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Abstract Muscular dystrophies are heritable, heterogeneous neuromuscular disorders and include Duchenne and

Becker muscular dystrophies (DMD and BMD, respectively). DMD patients exhibit progressive muscle
weakness and atrophy followed by exhaustion of muscular regenerative capacity, fibrosis, and eventually
disruption of the muscle tissue architecture. In-frame mutations in the dystrophin gene lead to expression
of a partially functional protein, resulting in the milder BMD. No effective therapies are available at
present. Cell-based therapies have been attempted in an effort to promote muscle regeneration, with the
hope that the host cells would repopulate the muscle and improve muscle function and pathology. Injection
of adult myoblasts has led to the development of new muscle fibers, but several limitations have been
identified, such as poor cell survival and limited migratory ability. As an alternative to myoblasts, stem cells
were considered preferable for therapeutic applications because of their capacity for self-renewal and
differentiation potential. In recent years, encouraging results have been obtained with adult stem cells to
treat human discases such as leukemia, Parkinson’s disease, stroke, and muscular dystrophies. Embryonic
stem cells (ESCs) can be derived from mammalian embryos in the blastocyst stage, and because they can
differentiate into a wide range of specialized cells, they hold potential for use in treating almost all human
diseases. Several ongoing studies focus on this possibility, evaluating differentiation of specific cell lines from
human ESCs (hESCs) as well as the potential tumorigenicity of hESCs. The most important limitation with
using hESCs is that it requires destruction of human blastocysts or embryos. Conversely, adult stem cells
have been identified in various tissues, where they serve to maintain, generate, and replace terminally dif-
ferentiated cells within their specific tissue as the need arises for cell turnover or from tissue injury. More-
over, these cells can participate in regeneration of more than just their specific tissue type. Here we describe
multiple types of muscle- and fetal-derived myogenic stem cells, their characterization, and their possible use
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in treating muscular dystrophies such as DMD and BMD. We also emphasize that the most promising
possibility for the management and therapy of DMD and BMD is a combination of different approaches,

such as gene and stem cell therapy.

Muscular dystrophies are heterogeneous neuromuscular
disorders of inherited origin, including the X-linked recessive
disorders Duchenne or Becker muscular dystrophy (DMD and
BMD, respectively).[!l Typically, out-of-frame dystrophin gene
mutations lead to a severe reduction or absence of dystrophin in
the muscle, resulting in the DMD phenotype, whereas in-frame
mutations lead to the expression of a partly functional trun-
cated protein that results in the milder BMD. The frame-shift
hypothesis holds true for over 90% of cases and is commonly
used both for diagnosis and for differentiating DMD and
BMD.? However, the frame-shift rule does have some excep-
tions: in-frame mutations in the gene coding for the crucial
domains of the dystrophin protein (the actin- and dystroglycan-
binding domains) may result in a DMD phenotype, whereas
some out-of-frame mutations are associated with BMD because
of different mechanisms, such as compensation by exon skip-
ping or reinitiation codons located in the 5’ end of the gene.[?!

DMD is the most common of the two disorders, affecting one
in every 3500 live-born males.!! In the early phase of the disease,
the skeletal muscle of DMD patients is characterized by an on-
going process of degeneration and regeneration that is followed by
exhaustion of its regenerative capacity, fibrosis, and eventual
disruption of the muscle tissue architecture. Clinically, DMD is
characterized by progressive muscle weakness and atrophy,
leading patients.to be confined to a wheelchair before the age of
12 years and eventually to death from respiratory insufficiency.l!
No effective therapy is available at present. The spectrum of
clinical presentation and severity of BMD is much broader than
that of DMD, In general, most patients with BMD develop
musculoskeletal symptoms at a much slower pace than those with
DMD. The natural history of the disease varies considerably de-
pending on the dystrophin gene mutation and the amount of
dystrophin protein expressed in muscle. Many BMD patients re-
main ambulatory until the third or fourth decade or later. Despite
the milder skeletal muscle involvement in BMD, the majority of
BMD patients still develop dilated cardiomyopathy.©!

Several studies over the last 2 decades have explored the
potential of cell-based therapies to promote muscle regenera-
tion. Initial efforts focused on the transplantation of adult
myoblasts, which through cell fusion can lead to the develop-
ment of new or hybrid muscle fibers.[*5! However, this ap-
proach was hindered by the poor survival and limited migratory
ability of injected myoblasts®® and produced discouraging re-
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sults in early clinical trials.”-8] In contrast to myoblasts, stem
cells, which are endowed with self-renewal and differentiation
potential, may be preferable for therapeutic applications,
Stem cells can replenish their numbers for long periods
through cell division and, after receiving specific chemical
signals, can produce through asymmetric cell division a
progeny that can differentiate into multiple cell lineages with
specific functions,[!

In recent years, stem cells have received much attention be-
cause of their potential use in cell-based therapies for human
diseases such as leukemia,®! Parkinson’s disease,!'% stroke,[!!]
and muscular dystrophies.l'%!3 Embryonic stem cells (ESCs)
are derived from mammalian embryos in the blastocyst stage;
they have the potential to differentiate into a wide range of
specialized cells,['* leaving the possibility of their use in treating
almost all human diseases. Stem cell lines are created by ex-
tracting the inner cell mass of blastocysts, with a focus on many
investigative paths, including the differentiation of specific cell
lines from human ESCs (hESCs) and their potential tumor-
igenicity. A major objection to hESC-based research arises from
ethical considerations, given the requirement for the destruction
of human embryos to obtain the cells.!>) Adult stem cells, on the
other hand, are intrinsic to various tissues of the body and can
maintain, generate, and replace terminally differentiated cells
within their specific tissue to meet the needs of cell turnover or
tissue injury. Adult stem cells have been found in most tissues,
including bone marrow,!'8! central nervous system,!!” skin,!'¥]
cardiac muscle,/'”) and skeletal muscle.[? Recently, it has become
evident that these adult stem cells can participate in regeneration
of tissues other than their resident tissues.?!2 In this article, we
review multiple types of resident and circulating myogenic stem
cells, their characterization, and possible use in treating muscular
dystrophy. The identification of a stem cell population providing
efficient muscle regeneration is critical for the progression of stem
cell-based therapies for muscular diseases. We also show that the
most promising possibility for the management and therapy of
DMD and BMD is a combination of different approaches, such
as gene and stem cell therapy.

1. Pluripotent Stem Cells

ESCs are derived from the inner cell mass of blastocyst
stage embryos and are characterized by essentially unlimited
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self-renewal and pluripotency, which is the ability to differ-
entiate into all adult cell types. Differentiated somatic cells fall
into specific classes or types, such as muscle, bone, or neurons,
each having unique characteristics and functions. Because of
these specializations, the cells are not interchangeable and most
lose the ability to divide and create new cells. By contrast, ESCs
can be induced to differentiate into virtually any cell type and
can proliferate indefinitely in culture. These two characteristics
give ESCs enormous potential in medicine and science: they
carry the potential to repair damaged organs and replace cells
that do not function properly. Since the first report of ESC
derivation in mice was published in 1981,123 various findings
have emerged to explain the basic properties of ESCs. Recent
advances in our understanding of ESC biology have included
the identification of several master regulators of ESC pluri-
potency and differentiation. However, intensive study of ESC
growth conditions has yet to produce a complete picture of the
unique transcriptional and epigenetic state that is responsible
for pluripotency and self-renewal in ESCs.

Takahashi and Yamanaka®¥ found that the expression of
four factors (OCT3/4, KLF4, SOX2, and MYC) is sufficient to
produce cells similar to ESCs, called induced pluripotent stem
cells (iPSCs), from somatic cells. The same factors serve to
reprogram human fibroblasts to an ESC-like pluripotent
state.[2526] The most notable aspects of these findings are the
small number of factors required to make an ESC-like cell and
their conservation between species. However, the most im-
portant potential use of hRESCs is in transplantation medicine to
develop cell replacement therapies. Although the embryonic
cells showed an enormous potential for developmental capa-
city, the ethical and moral concerns surrounding the resulting
destruction of the embryo have made the derivation and use of
hESCs highly controversial.l!3:27]

1.1 Embryonic Stem Cell (ESC) Muscular Differentiation

A key step in establishing the medical potential of hESCs is
the development of techniques for their conversion into tissue-
restricted precursors suitable for transplantation. Recently,
Barberi et al.?8 illustrated the developmental progression of
hESCs toward mesenchymal fates through a transient early
endodermal/mesodermal stage, by isolating a CD73+ sub-
population from hESCs. Moreover, from among these cells
they isolated large numbers of skeletal myoblasts expressing
myogenic differentiation factor 1 (MYOD1), which terminally
differentiated and formed myotubes expressing myogenin and
desmin, They also monitored the survival and integration of
these myoblasts after injection into severe combined im-
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munodeficient (SCID)/beige mice; the long-term persistence of
donor-derived cells indicated that cells successfully integrated
and probably engaged in self-renewal.”® Sakurai et al, 29
demonstrated the contribution to muscular regeneration of an
embryonic paraxial mesodermal-derived cellular subpopula-
tion expressing platelet-derived growth factor receptor-o
(PDGFRa) and vascular endothelial growth factor receptor 2
(VEGFR2; also known as KDR). When transplanted into nude
mice, these cells were localized in the interstitial zone of mus-
cles, in the area adjacent to the myofibers. This localization is
consistent with the idea that ESC-derived mesodermal pro-
genitors differentiate into satellite cells. Next, the investigators
determined that the satellite cells derived from the PDGFRo+
population had the same potential as the host cells to grow into
a mature myofiber, and that they expressed mesogenin and the
transcription factor TBX6 but not PAX3 and PAX7.
Recently, Bhagavati and Xul*% published a paper concern-
ing the generation of skeletal muscles from transplanted em-
bryonic cells in dystrophic mice. They observed the capacity of
the ESCs to proliferate extensively and form skeletal muscle
cells. Because the in vitro differentiation of ESCs is frequently
disorganized, to obtain successful generation of skeletal muscle
cells they suggested selective induction of the skeletal muscle
lineage in cultures of ESCs by activating a specific develop-
mental pathway. Following this idea, they co-cultured mouse
ESCs with a preparation from mouse muscles enriched for
myogenic stem cells and precursor cells and injected the treated
cells into a mouse model of DMD (mdx) to prove their myo-
genic capacity. They occasionally obtained clusters of fibers
positive for dystrophin and B-dystroglycan, and showed that
blood vessels penetrated the entire length of the newly formed
muscle fibers. Interestingly, they found no evidence of teratoma
formation. This preliminary work could open the door to new
insights into the treatment of these types of diseases.>%!
Kamochi et al.3!l reported that differentiated ESCs trans-
fected with insulin-like growth factor II (IGF2) regenerated
injured skeletal muscle more effectively than ESCs that were
undifferentiated. ESCs genetically engineered to express IGF2
could represent another cell source for cell-based transplanta-
tion therapy to repair muscle damaged by injury or myopathy.
In their studies with PAX3 and a dystrophic mouse model,
Darabi et al.’? noted that the paraxial mesoderm is not gen-
erated efficiently during ESC differentiation induced by con-
ventional protocols, so they used direct induction by PAX3.
They isolated a homogeneous population of proliferating
myogenic progenitors by sorting for PDGFR« and the absence
of FLK!. The cells were injected into a dystrophic mouse,
engrafting efficiently without teratoma formation.? The
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PAX3/ESC-derived population was considered a feasible cell
therapy with long-term therapeutic potential, even though
further studies are needed to better assess their contribution to
the satellite cell compartment and their capacity to undergo
self-renewal in vivo.’?

Extracellular cytokines, signaling pathways, and transcrip-
tional molecules are fundamental topics in the regulation of the
differentiation of BESCs. Recently, Sakurai et al.” demon-
strated that the addition of bone morphogenic protein 4
(BMP4) to serum-free ESC cultures can induce primitive
streak-like mesodermal cells. They showed that these cells can
differentiate both in vitro and in vivo into osteocytes and os-
teoblasts without forming teratomas. Alternatively, removal of
BMP4 after only 3 days of differentiation and 4 days of ex-
posure to lithium chloride under serum-free conditions induced
the differentiation of ESCs into myogenic progenitors. These
cells also could express the myogenic markers MYOD1 and
myogenic factor 5 (MYFS5) and differentiate into mature ske-
letal muscle cells both in vivo and in vitro.[33

1.2 Human ESC Derivation

Normally, hESCs are derived by microsurgical removal of
cells from the inner cell mass of a blastocyst stage embryo. To
bypass the ethical issues related to embryo destruction, ESCs
can be obtained from a single blastomere,3* although whether
these cells can be considered for clinical studies remains un-
clear. First used in 1996 for the creation of Dolly the sheep,?”]
somatic cell nuclear transfer, also referred to as nuclear cloning,
is another method used to obtain embryonic cells. It consists of
the introduction of a nucleus from an adult donor cell into an
enucleated oocyte to generate a cloned embryo.% Transferred
to the uterus of a female recipient, this embryo has the potential
to grow into a clone of the adult donor cell, a process termed
‘reproductive cloning.” ESCs derived by nuclear transfer are
genetically identical to the donor and thus potentially useful for
therapeutic applications; unfortunately, reproductive cloning is
a largely inefficient and error-prone process resulting in the
failure of most clones during development, both because of the
activation of inadequate pathways of early embryonic devel-
opmentB7 and suppression of pathways of differentiation.38!

1.3 Induced Pluripotent Stem Cells

Recent reports have described the derivation of iPSCs from
adult mouse and human cells?4-26:3940] by the introduction of
specific sets of genes encoding transcription factors expressed in
undifferentiated ESCs (e.g. OCT4, KLF4, SOX2, and MYC) to
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reprogram the adult cells. Although initial studies indicateq
that these cells shared characteristics of ‘true’ ESCs,*!! more
detailed work is needed to determine how closely they truly
resemble ESCs. _ ,

Now that embryonic tissue is no fonger required to produce
a pluripotent cell, investigators can create tissue-based models
of human disease based on cells derived from individual
patients. This technology has the potential to herald a new era
of patient-specific, cell-based medicine; however, given the
oncogenic potential of undifferentiated iPSCs arising from the
unsafe reintroduction of these genes,/?# the safety of these cells
has to be tested accurately before any therapies are attempted,
Continuous overexpression of transcription factors, especially
the MYC oncogene, may be associated with tumorigenesis.?4
Even though work has shown that promoters of these viral
vectors can be silenced by endogenous gene expression during
reprogramming, chimeric mice derived from iPSCs were still
more prone to tumor formation.

Following some improvements in iPSC technology, Nakagawa
et al.*? generated pluripotent stem cells without MYC over-
expression both from mouse and human fibroblasts, although
with lower efficiency. In addition, chimeric mice created from
these non-M Y C iPSCs did not form tumors at an elevated rate.
Recently, Chuang et al.3 proposed the use of baculoviral
systems as a new gene delivery vector for stem cell engineering,
and in particular for transgenic expression in hESCs. These
vectors can be used for large segments, more than 30kb, that do
not fit into adenoviral or lentiviral vectors and could limit the
risk derived from the substantial immunogenicity of adenoviral
vectors. Because the most critical step in obtaining iPSCs was
the use of viral vectors, which risks activation of endogenous
oncogenes, new methods have proven to be effective in safely
reprogramming differentiated cells into iPSCs. As recently re-
viewed by several groups,#+*1 Okita et al.l*®l obtained virus
vector-free iPSCs by repeated transfections into mouse fibro-
blasts of expression plasmids containing the complementary
DNA of the four pluripotency-associated genes. Alternatively,
it is possible to use chemical factors. Shi et al.¥”l used BIX
01284, a specific inhibitor of histone methyltransferases, to-
gether with two transcription factors to enable mouse fetal
neural progenitor reprogramming into iPSCs. Another mole-
cule, the histone deacetylase inhibitor valproic acid, enabled
pluripotency reprogramming of human fibroblasts with two
pluripotency-associated transcription factors.*®! To decrease
the number of virus particles introduced into host cells, other
groups have tested self-cleaving peptides,*’! doxycycline-
inducible transcription factors,’® and Cre-recombinase
excisable viruses.’!) Finally, Zhou et al.l® reported the

Biodrugs 2010; 24 (4)




Stem Cell Therapies to Treat Muscular Dystrophy

241

protein-induced reprogramming of mouse embryonic fibro-
blasts without genetic modification by using repeated trans-
ductions of different recombinant reprogramming proteins
together with valproic acid treatment.

2. Adult Stem Cells

The human body has a relatively small number of lineage-
committed cells. These adult stem cells can differentiate into a
defined range of cell types. For example, hematopoietic stem
cells can change into a number of different types of specialized
blood cells. In recent years, different types of stem cells have
been explored for the treatment of muscular dystrophy, in
parallel with new perspectives for different approaches with
gene and cell therapies together with all of their advantages and
limitations.[5% Stem cell populations suitable for clinical studies
were found to derive from multiple regions of the body at
various stages of development. Several papers have been pub-
lished concerning adult muscle side-population cells,¥ bone
marrow-derived stem cells,’®>] muscle-derived stem cells,!5%
mesoangioblasts,’”] blood-°8! and muscle-derived CD133+
stem cells,’® and pericytes.[®) However, adult stem cells have
limitations. First, they are limited in terms of the types of cells
into which they can differentiate (e.g. blood stem cells cannot
form bone). Second, only some of these cells can migrate
through the vasculature, 85961 and efforts have been made to
increase the migratory ability of these cells; for example, iden-
tifying cell surface markers such as adhesion molecules and
appropriate growth factors.[9263 Moreover, unlike ESCs, adult
stem cells do not appear to have the same capacity to grow and
divide indefinitely, and they are difficult to isolate as well as to
grow in the laboratory.

Because mesoangioblasts have been extensively tested in
mouse models of disease, and more recently even in dystrophic
dogs, ¥t is reasonable to assume that they are at the top of the
list in terms of therapeutic potential. However, the fact that the
derivation and use of these cells has not yet been replicated by
other labs suggests caution. Because of their ease of accessi-
bility, CD 133+ cells isolated from either muscle or blood can be
considered suitable, especially as vehicles for gene therapy.[3%:6%
Despite their potential, satellite cell preparations are not fea-
sible for therapeutic applications because it is impossible to
expand them without losing their regenerative potential.

2.1 Mesocangioblasts

First isolated by Cossu and Biancol®® from dorsal aorta in
avian and mammalian species, these progenitor cells are a novel
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class of stem cells that can differentiate into various meso-
dermal phenotypes. They express several early endothelial
markers, such as FLK 1, stemcell antigen 1, CD34, and vascular
endothelial cadherin, but do not express late ones, such as von
Willebrand factor.®”] Moreover, they lack many of the leuko-
cyte molecules implicated in transmigration.[¢] Sampaolesi
et al.l%8] demonstrated that the injection of wild-type meso-
angioblasts morphologically and functionally corrected the
dystrophic phenotype of muscles in adult immunocompetent
a~-sarcoglycan null mice, a model organism for limb-girdle
muscular dystrophy. Despite these results, the authors treated
the human mesoangioblasts with tumor necrosis factor (TNF)-
o, and transfected them with either 04 integrin or L-selectin to
increase their migration to dystrophic muscles. These cells were
injected into the skeletal muscles of immunodepressed dys-
trophic mice (mdx-SCID) and, under these conditions, the
migration was more efficient than for corresponding untreated
cells. Treated mesoangioblasts led to massive colonization
followed by reconstitution of the majority of a-sarcoglycan-
expressing fibers (5-fold more than with control cells).®® These
findings suggested that pre-treatment of mesoangioblasts with
TNFo and the presence of o4 integrin are required for the ef-
ficient delivery of stem cells to injured muscles in the course of
muscular dystrophy. Further work may still be needed to op-
timize human mesoangioblast migration to skeletal muscle.

Furthermore, Sampaolesi et al.l%¥ treated some dystrophic
dogs with heterologous and autologous approaches using me-
soangioblasts transduced with a lentiviral vector expressing
human micro-dystrophin. The dogs that received heterologous
cells were treated with a combination of immunosuppressive
drugs and corticosteroids. In the transplanted dogs, an im-
provement was observed in muscle function and mobility to-
gether with increasing dystrophin expression in the dystrophic
animals.[*¥ Because these positive results could depend on a
transient effect of the immunosuppressive drugs,® Cossu and
Sampaloesi®3 emphasized that the treated dogs expressed
dystrophin in the majority of the muscle fibers, which were
characterized by normal force contraction and amelioration of
defective mobility.

Among the various cells that participate in the architecture
of blood vessels, rather than vascular endothelium!7® and me-
soangioblasts, pericytes have been found closely encircling
endothelial cells in capillaries and microvessels.”] According
to various studies,[’>74 mesoangioblasts could be related to
perivascular cells, and muscle-derived stem cells could be
related to other multilineage progenitor cells such as mesen-
chymal stem cells and multipotent adult progenitor cells.
In particular, mesoangioblasts and pericytes share various
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markers such as alkaline phosphatase, CD49B, CD13, and
CD44. Dellavalle et al.’) found that pericytes sorted from
human skeletal muscle by alkaline phosphatase expression re-
generated skeletal myofibers in dystrophic immunodeficient
mice. Furthermore, Péault and collaborators’l showed that
the pericytes also isolated from non-muscular tissues had
myogenic properties. Until now, intra-arterial delivery of me-
soangioblasts®® has appeared to be one of the most promising
cell therapy protocols for muscular dystrophy because of a
partial but signiﬁcaht restoration of muscle structure and
function. However, before clinical trials are performed, many
problems need to be solved including efficient delivery to the
target tissue.

2.2 Blood- and Muscle-Derived CD133+ Cells

We previously demonstrated the stem cell characteristics of
circulating human CD133+ cells and their ability to restore
dystrophin expression and eventually regenerate the satellite
cell poolin dystrophic SCID/mdx mice after intramuscular and
intra-arterial delivery.®>7” In 2003, Stamm et al.[’® demon-
strated that autologous bone marrow-derived CD133+cells can
induce angiogenesis and restore myocardial tissue viability
after infarction. Recently, we isolated CD133+ cells from nor-
mal and dystrophic biopsies and showed that the muscle-
derived CD133+ cells were present in both normal and
dystrophic muscles, although pathological muscle biopsies of
young patients (aged 5-14 years) contained a higher number of
these cells than muscle biopsies of healthy donors matched for
age.l%%l The expression of CD45 antigen (approximately 4%) in
both normal and dystrophic muscle-derived CD133+ cells
confirmed their hematopoietic commitment. Moreover, the
expression of several muscular markers confirmed by real-time
polymerase chain reaction and the cells’ ability to differentiate
into multinucleated myotubes expressing myosin heavy chains
demonstrated their myogenic commitment.[%!

Based on these characteristics, we investigated the safety of
the injection of muscle-derived CD133+ cells in DMD muscles
and showed that intramuscular transplantation of muscle-
derived CD133+ cells appeared to be a safe and feasible proce-
dure.[6) As published by Benchaouir et al.,[’l we compared the
behavior of two distinct dystrophic CD133+ cell populations,
one from blood and one from skeletal muscle, after transduc-
tion with a lentivirus carrying a construct designed to skip exon
51.79 These cells expressed an exon-skipped version of human
dystrophin and participated in muscle regeneration after in vivo
transplantation into SCID/mdx mice.® Furthermore, we
demonstrated that the muscle-derived CD 133+ stem cells had
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the potential to differentiate towards both the muscle lineage
and the endothelial lineage. In particular, dystrophic muscle-
derived CD133+ cells wete more efficient than their blood
counterparts in ameliorating morphology and restoring skele-
tal muscle function toward normal in dystrophic murine mus-
cles.®1 Unfortunately, several factors require amelioration
before the blood- and muscle-derived CD133+ cells can be
considered suitable for cellular therapy. We need to enhance the
rate of proliferation of blood-derived CD133+ cells in culture
and their storage for repeated treatments; we also have to un-
derstand why blood-derived CD133+ cells are less efficient than
muscle-derived CD133+ cells in terms of contributions of
muscle nuclei. Finally, we must identify a strategy for delivering
myogenic cells over the long term to the various sites of
sporadic regeneration that occur in muscular dystrophies.

2.3 Sateliite Cells

Satellite cells are small progenitor cells that lie between the
basement membrane and sarcolemma of muscle fibers. They
are normally quiescent and become activated and undergo cell
division only after oxidative stress or specific stimuli. The sur-
vival and expansion of satellite cells depends on PAX3 and
PAX7; in particular, PAX7 is required only in the juvenile
period when progenitor cells make the transition into quies-
cence.!8% Because they possess the ability to differentiate as
skeletal myoblasts and subsequently activate myogenic differ-
entiation to form new myofibers, satellite cells could be con-
sidered good candidates for cellular therapy. Recently,
Montarras et al.B!l isolated a pure population of satellite cells
from diaphragm muscle of a PAX3-GFP (green fluorescent
protein) knock-in mouse. When transplanted into a dystrophic
dog model, these cells restored dystrophin expression 3 weeks
post-transplantation, while in irradiated dystrophic mice, they
formed a small amount of the satellite cell pool that expressed
both PAX7 and PAX3.BU Notably, these cells showed a re-
markably efficient level of muscular regeneration compared
with results obtained after the injection of human cells isolated
from adult muscle.8?

Recently, Cerletti et al.®3l isolated a novel subset of skeletal
muscle satellite cells having similar properties to adult muscle
stem cells by direct cell sorting using a distinct combination of
cell-surface markers. To examine the therapeutic potential of
skeletal muscle progenitors, they transplanted them into mdx
mice and determined that they were responsible for regenerat-
ing mature muscle fibers, restoring dystrophin expression, r¢-
ducing muscle inflammation and fibrosis, and improving
physiologic muscle function. Unfortunately, the growth of
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freshly isolated satellite cells in vitro significantly reduced their
in vivo myogenic potential, and obtaining a sufficient quantity
of these cells was not possible.

Although transplantation of autologous genetically cor-
rected satellite cells into DMD patients could theoretically be
the ideal approach to minimizing host immune rejection of
donor cells, methodological limitations have not allowed this
technique.® Nevertheless, the results obtained in the mouse
model led to testing of satellite cell/myoblast injection in DMD
patients in phase I clinical trials. Donor satellite cells/myoblasts
isolated from muscle biopsies and grown in culturef®3-86l were
injected into the muscles of the DMD patients via multiple
injections. Unfortunately, these trials demonstrated that the
efficiency of the dystrophin production in muscle fibers of
DMD patients is too low (~1%) and identified no functional
or clinical improvement in the children.[58

3. Progress to Date

Several questions remain to be answered before any of the
previously described cell preparations can be moved into clin-
ical trials, although great advances have been made in the
generation of cell populations. Based on their unique char-
acteristics and their in vivo skeletal muscle regeneration po-
tential, adult stem cell populations discussed in this review
are excellent clinical candidates. As shown previously, me-
soangioblastsl®® and blood-derived CD133+ cellst¥ can mi-
grate through the vasculature, but most do not. Potential future
methods to increase the migratory ability of stem cell popula-
tions include the identification of cell surface markers, such as
adhesion molecules®? and appropriate growth factors,[62:87

Mesoangioblasts serve as a paradigm for widespread dis-
tribution, and after treatment with growth factors can
efficiently correct the dystrophic phenotype. For now, the
intra-arterial injection of mesoangioblasts represents hope for
patients affected by various muscular dystrophies.

Satellite cells were among the first cell types used in cell-
based therapy of muscular dystrophy. Expanded satellite cells
or myoblasts were isolated from wild-type mice and intra-
muscularly injected into mdx mice;#%3% unfortunately, myo-
blast transplantation proved to be an inefficient technique
because of the low efficiency of dystrophin production in
muscle fibers of DMD patients and no functional or clinical
improvement in children.B®%

ESC-derived progenitors have excellent self-renewal and
regenerative potential, but the research on these cells is in the
initial stages. Recently, Jaenisch and YoungP% reported that
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adult cells can behave as unipotent and multipotent stem cells,
such as hematopoietic stem cells, even if totipotent and pluri-
potent cells are restricted to the early embryo. ‘

Although possessing decreased developmental potential, the
nuclei of most adult cells maintain the nuclear plasticity re-
quired to reset to an embryonic state. It is possible to enhance
this process by exposing the oocyte to specific factors through
nuclear transfer or exposing the cells to pluripotent cell-specific
factors by driving overexpression of defined transcription
factors. With publication of the work of Takahashi and
Yamanakal®! concerning the reprogramming of cells to a state
of pluripotency, a new frontier in the field of regenerative
medicine opened. In fact, for the first time, reprogramming of
cells provided a realistic way to generate sufficient numbers of
patient-specific pluripotent stem cells.

On this basis, iPSCs have been efficiently used in murine
models of sickle cell anemia®} and Parkinson’s disease.’”
However, even if these cells prove suitable for cell therapy, it
has yet to be demonstrated that human iPSCs can be generated
without the introduction of DNA into the genome to enhance
the efficiency of manipulation of human iPSCs and the capacity
to obtain any desired cell type. In spite of the genomic integrity
and the normal karyotype of human and murine iPSCs, a few
abnormalities have been found in the chromosomes.”*! In he-
patocyte and stomach cell-derived iPSCs no common insertion
sites are present, but it is not possible to affirm that genetic
changes might or might not occur during reprogramming
processes with retroviral and lentiviral vectors,®4

Before there are any possible future clinical applications of
hESCs, their engraftment must be improved upon. At the same
time, it is necessary to develop a protocol to obtain similar
populations of muscle precursors from hESCs. Looking toward
clinical applications, adult stem cells purified from DMD
patients could be engineered ex vivo and reinjected into the
initial donor intra-arterially to allow distribution of the cells to
the whole body musculature. In this way, it could be possible to
treat severely affected patients who have reduced body mass.

One of the most important problems to solve for future
clinical therapies is the amelioration of safety procedures for
genetic modifications. A reliable method for DMD therapy
seems to be the exon-skipping approach mediated by antisense
oligonucleotides or molecules such as PTC124,

The use and practical applications of ESCs in cell replace-
ment therapy are still in the preliminary stages, and require
more investigation and clinical trials before they can be ac-
cepted as ideal for the treatment of neuromuscular diseases.
Nevertheless, the rapid increase in experimental findings re-
inforces the hope that ESCs will prove to be a versatile source of
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renewable cells for application in cell replacement therapy.
There is sufficient optimism among researchers that ESC-based
therapies may offer a reliable and cost-effective therapeutic
substitute for treatment of severe degenerative disorders in the
near future.'>] The therapeutic potential of adult stem cells
appears to be much lower than that of ESCs, and the large
majority of adult stem cells are difficult to isolate and hard to
propagate in culture.’®] They can be genetically manipulated
only through the introduction of retroviral transgenes,?’]
which could cause overexpression of genes at variable levels
and cancer.” Moreover, the differentiation potential of adult
stem cells seemed to be restricted, although several groups
have demonstrated that bone marrow-derived cells could enter
sites of muscle regeneration and also contribute myonuclei to
the newly formed muscle fibers.’%?7l Conversely, resident
muscular cells could reconstitute the bone marrow and via this
route re-enter and contribute to the regeneration of skeletal
muscle.®% Recently, Jiang et al.['%l demonstrated the pluri-
potency of mesenchymal stem cells derived from adult ma-
rrow, which showed their differentiation into cells of all three
germ layers both in vitro and in vivo after being injected into
blastocysts. Unfortunately, they did not assess the ability of
these cells to correct a disease phenotype into either humans or
mouse animal models.

ESCs can become any type of cell through the use of specific
culture conditions or genetic manipulation. To avoid the ethical
and practical limitations of therapeutic cloning mentioned
previously, it would be useful to reprogram somatic cells di-
rectly into ESCs without the use of oocytes. Achieving this goal
requires a deep understanding of the role of several molecular
factors in establishing and maintaining pluripotency. An ex-
ample is OCT4[1%1) and OCT4-null embryos, which cannot
form a pluripotent inner cell mass; consequently, their devel-
opment is arrested. To circumvent the need for human oocytes,
it may be possible to modify the expression of OCT4 and its
related genes in somatic cells to reprogram their nuclei to an
embryonic state.

4. Conclusions

Several studies have exploited the potential of cell-based
therapies to promote muscle regeneration with the hope that
the host cells will fuse and repopulate the muscle, thus im-
proving muscle function and pathology. However, many ob-
stacles have appeared in the course of this research. First,
myoblast transplantation was hindered by the poor survival
and limited migratory ability of transplanted cells. In two
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papers, Tremblay and co-workers!!0%1931 demonstrated that
DMD patients injected with myogenic cells obtained from
skeletal muscle biopsies of normal donors or from their parents
induced the expression of donor-derived dystrophin. However,
this expression was restricted to the sites of muscle precursor
cell injection and sometimes resulted in cases of acute immune
rejection.[1941051 Other adult stem cells, such as side-population
cells,’* muscle-derived stem cells,5®! and satellite cells,33
have regenerative potential. Although the large majority of
these cells have produced significant engraftment when
transplanted into dystrophic mice, only the mesoangioblasts
and CDI133+ cells aided functional recovery of treated
muscle.5%68]

ESC-based therapy would have many advantages: it could
allow the transplantation of a more primitive cell with greater
replicative potential, and patient-specific ESCs could be in-
duced from adult somatic cells. The development of several
ESC-based technologies, such as genetic manipulation tools,
has accelerated the application of these cells in clinical therapy,
even if ethical, logistic, and economic concerns require atten-
tion. In particular, the ability to generate cells in culture with
in vivo muscle regenerative potential and systemically transfer
them to recipients is an important step towards the therapeutic
application of ESC-derived cells. Unfortunately, there still is no
reproducible method for generating ESC-derived myogenic
progenitors for skeletal muscle regeneration. In addition, the
derivation of an ESC-derived myogenic population with pro-
liferative and regenerative potential has not been accomplished.
Only two papers have described some evidence for engraftment
following transplantation of an ESC-derived population, but
they were limited to qualitative detection of donor-derived cells
in recipient muscle.[3%-311

The PAX3 ESC-derived population exhibited good poten-
tial for skeletal muscle regeneration, but their capacity to re-
plenish the satellite cell niche should be studied.’®? The
revolutionary work of Takahashi et al.1%! allowed the use of
the patient’s own reprogrammed cells to eliminate the main
risks of allogeneic transplantation, specifically immune rejec-
tion of the grafted tissue. The combination of iPSC technology
with the lineage-specific reprogramming using PAX3 could be
ideal for the generation of patient-specific myogenic progeni-
tors for musculoskeletal diseases.['97] However, before this goal
can be accomplished, many problems must be overcome, such
as development of a protocol to obtain similar populations of
muscle precursors from hESCs, optimization of engraftment so
that the satellite cell compartment can be significantly re-
populated, and activation of the PAX3 regulatory cascade
possibly without genetic manipulation.'?) Although their
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potential is enormous, iPSCs frequently give rise to teratomas
if transplanted into nude mice.

In recent years, several groups have published innovative
work in which adult stem cells and ESCs were genetically mod-
ified by ex vivo introduction of corrective genes and then trans-
planted into recipient dystrophic animal models.?*l However,
evidence is lacking about the potential for migration through the
vessels after systemic administration of ESCs or iPSCs.

According to current findings, the most promising possibi-
lity for the therapy of DMD is a combination of different ap-
proaches to obtain the beneficial effects of multiple strategies
combined into a single approach, such as cellular therapy
associated with gene therapy or pharmacologic treatments. One
of the most used approaches is autologous transfer, in which a
patient’s own cells are genetically corrected in vitro using len-
tiviral vectors and then reimplanted to allow the re-expression
of functional dystrophin protein. The ‘exon-skipping’ ap-
proach is an alternative strategy for gene therapy and is
achieved using antisense oligonucleotides that hybridize with
the donor and/or acceptor sites of the mutated exon, causing its
exclusion from the intact transcript. On the other side, allo-
geneic transfer involves injecting cells isolated from an in-
dividual with functional dystrophin into the patient, which can
lead to problems associated with immunorejection or requiring
administration of specific immunosuppressive drugs.

Several problems exist with these approaches and must be
overcome, including the low efficiency with which stem cells
enter muscle via the vasculature, difficulties with enhancing
proliferation of stem cells in culture, time required in culture for
autologous cells prior to implantation back into the patient,
longevity of the transplanted muscle nuclei in vivo, and devel-
opment of tumors as a consequence of hazardous integration of
the provirus. Success with the clinical application of aduit stem
cells or ESCs will ultimately require the capacity for large-scale
production of a desired cell type with appropriate functionality,
identification of the optimal number of cells for transplant, a
modification to less-invasive delivery systems, and techniques
to label cells for transplant and subsequent tracking of cell fate.
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