regenerative cells, most of which are resident to skeletal 
muscle. Each type of muscle regenerative cell is scored according to the five requirements of the optimal candidate for stem cell therapy (see text).

specific muscles, such as stress urinary incontinence (rhabdosphincter 
mainly affected) or oculopharyngeal dystrophy (affecting primarily the 
extraocular muscles). 

SCs may also be used to regenerate selected muscles in systemic 
muscle disorders. For instance, it has been suggested, from a DMD 
patients’ perspective, that it would be invaluable to preserve or 
improve the function of hand and finger muscles [89]. In addition, the 
diaphragm muscles in DMD or Pompe’s disease would be attractive 
targets for SC-based therapy.

Muscle stem cells for systemic delivery: vessel-associated 
cells/Mesangioblasts/Pericytes

Currently, the most promising candidates for muscle cell-therapy 
are the cells isolated from the wall of blood vessels in the embryo 
[90] (mesangioblasts) or in the adult (pericytes) [72]. In adults, 
mesangioblasts are thought to be a subset of pericytes [72,85]. For 
reasons of clarity, both these cell types are discussed here as vessel-
associated cells, which can be isolated from vessels throughout the 
body, are multipotent, and can differentiate into different types of 
mesoderm. When isolated from the vessels present in muscle, these 
cells were shown to be robustly myogenic in vitro and in vivo [72,90]. 
Interestingly, it has been reported that, after transplantation, vessel-
associated cells contribute to the SC pool [6]; this was explained by the 
fact that vessel-associated cells and SCs share a common origin in the 
embryo. Even in response to muscle-toxins or dystrophy, these ‘vessel-
associated cell-derived’ satellite cells expressed Pax7, and contributed 
to muscle homeostasis and regeneration [6]. This may explain their 
ability to contribute to muscle regeneration under certain conditions, 
for example after transplantation to distressed muscle.

Their muscle-regenerative (and therapeutic) potential is clearly 
indicated by their ability to restore or ameliorate the dystrophic 

phenotype after transplantation to dystrophic mice (α-sarcoglycan-
null mice [91] and dysferlin-deficient mice [92]) and golden retriever 
muscular dystrophy (GRMD) dogs [85]. The ability of vessel-associated 
cells to morphologically and functionally restore the dystrophic 
phenotype in α-sarcoglycan-null mice (the animal model for limb-
girdle muscular dystrophy 2D) indicated that a robust immune 
response to these cells was lacking or did not limit engraftment. In line 
with this, vessel-associated cells from sources other than muscle are 
shown to have low immunogenicity [93,94]. Given the robust immune 
response (and hence limited engraftment) observed after myoblast 
transplantation, this property may be an important attribute for the 
therapeutic potential of vessel-associated cells.

One drawback may be, that in the absence of well-defined markers, 
that it has been found to be difficult to prepare pure populations of 
vessel-associated cells with robust reproducible regenerative potential 
[95]. Additional cell types may contaminate the isolates and fail to 
contribute to regeneration, thereby affecting the experimental outcome. 

Vessel-associated cells are attractive candidate for therapy due not 
only to their muscle-regenerative potential, but also to their ability to 
proliferate in vitro. It was reported that they could be expanded by up 
to 20 population-doublings before undergoing senescence. This was 
claimed to be sufficient to treat a young patient [72]. 

In conclusion, the properties of vessel-associated cells, particularly 
their compatibility with systemic delivery, makes these cells good 
candidates for treating systemic muscle disorders such as DMD and 
limb-girdle muscular dystrophy.

The Ex-vivo Expansion of Regenerative Cells 
SCs comprise about ~4% of myonuclei in human adult muscle, 

and only limited numbers of regenerative cells can be obtained from 
patient muscle samples. This indicates that extensive ex-vivo expansion 
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is required to increase cell numbers – and thereby the feasibility of 
cell-therapy. However, culturing freshly isolated (mouse) SCs and 
human muscle progenitors leads to the generation of committed 
progenitors whose regenerative potential is reduced [83,96-98]. This 
loss of regenerative potential upon ex-vivo expansion is not unique to 
the culturing of SCs: it is also acknowledged for other types of stem 
cell that are used for therapy, including hematopoietic stem cells [99]. 
Even vessel-associated cells, which can be expanded rather extensively 
ex vivo, eventually undergo senescence, while further expansion may 
be required to treat adult or severely affected patients. 

The need for refined culturing techniques is most apparent for SCs, 
and great progress has been made in understanding the mechanisms 
that regulate their stem-cell properties. Here we discuss various 
culturing techniques described in several studies, and how they may 
be used in future studies to expand cells with the highest regenerative 
potential. 

Understanding the regulation of stem-cell fate

The endogenous stem-cell pool is maintained in vivo through 
the tight regulation of self-renewal and differentiation. The 
regulation of these processes is highly complex and is determined 
largely by environmental factors. The importance of the stem-cell 
microenvironment, or niche, has been convincingly shown for SCs. SCs 
are polarized cells with a basal membrane rich in α7/β1-integrin that is 
in direct contact with the laminin-rich basal lamina surrounding the 
myofibers. The apical membrane of the SC expresses M-cadherin and 
receives signals from the myofiber. Displacement of one SC daughter 
cell from the niche after dividing perpendicular to the length axis of 
the myofiber results in lineage commitment of the apical daughter. 
The basal daughter remains in the niche (defined by the basal lamina) 
and retains the stem-cell fate. In contrast, SCs dividing in a planar 
orientation generate daughter cells with identical stem-cell fates, as the 
dividing cells maintain contact with the basal lamina [100]. 

Other indications for the dominant effect of the environment 
on stem-cell fate were obtained from heterochronic transplantation 
studies. Satellite cells’ age-related loss of regenerative potential could 
be restored by heterochronic transplantation of aged SCs into a young 
environment, while the reverse transplantations were ineffective 
[57,59]. The importance of the proper environment in dictating 
the regenerative potential of its associated stem cells is further 
demonstrated by the success of intact single-myofiber transplantation 
in contributing to new myofibers and the generation of donor-derived 
SCs [55,101]. During the transplantation procedure the SCs remained 
in their natural niche in these intact myofibers, which is thought to 
be vital for ensuring their robust regenerative potential. The results 
of these studies strongly suggest that the signals for governing cell 
fate and regenerative potential can be identified by dissecting the SC 
microenvironment. The niche is composed of both soluble and solid 
biochemical signals (oxygen, growth factors, nutrients, cytokines, 
extracellular matrix proteins), and confers biophysical signals (e.g. 
matrix stiffness, fluidity, oxygen tension). 

In addition to signals from the environment, cell-specific factors are 
critical, and the cell within the niche should be properly programmed to 
interpret the stem-cell signals. This has been shown for bone-marrow-
derived cells (BMDC), which occasionally occupy the SC niche [102]. 
These BMDCs did not acquire a myogenic fate during their residency 
in the SC niche.

Furthermore, there are numerous examples where conditional 

targeting (e.g. inactivation) of a SC-specific gene that had no affect 
on the niche, resulted in activation, proliferation and often premature 
differentiation of SCs. For instance, a recent study targeted Myf5 mRNA 
expression by inactivating Mir31, which targets Myf5 in quiescent 
stem cells and prevents accumulation of Myf5 protein [103]. Myf5 
belongs to the family of muscle regulatory factors (MRFs), which also 
includes MyoD, MRF4 and myogenin, and is expressed in quiescent 
satellite cells and early muscle progenitors. After inactivating Mir31 
by the intramuscular injection of specific antagomirs (chemically 
designed oligonucleotides used to silence Mirs), quiescent satellite 
cells re-entered the cell-cycle, and muscle regeneration increased; 
this was deduced by the presence of an increased number of small 
embryonic myosin heavy chain (eMHC; detected only in regenerating 
myofibers) positive myofibers. In addition, two recent studies showed 
that conditional SC-specific inactivation of RBP-J, a nuclear factor 
essential in Notch signaling, resulted in SC depletion and loss of 
muscle-regenerative potential [104,105], while the niche remained 
intact in these animals. These studies indicate that targeting of certain 
cell-intrinsic factors dictates cell fate, an effect that may be exploited 
during ex-vivo culturing.

Expanding or selecting subpopulations with higher 
regenerative potential

SC populations are phenotypically and functionally heterogeneous 
[106], their regenerative potential varying between SC subpopulations. 
The heterogeneity in regenerative potential of SC subpopulations is 
maintained ex vivo [75,87,107,108], which may allow the selection and 
expansion of the most highly regenerating subpopulations. All one 
would need is to identify and trigger the proper stimuli.

A recent study took a label-retention approach to selecting the 
slow-dividing cell population from SC-derived muscle cultures [107]. 
In several types of tissues and cultures there are indications that 
slowly dividing cells represent the subpopulation with increased stem-
cell potential. For instance, quiescent HSC demonstrated increased 
survival after transplantation, while short-term culture induced cell-
cycle reentry and failure to reconstitute NOD/SCID animals [109,110]. 
In line with this, the slowly dividing population identified in murine 
SC-derived muscle cultures was shown to harbor increased myogenic 
potential in vivo and to generate a functional SC population [107]. The 
dyes used for label-retaining experiments are DNA-binding chemicals, 
so to use this strategy for clinical purposes the safety of label will be a 
relevant issue. 

On the basis of the hypothesis that the ALDHhi population would 
harbor increased resistance to oxidative stress, another study selected a 
subpopulation of cells expressing high levels of alcohol dehydrogenase 
(ALDHhi) from murine and human muscle cultures. Oxidative 
stress is thought to be one of the major factors that limited myoblast 
engraftment in the early myoblast transfer studies [111]. The study 
by Vella and co-authors indicated that stress resistance, proliferation, 
differentiation and muscle regeneration were increased in the ALDHhi 
population of both species.

FACS sorting is widely used to enrich for cell populations, 
[112,113], and several cell-surface markers, including CXCR4 and 
CD133, have been reported to allow the isolation of highly regenerative 
cells directly from donor muscle [5,7,80]. These sorted subpopulations 
have a high regenerative potential, and it would be of clinical interest 
to expand them ex vivo. As transplantation studies have shown 
that only a limited number of such cells would be needed to obtain 
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robust engraftment potential [7], a minimal ex-vivo expansion may 
be required. Unfortunately, these FACS-sorted populations either 
lose their regenerative potential upon ex-vivo expansion [7], or have 
limited potential to proliferate in vitro [80]. So, to maintain the high 
level of regeneration potential, FACS-sorted populations should be 
cultured under optimized conditions, as will be described below (e.g. 
by stimulating self-renewing expansion).

Alternatively, as muscle populations remain heterogeneous 
in culture and harbor subpopulations with increased regenerative 
potential [87], a FACS-sorting strategy may allow purification of 
engraftment-competent cells from extensively expanded muscle 
cultures. So far, however, no cell surface marker (s) have been identified 
that could be used for such a strategy, although this is currently one of 
the main interests in our laboratory. 

Inducing self-renewing expansion

Much work has been done to understand the molecules that 
contribute to the self-renewal of SCs and prevent their premature 
differentiation. These studies have revealed important roles for soluble 
signaling molecules, including Notch and Wnt ligands, and also 
for several membrane proteins such as caveolin-1 and syndecan 3/4 
(reviewed by Kuang et al. [114]). Most of the knowledge is derived 
from studies investigating this mechanism in vivo, but the importance 
of these pathways for self-renewal have been verified in vitro [98]. 

The importance of the Notch pathway in regulating SC behavior and 
size of the SC pool was shown in earlier studies where pharmacological 
inhibition of Notch signaling inhibited the proliferation and self-
renewal potential of SCs, while the enhancement of Notch activity 
restored the regeneration potential of aged muscle [58, 100]. As stated 
above, SC-specific inhibition of Notch signaling in vivo by conditional 
inactivation of RBP/J induced premature differentiation. These Notch-
inhibited SCs differentiated without first undergoing cell division 
and fused with adjacent fibers. As a result, the SC pool was gradually 
depleted [104,105]. A similar effect was shown on embryonic muscle 
progenitors after deleting RBP/J [115]. In Hes1/3 double knockout mice 
(downstream target genes of Notch signaling), a defect in generating 
undifferentiated SC was observed and SC numbers decreased gradually 
[116]. On the other hand, constitutive Notch activation in vivo 
increased Pax7 expression and promoted SC self-renewal [86].

Notch activity was shown to also determine self-renewal and 
increase the number of undifferentiated SCs (Pax7+/MyoD-) in vitro 
[100]. To investigate this, a recent study evaluated the role of Notch 
signaling on SC self-renewal by culturing canine satellite-cell-derived 
myoblasts on polystyrene culture plates coated with IgG-bound Notch 
ligand Delta1ext [98]. Upon transplantation, the myoblasts that had 
been expanded on Notch ligand contributed to muscle regeneration 
as efficiently as freshly isolated myoblasts. Furthermore, the Delta1ext-
expanded cells generated stem cells in vivo – in other words, they 
were capable of self-renewal. This was shown by the engraftment 
of the Delta1ext-expanded cells in secondary recipients [98]. These 
experimental outcomes show that Notch signaling is important to SC 
self-renewal, and that manipulation of Notch should be considered for 
ex-vivo expansion protocols.

In addition to Notch signaling, the Wnt pathway is known to 
contribute to SC self-renewal and cell-fate choice in vivo [117-119]. 
Wnt7a, but not Wnt3a, was shown to activate planar cell division (see 
above), thereby promoting symmetric satellite-cell expansion in vivo 
[118]. It can be assumed that activation of the Wnt pathway helps to 

induce the self-renewing expansion of cultured SCs. Indeed, Wnt7a was 
shown to promote self-renewing division of Pax7+/MyoD- SCs, but 
only in isolated myofiber cultures and not in primary myoblasts grown 
on a regular culture dish [118]. Le Grand and colleagues determined 
that stimulation of self-renewing division by Wnt7a proceeded 
through the Wnt planar polarity pathway (PCP) [118]. This indicated 
that maintenance of cell polarity is essential to mediating the effect of 
Wnt7a. In myofiber cultures, SCs are in their natural environment and 
cell polarity is maintained [100], while in regular 2D cultures polarity 
is lost. Although the study of Le Grand and colleagues showed that 
Wnt activity regulated symmetric self-renewing expansion of SCs, 
pharmacological stimulation of Wnt activity may not be sufficient. 
Instead it may be necessary to reconstruct the niche in vitro. For 
instance, to maximize benefit from soluble factors (such as Wnt7a) that 
promote self-renewing divisions of cultured SCs, it may be necessary to 
optimize the culture substrate (discussed below). 

Expanding SCs under hypoxic conditions

Tissue stem-cell niches, including those housing SCs [120], tend 
to be hypoxic, a condition that may be important for the function 
and survival of stem cells. In line with this, quiescent SC survived and 
retained regenerative activity in postmortem muscle tissue and severe 
hypoxia was found to be essential for the maintenance of these highly 
regenerative cells [121].

Based on these and other observations, it has been suggested that 
culturing stem cells in hypoxic conditions may more closely approach 
the in-vivo situation and promote their stem-cell function. This 
was initially shown for neural crest [122] and CNS [123] stem cells. 
Hypoxia was also found to increase the efficiency of generating iPS 
cells [124]. In addition, the differentiation of mouse myogenic cells 
grown under hypoxia was inhibited [125,126], presumably through 
increased degradation of MyoD [125]. The effect of hypoxia, which 
was shown to depend on Notch activity, activated Notch downstream 
genes through binding of the Notch intracellular domain with HIF1α 
[126]. In line with this finding and the effect of Notch activity on the 
self-renewing expansion of cultured myogenic cells [98], hypoxia was 
found to increase the self-renewing cell divisions of mouse SCs and 
to enhance their engraftment potential [127]. Interestingly, hypoxia 
was also shown to induce myogenic proliferation of human muscle 
progenitors [128], but as the effect on engraftment potential has not 
yet been determined, it remains to be determined whether the cells 
underwent self-renewal divisions. 

An in-vivo tissue chamber model has been used to demonstrate 
that engraftment efficiency is increased by exposing (rat) muscle 
cells to hypoxic conditions before transplantation, a procedure called 
preconditioning (see below) [129]. The beneficial effect is thought to 
reside in the cells’ adjustment to the hypoxic environment of the host 
muscle. Taken together, the increased regenerative potential of cells 
expanded in hypoxic conditions may be multifactorial, but offers a 
minimally invasive approach to improving the regenerative potential 
of stem-cell cultures.

Maintaining stem cells in suspension/spheroid culture

When cultured under low adhesion conditions, cells isolated 
from different tissues, including the breast [130], heart [131] and 
endothelium [132], spontaneously aggregate and form spheres. While 
differentiated cells stop dividing under these conditions, stem cells 
continue to proliferate [133], providing a relatively simple approach to 
enrich for tissue-specific stem cells. The effect of sphere-culture may be 
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explained by their different cellular organization, which is closer to that 
in vivo, but also by altered biophysical signals resulting from a change 
in cell morphology and loss of contact with the substrate. Irrespective 
of the mechanism, the stem-cell properties of both mouse and human 
muscle stem cells appear to be preserved in spheroid culture and to 
result in enrichment of engraftable cells during expansion under these 
conditions [134-136]. Interestingly, human muscle cells could be 
expanded for at least 5 months under spheroid conditions and could 
undergo 40 population doublings before going into senescence [135]. 
While this strategy may yield sufficient number of cells for treatment, 
it should be noted that the study using human muscle cells did not 
determine the engraftment efficiency of the myosphere cultures [135].

Inducing SC activation and proliferation: a two-step approach

After activation, in-vivo quiescent SCs enter the cell cycle and 
proliferate [137]. Most of the population progresses to committed 
myoblasts, which continue to divide for limited a number of cycles 
before differentiating into myocytes. The activation of SCs is 
dependent on several factors including sphingolipid signaling [138], 
NO production (which results in vivo in release of HGF from the 
ECM) [139]; and growth factors (bFGF, IGF, IL-6). Several studies 
indicate that these signals also promote SC proliferation in vitro and 
may be used to rapidly expand the isolated muscle cells. As discussed 
above, expanding SC-derived cultures under proliferation conditions 
dramatically reduces their regenerative potential [7]. However, this 
strategy may currently be the only option for expanding human muscle 
progenitors. Unlike murine cultures, human muscle progenitor cells 
do not proliferate extensively in vitro, and undergo a limited number 
of divisions before entering senescence [140]. Unfortunately, not 
much is known on the specific factors that promote the proliferative 
capacity of human cells. Some pathways, including IGF-signaling [141] 
and the TGF-beta pathway [142] (myostatin, a member of the TGF-
beta superfamily, negatively affects muscle progenitor proliferation), 
control the proliferative activity of human muscle progenitors. The 
maintenance of the proliferative potential of human muscle progenitors 
is important not only for their eventual clinical applications, but even 
more to facilitate the study of the behavior of these cells in culture. 

Once the conditions for efficiently expanding human muscle 
progenitors have been established, strategies should be followed 
to restore or increase the regenerative potential just prior to 
transplantation. This suggests that a two-step approach should be 
developed to obtain human muscle-regenerative cells as depicted in 
Figure 2 (indicated by the red arrows). Several approaches have been 
described that can be used to achieve this, including preconditioning, 
exposing the cells to hypoxia, or limiting oxidative stress in the 
transplanted population. 

The first of these approaches, preconditioning, is defined as the 
exposure to a sublethal insult prior to transplantation in order to 
induce a protective response before transplantation that will allow 
the cells to better survive the hostile environment of the host tissue. 
Preconditioning has been studied mainly in the context of whole-organ 
transplantations, but recent studies suggest that cell-therapy strategies 
may also benefit from this procedure. In a tissue-engineering chamber 
model, preconditioning of myoblasts with the nitric oxide (NO) 
donor DETA-NONOate increased survival (and proliferation) after 
implantation [129]. 

With regard to hypoxia, we have stated above that preconditioning 
cells under hypoxic conditions to mimic the oxygen pressure in the 

host tissue was shown to enhance the transplantation efficiency of 
satellite cell-derived myoblasts [127]. The beneficial effect of hypoxia 
was reported to increase engraftment almost 2-fold, but needs to be 
refined.

The third approach, increasing resistance to oxidative stress, may 
boost the engraftment potential of the cells expanded ex vivo. The 
damaged or dystrophic host muscle may prove to be a rather hostile 
environment for transplanted cells, being characterized by necrotic and 
apoptotic tissue, infiltration of inflammatory cells, and deposits of non-
myogenic material. The identification of signals that adversely affect 
engraftment are as relevant as signals promoting engraftment. The 
transplanted cells may initially undergo increased levels of oxidative 
stress, which is thought to reduce the success of engraftment [111]. 
It has been suggested that engraftment may be positively affected by 
adapting the conditions to limit the levels of oxidative stress in culture. 
Cells can be exposed to anti-oxidants, such as N-acetyl cysteine or 
sodium ascorbate [111,143], during ex-vivo expansion or just before 
transplantation. Relative to engraftment potential of untreated cells, 
the transplantation of antioxidant-treated cells increased the formation 
of donor-host fibers about 1.7 fold [111].

Effect of stiffness of the culture substrate

The importance of defining the appropriate biophysical properties 
on the myogenic and regenerative potential of muscle cells has been 
shown in studies using various types of culture substrates to modify 
elastic stiffness. C2C12 myoblasts cultured on collagen-coated 
polyacrylamide gels, which approached the elasticity of skeletal muscle 
(~12 KPa), differentiated more efficiently than cells maintained on 
‘hard’ plastic [144]. In addition, a direct correlation has been observed 
between the stiffness and proliferation rates (higher stiffness leads to 
increased proliferation [144]). 

More recently, freshly isolated SCs cultured on polyethylene 
glycol (PEG)-based hydrogels with the same rigidity of muscle in vivo 
(~12 KPa) self-renewed in vitro, and contributed more efficiently to 
muscle regeneration in vivo than SCs cultured on regular plastic 
substrates. In both studies, the use of both softer and harder substrates 
resulted in decreased performance in the in-vitro and in-vivo assays 
used, indicating there is an optimal culture substrate formulation. 
As suggested, it will be interesting to determine whether the number 
of regenerative cells may be further increased by combining elastic 
substrates with chemically-defined media. 

Generation of muscle progenitor cells by reprogramming 
somatic cells

In recent years it has become possible to use transient expression 
of 3-4 transcription factors to reprogram somatic cells to induced 
pluripotent stem (iPS) cells [145,146]. Phenotypically and functionally, 
iPS cells resemble embryonic stem (ES) cells, and can be expanded 
in vitro for many passages while maintaining both pluripotency and 
the ability to differentiate into cells of all three germ layers [146]. This 
also eliminates the ethical considerations associated with ES cells. On 
the basis of these properties, iPS cells can be proposed as an attractive 
alternative to somatic cells. 

The clinical application of iPS technology faces two major challenges: 
1) how these cells can be derived without altering the genome, and 2) 
how they can be differentiated to homogeneity of the desired cell type. 
Common methods of generating iPS cells use retroviral or lentiviral 
gene delivery with the risk of insertional mutagenesis. 
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Muscle Biopsy

Selective Expansion

Transplantation

Satellite cell (engrafting cell)

Muscle progenitor/ Myoblast (non-engrafting cell)

Defined culture substrate (e.g. PEG based hydrogel or Delta Notch ligand)

Boosting the regenerative population
  (e.g. preconditioning, hypoxia)

Regular expansion

Figure 2: Selective expansion of muscle regenerative cells. The figure depicts two different strategies to obtain cultures enriched with muscle regenerative cells: a 
‘two-step’ approach and the selective expansion of highly regenerative cells. These procedures start with the establishment of a muscle culture from a small biopsy. The 
culture is heterogeneous and contains a subpopulation of cells capable of engraftment. 
Two-step approach: The cultures may be cultured under ‘regular’ conditions in order to expand the cells rapidly and extensively. Subsequently, strategies, such as 
preconditioning or exposing the cultures to hypoxic conditions (see text for details), can be applied to boost the regenerative potential of the expanded cells prior to 
transplantation (referred to as a two-step approach in the text; red arrows). The efficiency of this strategy may be low, because of the extensive loss of regenerative 
potential in the first step and the modest restoration (~2-fold) of the regenerative potential in the second step of the protocol. 
Selective expansion: Alternatively, the mechanisms of stem cell self-renewal in vivo may are applied to cultured cells (e.g. use of PEG-based hydrogel-based culture 
substrates or use of immobilized Notch ligand; see text). We hypothesize that such well-defined culture conditions promote the selective (self-renewing) expansion and, 
consequently, enrichment of engraftment-competent cells. It is expected that limited numbers of cells from such enriched cultures are required for efficient engraftment 
and regeneration.

Proper differentiation is important not only to obtaining the cell 
type of choice, but also to eliminating remaining pluripotent cells, 
which can form teratomas when placed in the wrong (non-embryonic) 
environment. Recently, important progress has been made. Various 
methods for non-viral gene expression have been reported, including 
those using Cre recombinase-mediated transgene excision [147] and 
gene expression via the non-integrating Sendai virus [148]. 

A number of reports document the successful generation 
of myogenic progenitors from mouse and human iPS cells, and 
engraftment of these cells in mouse models for human muscular 
dystrophies [149-154]. Major differences between various studies 
include the protocol used for generating myogenic progenitors, the 
efficiencies of these efforts, and the capacities of the cells generated for 
showing long-term engraftment and functional improvement. 

An efficient method that results in successful long-term 
engraftment and functional improvement (i.e. 8 months in the 
mouse) was reported recently by Darabi et al. who, based on previous 
observations using mouse embryonic stem (ES) or iPS cells [155,156], 
used inducible expression of pax7 during embroid body formation of 
human iPS cells. A straightforward FACS sorting approach based on 
co-expressed GFP proved sufficient to purify myogenic progenitors to 
homogeneity; no teratomas were observed after transplantation. The 
endogenous markers used for purification in the mouse were PDGF+/

Flk- [155,156], though it is unclear whether these markers may be used 
in human as well. Importantly, intramuscular injection into the Tibialis 
Anterior muscle of a mouse model for Duchenne Muscular Dystrophy 
resulted in successful engraftment and the partial restoration of 
dystrophin expression. Donor dystrophin expression was still present 
46 weeks after transplantation. Similarly, muscle function improved 
and a fraction of engrafted cells contributed to the endogenous SC 
population, suggesting that the iPS-derived progenitors self-renewed 
in vivo. 

This work thus presents an important proof of principle for using 
iPS cells in the long-term treatment of muscular dystrophy. Challenges 
for the future include efficient 1) generation of human iPS cells, 2) gene 
correction 3) cell differentiation without functionally changing the 
human genome and 4) the efficient delivery of cells to various muscles 
using intravenous or intra-arterial administration. 

Conclusion
Despite its promise and potential, cell-based therapy for muscular 

dystrophies is still in its infancy. Although the clinical efficacy of 
myoblasts has turned out to be rather disappointing, the identification 
of additional cell types or populations – especially satellite cells and 
vessel-associated cells that can regenerate muscle – provide new hope 
for cell-oriented therapy. Their specific properties would indicate use in 
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the treatment of distinct muscle diseases, which require either systemic 
(vessel associated cells) or local delivery (SCs). The progress in the field 
of cell-based therapy for skeletal muscle is underscored by the stage 
I clinical trials with vessel-associated cells for the treatment of DMD 
that started in 2011, whose results are awaited impatiently. SCs have 
not advanced to this stage as of yet and several issues require attention. 

Most of the work on SCs has been performed with murine cells, 
and it must still be determined whether the findings described above 
can be applied to human SCs. Although it has been established that 
mouse and human SCs share many properties (reviewed in [157]) 
– including the ability to regenerate muscle upon transplantation 
– there are some striking differences. The isolation of human SCs is 
complicated by the lack of highly specific markers, and, despite some 
strong initial indications these cells, too, are bona fide stem cells, it 
remains uncertain whether they self-renew in vivo [158].

The progress with human muscle progenitors is dependent on 
methods to overcome their limited proliferative potential in culture. 
In the short term, the ‘two-step’ approach discussed above (Figure 
2) may be the most feasible strategy for human muscle progenitors, 
but strategies such as preconditioning and oxidative stress increase 
regenerative potential only modestly. The expansion of self-renewing 
cells seen in murine cultures would greatly increase the regenerative 
potential of the cultures that will be used for transplantation. In this 
respect, the identification of the reserve cell (RC) in human muscle 
progenitor cultures [159] is very promising. Like their counterparts in 
mice [87,160], human muscle progenitor cultures have been shown to 
harbor a population of reserve cells (RC). Reserve cells are mononuclear 
cells that, under differentiation conditions, escape from differentiation 
and are thought to have properties of muscle stem cells [159,160]. It 
would be of major future interest and clinical importance to identify 
the mechanisms or factors that contribute to their specific maintenance 
or expansion ex vivo.

The next major milestone that can be envisioned for human muscle 
progenitors would be the evaluation of their therapeutic potential in 
a relevant (pre-) clinical setting that involves the isolation of human 
SCs, their expansion and finally transplantation to a suitable animal 
model. Only under these conditions the putative therapeutic potential 
of expanded human SC-like muscle progenitors can be evaluated. The 
importance of the immune system and its avoidance to engraftment 
success dictates that an animal model should be used that develops a 
relevant (i.e. human) immune response against the transplanted cells. 
The animal model should also make it possible to quantify the change 
in muscle function after cell transplantation. Given these requirements, 
it will be valuable to develop a humanized mouse model [161] with a 
muscle phenotype. Such a model will also be valuable to the various 
laboratories that aim to use human muscle-regenerative cells for 
therapy.

A general issue of importance associated with cell-therapy is 
safety. The transplantation of C2C12 myoblasts, a myoblast cell line 
established in the late 1970s by Yaffe and Saxel [162] was associated 
with muscle regeneration, but also with a propensity for generating 
tumors under certain conditions in vivo. It is thought that the cells 
may acquire a certain level of genomic instability and subsequent 
tumorigenic activity during the extended in-vitro expansion. Indeed, 
it has recently been shown that MDSCs acquired a transformational 
phenotype when expanded over 200 population doublings ex vivo 
[163]. This further underscores the importance of defining optimized 
conditions for expanding cells with the highest regenerative potential 

that may already achieve a functional effect at reduced numbers and 
require minimal expansion ex vivo.

A major advantage of including an ex-vivo expansion phase 
is that quality-control parameters can be implemented and Good 
Manufacturing Practice (GMP) guidelines be applied (see (http://
www.emea.europa.eu/), enabling the generation of highly reproducible 
cell-products. More than any other technology, iPS offers the potential 
to generate large batches of well-defined regenerative cells that can be 
stored until use.

In conclusion, muscle regenerative cells remain attractive novel 
tools for the treatment of muscle disorders and much progress in 
understanding the behavior of these cells in vitro and in vivo has been 
made. However, it is also clear that several challenges, both with respect 
to practical issues and regulations, remain before introduction of a cell-
based therapy for the treatment of muscle disorders becomes reality.
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