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In a study reported in the 27 June 2012 
issue of Science Translational Medicine, 

Tedesco and collaborators1 put into practice 
methodologies for generating, differentiat-
ing, and transplanting pluripotent cells de-
rived from human patients with limb-girdle 
muscular dystrophy type 2D (LGMD2D, 
also called a-sarcoglycanopathy). Start-
ing from patient fibroblasts or myoblasts, 
the authors first established and validated 
human induced pluripotent stem (iPS) cell 
lines, which were then coaxed toward dif-
ferentiation into mesoangioblast-like cells 
termed “human iPS-derived mesoangio-
blast-like stem/progenitor cells” (HIDEMs). 
These cells were then supplemented with 
complementary DNAs encoding human 
a-sarcoglycan (Sgca) and a tamoxifen-
inducible myogenic transcription factor 
(MyoD). These cells participated in muscle 
regeneration after intramuscular adminis-
tration into the Sgca-null mouse, a model 
of the human disease. Moreover, when in-
jected by the arterial route, the cells were 
able to colonize the downstream muscles 
and to improve their phenotype and their 
functional capacities. The findings suggest 
that cells prepared from simple biopsy spec-
imens from human patients can be com-
mitted through a multistep procedure into 
corrected cells able to cross the endothelial 
barriers, allowing systemic distribution 

over large muscle volumes and widespread 
correction of myopathic features.

Muscular dystrophies are a hetero
geneous family of orphan genetic diseases 
for which no cure is yet available. LGMD2D 
is a rare disorder (prevalence between 1 and 
9 per million worldwide) caused by muta-
tions in the small gene encoding Sgca, a 
member of the sarcoglycan complex located 
at the muscle membrane and involved in 
linking the cytoskeleton to the extracel-
lular matrix. LGMD2D is characterized by 
a symmetrical involvement of trunk and 
limb muscles, calf hypertrophy, proximal 
weakness, high levels of serum creatine 
kinase, but absence of cardiac dysfunc-
tion.2 Muscular dystrophies are being tar-
geted by innovative therapeutic strategies.3 
Gene supplementation approaches using 
viral vectors4 and post-transcriptional “gene 
surgery” targeting messenger RNAs are be-
ing investigated to restore the expression of 
functional proteins, but these approaches do 
not supply a pool of regenerative cells to the 
degenerating muscle tissues of the patients.

Cell therapy approaches take advan-
tage of the natural fusion between syncytial 
fibers and individual progenitors during 
muscle regeneration. The transplanted cells 
not only constitute a myogenic supply but 
also are able to carry new genetic material 
into the hybrid muscle fibers.5 Initial cell 
transplantation trials for muscular dystro-
phies involved myoblasts, which are com-
mitted myogenic progenitors expanded in 
culture from satellite cells, and produced 
mitigated results underlining their limita-
tions. Although localized tissue repair could 
be observed, the myoblasts were susceptible 
to high mortality and could not be delivered 
through systemic routes. Several new myo-
genic cell types have been identified, and 
some among the family of perivascular cells 

might be amenable to systemic delivery.6–10 
Mesoangioblasts (MABs) in particular are 
a type of pericyte of muscle origin that can 
cross endothelial barriers and are under 
clinical testing in an allogeneic context in 
children affected by Duchenne muscular 
dystrophy.1,6

The initial goal of the authors of the new 
study was to produce and use MABs ex-
tracted from muscles of LGMD2D patients 
to correct the pathology in Sgca-null mice. 
Unexpectedly, the choice of this model dis-
ease underlined a potential involvement of 
pericytes in the physiopathological process 
of LGMD2D. It was indeed impossible to 
expand MABs from biopsy samples of adult 
patients or of adult Sgca-null mice, whereas 
MABs had been prepared from juvenile 
Sgca-null mice in a previous study.7 There-
fore, the exhaustion of these cells might con-
stitute a hallmark of LGMD2D and appears 
comparable to the exhaustion of satellite cells 
associated with the ongoing degeneration in 
Duchenne muscular dystrophy.11 To obtain 
the desired MABs, the authors then decided 
to convert somatic cells first into pluripotent 
cells, and then into MAB-like cells.

The use of embryonic stem (ES) cells for 
the treatment of myopathies was conceptual-
ized long ago but was hampered by the low 
efficiency of myogenic commitment. Re-
cently several groups have developed mul-
tistep procedures to produce myogenic cells 
(Table 1).12–23 These are generally based on 
combinations of mesodermal conversion of 
ES or iPS cells using specific media; the in-
duction of early progenitors using commit-
ment factors such as Pax3, Pax7, and MyoD; 
their nesting within embryoid bodies; and, 
finally, the sorting of differentiated progeni-
tors using flow cytometry or immunomag-
netic beads.24 The originality of the approach 
by Tedesco and collaborators lies in the com-
mitment toward MAB-like cells (HIDEMs) 
instead of satellite- or myoblast-like cells, 
so as to benefit from the ability of MABs to 
cross endothelial barriers. A few teams have 
attempted to produce vasculogenic or peri-
cyte-like cells from healthy ES or iPS cells 
but did not evaluate their capacities in the 
context of myopathies or through systemic 
distribution, or both.19,25 These HIDEMs 
harbored some characteristics of pericytes 
such as membrane markers (CD13, CD44, 
CD49b, and CD146), the expression of mo-
lecular markers, the proliferative capacity, 
and karyotype stability; moreover, they were 
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not tumorigenic in vivo. At variance with 
natural pericytes,8 HIDEMs required cul-
tivation in the presence of myogenic (i.e., 
C2C12) cells or transduction with a vector 
encoding MyoD, a strong and polyvalent 
muscle transcription factor, to exhibit myo-
genic differentiation in vitro. The HIDEM 
cells were then engineered to express the 
therapeutic gene (the complementary DNA 
encoding Sgca) under control of a muscle-
specific promoter so as to avoid ubiquitous 
expression in other cell types, such as pro-
fessional immunological presenting cells. 
To improve their myogenicity, the cells were 
further transduced with a vector encoding a 
tamoxifen-inducible MyoD transgene, which 
exerts a potent myogenic commitment in a 
self-activating manner.26

HIDEMs could exit the vascular sys-
tem upon intra-arterial injection and home 
into diseased muscle. Some HIDEMs 
participated in muscle regeneration through 
fusion with muscle fibers, while others re-
mained within the interstitium in a peri-
cyte-like position, and even replenished this 
niche in the pathological Sgca-null mouse 
model. This capacity underlines their an-
giogenic potential and is reminiscent of the 
capacity of satellite cells and some myogenic 
progenitors to home to satellite cell niches 
when the latter are depleted. In the future, if 
HIDEMs are to become of widespread use, 
their efficacy to replenish niches should be 
assessed in models of muscular dystrophies 
showing no spontaneous defect in pericyte 
biology. Their efficacy may also be compared 

with that of other mesodermal-oriented ES 
or iPS cell types presenting a homing capac-
ity upon intra-arterial injection.13,16,18

Tedesco and collaborators also com-
pared the efficacy of human and murine 
cells in the Sgca-null model.1 They observed 
a fourfold increase in histological integra-
tion and improved muscular capacities 
when murine MAB-like cells (termed 
MIDEMs) were used in a mouse-to-mouse 
transplantation context instead of HIDEMs 
in a human-to-mouse context. This discrep-
ancy might be explained by the difference 
in size between murine and human cells 
resulting in divergences in the spreading 
or clotting into vessels. Also, slight incom-
patibilities between human and murine 
molecules or physiological systems may 

Table 1  Recent protocols developed to commit pluripotent cells toward myogenic lineages

Reference Line type
Gene 
introduced EBs (substrate)

Characterization 
(FACS)

Selection 
(FACS)

In vitro 
differentiation

In vivo 
differentiation, 
route

Formation  
of teratoma

Ozasa et al.12 Mouse ES MyoD (Tet-
inducible)

No EBs (none) CD34, Sca-1, c-kit No Markers + + (Mdx), i.m. Yes (tumors)

Darabi et al.13 Mouse ES Pax3 EBs (feeder layer) CD29, CD44, 
M-Cad, CXCR4

Flk1–/
PDGFaR+

Markers +, 
MT +

+ (Mdx), i.m., 
i.a, i.v.

Yes 
(unselected)

Sakurai et al.14 Mouse ES None No EBs (collagen 
IV)

None Flk1–/
PDGFaR+ 

Markers +, 
MT +

+ (IMD), i.m. Yes 
(uncommitted)

Chang et al.15 Mouse ES None EBs (Matrigel) M-Cad, Pax7 SM/C-2.6+ Markers +, 
MT +

+ (Mdx), i.m. No

Darabi et al.16 Mouse ES Pax3 or Pax7 EBs (feeder layer) CD29, CD34, 
CD44, CXCR4, 
M-Cad, syndecan-4, 
Sca-1

Flk1–/
PDGFaR+

Markers +, 
MT +

+ (Mdx), i.m., 
i.a.

No

Mizuno et al.17 Mouse iPS Oct4, Sox2, 
Klf4, c-Myc

EBs (Matrigel) CD34, CD56, 
M-Cad, c-Met, 
Itg a7

SM/C-2.6+ Markers +, 
MT +

+ (Mdx), i.m. No

Darabi et al.18 Mouse iPS Oct4, Sox2, 
Klf4, Pax7

EBs (feeder layer) CD29, CD44, 
M-Cad, Sca-1

Flk1–/
PDGFaR+

Markers +, 
MT +

+ (Mdx), i.m. Yes 
(unselected)

Quattrocelli  
et al.19

Mouse iPS 
from MABs

Oct4, Sox2, 
Klf4, c-Myc, 
Pax3, Pax7

EBs (collagen) Initial MABs: 
AP, Sca-1, CD44, 
CD140a, CD140b
Committed iPS: 
CD56+

CD56+ Markers +,  
MT+ in 
cells and in 
teratomas

+ (Sgca-null), 
i.m.

Yes 
(unselected)

Zheng et al.20 Human ES None EBs (gelatin) Not done No Markers + + (IMD), i.m. No
Barberi et al.21 Human ES None No EBs (gelatin) CD44, CD54, 

CD105, CD106, 
CD166

CD73+, then 
CD56+

Markers +, 
MT +

+ (IMD), i.m. No

Darabi et al.22 Human ES, 
Human iPS

Pax7 EBs (Matrigel) CD13, CD29, 
CD44, CD56, 
CD63, CD90, 
CD105, CD146, Itg 
a7, M-Cad, MHC 1

Flk1–/
PDGFaR+

Markers +, 
MT +

+ (IMD-Mdx), 
i.m.

No

Goudenege  
et al.23

Human ES, 
Human iPS

MyoD1 No EBs CD56, CD73 No Markers +, 
MT +

+ (IMD-Mdx), 
i.m.

No

Abbreviations: AP, alkaline phosphatase; Cad, cadherin; c-Met, MNNG HOS transforming gene, or hepatocyte growth factor receptor; CXCR4, chemokine receptor 
type 4; EBs, embryoid bodies; ES, embryonic stem; FACS, fluorescence-activated cell sorting; Flk1, fetal liver kinase-1; i.a., intra-arterial; i.m., intramuscular; IMD, 
immunodeficient mouse; iPS, induced pluripotent stem; Itg, integrin; i.v., intravenous; MABs, mesoangioblasts; Markers +, presence of myogenic markers (antibodies, 
polymerase chain reaction); Mdx, mouse model of Duchenne muscular dystrophy; MHC, myosin heavy chain; MT +, myotube formation in vitro; PDGFaR, platelet-
derived growth factor receptor a; Sca-1, stem cell antigen-1; Sgca, a-sarcoglycan; SM/C-2.6, a clone of antibody recognizing murine satellite cells.
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cause defective recognition of cell surface 
antigens involved in migration, extravasa-
tion, or fusion. Finally, the combination of 
the exogenous human a-sarcoglycan with 
the murine sarcoglycans b, g, d leads to the 
formation of a tetrameric but chimeric com-
plex of unknown functionality.

An ultimate goal of cell therapy ap-
proaches is to generate biological products 
amenable to clinical trials, which impose sev-
eral restrictions regarding production, char-
acterization, quality control, and delivery to 
prevent the worsening of the pathologies by 
embolisms, immune reactions, unexpected 
differentiations, or fibroses. With this in 
mind the authors have tested the robustness 
of their protocols using iPS cell lines certi-
fied to be free of viral integrations, and the 
cells proposed by Tedesco and collaborators 
may constitute the first generation of a new 
category of progenitors that, despite not be-
ing completely equivalent to their natural 
in situ counterparts, may share on demand 
some angiogenic and/or myogenic capaci-
ties. Further work will be necessary to (i) as-
sess their safety and stability, (ii) document 
the colonization of specific muscles affected 
in several myopathies (diaphragm, intercos-
tal muscles, heart), (iii) compare HIDEMs 
derived from various initial cell types, and 
(iv) assess their potential immunogenic-
ity, even in an autologous context.27 The 
production of HIDEMS may benefit from 
ongoing progress in our understanding of 
the biology of pluripotent stem cells, which 
are emerging as important weapons in the 
armamentarium of cell, gene, and molecular 
therapy.
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The risk of oncogenesis mediated by 
vector-induced insertional muta-

genesis during therapeutic gene trans-
fer has received much attention in recent 
years. Any nucleic acid, regardless of 
how it is delivered, can cause insertional 
mutagenesis if it integrates into the genome. 

The two parameters that define this risk are 
integration site preference and frequency of 
integration. Recombinant adeno-associated 
viral (rAAV) vectors have been shown to 
be safe and efficacious in early gene ther-
apy clinical trials,1–4 although such vectors 
do integrate into the genome at a low but 
measureable rate (0.1 to 1% of transduction 
events) in animal models.5,6 In this issue of 
Molecular Therapy, Rosas and colleagues 
test various conditions that are hypoth-
esized to facilitate rAAV integration so as to 
determine whether these events can lead to 
an increased rate of oncogenesis.7
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