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Duchenne muscular dystrophy (DMD) is a lethal X-linked recessive muscle disease due to defect on the
gene encoding dystrophin. The lack of a functional dystrophin in muscles results in the fragility of the
muscle fiber membrane with progressive muscle weakness and premature death. There is no cure for DMD
and current treatment options focus primarily on respiratory assistance, comfort care, and delaying the loss
of ambulation. Recent works support the idea that stem cells can contribute to muscle repair as well as to
replenishment of the satellite cell pool. Here we tested the safety of autologous transplantation of muscle-
derived CD133+ cells in eight boys with Duchenne muscular dystrophy in a 7-month, double-blind phase I
clinical trial. Stem cell safety was tested by measuring muscle strength and evaluating muscle structures
with MRI and histological analysis. Timed cardiac and pulmonary function tests were secondary outcome
measures. No local or systemic side effects were observed in all treated DMD patients. Treated patients had
an increased ratio of capillary per muscle fibers with a switch from slow to fast myosin-positive myofibers.
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INTRODUCTION therapeutic goal would be the expression of a functional
dystrophin in muscles, gene therapy presents itself as a
potentially powerful treatment option. In this direction,The muscular dystrophies are a heterogeneous group

of inherited disorders characterized by progressive mus- a phase I clinical trial was assessed involving plasmid-
mediated delivery of dystrophin cDNA to the muscle,cle wasting and weakness. In Duchenne muscular dys-

trophy (DMD), which is due to lack of a functional but a low level of dystrophin expression was detected in
dystrophic muscle fibers (23,24). Subsequent studiesdystrophin protein, skeletal and cardiac muscles are af-

fected, leading to wheelchair dependency, respiratory have indicated that the delivery of micro-dystrophin by
adeno-associated viruses (AAV) to mdx mice can resultfailure, and premature death. Actually, the development

of a clinical effective therapy for the muscular dystro- in widespread transduction and improved muscle func-
tion (11,34). Nevertheless, it has yet to be determined ifphies remains a big challenge. However, as the final
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these minimal dystrophin proteins fully compensate for mized in few laboratories in preclinical studies and,
recently, a novel clinical trial with multiple injections ofthe lack of dystrophin in DMD patients.

Other strategies propose to use targeted corrective partially matched donor cells and immune suppression
showed reconstitution of up to 25% of dystrophin-posi-gene conversion methods; exon skipping is likely the

most promising. More than 70% of DMD mutations are tive fibers in the area of injection (28,29). However, my-
oblasts do not cross the muscle endothelium when deliv-due to frame-shift deletions into the central rod domain

of the dystrophin; this protein is well adapted for exon ered systemically and must be injected intramuscularly
(22). The major problem still faced by this approach isskipping application because in-frame removing of cen-

tral spectrin-like repeats retains its functionality (19). In the lack of dispersion of donor cells, which remain in
the area of injection, making it difficult to reach an evenvivo exon skipping was previously achieved in mdx

model through a gene therapy approach using an AAV distribution within the whole muscle. This feature alone
makes their use in cell therapy protocols extremely diffi-vector to spread specific antisense oligonucleotides in

dystrophic muscles (6,10). Even if the use of AAV vec- cult, at least with current technology.
Recent works support the idea that stem cells reachtors in DMD patients currently is envisaged, their use is

principally limited by the high viral titers needed for the site of muscle regeneration and contribute to muscle
repair as well as replenish the satellite cell pool follow-clinical application and the immune response against the

vector. New generations of viral vectors and increasing ing arterial injection, suggesting that this technique is
particularly suited for treating muscle dystrophy (7,8,27,knowledge about various types of myogenic progenitors

should be the basis for the next generation of trials, 32). Moreover, from a clinical point of view, for dis-
eases where there is little source of muscle precursors,which may benefit from the design of combined gene

and cell therapies. Patients with DMD could potentially such as DMD, adult stem cells represent a possible cel-
lular target for the autologous transplantation of geneti-be treated using their own myogenic progenitors that

have been manipulated by gene therapy or exon skip- cally corrected cells. The use of autologous CD133+

bone marrow-derived cells to induce angiogenesis andping. In turn, these will need to be tested on patients
independently from gene or cell therapy to verify the restore myocardial tissue viability after infarction has al-

ready been shown to be beneficial (30). Moreover, stemsafety of these approaches for successive combined
therapy. cells positive for CD133 expression and negative for the

hematopoietic and endothelial markers such as CD34,In fact, from a safety perspective, questions remain
about whether adult myogenic progenitors in the dystro- CD45, CD31, and KDR were also isolated from human

skeletal muscle.phic muscle truly undergo functional integration and
whether this may give rise to nonmuscle tissue forma- Although conclusive evidence is still lacking, there

are many reports suggesting that muscle-derived stemtion, such as inflammatory cells or connective formation
into grafted muscles. This would justify the planning of cell (MDSC) may represent a population of progenitors

lying in the interstitial spaces that originate from circu-phase I clinical trials that could predict the further appli-
cations from ongoing experimental work. Thus, the lating bone marrow-derived cells and contribute to both

muscle regeneration and to replenishment of the satelliteidentification of human myogenic progenitors might en-
hance the possibility to achieve an autologous cell ther- cell pool (32). The aim of our study was to verify the

safety of autologous transplantation of muscle-derivedapy leading to the reexpression of a functional dys-
trophin in DMD skeletal muscles. Although myoblasts CD133+ stem cells in muscular dystrophy and reasons

are indicated in the following points. i) When approach-remain the cell type that retain the main myogenic activ-
ity in adult muscle (12,18), the clinical trials using my- ing clinical trials of stem cells in muscular diseases, we

should proceed cautiously because premature, inade-oblast transplantation were largely unsuccessful in terms
of clinical benefit to the patient. A possible reason for quately designed clinical trials can substantially set back

progress in an otherwise promising field of research.these failures was related to an inadequate or a total lack
of immunosuppressive treatment that allowed an im- From a safety perspective, questions remain about

whether adult stem cells in the dystrophic muscle trulymune reaction, with antibodies directed not only against
donor cells but also against the wild-type dystrophin undergo functional integration and whether this may

give rise to nonmuscle tissue formation such as inflam-protein in the recipient patient (13,14,25,33). Further
therapeutic trials involving immunosuppression in BMD matory cells or connective formation into grafted mus-

cles. ii) Moreover, autologous transplantation of freshly(21) or DMD recipients (12,16,18) showed only a small
beneficial effect with a transient expression of donor isolated adult stem cells would represent a safe way to

proof the principle of stem cell treatment for musculardystrophin and/or a small strength improvement in the
transplanted muscles. dystrophy excluding the use of immunosuppressive

drugs and minimizing the additional oncogenic risk andMyoblast transplantation was continued and opti-
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or the transmission of infectious agents produced by ex- [Becton Dickinson (BD), Immunocytometry Systems,
Mountain View, CA, USA], anti-CDw90 (Thy-1)-fluo-tensive ex vivo proliferation. iii) Finally, the demonstra-

tion of the safety of the autologous transplantation of rescein-isothiocyanate (FITC, BD), anti-VEGF-R2 (KDR)-
PE (R&D Systems, Inc.), anti-CD184 (CXCR4, fusin)-muscle-derived CD133+ stem cells will allow the authors

to continue further study and address genetic engineer- PE-Cy5 (BD), anti-CD45-FITC (BD), and anti-CD20-FITC
(BD). For each mAb, an appropriate isotype-matcheding of engrafted cells for clinical gain.
mouse immunoglobulin was used as control. After stain-

MATERIALS AND METHODS ing, performed at 4°C for 20 min, cell suspensions were
Cell Culture washed in PBS containing 1% heat-inactivated FCS and

0.1% sodium azide. Cells were analyzed using a FACSPrimary human muscle cells were obtained by enzy-
Calibur flow cytometer and PAINT-a Gate softwarematic dissociation of biceps brachii muscle biopsies
(BD). Each acquisition included at least 50,000-100,000from 5–45-year-old donors and cultured as described
events. A light-scatter gate was set up to eliminate cellpreviously (1). Mononuclear cells from muscle were
debris from the analysis. Subpopulations of CD133+then processed through a MACS magnetic separation
cells were analyzed on multiple double-fluorescence dotcolumn (Miltenyi Biotec) to obtain purified CD133+

plots, activating a gate on cells with low side scatter andcells. After selection an aliquot of the CD133+ cell frac-
bright expression of CD133 antigen.tion was analyzed to assess purity and the rest of cells

were plated in the presence of a proliferation medium
In Vitro Immunohistochemistry and PCR Analysis(PM) composed of DMEM/F-12 (1:1), 20% FBS, in-
of Human Muscle-Derived CD133+ Cellscluding HEPES buffer (5 mM), glucose (0.6%), sodium

For immunocytochemistry, cells plated on lab-tekbicarbonate (3 mM), glutamine (2 mM), SCF (100 ng/
chamber slides (Life Technologies) were fixed in 70%ml; TEBU, Frankfurt, Germany), VEGF (50 ng/ml;
ethanol in PBS for 1 min and permeabilized for 5 minTEBU), and LIF (20 ng/ml; R&D Systems, Inc). To de-
with 0.5% Triton X-100 in PBS. Cells were than incu-termine the myogenic potential the CD133+-derived
bated with primary antibodies against the CD31 (1:100;cells were exposed to differentiation medium consisted
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),of Ham’s F10 supplemented with 5% FBS, 10 ng/ml
VE-Cad (1:100; Chemicon International, CA, USA),EGF, 10 ng/ml PDGF-BB, and antibiotics as described
CD34 (1:50; BD), VEGF/R2 (KDR)(1:20; Sigma), anti-above. After 14 days of culture, enumeration of differen-
human CD133/2 antibody (clone 293C3; Miltenyi Bio-tiated myotubes containing two or more nuclei (i.e., fu-
tec), anti-α-smooth muscle actin (DAKO, Carpinteria,sion index) and immunostaining with antibodies directed
CA, USA), CD45 (1:100; BD), CD14 (1:50; Dako),against slow myosin heavy chain (MyHCs) and desmin
CD11b (1:200; Dako), desmin (1:20; Sigma), M-cadherinwas assessed. To determine whether CD133+-derived
(1:50; Nano Tools), fibronectin (1:150; Sigma), cytoker-cells exhibit stem cell characteristics of self-renewal,
atin (1:150; Dako), vimentin (1:200; Santa Cruz), CD4cells were plated at approximately 10 cells/cm2, grown
and CD8 (1:100; Santa Cruz), and CD14 (1:50, Santato 50–150 cells per colony, isolated with cloning cylin-
Cruz) overnight at 4°C. After washing with PBS, cellsders, and transferred to separate wells. CD133+ cells iso-
were incubated with FITC-conjugated goat anti-mouselated from normal and dystrophic muscles were also an-
IgG for 1 h at room temperature and examined byalyzed for their release of angiogenic factors on
epifluorescence microscopy. For quantitative analysis,Angiokit (TCS CellWorks Ltd, Buckingham, UK) ac-
after immunostaining, coverslips were counterstainedcording to the manufacturer’s protocols.
with DAPI and anti-human nuclei (1:200; Sigma). West-

Characterization of Human CD133+ Cells Isolated ern blot conditions are specified in Torrente et al. (32).
From Muscle Tissues for FACS Analysis Briefly, the concentration of proteins was determined

using the Lowry technique. Extracted proteins (100 µg)The purity of muscle-derived CD133-selected cells
was determined for each isolation experiment. We per- were separated on 6% polyacrylamide gels and electro-

transferred onto nitrocellulose membranes (Biorad, To-formed the flow cytometry count and the immunopheno-
typing of both muscle-derived and blood-derived CD133+ ronto Ont., Canada). To ensure that equivalent amounts

of proteins were loaded for each sample, the membranecells. Cell viability was determined using 7-amino-acti-
nomycin D (7-AAD) viability probe. For four-color flow was stained with Ponceau S. (Sigma). Membranes were

subsequently incubated with monoclonal antibodies di-cytometric analysis, at least 10–20 × 104 cells from dis-
sociated muscles or 30–80 × 104 cells from peripheral rected against human MyHC (Sigma) and human M-

cadherin and revealed using a commercially availableblood were incubated with the following monoclonal
antibodies (mAbs): anti-CD133/2-phycoerythrin (PE) chemiluminescence kit (Ultra ECL, Pierce, Rockford,

IL, USA). Membranes were then exposed to BioMax(Miltenyi, Biotec), anti-CD34-Allophycocyanin (APC)
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Table 1. Patient Selection Criteriaautoradiographic films (Kodak, Rochester, NY, USA),
which were developed and scanned with a densitometer.

Inclusion criteriaTotal RNA was extracted from muscles from injected
• Age at least 4 years old

mice by Trizol Reagent as indicated by the manufactur- • Diagnosis of Duchenne muscular dystrophy confirmed by:
er’s protocol (Gibco BRL, Life Technologies). First- a) clinical evaluation with observation of proximal muscle
strand cDNA was prepared by using Super Script First weakness Gowers sign positive), pseudohypertrophy of the
Strand Synthesis System for RT-PCR (Invitrogen, Life calves, lordotic and wide-based gait and stance; b) increase
Technologies), starting from 2 µg total RNA with oligo of the levels of muscular enzymes creatin kinase; c) mus-

cle biopsy and dystrophin analyses (IF, WB, and molecular(dT)12–18 priming. For direct amplification of human mark-
analysis) consistent with DMD)ers, primers were specifically designed in the nonhomol-

• Preserved ability to ambulate at the time of the selectionogy region of human–mouse mRNA sequences as pre-
• Adequate muscle strength and muscle bulk at the tibialisviously described (21). PCR was performed under the

anteriorfollowing conditions: 94°C for 5 min, and then 35 cycles
at 94°C for 40 s, 68°C for 40 s, and 72°C for 1 min. Exclusion criteria

• Patients not ambulant at the moment of the inclusion
Clinical Protocol • Onset symptoms before the age of 2–3 years old

• Severe cardiac and respiratory dysfunctionThis study was designed as a double-blind phase I
• Deficient immune system and/or autoimmune diseaseclinical trial and was approved by the Ministry of Health
• Presence of additional diseases (i.e., family history of epi-and the Ethical Committee of the IRCCS Ospedale Mag-

lepsy, cerebral palsy)giore Policlinico di Milano and the Ethical Committee • Mental retardation (Intelligence Quotient through the Wech-
of the IRCCS Eugenio Medea Bosisio Parini. After ob- sler Intelligence scale above 70)
taining assent from patients and consent from parents of • Steroid therapy in the previous 6 months
all participants, patients underwent two screening visits. • Psychological/psychiatric disorders
If patients met all inclusion criteria, they were enrolled
and randomly assigned to either stem cell group or sham
group. Sample size was determined from 55 children

telligence quotient was within the range typically shownwho were assessed for eligibility and eight children were
in DMD children (5).selected on the basis of the inclusion and exclusion crite-

ria indicated in Table 1. Blinding was achieved accord-
Autologous Transplantation of Muscle-Derived CD133+

ing to the “double-dummy technique.” Determination of
Stem Cells in DMD Patientswhether a patient would be treated by stem cell (A case)

or by saline solution alone (B case) was made by refer- In preclinical studies, we excluded the tumorigenic
potential of muscle-derived CD133 by transplantation inence to a statistical series based on random sampling

numbers drawn up by Professor Bresolin. The details of SCID and SCID/mdx mice (data not shown). The mus-
cle-derived cells were obtained after enzymatic (Liber-the series were unknown to any of the investigators or

to the coordinator and were contained in a set of sealed ase HI) and mechanical dissociation of 1 g of muscle
biopsy and grown in serum-free condition for 48 h in aenvelopes bearing on the outside only the name of the

hospital and a number. After acceptance of a patient the quality controlled facility (Cell Factory, Milan, Italy).
The presence of mycoplasma and bacteria in the cellcorresponding numbered envelope was opened at the cen-

tral office; the card inside told if the patient was to be culture was tested during this time of culture. After 48
h of culture the CD133+ stem cells were isolated froman A or B case, and this information was then given to

the coordinator. Mean age of the enrolled children was the muscle-derived cells using the MACS method;
20,000 freshly isolated stem cells were resuspended in126.75 ± 21.28 months. At the muscular evaluation

through the MRC scales, the muscular strength value at saline solution and 15-µl Hamilton syringes with 27-
gauge needles were filled with this suspension. The ap-the upper limbs ranged from 3 to 4 proximally, and from

4 to 5 distally; at the lower limbs, proximal strength pearance of the treatment (intramuscular transplantation)
was identical to the subjects. Three parallel injectionsranged from 3 to 4 and distal was 4. Blood tests did not

show any signs of immunological deficits, inflamma- were done at 1 mm of interdistance in the middle of the
left abductor digiti minimi (ADM) muscle either withtions, or endocrine dysfunctions. CK levels ranged from

4000 to 6000 U/L. None of the eight children presented cells (stem cell group A) or with saline solution (sham
group B). For anesthesia, premedication was given withcardiac dysfunction or respiratory failure. An ECG

showed minimal abnormalities as reported in most of oral midazolam (0.40–0.60 mg/kg). Analgesia and seda-
tion were achieved with fentanyl (total dose 25–75 γ) inthe DMD children (4) and echocardiography showed an

ejection fraction >55–60% for all the children. The in- repeated IV boluses during the initial biopsies.
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The primary end point was percentage change in av- MyHC-positive fibers, and CD31+ vessels were quanti-
fied by counting them in six random fields. In order toeraged maximal isometric voluntary contraction (MIVC)

score of treated and untreated ADM muscles of all sub- characterize the effects induced by the injection of
CD133+ cells we evaluated the expression of severaljects. Secondary outcome measures included change in

the MRI and histological analysis, cardiac and pulmo- growth factors by Western blot in treated and untreated
muscle with anti-IGF-1 (1:100, Santa Cruz), anti-IGF-2nary function tests, and single fiber muscle force analy-

sis. Outcome measures were performed by blinded clini- (1:50, Santa Cruz), anti-IGF-2R (1:200, Santa Cruz),
and anti-VEGF-B (1:200, Santa Cruz) as previously de-cal evaluators who were trained and shown to be reliable

before study start-up. At 2, 4, and 6 months after the scribed (21).
intramuscular transplantation follow-up studies compre- Evaluation of Muscle Function
hensive for muscular strength evaluation, neurophysio-

The isometric force and the compound muscle actionlogical analysis, cardiac evaluation, blood tests for anti-
potential generated by the activation of the ADM muscleviral screening (hepatitis A-B-C, HIV1 and 2, CMV,
of both sides was measured before (T0) and 60 (T1), 120HSV), inflammatory markers, and immunological screen-
(T2), and 180 days (T3) after either stem cell implant oring were performed.
saline solution injection.Six months after transplantation each of the included

Maximal Isometric Voluntary Contraction (MVC).patients had an MR evaluation of both untreated and
The force generated by isometric muscle contractiontreated ADM using a 1’5 TESLA unit (Avanto, Sie-
was measured by a load cell (BC 302, DS Europe, Mi-mens, Germany). Slices (2–4 mm thick) were acquired
lan, Italy) connected to a DC-coupled amplifier Cam-in transaxial, coronal, and sagittal planes, using fast spin
bridge Cyberamp 1902 (Cambridge Electronic Design,echo T2 weighted and 2D and 3D gradient echo T1
Cambridge, UK). The force transducer was adaptedweighted sequences. Seven months after the injections,
through an adjustable metal support on the lateral sur-we analyzed the muscle biopsies of the treated and un-
face of the second interphalangeal joint of the fifth fin-treated ADM muscle of all patients. Muscle specimens
ger of the hand in order to measure the strength of ab-and personal data from biopsied patients were labeled
duction. The metal support with the transducer wasby progressive numeric code to make them anonymous
securely fixed to the hand through a specifically de-to the investigators. Each histological, histochemical,
signed plastic splint. Patients before T0 practiced on theand immunofluorescent reaction was tested on at least
system in order to develop the maximum force. Thetwo serial sections. The ADM muscle has approximately
force trace was displayed on a computer screen to pro-2.5 cm of longitudinal length and 0.8 cm of transversal
vide participants with feedback, and force values werelength. These dimensions reflect the totality of included
digitalized and stored on the computer disk for off-linesubjects. All muscle biopsies were taken from the side
analyses. In each subject, force at different time points,of injection (the central portion of the ventral part of the
measured as the average value of the highest 20 re-ADM muscle) and divided in three specimens of ap-
corded MVC, was expressed as percent of T0. In orderproximately 0.4 × 0.3 cm. The histology and immunhis-
to minimize the effect of learning and other variablestochemical staining for fiber type distribution were per-
linked to the repetition over time of experimental proce-formed on serial sections (8 µm thin) along the
dures we also expressed MVC for each observationslongitudinal axis of the first specimen (more than 300
(T1, T2, T3) as the difference between the left (treated)muscle sections) and compared to the contralateral un-
and right side (untreated) rate of change of MVC withtreated muscle of the same subject.
respect to baseline (T0) (∆%left −; right). A positiveQuantitative evaluation of necrotic and regenerating
value means that the left treated side increased MCVfibers and possible inflammatory cells will be made with
relative to the right untreated side and vice versa. Thisa Leica microscope with imaging analyzer by four dif-
parameter will be referred as “normalized MVC.”ferent examiners. Based on our unpublished preclinical

results we speculated that transplanted CD133+ stem Statistical Analysis
cells isolated with iron dyne beads could be visualized in The experimental data are expressed as the mean ±
muscle cryosections using Prussian blue staining, which SD. Statistical analysis was performed by using a two-
recognizes iron particles (3). For the immunohistochem- tailed Student t-test.
ical staining, sections were incubated with the following

RESULTSmonoclonal antibodies: anti-myosin heavy chain slow
Identification and Characterization of CD133+ Cells(Novocastra, 1:50), anti-myosin heavy chain fast (No-
Derived From the Normal and DMD Musclevocastra, 1:30), anti-myosin heavy chain neonatal (No-

vocastra, 1:30), anti-desmin (DAKO), and anti-CD31 Cells were isolated from human muscle biopsies (age
range 5–45 years old) of 2 cm3 by proteolytic digestion.(BD, 1:50). The total number of muscular fibers,



568 TORRENTE ET AL.

As revealed by flow cytometry (Fig. 1), CD133+ cells patients and plated in serum-free conditions. The micro-
biological and viral analysis of the supernatant of 24-were present in both normal and dystrophic muscle-

derived cells, although dystrophic muscle biopsies of and 48-h muscle cell culture were negative and excluded
the presence of contaminant agents in all specimens.young patients (5–14 years old) gave rise to a higher

number of CD133+ cells (>20 CD133+cells/mg of mus- After 48 h of culture, the CD133+ cells were enriched
from cultured dystrophic muscle-derived cells using acle tissue) than muscle biopsies of healthy donors with

similar range of ages (�5 CD133+cells/mg of muscle magnetic cell sorting (MACS) (median purity �88%;
range 76–98%) and injected (2 × 104 cells) into the lefttissue). On average CD133+ cells represented 2% of the

total dystrophic muscle-derived nucleated cells. The ma- ADM muscle of the same patient. In this study it was
not possible to track the fate of injected cells using re-jority (more than 79%) of the dystrophic muscle-derived

CD133+ cells coexpressed CD34 and Thy-1 antigens porter genes or membrane dyes. However, CD133+ stem
cells isolated by iron dyne beads can be visualized by(�56%). In contrast, less than 5% of the normal muscle-

derived CD133+ cells coexpressed the CD34 antigen, MRI at high-field strengths (26). Moreover, our prelimi-
nary findings demonstrate that CD133+ stem cells iso-whereas �53% of them coexpressed Thy-1. Less than

4% of the human dystrophic and normal muscle-derived lated using the MACS method incorporate the iron dyne
beads and can be visualized by Prussian blue staining inCD133+ cells were found to express CD45, the pan-

leukocyte common antigen (Fig. 1), indicating their he- vitro (data not shown). The Prussian blue staining of
muscle cryosections of scid/mdx mice transplanted withmatopoietic commitment. The normal and dystrophic

CD133+ muscle-derived cells proliferated in the pres- MACS isolated CD133+ stem cells revealed injected
cells as blue spots (data not shown). In these experi-ence of RPMI-1640 supplemented with 20% FBS, 2 mM

glutamine, 200 U/l penicillin, 200 µg/L streptomycin, 5 ments, the number of Prussian blue-positive cells de-
creased throughout the time of transplantation, leadingmM HEPES. In this condition, cells were fed every 6–7

days and were maintained in a fully humidified atmo- to few cells after 1 year of CD133+ stem cell transplanta-
tion. No recognizable Prussian blue-positive cells in un-sphere (37°C, 5% CO2). At 80% confluence cells were

dissociated to single cells by gently pipetting and cloned injected muscles were detected. A large number of Prus-
sian blue-positive cells was also observed 24 h after theby limited dilution. Single cells were clonogenic, giving

rise colonies (Fig. 1) with an efficiency of about 5%. transplantation of CD133+ stem cells with a high per-
centage of dead cells (more than 95%). However, in thisThe proliferation rate of muscle-derived CD133+ stem

cells was approximately 20 population doublings with case the staining was different in shape and not visible
after 21 days of transplantation. It was therefore be-a doubling time of approximately 36 h. We performed

immunofluorescence staining, RT-PCR, and immunoblot- lieved that isolated CD133+ stem cells would not dilute
the iron dyne beads from their membrane if they wouldting analysis to investigate whether the CD133+ cells ob-

tained from normal and dystrophic muscle tissues ex- enter a state of quiescent progenitor. In this perspective,
injected, non-actively dividing cells can be detected us-pressed myogenic markers and/or were capable of

myogenic differentiation in vitro. RT-PCR with oligonu- ing Prussian blue staining. We combined this histologi-
cal staining and immunohistochemistry to exclude thecleotides specific for human Pax-7, Myf-5, MyoD, M-

cadherin, MRF-4, and myogenin revealed transcripts for detection of iron-positive macrophages and characterize
the phenotype of injected cells. Prussian blue staining ofthese human isoforms in both normal and dystrophic

muscle-derived CD133+ cells after 24 h of culture in the the untreated muscles, which did not receive muscle-
derived CD133+ stem cells, showed no endogenous ironproliferation medium, suggesting a certain degree of

myogenic commitment in cells from specimens (Fig. 1). staining. Injected Prussian blue-positive cells were de-
tected only in the treated ADM muscle sections of pa-

Detection of Injected Muscle-Derived CD133+ Stem tients that received autologous muscle-derived CD133+

Cells in DMD Patients stem cells. Prussian blue-positive cells were found around
muscle fibers and muscle capillaries, which is indicativeEight patients with Duchenne muscular dystrophy

were included in this study and randomized into two for the presence of few injected quiescent cells within
ADM muscles 7 months after the injections (Fig. 2).groups. Stem cell group A (n = 5; subjects 03, 04, 05,

06, 07) and sham group B (n = 3; subjects 08, 09, 10).
The Intramuscular Transplantation of AutologousAt T0, group A underwent stem cell implant in the left
CD133+ Muscle-Derived Stem Cells in DMD Patientsabductor digiti minimi muscles (ADM) and group B re-
Is Safeceived saline solution injection into the same muscle.

The patient and the experimenter were blind for the type No systemic adverse effects were observed during the
7 months after autologous transplantation of muscle-of muscle inoculation. Muscle-derived cells were iso-

lated from the tibialis anterior muscle of all included derived CD133+ cells. Neither local nor systemic signs
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Figure 1. (A) FACscan immunophenotyping of the unfractionated and fractionated muscle-derived cells. The unfractionated mus-
cle-derived cells (MDCs) obtained by whole muscle dissociation were tested for CD133, CD34, and Thy-1 antigen expression.
CD133+ cells (18%) were present within the MDCs (first screen in first row), whereas after MACS selection the purity of CD133+

was 88% (second screen in the first row). The SSG-H shows the side scatter of the cells. The majority (more than 79%) of the
dystrophic muscle-derived CD133+ cells coexpressed CD34 and Thy-1 antigens (�56%)(first screen in second row). In contrast,
less than 5% of the normal muscle-derived CD133+ cells coexpressed the CD34 antigen, whereas �53% of them coexpressed Thy-
1 (second screen in second row). Less than 4% of the human dystrophic and normal muscle-derived CD133+ cells were found to
express CD45, the pan-leukocyte common antigen and the VEGF-receptor (KDR). (B) The percentage of CD133+ cells isolated
from muscle tissues at different ages. The number of CD133+ cells is expressed per single fiber. Characterization of self-renewal
potential and myogenic differentiation of muscle-derived CD133+ cells. Colonies from single cells within the CD133+ cells isolated
from the muscle (C) were obtained in proliferative conditions described in the Materials and Methods. In myogenic differentiation
several CD133+ cells from the muscle formed SMA-positive cells (D). The myogenic commitment was demonstrated by specific
RT-PCR (E) for human markers performed on mRNA extracted from CD133+ cells isolated from normal muscle (lane 1), DMD
muscle (lane 2), C2C12 murine cell line (lane −), and human cDNA library (lane +). When CD133+ cells isolated from muscle
tissues were induced to differentiate by serum deprivation we obtained a large number of desmin-positive (F) and MyHC-positive
(G) myotubes. A merge of (F) and (G) is showed in (H). (I) Immunoblotting analysis with slow myosin heavy chain (MyHC) and
M-cadherin also showed that the CD133+ cells isolated from the human muscle (MSCs) expressed myogenic markers after 14 days
of culture in differentiation medium. 3T3 fibroblast and G8 myoblast cell lines were used as control. Utrophin immunoblotting
indicated that the same total protein concentrations were present in all specimens.
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Figure 2. Localization of autologous injected muscle-derived CD133+ cells around muscle fibers
and vascular structures after their intramuscular transplantation. Prussian blue analysis of the MDA
stem cell-injected muscles revealed Prussian blue-positive cells (arrows) coexpressing CD31 in the
vessels of the interstitial spaces and desmin inside of the basal lamina.
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of inflammation were reported: no fever, no pain, no treated muscles of both groups (Fig. 5). Surprisingly, the
capillary to fiber ratio markedly increased in the treatedmodification in biological parameters such as C-reactive

protein, CK levels, and white blood cell count. The MRI ADM muscles in 4 of 5 patients of the stem cell group
(patients 03, 04, 05, 06) (Fig. 5). Interestingly, theanalysis of all treated ADM muscles excluded the pres-

ence of structural abnormalities 6 months after trans- treated ADM muscles of patient 03 and 06 showed a
significant increase of the number of capillaries perplantation (Fig. 3). As demonstrated by muscle strength

analysis, the procedure did not alter the function of the fast–slow and neonatal myofibers (Fig. 5) in comparison
to the untreated collateral ADM muscles. The mean di-injected ADM muscles. At the body muscular evaluation

through MRC scale patients of both CD133-treated and ameter of the microvessels in the treated ADM muscles
of these two patients was significantly larger (5.9 ± 0.5sham groups showed a moderate decrease of muscular

strength. This may be simply related to the natural µm) than in untreated ones (3.5 ± 0.7 µm) (p = 0.01)
(Fig. 5). To investigate directly whether VEGF mightcourse of the disease. The cardiac evaluation did not

show any alteration in the dimensions and cardiac func- affect the growth of the muscle capillaries in treated ver-
sus untreated muscles we characterized by Western blottion.
the section lysates of all patients. We did not detect the

Morphometric and Phenotypic Modifications After expression of isoforms VEGF-A and C in any specimen,
Intramuscular Transplantation of Autologous whereas we found the expression of VEGF-B in both
Muscle-Derived CD133+ Stem Cells in DMD Patients treated and untreated ADM muscle sections of patients

03 and 06 from the stem cell group and of patient 07Seven months after intramuscular transplantation of
autologous muscle-derived CD133+ cells we did not ob- from the sham group (Fig. 5). No significantly differ-

ence was seen in the number of regenerating fibers andserved significant morphological difference between
treated and untreated ADM muscles of groups A and B. in the percentage of muscle area occupied by connective

tissues (endomysial fibrosis) in all muscle specimens.All muscle biopsies showed a clear dystrophic pattern.
Quantitative evaluation of necrotic fibers showed similar We also explored the expression of IGF-1 and IGF-2 in

all specimens and we found that IGF-1 was expressedpercentage of necrosis in all treated and untreated ADM
muscles of both groups. Several interstitial CD68+ mac- at detectable levels in the treated but not in control un-

treated ADM muscles of patients 03, 04, and 06 fromrophages were present in all specimens, in particular
near or around necrotic fibers. Dystrophin-positive re- the stem cell group, whereas no expression in the rest of

specimens was found (data not shown). However, IGF-vertant fibers were absent in most specimens with one
exception of ADM muscles of patient 05 (less than 0.1% 2 was only expressed in both treated and untreated mus-

cles of patient 03 (data not shown).of total fibers per section). No granulomatous lesions
or perivascular cell infiltrates were observed. Antibodies

Muscle Strength Effects of Autologous Intramuscularagainst CD4, CD8, B cells (CD19), and MHC-I were
Transplantation of CD133+ Muscle-Derived Stem Cellsnegative in all biopsies. In all patients, the myofiber den-
in DMD Patientssity did not significantly differ between treated (410 ±

110 myofibers per mm2>) and untreated ADM muscles Before the treatment at the basal evaluation there was
no significant difference between the right and the left(498 ± 108 myofibers per mm2) of both groups. The

range percentage of slow MyHC-positive myofibers in ADM (left: 154 ± 13.97 g; right: 139.7 ± 14.41 g). The
muscle force of ADM, estimated at each time point asall untreated ADM muscles was about 62–74%, indicat-

ing a type I predominance. In the sham-treated ADM the difference of percentage of the basal force between
the treated and untreated side, did not differ significantlymuscles, there was no modification of this range of per-

centage (Fig. 4). However, in the stem cell-treated ADM between groups A and B at any time point (Fig. 6). Indi-
vidual patients had a more heterogeneous behavior. Inmuscles of one of the patients (patient 03) the percent-

age of slow-type myofibers was significantly decreased group A subject 03 showed a positive “normalized
MVC” at all time point (T1, 75.74%; T2, 101.29%; T3,(Student’s t-test, p < 0.001) with a significant increase

of the percentage of the fast-type myofibers in three pa- 85.32%). Subject 06 improved nonsignificantly at T0
and significantly at T1 (13.81%) and T3 (24.88%). Con-tients (patients 04, 05, 06) (Student’s t-test, p < 0.001)

(Fig. 4). The increased proportion of fast-type myofibers versely, three patients (04, 05, 07) had negative values
(i.e., worsened their force). In the control group all thewas also correlated to an increased number of neonatal

myofibers in the treated muscle of patient 06 (Student’s subjects had negative force values at different times ex-
cept for patient 09 at T3 (5.63%) and patient 10 at T2t-test, p < 0.001).

The capillary to fiber ratio (number of microvessels (3.53%). In conclusion, group statistics failed to demon-
strate any difference between treated and untreated mus-per 100 myofibers) did not differ significantly in the

ADM-treated muscles of the sham group and in all un- cle of all patients.
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Figure 3. No local adverse effects were observed during 7 months after autologous transplantation
of muscle-derived CD133+ cells. H&E staining demonstrated the absence of signs of inflammation
or tissue abnormalities in the ADM muscles of all stem cell-treated patients. The MRI analysis of
all treated ADM muscles excluded the presence of structural abnormalities. Scale bars: 50 µm.
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Figure 4. Characterization of the MyHC isoform myofibers after autologous transplantation of muscle-derived CD133+ stem cells.
In the stem cell-treated ADM muscles the percentage of slow-type myofibers was significantly decreased only in 1 of 5 patients
(patient 03) (Student’s t-test, p < 0.001) with a significant increase of the percentage of the fast-type myofibers in 3 of 5 patients
(patients 04, 05, 06) (Student’s t-test, p < 0.001). The increased proportion of fast-type myofibers was also correlated to an increased
number of neonatal myofibers in the treated muscle of patient 06 (Student’s t-test, p < 0.001). However, the range percentage of
slow MyHC-positive myofibers in the untreated ADM muscles indicate a type I predominance. In the sham group, there was no
modification of this range of percentage. Statistical analysis (Student’s two-tailed t-test) proved the difference between control and
treated ADM muscles (*p < 0.001). The first columns of the histogram correspond to the percentage of the slow, fast, and neonatal
myosin myofibers of the ADM muscle biopsy of a 12-year-old normal subject. Scale bars: 100 µm.
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Figure 5. Characterization of ADM muscle vessels of all patients showed a significant increase of
the number of CD31+ capillaries in patients 03 and 06 in comparison to the untreated collateral
ADM muscles (A). The first column of the histogram corresponds to the number of microvessels
per 100 myofibers of the ADM muscle biopsy of a 12-year-old normal subject. We also found an
increase of CD31+ and CD34+ vessels in both treated ADM muscle sections of patients 03 and 06
from the stem cell group (B). Scale bars: 50 µm.

DISCUSSION data show for the first time that intramuscular transplan-
tation of muscle-derived CD133+ stem cell in DMD
muscle patients is a safe procedure and is feasible. InIn this study we have investigated the safety of autol-

ogous transplantation of muscle-derived CD133+ stem fact, we found an excellent safety profile for CD133+

stem cells in all injected patients. Moreover, the abilitycells in muscular dystrophy. We observed that CD133+

cells from muscle well differentiate into multinucleated to combine Prussian blue stain and immunohistochemis-
try on the same section allowed us to detect injectedmyotubes that readily express MyHCs and several myo-

genic markers’ mRNA, such as Myf-5 and MRF-4. For autologous stem cells in the dystrophic muscle environ-
ment. This method provided the demonstration that fewthis reason we consider the muscle-derived CD133+ cells

as a class of myogenic progenitors and investigated their injected CD133+ stem cells remain as mononucleated
cells around vessels and muscle fibers.safety following transplantation in DMD muscles. Our
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Figure 6. Muscle strength effects of autologous intramuscular transplantation of CD133+ muscle-
derived stem cells in DMD patients. Maximal voluntary force of ADM in patients treated with
stem cells (solid line) and with saline solution (dashed line). x axis: time after treatment (T1 60
days, T2 120 days, T3 180 days); y axis: normalized MVC expressed as percent of force at T0
(see Materials and Methods). Error bars are standard error. Note that the normalized MVC is
almost the same in the two groups.

Of the five DMD patients treated with stem cells we These findings suggest that muscle-derived CD133+

stem cells may promote the muscle fiber switch to a fastanalyzed, four patients showed an increased number of
capillaries per muscle fiber and two of them expressed muscle gene program via IGF-1 release. Therefore, it

is unlikely that fiber type transformation induced aftera change in the ratio of slow-to-fast myosin myofibers.
Although the increased number of capillaries observed autologous transplantation of muscle-derived CD133+

stem cells is the result of a single factor but it seemsinto the treated ADM muscles could be explained by the
angiogenic potential of the injected CD133+ stem cells, more likely that the switch in muscle gene regulation

requires still unknown intermediate steps, possibly in-as also previously demonstrated within the infarcted
myocardium (31), it is not clear how these cells could volving different mechanisms. We believe the present

data represent the first step for future clinical trials forpromote the switch of slow-to-fast muscle fiber type.
Muscle fiber type specification is dependent on innerva- DMD based on the autologous transplantation of engi-

neered stem cells and need at least four potential im-tion because early stages of development and motor in-
nervation is essential for the maturation of the muscle provements: i) to isolate cells from an easily accessible

anatomical site such the blood; ii) to expand them infibers during postnatal development and for the mainte-
nance of fiber type specificity throughout life (15). vitro without the loss of stem cell properties; iii) to

efficiently transduce them with viral vectors that pro-Moreover, several other factors, including the calcium/
calmodulin-dependent enzymes such as calcineurin and mote the expression of dystrophin by exon skipping;

and iv) to deliver them to diseased muscle through arte-CaMK, seem to be involved in the regulation of muscle
fiber types (35). However, muscle growth and fiber rial circulatory routes. To achieve such aims we re-

quires a better understanding of the biological mecha-specification are also modulated by growth factors and
hormones during development and in the adult. Several nism regulating the stem cell behavior in the human

muscle structures in order to gain the route of the stem cellreports demonstrated the role of IGF-1 as paracrine/
autocrine factor implicated in the shift of myofibers to- therapy for DMD.
wards a fast-glycolytic phenotype (9,17,20). IGF-1 ex-

ACKNOWLEDGMENTS: We are grateful to all parents and
pression in muscle has been found to induce muscle hy- patients who participated in the study. This work has been
pertrophy in young animals and prevent muscle atrophy supported by the Association Française contre les Myopathies,

the Italian Ministry of Health, the Fondazione IRCCS Ospedaleand loss of the fastest, most powerful type 2B fiber types
Maggiore Policlinico of Milan, the Associazione La Nostraseen in old muscles (2). It is interesting to note that mus-
Famiglia Fondo DMD Gli Amici di Emanuele, and by thecle-derived CD133+ stem cells express high levels of
Centro Dino Ferrari, Department of Neurological Science,

IGF-1 (our unpublished observations) and similar high University of Milan, Italy. The Eurobiobank project QLTR-
levels of IGF-1 were observed in transplanted ADM 2001-02769 and R.F. 2002 Criobanca Automatizzata di Mat-

eriale Biologico are gratefully acknowledged.muscles (data not shown).



576 TORRENTE ET AL.

ieux, B.; Tremblay, J. P. Human myoblast transplantation:REFERENCES
Preliminary results of 4 cases. Muscle Nerve 15(5):550–
560; 1992.1. Banker, B. Q.; Engel, A. G. Basic reactions of muscle. In:

14. Huard, J.; Roy, R.; Bouchard, J. P.; Malouin, F.; Richards,Engel, A. G.; Franzini-Armstrong, C., eds. Myology. New
C. L.; Tremblay, J. P. Human myoblast transplantation be-York: McGraw-Hill; 1994:832–888.
tween immunohistocompatible donors and recipients pro-2. Barton-Davis, E. R.; Shoturma, D. I.; Musaro, A.; Rosen-
duces immune reactions. Transplant. Proc. 24:3049–3051;thal, N.; Sweeney, H. L. Viral mediated expression of in-
1992.sulin-like growth factor I blocks the aging-related loss of

15. Hughes, S. M.; Salinas, P. C. Control of muscle fiber andskeletal muscle function. Proc. Natl. Acad. Sci. USA 95:
motoneuron diversification. Curr. Opin. Neurobiol. 9:54–15603–15607; 1998.
64; 1999.3. Bulte, J. W.; Douglas, T.; Witwer, B.; Zhang, S. C.; Stra-

16. Karpati, G.; Ajdukovic, D.; Arnold, D.; Gledhill, R. B.;ble, E.; Lewis, B. K.; Zywicke, H.; Miller, B.; Van Geld-
Guttmann, R.; Holland, P.; Koch, P. A.; Shoubridge, E.;eren, P.; Moskowitz, B. M.; Duncan, I. D.; Frank, J. A.
Spence, D.; Vanasse, M. Myoblast transfer in DuchenneMagnetodendrimers allow endosomal magnetic labeling
muscular dystrophy. Ann. Neurol. 34(1):8–17; 1993.and in vivo tracking of stem cells. Nat. Biotechnol.

17. McKoy, G.; Ashley, W.; Mander, J.; Yang, S. Y.; Wil-19(12):1141–1147; 2001.
liams, N.; Russell, B.; Goldspink, G. Expression of insulin4. Bushby, K.; Muntoni, F.; Bourke, J. P. 107th ENMC in-
growth factor-1 splice variants and structural genes in rab-ternational workshop: The management of cardiac
bit skeletal muscle induced by stretch and stimulation. J.involvement in muscular dystrophy and myotonic dystro-
Physiol. 516:583–592; 1999.phy. Neuromuscul. Disord. 13(2):166–172; 2003.

18. Mendell, J. R.; Kissel, J. T.; Amato, A. A.; King, W.;5. Cotton, S. M.; Voudouris, N. J.; Greenwood, K. M. Asso-
Signore, L.; Prior, T. W.; Sahenk, Z.; Benson, S.; McAn-ciation between intellectual functioning and age in chil-
drew, P. E.; Rice, R.; Nagaraja, H.; Stephens, R.; Lantry,dren and young adults with Duchenne muscular dystro-
L.; Morris, G. E.; Burghes, A. H. M. Myoblast transfer inphy: Further results from a meta-analysis. Dev. Med.
the treatment of Duchenne’s muscular dystrophy. N. Engl.Child. Neurol. 47(4):257–265; 2005.
J. Med. 333(13):832–838; 1995.6. Denti, M. A.; Rosa, A.; D’Antona, G.; Sthandier, O.; De

19. Muntoni, F.; Torelli, S.; Ferlini, A. Dystrophin and muta-Angelis, F. G.; Nicoletti, C.; Allocca, M.; Pansarasa, O.;
tions: One gene, several proteins, multiple phenotypes.Parente, V.; Musaro, A.; Auricchio, A.; Bottinelli, R.;
Lancet Neurol. 2:731–740; 2003.Bozzoni, I. Body-wide gene therapy of Duchenne muscu-

20. Musaro, A.; McCullagh, K.; Paul, A.; Houghton, L.;lar dystrophy in the mdx mouse model. Proc. Natl. Acad.
Dobrowolny, G.; Molinaro, M.; Barton, E. R.; Rosenthal,Sci. USA 103(10):3758–3763; 2006.
N. Localized Igf-1 transgene expression sustains hypertro-7. Galvez, B. G.; Sampaolesi, M.; Brunelli, S.; Covarello,
phyand regeneration in senescent skeletal muscle. Nat.D.; Gavina, M.; Rossi, B.; Costantin, G.; Torrente, Y.;
Genet. 27:195–200; 2001.Cossu, G. Complete repair of dystrophic skeletal muscle

21. Neumeyer, A. M.; Cros, D.; McKenna-Yasek, D.; Zawad-by mesoangioblasts with enhanced migration ability. J.
zka, A.; Hoffman, E. P.; Pegoraro, E.; Hunter, R. G.;Cell Biol. 174:231–243; 2006.
Munsat, T. L.; Brown, Jr., R. H. Pilot study of myoblast8. Gavina, M.; Belicchi, M.; Rossi, B.; Ottoboni, L.;
transfer in the treatment of Becker muscular dystrophy.Colombo, F.; Meregalli, M.; Battistelli, M.; Forzenigo, L.;
Neurology 51(2):589–592; 1998.Biondetti, P.; Pisati, F.; Parolini, D.; Farini, A.; Issekutz,

22. Neumeyer, A. M.; DiGregorio, D. M.; Brown, R. H. Arte-A. C.; Bresolin, N.; Rustichelli, F.; Constantin, G.; Tor-
rial delivery of myoblasts to skeletal muscle. Neurologyrente, Y. VCAM-1 expression on dystrophic muscle ves-
42:2258–2262; 1992.sels has a critical role in the recruitment of human blood-

23. Romero, N. B.; Braun, S.; Benveniste, O.; Leturcq, F.;derived CD133+ stem cells after intra-arterial transplanta-
Hogrel, J. Y.; Morris, G. E.; Barois, A.; Eymard, B.;tion. Blood 108:2857–2866; 2006.
Payan, C.; Ortega, V.; Boch, A. L.; Lejean, L.; Thioudel-9. Goldspink, G. Changes in muscle mass and phenotype and
let, C.; Mourot, B.; Escot, C.; Choquel, A.; Recan, D.;the expression of autocrine and systemic growth factors
Kaplan, J. C.; Dickson, G.; Klatzmann, D.; Molinier-by muscle in response to stretch and overload. J. Anat.
Frencke, V.; Guillet, J. G.; Squiban, P.; Herson, S.; Far-194:323–334; 1999.
deau, M. Phase I study of dystrophin plasmid-based gene10. Goyenvalle, A.; Vulin, A.; Fougerousse, F.; Leturcq, F.;
therapy in Duchenne/Becker muscular Dystrophy. Hum.Kaplan, J. C.; Garcia, L.; Danos, O. Rescue of dystrophic
Gene Ther. 15(11):1065–1076; 2004.muscle through U7 snRNA-mediated exon skipping. Sci-

24. Romero, N. B.; Benveniste, O.; Payan, C.; Braun, S.;ence 306(5702):1796–1799; 2004.
Squiban, P.; Herson, S.; Fardeau, M. Current protocol of11. Gregorevic, P.; Blankinship, M. J.; Allen, J. M.; Craw-
a research phase I clinical trial of full-length dystrophinford, R. W.; Meuse, L.; Miller, D. G.; Russell, D. W.;
plasmid DNA in Duchenne/Becker muscular dystrophies.Chamberlain, J. S. Systemic delivery of genes to striated
Part II: Clinical protocol. Neuromuscul. Disord. 12(Suppl.muscles using adeno-associated viral vectors. Nat. Med.
1):S45–48; 2002.10(8):828–834; 2004.

25. Roy, R.; Tremblay, J. P.; Huard, J.; Richards, C.; Malouin,12. Gussoni, E.; Pavlath, G. K.; Lanctot, A. M.; Sharma,
F.; Bouchard, J. P. Antibody formation after myoblastK. R.; Miller, R. G.; Steinman, L.; Blau, H. M. Normal
transplantation in Duchenne-dystrophic patients, donordystrophin transcripts detected in Duchenne muscular dys-
HLA compatible. Transplant. Proc. 25:995–997; 1993.trophy patients after myoblast transplantation. Nature 356:

26. Ruhparwar, A.; Ghodsizad, A.; Niehaus, M.; Bara, C.;435–438; 1992.
Lotz, J.; Voelkel, T.; Makoui, M.; Martin, U.; Wolf, F.;13. Huard, J.; Bouchard, J. P.; Roy, R.; Malouin, F.; Danser-
Gams, E.; Klein, M.; Haverich, A. Clinically applicableeau, G.; Labrecque, C.; Albert, N.; Richards, C. L.; Lem-



MUSCLE-DERIVED CD133+ STEM CELLS IN DMD 577

7-Tesla magnetic resonance visualization of transplanted CABG and bone marrow stem cell transplantation after
myocardial infarction. Thorac. Cardiov. Surg. 52:152–human adult stem cells labeled with CliniMACS nanopar-

ticles. Thorac. Cardiovasc. Surg. 54(7):447–451; 2006. 158; 2004.
32. Torrente, Y.; Belicchi, M.; Sampaolesi, M.; Pisati, F.;27. Sampaolesi, M.; Torrente, Y.; Innocenzi, A.; Tonlorenzi,

R.; D’Antona, G.; Pellegrino, M. A.; Barresi, R.; Bresolin, Meregalli, M.; D’Antona, G.; Tonlorenzi, R.; Porretti, L.;
Gavina, M.; Mamchaoui, K.; Pellegrino, M. A.; Furling,N.; De Angelis, M. G.; Campbell, K. P.; Bottinelli, R.;

Cossu, G. Cell therapy of alpha-sarcoglycan null dystro- D.; Mouly, V.; Butler-Browne, G. S.; Bottinelli, R.;
Cossu, G.; Bresolin, N. Human circulating AC133(+) stemphic mice through intra-arterial delivery of mesoangi-

oblasts. Science 301:487–492; 2003. cells restore dystrophin expression and ameliorate func-
tion in dystrophic skeletal muscle. J. Clin. Invest. 114:28. Skuk, D.; Roy, B.; Goulet, M.; Chapdelaine, P.; Bouchard,

J. P.; Roy, R.; Dugre, F. J.; Lachance, J. G.; Deschenes, 182–195; 2004.
33. Tremblay, J. P.; Malouin, F.; Roy, R.; Huard, J.; Bouch-L.; Helene, S.; Sylvain, M.; Tremblay, J. P. Dystrophin

expression in myofibers of Duchenne muscular dystrophy ard, J. P.; Satoh, A.; Richards, C. L. Results of a triple
blind clinical study of myoblast transplantations withoutpatients following intramuscular injections of normal

myogenic cells. Mol. Ther. 9(3):475–482; 2004. immunosuppressive treatment in young boys with Du-
chenne muscular dystrophy. Cell Transplant. 2(2):99–112;29. Skuk, D.; Goulet, M.; Roy, B.; Chapdelaine, P.; Bouchard,

J. P.; Roy, R.; Dugre, F. J.; Sylvain, M.; Lachance, J. G.; 1993.
34. Watchko, J.; O’Day, T.; Wang, B.; Zhou, L.; Tang, Y.;Deschenes, L.; Senay, H.; Tremblay, J. P. Dystrophin ex-

pression in muscles of Duchenne muscular dystrophy pa- Li, J.; Xiao, X. Adeno-associated virus vector-mediated
minidystrophin gene therapy improves dystrophic muscletients after high-density injections of normal myogenic

cells. J. Neuropathol. Exp. Neurol. 65(4):371–386; 2006. contractile function in mdx mice. Hum. Gene Ther.
13(12):1451–1460; 2002.30. Stamm, C.; Westphal, B.; Kleine, H. D.; Petzsch, M.;

Kittner, C.; Klinger, H.; Schumichen, C.; Nienaber, C. A.; 35. Wu, H.; Naya, F. J.; McKinsey, T. A.; Mercer, B.; Shel-
ton, J. M.; Chin, E. R.; Simard, A. R.; Michel, R. N.;Freund, M.; Steinhoff, G. Autologous bone-marrow stem-

cell transplantation for myocardial regeneration. Lancet Bassel-Duby, R.; Olson, E. N.; Williams, R. S. MEF2 re-
sponds to multiple calcium-regulated signals in the control361(9351):45–46; 2003.

31. Stamm, C.; Kleine, H. D.; Westphal, B.; Petzsch, M.; of skeletal muscle fiber type. EMBO J. 19:1963–1973;
2000.Kittner, C.; Nienaber, C. A.; Freund, M.; Steinhoff, G.




