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Abstract
A clinical trial was conducted to test a new protocol of normal

muscle precursor cell (MPC) allotransplantation in skeletal muscles

of patients with Duchenne muscular dystrophy (DMD). Cultured

MPCs obtained from one of the patient_s parents were implanted in

0.25 or 1 cm3 of a Tibialis anterior in 9 patients with DMD. MPC

injections were placed 1 to 2 mm from each other, and a similar

pattern of saline injections was done in the contralateral muscle. The

patients were immunosuppressed with tacrolimus. Muscle biopsies

were performed at the injected sites 4 weeks later. In the biopsies of

the cell-grafted sites, there were myofibers expressing donor_s
dystrophin in 8 patients. The percentage of myofibers expressing

donor_s dystrophin varied from 3.5% to 26%. Evidence of small

myofiber neoformation was observed in some patients. Donor-derived

dystrophin transcripts were detected by reverse transcriptaseYpolymerase

chain reaction in the cell-grafted sites in all patients. The protocol of

immunosuppression was sufficient to obtain these results, although it

is not certain whether acute rejection was efficiently controlled in all

the cases. In conclusion, intramuscular allotransplantation of normal

MPCs can induce the expression of donor-derived dystrophin in

skeletal muscles of patients with DMD, although this expression is

restricted to the sites of MPC injection.

Key Words: Cell transplantation, Clinical trial, Duchenne muscular

dystrophy, Immune reaction, Muscle-precursor cell, Tacrolimus.

INTRODUCTION
Duchenne muscular dystrophy (DMD), an X-linked

recessive genetic disease, concentrates most of the efforts
in developing new strategies for the treatment of myopa-
thies. This is because of its relative frequency (the
prevalence for the male population is 50 cases per million)
and ominous prognosis. During childhood and adolescence,
DMD causes skeletal muscle degeneration mainly in the
limbs and trunk. This ends in complete loss of limb motor
functions, permanent musculotendinous contractures, spinal
deformities, and respiratory insufficiency. In the natural
course of the disease, death usually occurs before the age of
20. Available treatments only slow down muscle weakness
for a few years, control some of its consequences, and
prolong life expectancy. DMD is produced by a severe
deficiency of dystrophin, a protein that seems to have a
protective role for the sarcolemma. The consequence of this
deficiency in the skeletal muscle is a progressive loss and
size reduction of myofibers together with fibrosis and fat
substitution. The main objective of most experimental
therapeutic strategies is thus to induce the expression of
dystrophin in the DMD skeletal muscles. A second
objective, less frequently considered, may be to recreate
functional tissue in degenerating skeletal muscles.

The intramuscular implantation of normal muscle
precursor cells (MPCs) was proposed as a potential therapeutic
tool for inherited recessive myopathies in 1978 (1). One
decade later, dystrophin expression was observed in myo-
fibers of the dystrophin-deficient mdx mice after intramus-
cular transplantation of normal MPCs (2), a result that was
improved and subsequently routinely reproduced (3, 4).
Aiming to take advantage of this property to develop a new
therapeutic strategy for patients with DMD, we used the
nonhuman primate to define the parameters necessary for
MPC transplantation in humans (5Y9). The type of cell to be
transplanted, the technique of cell delivery, and the method to
ensure the survival of the graft into the recipient were the
main parameters studied in monkeys. In this model, MPCs
derived from skeletal muscle biopsies proved to be easily
obtained, proliferated, and grafted. Because intramuscular
injection achieved the engraftment of MPCs only in the
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injection trajectories, increasing the density of cell injections
was necessary to improve this engraftment. Finally, we
observed that the only menace for the survival of the MPC
allograft in monkeys was acute rejection and that tacrolimus
was an excellent immunosuppressant in this context.

With this preclinical background, we obtained the
permission from Health Canada to do a new phase I clinical
trial on patients with DMD. We wanted to test whether the
conditions used for MPC transplantation in monkeys were
able to produce similar results in humans. Considering the
potential invasiveness of a method of high-density injections
and the toxicity of immunosuppression, we decided, as a first
step, to limit our study to 1 cm3 of muscle and to 5 weeks of
immunosuppression. The preliminary results of the first 3
patients were previously briefly reported (10). In the present
report, we 1) extend our analysis to the 9 patients finally
included in the trial; 2) further analyze histologic and
molecular parameters of the transplantation results; and 3)
perform an analysis of the specific immune cell reaction.

MATERIALS AND METHODS

Clinical Trial Approbation
This trial was approved by the Ethics Committee for

Clinical Research of the Centre Hospitalier Universitaire de
Québec and by the Bureau of Biologics and Radiopharma-
ceuticals of Health Canada. It was conducted with the
informed consent of the patients_ parents and the assent of
the patients.

Patients and Donors
Nine patients with DMD between the ages of 8 and 17

participated. All of them had identified mutation in the

dystrophin gene (Table 1). Patient nos. 4 and 5 were brothers.
The donor was one of the patient_s parents. The HLA
haplotype and the ABO group of the potential donors and of
the recipients were determined. When both parents were
available, the best histocompatible donor was selected.
Selected donors were tested for cytomegalovirus, HIV,
Epstein-Barr, hepatitis B and C, and syphilis.

Cell Culture
Biopsies were made in the donor_s deltoid. The muscle

fragments were digested with collagenase (Sigma, St. Louis,
MO) and trypsin (Wisent, St. Bruno, Quebec, Canada) and
cultured for 4 weeks in modified MB-1 supplemented with
15% fetal bovine serum (FBS; Wisent), 10 ng/mL basic
fibroblast growth factor (Wisent), 0.5 mg/mL bovine serum
albumin (Sigma), 0.39 Kg/mL dexamethasone (Sigma), and
5 Kg/mL human insulin (Eli Lilly Canada, Toronto,
Canada). Trypsin, FBS, and basic fibroblast growth factor
were F-ray-irradiated. Two days before transplantation, FBS
and albumin were withdrawn from the culture medium and
replaced with 10% of donor_s serum. The cells were
preserved in liquid nitrogen for 4 to 6 months waiting for
the results of a second test for HIV and hepatitis B and C of
the donor.

Tests Done on the Cells

Bacterial, Mycoplasma, and Endotoxins
Cells were tested for the presence of bacteria using a

BacT/ALERT system (Organon-Teknika, Durham, NC), of
mycoplasma using Hoechst #33258 staining (Sigma), and
endotoxins were analyzed using Limulus Amebocyte lysate
(Pyrogent; Bio Whittaker, Rockland, ME).

TABLE 1. Patient and Cell Transplantation Parameters

Patient Age Mutation Donor
HLA

Mismatches*

NKH-
1+

Cells†

Number
of

Injections

Volume
of

Muscle‡

Depth of
Muscle From

Skin§

Needle
for

Injection

Tacrolimus
Blood
Levels¬

1 10 Deletion, exon 45 Father 2 82Y93% 25 1 cm3 6.4Y7.7 mm 25G 5/8µ 8.3Y16.2 Kg/L

2 16 Deletion, exon 50 Father 0 79Y83% 25 1 cm3 9Y13 mm 25G 5/8µ 11.1Y26.4 Kg/L

3 8 Duplication, exons
45Y50

Father 4 89Y97% 25 1 cm3 3.4Y3.8 mm 25G 5/8µ 7.9Y12.9 Kg/L

4 15 Deletion, exons
12Y13

Mother 2 82Y88% 25 0.25 cm3 7.5Y7.8 mm 22G 1µ 12.3Y33.2 Kg/L

5 13 Deletion, exons
12Y13

Mother 3 82Y88% 25 0.25 cm3 10 mm 25G 1µ 14Y36.4 Kg/L

6 17 Deletion, exon 8 Mother 1 95% 100 1 cm3 7.5Y8 mm 27G 3/4µ 10.8Y24.5 Kg/L

7 17 Deletion, exons
47Y52

Mother 0 90Y94% 100 1 cm3 10.7Y11.5 mm 25G 1µ 8.9Y11.3 Kg/L

8 10 Deletion, exons
50Y52

Mother 1 95Y96% 100 1 cm3 3.4Y3.7 mm 26G 5/8µ 6.7Y10.3 Kg/L

9 11 Point mutation,
355C-9T(Q119X)

Mother 2 97Y98% 100 1 cm3 5.8Y6.6 mm 26G 5/8µ 8.4Y21.0 Kg/L

*, Number of HLA-ABC and HLA-DR mismatches detected between recipient and donor.
†, Percentage of NKH-1-positive cells among the donor-derived cells.
‡, Volume of muscle injected with cells or with saline.
§, Distance between the skin surface and the tibialis anterior (needed to be transpierced by the needle before reaching the muscle) as measured by ultrasound.
k, Minimal and maximal values observed.

Skuk et al J Neuropathol Exp Neurol � Volume 65, Number 4, April 2006

� 2006 American Association of Neuropathologists, Inc.372



Copyright @ 2006 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

Determination of NKH-1
To determine the percentage of myogenicity in the

total cell pool, cells were incubated with a phycoerythrin-
coupled anti-NKH-1 (Beckman Coulter, Fullerton, CA) and
analyzed by flow cytometry.

Determination of Fusion In Vitro
Cells were cultured in 4-well LabTek chamber slides

(Nunc, Roskilde, Denmark). FBS was removed when they
reached confluence. Three days later, they were stained with
Hoechst #33258 and observed by fluorescence and phase
contrast. The fusion index was calculated as: nuclei in
myotubes versus total number of nuclei on pictures taking in
4 microscopic fields.

Tumorigenic Test In Vitro
Aiming to preclude malignant transformation of the

cells during culture, we used an assay of cell growth in soft
agar (11).

Transplantation in SCID Mice
To confirm the capacity of the donor_s cells to fuse in

vivo, and also to exclude a tumorigenic potential, 3 � 106

cells were injected in both tibialis anterior muscles of SCID
mice. These muscles were irradiated with x-rays (15Y20 Gy
in one session) at least 1 week before transplantation. The
cells were resuspended in 20 KL of a 5-Kg/mL notexin
solution and injected in at least 20 points per muscle. Mice
were killed 1 month later. The cell-grafted muscles were
collected, frozen in liquid nitrogen, and cut in a cryostat.
Human dystrophin was immunodetected in histologic sec-
tions with the DYS3 antibody (NCL-DYS3; Novocastra,
Newcastle upon Tyne, U.K.) as described subsequently. The
presence of neoplasia was analyzed by hematoxylin and
eosin (Sigma) staining.

Cell Implantation
The cells were detached from the flasks with trypsin

and washed in Hank_s balanced salt solution (HBSS;
Wisent). Approximately 30 � 106 cells were resuspended
in HBSS and 100-KL Hamilton syringes (Hamilton, Reno,
NV) were filled with this suspension. Similar syringes were
filled only with HBSS for control injections. The needles
were chosen according to the distance between the skin
surface and the muscle measured by ultrasound at the sites
selected for injections. Several parallel injections were done
in approximately 0.25 cm3 to 1 cm3 of the tibialis anterior
muscles (cells were injected in one leg and HBSS in the
contralateral leg). Approximately 10 KL were homoge-
neously delivered per trajectory during the needle with-
drawal. The interinjection distance was controlled by placing
an OpSite sterile transparent dressing with a 5-mm grid
(Smith and Nephew, Hull, U.K.) on the skin. Cell/saline
injections were performed under local anesthesia by infiltra-
tion. We identified both sites by drawing a square on the
skin, instructing patients and parents to preserve this label

until the end of the trial. The procedure of cell/saline
injection is illustrated in Figure 1. Quantitative details are
indicated in Table 1.

Immunosuppression
Tacrolimus (gift from Fujisawa Canada Inc., Markham,

Canada) administration started 7 days before transplantation and
was maintained until the biopsies. The initial dose of 0.3 mg/kg
per day was adjusted trying to maintain a blood concentration
between 8 and 20 Kg/L. The tacrolimus blood concentration
was determined with the IMx Tacrolimus II test (Abbott,
Wiesbaden, Germany). Patients 1, 2, 6, and 8 were previously
receiving deflazacort and this treatment was maintained.
Periodic monitoring included weight, hemogram, glycemia,
lipid profile, and serum levels of creatinine, urea, sodium,
potassium, and chlorides.

Sampling
Muscle biopsies of the cell-grafted and saline-injected

sites were done under local anesthesia 4 weeks after the
injections. The muscle samples were frozen in liquid
nitrogen. Serial cross-sections of 10 to 12 Km were made
in a cryostat and collected alternatively onto 50 to 100
microscopic slides and microtubes.

Histologic Analysis
Histologic techniques were done on the muscle

sections to evaluate the following parameters:
General structure: Hematoxylin and eosin staining.
Dystrophin detection: Fluorescent immunodetection

using mouse monoclonal antibodies against different regions
of dystrophin: DYS3, which detects an epitope coded by the
exons 10 to 12, DYS2 (NCL-DYS2; Novocastra), which
detects an epitope coded by the exons 77 to 79; MANEX45A,
which detects an epitope coded by the exon 45; and
MANEX50, which detects an epitope coded by the exon 50
(MANEX antibodies were supplied by Dr. Glenn E. Morris,
North East Wales Institute, Wrexham, U.K.). Sections were
incubated 1 hour with the primary antibody, 30 minutes with a
biotinylated antimouse antibody (Dako, Copenhagen, Den-
mark), and 30 minutes with streptavidin-Cy3 (Sigma).
Incubations were done at room temperature.

Characterization of the cell immune reaction: T-
lymphocytes were detected with mouse antihuman CD8
and CD4 monoclonal antibodies (BD Biosciences, Missis-
sauga, Canada). Macrophages were detected with a mouse
antihuman CD163 monoclonal antibody (BD Biosciences).
Second antibodies, streptavidin, and incubations were the
same as for dystrophin detection.

Quantification of Histologic Parameters
Dystrophin-positive and dystrophin-negative myo-

fibers were quantified in whole biopsy cross-sections
reconstructed by superposing digital pictures obtained using
a camera attached to a microscope. The percentage of the
total myofiber pool that was dystrophin-positive was thus
estimated. To quantify the cellular immune infiltration, the
areas of the cross-sectional muscular tissue surface and of
the immunolabeled surface (CD4+, CD8+, and CD163+)
were measured using a computer image analyzer (NIH
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Image 1.61, Bethesda, MD). The degree of infiltration was
quantified as the ratio-immunolabeled surface versus mus-
cular tissue surface.

Detection of Dystrophin Transcripts by Reverse
Transcription Polymerase Chain Reaction

RNA was extracted from muscle sections as described
(10). A-actin mRNA was used to control the quality of ex-
tracted RNA. Total RNA from donor_s MPCs and myotubes
was used as positive control and water (substituting the

RNA) as negative control. Real-time polymerase chain
reaction (PCR) was performed in a LightCycler (Roche
Diagnostics, Laval, Canada) for 7 patients, using specific
primers for reverse transcription (RT). Nested PCR was used
for 2 patients using random hexamers for RT. Primers_ details
are shown in Table 2. Cycle conditions in real-time PCR
were: denaturation (95-C, 10 minutes), amplification and
quantification (95-C for 10 seconds, 55-C [patient 9], 60-C
[patients 1, 2, and 8] or 65-C [patients 3, 4, and 5] for
5 seconds, followed by 72-C for 10 seconds) with single

FIGURE 1. The technique for muscle precursor cell transplantation is illustrated. (A) A volume of 1 cm3 or less, in the center of the
tibialis anterior, was injected with cells or saline. (B) Injections were performed percutaneously in an attempt to deliver the cells
specifically in the muscle (the transversal section of the leg is schematically represented). (C) To accomplish this objective, we
performed preoperative ultrasounds in the region to be transplanted, measuring the distance between the surface of the skin and
the muscle. S, skin; HD, hypodermis; TA, tibialis anterior. (C) As shown in the examples, this distance varied between 0.33 cm
(patient 8) and 1.14 cm (patient 7). (D) Injections were done manually with a Hamilton syringe using a transparent dressing with a
grid to evaluate the interinjection distance. The distance of needle penetration and the upper limit of the needle withdrawal at
which the cell delivery needed to be stopped were intraoperatively estimated keeping in mind the values obtained by ultrasound.
(EYH) The injected sites immediately after the procedure in patient 6. In some patients, the region of injection presented a slight
erythematous induration one month after transplantation ([I, J] are front and profile views of the cell-grafted site in patient 8).
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fluorescence measurement at 78-C (patient 9), 80-C (patients
1, 2, 4, and 5), or 82-C (patients 3 and 8) repeated 30 (patient
9), 50 (patient 8), or 60 times (patients 1, 2, 3, 4, and 5). A
melting curve program (72Y95-C with a heating rate of 0.1-C/
second and continuous fluorescence measurement) and a
cooling step to 40-C were used at the end of the program.
Cycle conditions in nested PCR for Patients 6 and 7 were:
first PCR with outer primers, 30 cycles (95-C, 1 minute;
55-C, 30 seconds; 72-C, 90 seconds) and second PCR with
inner primers and 1 KL of the first PCR reaction, 30 cycles
(same program as for first PCR). The amplified products
were run on agarose gel.

Fluorescent In Situ Hybridization
Dystrophin immunodetection in muscle sections was

done with DYS3 as described and the sections were fixed in
Histochoice (Amresco, Solon, OH). Denaturation was done
in 70% formamide in saline sodium citrate (SSC) at 72-C
followed by dehydration in ethanol. Chromosome X >-
satellite probe labeled with a green fluorophore (Cytocell
Technologies, Cambridge, U.K.) was placed on the sections
and denatured at 75-C for 2 minutes. Hybridization was
completed overnight at 37-C. Sections were washed in SSC
pH 7.0 at 72-C for 2 minutes and in SSC pH 7.0, 0.05%
Tween-20 at room temperature for 30 seconds. DAPI

(Cytocell Technologies) was applied and a coverslip
was placed.

Analysis of the Humoral Response

Detection of Antibodies Against Donors_ Muscle
Precursor Cells

Patients_ sera were obtained before and 28 and 56 days
after transplantation. Donors_ MPCs were cultured in the
presence of interferon-F (Cedarlane, Hornby, Canada) and
then incubated with the patients_ sera and FITC-conjugated
antihuman IgG (Medicorp, Montreal, Canada). Samples
were analyzed by flow cytometry.

Detection of Antibodies Against Donors_ HLA
Detection was done in pre- and posttransplantation

patients_ sera using FlowPRA multiplex analysis kits (One
Lambda, Canoga Park, CA). Sera were incubated with
multiplex of beads, then with FITC-conjugated antihuman
IgG, and analyzed by flow cytometry.

Detection of Antibodies Against Dystrophin
Detection was done in pre- and posttransplantation

patients_ sera by Western blot. A recombinant full-length
dystrophin (12) was transfected in 293FT cells (Invitrogen,

TABLE 2. Details of Primers Used for Dystrophin Transcript Detection

Patient Reverse Transcription Primer Polymerase Chain Reaction Primers

1 5¶-ccagtaacttgacttgctcaagct-3¶ Rev (6769Y6746) (ex 46/47) 5¶-acaggaaaaattgggaagcc-3¶ Fw (6543Y6562) (ex 45)

5¶-ttgctgctcttttccaggtt-3¶ Rev (6735Y6716) (ex 46)

2 5¶-gtcacccaccatcaccctctgtg-3¶Rev (7506Y7484) (ex 51) 5¶-aggaagttagaagatctgagctct-3¶ Fw (7201Y7224) (ex 50)

5¶-gtaaccacaggttgtgtcacca-3¶ Rev (7352Y7330) (ex 51)

3 5¶-gtcacccaccatcaccctctgtg-3¶ Rev (7506Y7484) (ex 51) 5¶-aggaagttagaagatctgagctct-3¶ Fw (7201Y7224) (ex 50)

5¶-gtaaccacaggttgtgtcacca-3¶ Rev (7352Y7330) (ex 51)

4 5¶-agacgttgccatttgagaaggat-3¶ Rev (1691Y1669) (ex 14) 5¶-gcctcttggacctgatcttga-3¶ Fw (1431Y1451) (ex 12)

5¶-ccagcggtcttctgtccatct-3¶ Rev (1653Y1632) (ex 14)

5 5¶-agacgttgccatttgagaaggat-3¶ Rev (1691Y1669) (ex 14) 5¶-gcctcttggacctgatcttga-3¶ Fw (1431Y1451) (ex 12)

5¶-ccagcggtcttctgtccatct-3¶ Rev (1653Y1632) (ex 14)

6 Random hexamers First PCR

5¶-ctttccccctacaggactcag-3¶ Fw (b166Y186) (ex 1)

5¶-ctctccatcaatgaacttgcc-3¶ Rev (1011Y990) (ex 10)

Second PCR (nested):

5¶-agtcagccacacaacgact-3¶ Fw (569Y590) (ex 7)

5¶-gtgtagggtcagaggtggt-3¶ Rev (941Y921) (ex 9)

7 Random hexamers First PCR

5¶-gcaacgcctgtggaaagggtg-3¶ Fw (6196Y6219) (ex 43)

5¶-gtcacccaccatcaccctcttg-3¶ Rev (7506Y7486) (ex 51)

Second PCR (nested):

5¶-caggaagctctctcccagc-3¶ Fw (6222Y6241) (ex 43)

5¶-ggtaagttctgtccaagcccgg-3¶ Rev (7449Y7428) (ex 51)

8 5¶-ccggagaactttcagggccaagtca-3¶ (Rev) (7947Y7922) (ex 54) 5-aggaagttagaagatctgagctct-3¶ Fw (7201Y7224) (ex 50)

5¶-gtaaccacaggttgtgtcacca-3¶ Rev (7352Y7330) (ex 51)

9 5¶gagagcattcaaagccaggccatc-3¶ (Rev) (516Y493) (ex 6) 5¶-gccctgaacaatgtcaacaa-3¶ Fw (217Y236) (ex 4)

5¶-ggacccagctcaggagaatc-3¶ Rev (433Y414) (ex 6)

Nucleotide numbering (primers_ position) is determined according the file NM-0040666.1 of GenBank.
PCR, polymerase chain reaction.
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Burlington, Canada). Proteins were extracted from the trans-
fected cells (13), run on polyacrylamide gel, and blotted on a
nitrocellulose membrane (Bio-Rad, Mississauga, Canada).
Each lane was cut in 3 strips. One of them was incubated
with DYS2 and the 2 others with the pre- and posttransplan-
tation patients_ sera. Then, incubations were done with an
antimouse antibody conjugated with horseradish peroxidase
(Jackson Immunoresearch, West Grove, PA) for the DYS2-
incubated strip and with an antihuman IgG conjugated with
horseradish peroxidase (Jackson Immunoresearch) in the

others. The strips were treated with Renaissance reagent
(Perkin Elmer, Boston, MA), and the analysis was done by
autoradiography.

Detection of Antibodies Against Donor-Derived
Myotube Proteins

The procedure was similar to that described previously
in this article to detect antibodies against dystrophin, but
Western blot was done on proteins extracted from cultures of
donors_ MPCs after fusion in vitro.

FIGURE 2. Histology of the saline-injected sites. Hematoxylin and eosin-stained sections show the variable degree of pathologic
alterations among patients. Fluorescent immunodetection images show dystrophin expression with different antibodies (for each
patient, both images correspond to serial sections and arrows indicate the same myofibers). In patient 1, 2 myofiber contours are
DYS3-positive and one is MANEX45A-positive. In patients 2, 7, and 8 (with deletions including exon 50), the Brevertant[
myofibers detected with DYS2 or DYS3 were MANEX50-negative. Original magnification was 100� for all the images and they
are represented at the same scale.

Skuk et al J Neuropathol Exp Neurol � Volume 65, Number 4, April 2006

� 2006 American Association of Neuropathologists, Inc.376



Copyright @ 2006 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.

Detection of Interferon-F-Secreting Cells
Peripheral blood mononuclear cells were isolated from

patients_ venous blood in Ficoll-Hypaque (Pharmacia Bio-
tech, Uppsala, Sweden) and resuspended in supplemented
RPMI medium. MPCs from the donor and from another
human source (Bthird party[) were incubated 2 days with
interferon-F (Protech, Rocky Hill, NJ). The cells were
detached and resuspended in supplemented modified
MCDB120 medium. Peripheral blood mononuclear cells
and MPCs of donors or a third party were incubated either
alone or together at 37-C for 24 hours in 96-well plates. A
commercial ELISPOT kit (Biosource, Camarillo, CA) was
used to detect interferon-F-secreting cells.

Detection of Immune Markers by Reverse
TranscriptaseYPolymerase Chain Reaction

RNA was extracted from biopsies by the TRIzol
method (Gibco, Burlington, Canada). First-strand synthesis
was performed in a reaction volume containing RNA, oligo
dT, dNTPs, RNAguard (Amersham Biosciences, Piscataway,
NJ) and Omniscript (Qiagen, Mississauga, Canada). PCR
amplification of cDNA was done in a solution containing
buffer, MgCl2, dNTPs, Taq polymerase (Applied Biosys-
tems, Foster City, CA), and primers for IL-6, CD2, FasL,
GrB, and A-actin. Amplification was done in a thermal
cycler (Applied Biosystems) with the following parameters:
denaturation, 3 minutes 94-C; amplification, 1 minute 94-C,
1 minute 55-C (58-C for GrB; 59-C for FasL), 1 minute
72-C; 38 cycles (35 for A-actin); extension 5 minutes 72-C.
Amplified products were run in agarose gels. The bands
were analyzed by densitometry. The value for each immune
marker was divided by the corresponding A-actin value.

RESULTS

Characterization of the Donors and Donors’ Cells

Infection
All donors tested negatively for HIV and hepatitis B

and C. The cells were exempt of bacterial and myco-
plasma contamination with maximum levels of endotoxins
at 12.5 UE/mL.

Histocompatibility
The number of HLA mismatches is shown in Table 1.

Most patients and donors were ABO-compatible, with the
exception of patient 6 that was in group A whereas the donor
was AB.

Myogenicity
The percentages of NKH-1-positive cells are shown in

Table 1. The fusion index of the MPCs was between 13%
and 28%, except for the donor of patient 7 for which it was
3.7%. Myofibers expressing human dystrophin were
observed for all donors in the cell-grafted muscles of SCID
mice. These results indicated that the cells produced for
transplantation were 1) mostly myogenic, 2) able to fuse
between themselves and with myofibers, and 3) able to
express the donor_s dystrophin after fusion in vivo.

Tumorigenicity
In contrast with the rhabdomyosarcoma cells, donors_

cell proliferation was never observed in the soft agar test.
Neoplasia was not observed in the cell-grafted muscles of
SCID mice.

Tacrolimus Blood Levels
The initial blood concentration of tacrolimus and its

variations after dosage adjustments were different from one
patient to another (the ranges are indicated in Table 1).

Local and Systemic Consequences of the Protocol
Mild local posttransplantation discomfort was rarely

reported and only for the first 2 days. Some cell-injected
sites showed a slight erythematous induration 4 weeks
posttransplantation (Fig. 1I, J). No other local or regional
signs or symptoms were observed or reported. Diarrhea was
reported concomitantly with high blood concentrations of
tacrolimus in patients 4, 5, and 9. Biochemical parameters
were not altered during the trial.

Muscle Structure
The histologic analysis of the patient_s biopsies

showed in all the cases more or less marked features of a
dystrophic process (Fig. 2), ranging from the mild dystrophic
changes of patient 3 to the severe dystrophic changes of
patient 7 (intense fat substitution leading to isolated islets of
myofibers in addition to fibrosis).

Histologic Immunodetection of Dystrophin

Saline-Injected Sites
In patient 1 (deletion of exon 45), 1% of the myofiber

contours were DYS2- and DYS3-positive, of which 2
showed MANEX45A labeling in a serial section. Indeed,
MANEX45A labeled the periphery of all smooth muscle
cells in the vessels. In patients 2, 7, and 8 (with deletions
including exon 50), 1% or less of the myofiber cross-sections
were DYS2- and DYS3-positive, and MANEX50 labeling
was absent. In patient 3 (duplication of exons 45Y50), 2.8%
of the myofiber contours were DYS3-positive. The pattern
was similar with DYS2. Most myofiber contours were
weakly positive with MANEX50 but strong positive in

TABLE 3. Fluorescent Immunodetection of Dystrophin:
Percentages of Dystrophin-Positive Myofiber Profiles in
Muscle Sections

Patient Cell-Grafted Site Saline-Injected Site

1 MANEX45A: 9% MANEX45A: G0.1%

DYS3: 9.2% DYS3: 1%

2 MANEX50: 6.8% MANEX50: 0%

3 DYS3: 11.0% DYS3: 2.8%

4 DYS3: only one myotube DYS3: 0%

5 DYS3: 3.5% DYS3: 0%

6 MANEX50: 26% MANEX50: G0.5%

7 MANEX50: 4.5% MANEX50: 0%

8 MANEX50: 13.5% MANEX50: 0%

9 DYS2: 21.2% DYS2: 4.6% (weak)

DSY3: 18.6% DSY3: G0.5% (weak)
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those that were DYS2- and DYS3-positive in serial sections.
In patients 4 and 5 (deletion of exons 12 and 13), DYS3
labeling was absent, but a majority of the myofibers was
DYS2-positive with weakly and variable intensity. In patient
6 (deletion of exon 8), only one myofiber contour was
DYS2-positive and MANEX50-positive, and only 3 were
DYS3-positive through all the muscle sections. In patient 9
(point mutation), less than 0.5% myofiber contours were weakly
DYS3-positive and 4.6% were weakly DYS2-positive.

Cell-Grafted Sites
In all the patients, we detected either dystrophin

containing the epitope deleted in the patient (when it was
possible to use an antibody against a deleted epitope) or, at
least, a significant increase in the percentage of dystrophin-
positive myofiber cross-sections (when the previous condition

was not present). Table 3 shows the percentages of the
myofiber cross-sections that were dystrophin-positive in
each patient. Histologic examples are shown in Figure 3.

The myofibers expressing dystrophin in the cell-grafted
sites can be differentiated in 2 types. One type (we identify it
arbitrarily as Btype A[) corresponded to myofibers integrated
into muscle fascicles with similar sizes as the dystrophin-
negative myofibers. When these myofibers were analyzed
through several serial sections, it was observed that the
expression of dystrophin was limited to a restricted length of
at most some millimeters. These myofibers were thus
Bhybrid,[ meaning that the expression of dystrophin was
the result of the fusion of the grafted MPCs with the
recipient_s myofibers. In most of them, dystrophin expres-
sion was observed throughout the entire contour of the
myofiber cross-section. In the muscle cross-sections, they

FIGURE 3. Fluorescent immunodetection of dystrophin in the cell-grafted sites. In patient 4, the arrow indicates the only DYS3-
positive myotube observed, and the arrowheads circumscribe the focal accumulation of connective tissue in which it is located.
Original magnification was 100� for all the images and they are represented at the same scale.
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were disposed roughly through parallel tracks in agreement
with the original cell-injection trajectories.

The other type (we identify it arbitrarily as Btype B[)
was represented by short and small-sized myofibers dis-
persed throughout focal accumulations of connective tissue.
All these small myofibers were entirely dystrophin-positive
and almost all were observed as transversal sections.
Because these focal accumulations of connective tissue with
small myofibers were observed only in the cell-grafted sites
and these small myofibers were short and entirely
dystrophin-positive (specifically donor dystrophin-positive
when specific antibodies were used), we interpreted that they
corresponded to myofiber neoformation resulting from the
fusion of the implanted MPCs among themselves.

To consider the differences among patients, a brief
case-by-case analysis completes this description:
Patient 1: Dystrophin expression in myofibers was compa-

rable with DYS3, DYS2, and MANEX45A. This
patient had the highest number of Btype B[ myofibers:
roughly 500 dispersed throughout a large focal
accumulation of connective tissue in the perimysium
(Figs. 3, 4). Only Btype A[ myofibers were used to
calculate the percentage of dystrophin-positive myo-
fiber cross-sections in the biopsy.

Patient 2: Dystrophin expression was comparable with
DYS3, DYS2, and MANEX50. Roughly 150 Btype
B[ dystrophin-positive myofibers were observed in
different places throughout the biopsy. Only Btype A[
myofibers were used to calculate the percentage of
dystrophin-positive myofiber contours in the biopsy.

Patient 3: Dystrophin expression was similar with DYS3 and
DYS2. Dystrophin-positive myofibers were mostly of
Btype A.[ Few Btype B[ myofibers were observed.

Patient 4: Only DYS3 was useful to evaluate donor
dystrophin expression. Only one DYS3-positive myo-
tube was observed in a focal accumulation of
connective tissue at the margin of the biopsied region.

Patient 5: Only DYS3 was useful to evaluate donor dystrophin
expression. Few DYS3-positive Btype A[ myofibers
were observed in the periphery of the biopsied region.

Patient 6: Dystrophin expression was comparable with
DYS3, DYS2, and MANEX50. This patient exhibited
the highest percentage of dystrophin-positive myofiber
cross-sections in the series (Fig. 5). Most dystrophin-
positive myofibers were of Btype A.[ Few Btype B[
myofibers were observed in areas of fibrosis.

Patient 7: There were clusters of DYS2-positive myofibers that
were MANEX50-negative in serial sections and were

FIGURE 4. Cell-grafted site of
patient 1. (A) Reconstruction of
a whole biopsy section treated for
fluorescent immunodetection of
dystrophin with MANEX45A. (B)
For clarity, a schematic representa-
tion was done: in black, dystrophin-
positive myofibers; in dark gray,
muscle tissue; in light gray, connec-
tive tissue; the empty spaces inside
the biopsy correspond to fat tissue.
Several MANEX45A-positive myo-
fibers of different sizes are seen
integrated into the fascicles. On the
other hand, roughly 500 small
dystrophin-positive myofibers are
dispersed into an extrafascicular
accumulation of connective tissue.
(C) Magnification of the square
indicated in (A) showing more
clearly the abundant MANEX45A-
positive small myofibers. (D) Serial
section stained with hematoxylin
and eosin to illustrate the structure
of the tissue, showing the small
myofibers dispersed in the con-
nective tissue and independent of
the fascicles.
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thus considered as Brevertant[ myofibers (although
similar clusters were not observed in the saline-injected
site). Medium to small MANEX50-positive myofibers
were present in some places of the biopsied region either
into the few fascicles remaining or in the connective
tissue.

Patient 8: Dystrophin expression was comparable with
DYS3, DYS2, and MANEX50. Most dystrophin-
positive myofibers were of Btype A.[ Few Btype B[
myofibers were observed isolated throughout the
increased connective tissue.

Patient 9: The pattern of DYS3-positive and strongly labeled
DYS2-positive myofibers was similar. However,
weakly labeled DYS2-positive myofibers that were
DYS3-negative led to a higher percentage of DYS2-
positive compared with DYS3-positive myofibers.
This difference was in agreement with the higher level
of weakly labeled DYS2-positive myofibers observed
in the saline-injected site. Most DYS3-positive myo-
fibers were of Btype A,[ and few myofibers of Btype
B[ were observed.

Expression of the Normal Dystrophin Gene by
Reverse TranscriptaseYPolymerase
Chain Reaction

In patients 1, 2, 4, 5, and 8, the expression of the
donor_s exon was detected by using one primer located in
the deleted region and other in an exon present in the
patient _s genome (Fig. 6). The expected size amplicon was
detected in the cell-grafted sites of the 5 patients and was
absent in the saline-injected sites in 4 of them. In patient 8,
the expression of the deleted exon was weakly detected in
the saline-injected site.

Because low amounts of RNA were extracted from the
muscle sections in patients 6 and 7, nested RT-PCR was
used. The expression of the deleted exons was detected in
the cell-grafted sites of both patients. No expression was
detected in the saline-injected site in patient 6, whereas a
weak expression appeared in patient 7.

FIGURE 5. Distribution of dystrophin-positive myofibers in
patient 6. The reconstruction of 2 whole biopsy sections,
treated for immunodetection of dystrophin with MANEX50,
are shown in a schematic representation: in black, dystrophin-
positive myofibers; in dark gray, muscle tissue; in light gray,
connective tissue; the empty spaces inside the biopsy corre-
spond to fat tissue. The distance between both sections in the
biopsy at the moment of the cryostat cutting was of roughly 2
to 3 mm. Taking into account the longitudinal shrinking of
the biopsy after excision, this equals the double in situ and
shows that the results were quite homogeneous throughout
the injected muscle region. Most of the dystrophin-positive
myofibers (of different sizes) are integrated into the muscle
fascicles. Their distribution follows roughly parallel axes from
the top to the bottom corresponding with the original
trajectories of the injections, although some dispersion can
be observed.

FIGURE 6. Detection of the dystrophin transcripts by elec-
trophoresis. D, Bdonor[ (muscle cells from the donor); G,
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In patient 3, the expression of exons 49 and 50 was
detected by RT-PCR using a forward primer in exon 49 and
a reverse primer in exon 50. The expected 150-bp product
was clearly detected in the cell-grafted site and a very weak
signal appeared in the saline-injected site.

In patient 9, we used a primer located close to the
point mutation. At 30 cycles, the real-time PCR showed
RNA amplification (same molecular weight as for the donor)
only in the cell-grafted site.

Fluorescent In Situ Hybridization Detection of
Donor-Derived Nuclei

Because some patients received MPCs from their
mother, there was the possibility to detect some of the
donor nuclei by the presence of 2 X chromosomes. This was
done in the 2 patients who exhibited the highest percentages
of dystrophin-positive myofibers (patients 6 and 9). Myonu-
clei containing 2 fluorescent in situ hybridization (FISH)-
positive signals were observed both in myofibers and
mononucleated cells (Fig. 7). All of the myofibers observed
with myonuclei with 2 FISH-positive signals were dystrophin-
positive. Most of the mononucleated cells that exhibited 2
FISH-positive signals were observed in the interstice (Fig. 7D).
Interestingly, some nuclei with 2 FISH-positive signals were
observed in a location that corresponds morphologically to that
of a satellite cell, that is, close apposition with the dystrophin-
positive membrane in such a manner that the nucleus, although
included in the myofiber contour, was located outside the
membrane (Fig. 7Bb).

Humoral Immune Reaction
No antibodies against the donor_s HLA, MPC surface

antigens, or myotube and MPC proteins were detected in the
host sera. There were no antibodies against the recombinant
dystrophin in the sera of most patients. The exceptions were
patients 1 and 5, but in these 2 cases, antibodies against
dystrophin were also detected in the pretransplantation serum.

Cellular Immune Reactions
All the biopsies exhibited immune cell infiltrations

(Fig. 8). Considering the patients together, significantly
more leukocyte infiltration was observed in the cell-grafted
sites than in the saline-injected sites. Using a paired t-test,
the level of significance was p = 0.002 for the CD163+ and
CD4+ cells and p = 0.009 for the CD8+ cells. Considering
patient by patient, an increase in one or more of the immune
cell types was observed in the cell-grafted sites compared
with saline-injected sites (the exception was patient 4). Two
morphologic patterns of infiltration were present: 1) diffuse
infiltration, composed mainly by CD163+ and CD4+ cells
(CD8+ cells were scarce); and 2) focal accumulations
roughly equally composed by CD8+, CD4+, and CD163+
cells (Fig. 9). In most saline-injected sites, the immune cell
infiltration followed mainly the diffuse pattern with tiny and
rare focal accumulations. The exceptions were patients 7 and
8 with several focal accumulations. The cell-grafted sites
presented different degrees of diffuse infiltration together
with focal accumulations generally close or surrounding
donor-derived dystrophin-positive myofibers (Fig. 9). The

degree of focal infiltration in these cases was variable: from
scarce, small accumulations (patients 2 and 3) to several
dense accumulations (patients 1 and 9).

To further analyze the immune infiltration, we inves-
tigated by RT-PCR the expression of CD2 and of markers
associated with lymphocyte activation (FasL, IL-6, and
Granzyme B). The results are shown in Table 4. No
significant difference between saline-injected and cell-
grafted sites was observed by analysis of variance and by a
paired t-test. We also performed an interferon-F ELISPOT

FIGURE 7. Codetection of X-chromosomes (fluorescent in situ
hybridization [FISH]: green-fluorescent dots), dystrophin (DYS3:
red fluorescence), and nuclei (DAPI: blue fluorescence) in the
cell-grafted site of patient 9. Regions with several DYS3-positive
myofibers are shown in (A) and (C). The areas limited by
yellow squares are respectively enlarged in (B) and (D), in
which a merge of the 3 techniques is shown. Arrowheads
indicate nuclei containing a pair of green dots, thus being of
female (donor) origin. (B) The 3 nuclei indicated are enlarged
and shown as a merge of the three techniques (a, b, c) and as
the FISH alone (a_,b_,c_). One of these nuclei (a) is peripherally
placed into a dystrophin-positive myofiber. The position of
another (b) corresponds to that of a satellite cell. A third one
(c) could be either inside or outside a dystrophin-positive
myofiber. (D) A mononucleated cell in the interstice with
nuclei containing 2 green dots (FISH alone is shown in [d]).
Original magnifications: (A) 100�; (C) 200�.
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assay in 7 patients at 4 weeks posttransplantation and in 4
patients at 8 weeks posttransplantation. No significant
difference was detected between the donor_s cells and the
third party_s cells by an analysis of variance or by a
paired t- test.

DISCUSSION

Confirmation of Donor-Derived
Dystrophin Expression

Donor-derived dystrophin was specifically identified in
6 patients with antibodies that recognized epitopes coded by
exons deleted in the genome. MANEX45A was useful in
patient 1, MANEX50 in patients 2, 7, and 8, and DYS3 in
patients 4 and 5. In these patients, no other consideration is
needed to conclude that this dystrophin expression in cell-
grafted sites was from donor origin.

As expected, some of these antibodies showed no labeling
in saline-injected sites. The exception was MANEX45A in
patient 1, because 2 myofibers were MANEX45A-positive (and
DYS3-positive in serial sections). MANEX45A also labeled all
smooth muscle cells, a crossreactivity that was confirmed by the
laboratory that produced the antibody (Dr. Glenn E. Morris,
personal communication, 2003). Although this crossreactivity
could make relative the MANEX45 labeling of the 2 myofibers
in the saline-injected site, we cannot ignore the daring
hypothesis that perhaps the donor_s MPCs were transported by
the blood circulation and recruited by myofibers damaged by
the saline injections in the contralateral site. This phenomenon,
however, was not observed with MANEX50 in patients 2, 7,
and 8.

For the other 3 patients, either we did not have the
specific antibody (patient 6) or the mutation was not appro-
priate for specific donor-dystrophin detection (patients 3 and 9).
In these patients, the expression of donor-derived dystrophin
was analyzed by comparing the percentages of dystrophin-
positive myofibers in the cell-grafted and saline-injected sites.

Because the biopsies were large and the numbers of myofibers
counted were high (roughly 1,500 to 6,000), the differences
between saline-injected and cell-grafted sites were very clear.
This was most contrasted in patient 6 because the expression
of Brevertant[ dystrophin was extremely rare (in only 3 of
more than 4,000 myofiber cross-sections), whereas dystro-
phin expression in the cell-grafted site reached 26% of the
myofibers in a whole muscle cross-section (421 of the 1,631
myofibers). In patient 3, the level of Brevertant[ myofibers
was as high as 2.8%. This was probably because gene
duplications lead to higher levels of Brevertant[ dystrophin
than other types of mutations (14). Thus, the presence of 11%
of dystrophin-positive myofiber cross-sections in the cell-
grafted site (for a total of 6,000 myofibers) leads to a
difference of 8.2%. This difference must be considered to be
the result of the MPC transplantation in terms of donor-
derived dystrophin. The fact that the distribution of the
dystrophin-positive myofibers agrees with the cell-injection
trajectories is a complementary proof that most of this
dystrophin expression is the result of MPC transplantation.
Patient 9 had only scarce myofiber cross-sections labeled
weakly with DYS3 in the saline-injected site in contrast to
the 18.6% that labeled strongly with DYS3 in the cell-
grafted site. Thus, the result of MPC transplantation was also
clear in this patient. These myofibers corresponded with the
strongly labeled DYS2-positive myofibers in serial sections,
although in this case, the presence of several weakly labeled
Brevertant[ myofibers increased the total percentage.

The Grafted Muscle Precursor Cells Fused With
Recipient’s Myofibers Formed New Small
Myofibers or Remained as Mononuclear Cells

As previously stated, we differentiated 2 morphologic
patterns in the dystrophin-positive myofibers present in the cell-
grafted sites: long myofibers of similar sizes than the dystrophin-
negative, partially dystrophin-positive and integrated into the

FIGURE 8. Level of immune cell infiltration in the biopsies corresponding to the saline-injected (C, Bcontrol[) and cell-grafted
sites (G, Bgrafted[) for all of the patients.
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fascicles; and very small and short myofibers, entirely
dystrophin-positive and dispersed into focal accumulations
of connective tissue. Our interpretation is that these patterns
correspond respectively to fusion of the donor_s MPCs with
the patient_s myofibers, giving rise to Bhybrid myofibers[
(15); and fusion of the donor_s MPCs between themselves,
giving rise to new small myofibers.

The result of the fusion of donor_s MPCs with the
recipient_s myofibers resembles the observations done in
monkeys, that is, the hybrid myofibers are mainly disposed
along tracks that agree with the cell-injection trajectories,

they are integrated into the fascicles, and they have sizes
similar to those of the rest of the myofibers (5, 6). These
myofibers are probably those reached and damaged by the
cell-injection trajectories.

The phenomenon that we interpreted as neoforma-
tion of small myofibers was not homogeneous among the
patients. It was more striking in patient 1, followed by
patient 2. In other patients, these small myofibers were
fewer. An important question is whether this neoforma-
tion could be functionally relevant. To be functionally
relevant, these myofibers must be innervated and must be

FIGURE 9. The immune cell infiltrations in the biopsies of 2 patients are illustrated. Patient 3 is an example of the lowest
infiltration and the lowest differences between the saline-injected and cell-grafted sites. Patient 1 is an example of the highest
difference between saline-injected and cell-grafted sites. Regions with the most important infiltration are illustrated through serial
sections. Arrows indicate the same structures in each row. Original magnification was 100� for all the images, and they are
represented at the same scale. Patient 3: In the saline-injected site, only a tiny accumulation of leukocytes was visible (arrows). It
corresponds to the phagocytosis of a necrotic myofiber and is composed of CD8+, CD4+, and CD163+ cells. In the cell-grafted
site, there were few small leukocyte accumulations, one of which is illustrated. This accumulation is composed of CD8+, CD4+,
and CD163+ cells and is located in a trajectory of DYS3-positive myofibers. A nonnecrotic DYS3-positive myofiber (arrows) is
surrounded by CD4+ and CD8+ cells. In both sites, there was diffuse interstitial infiltration composed mostly of CD163+ cells, to a
lesser extent of CD4+, and CD8+ was scarce. Patient 1: In the saline-injected site, a necrotic cell being phagocytized is indicated
(arrows). This corresponds to a focal intrafibrillar accumulation of CD163+ and CD4+ cells with scarce CD8+ cells near it. The
diffuse interstitial infiltration was composed mostly of CD163+ cells and of a lower number of CD4+ with scarce CD8+. In
contrast, the cell-grafted site exhibited several dense leukocyte accumulations (arrows) in the regions with MANEX45A-positive
myofibers. These accumulations were composed of CD8+, CD4+, and CD163+ cells.
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longer and larger than those observed. However, it is
important that they were cut transversally as the rest of
the myofibers. This indicates that they were parallel to
the recipient_s myofibers, which is an important factor to
accomplish a functional role. The reason that the new
myofibers adopted a good orientation instead of a random
disposition could be explained by the fact that myotubes
were formed in a tissue submitted to continuous stretch-
ing. It is known in tissue engineering that myogenic cells
submitted to cyclic stretching in vitro tend to form myotubes
and myofibers aligned in the lines of force according to the
direction of stretching (16, 17). This first observation of
neoformation of small myofibers after exogenous MPC
transplantation in skeletal muscles of patients with DMD
may stimulate further research into improving this property,
because it could be important in restoring functional tissue
in the degenerated skeletal muscles of patients with
advanced DMD.

Finally, the present FISH observations showed that
some donor-derived cells remained as mononuclear elements
in the recipient_s muscle. Moreover, the location of some of
them, in close apposition with a dystrophin-labeled myofiber
membrane, suggests that they may have remained as satellite
cells. The survival of donor-derived mononuclear cells into
the recipient_s muscle would be important because they
could provide a source of dystrophin-competent MPCs that
could be recruited later during myofiber regeneration and
hypertrophy. This phenomenon was previously reported in
mice (18, 19).

Methodological Considerations
To precisely deliver MPCs into a small region of

muscle through skin and hypodermis (8- to 11-mm thick),
together with the fact that this small region needed to be
selectively biopsied 1 month later, was a technical challenge.
In most of the patients, the challenge was successfully met:
the expression of donor_s dystrophin was observed in at least
2 of the 2 to 4 biopsies performed in the cell-grafted site,
showing that all or at least some of the biopsies sampled
correctly the cell-injection site. However, this was probably
not the case in patients 4 and 5. In these 2 patients, the
targeted region was very small (0.25 cm3), because we
decided to increase the density of cell injections without
increasing their number. To complicate this, the skin label
was erased, and although a slight skin induration was used to
identify the previous injection site, the biopsies may have
been taken outside of the small MPC-injected region.
Results of patient 4 could thus be the consequence of a
biopsy that missed its target, explaining that the only DYS3-
positive myotube observed was in the edge of the biopsied
region. This also explains the absence of differences in the
immune cell infiltration among cell-grafted and saline-
injected sites in contrast with the other patients. There were
similar results with his brother (patient 5), because both
were submitted to a similar procedure on the same day. In
this patient, DYS3-positive myofibers were observed mostly
in the periphery of the biopsied region.

Difference of the Present Protocol With
Previous Clinical Trials

During the 1990s, several clinical trials of MPC trans-
plantation in patients with DMD were undertaken by academic
research teams (20Y26). The global results showing dystrophin
expression in the cell-grafted muscles were disappointing. The
protocols and results of Gussoni et al (26), Morandi et al (22),
and Miller et al (21) were similar. In a total of 21 patients with
DMD, aged 6 to 10 years, there were no differences between
control and MPC-grafted muscles: dystrophin was detected in
less than 1% of the myofibers in most of the biopsies (i.e. the
level of Brevertant[ dystrophin expression in most patients
with DMD). Karpati et al detected a significant difference in
only one patient in a total of 8: 5% dystrophin-positive
myofibers in the MPC-grafted muscle against 0% in the
control muscle (24). Our team reported the best result at that
time: a significant increase of dystrophin-positive myofibers in
5 of 10 patients (23, 25). However, the biopsies were
frequently very small (the best results were reported in
roughly 100 myofibers counted), the immunostaining was
frequently weak, and (like in the other studies mentioned) no
specific detection of donor_s dystrophin was done. The only
study that specifically detected the donor_s dystrophin was that
of Mendell et al (20). Of a group of 12 patients (only 6 were
immunosuppressed), one patient (immunosuppressed with
cyclosporine) presented 10.3% myofibers expressing donor_s
dystrophin and 3 patients exhibited less than 1%.

Contrasting with those clinical trials, the present study
leaves no doubt that it is possible to induce the expression of
donor-derived dystrophin in the skeletal muscle of patients
with DMD if an appropriate protocol of MPC transplantation

TABLE 4. Semiquantitative Expression of Different Immune
Parameters by Reverse TranscriptaseYPolymerase
Chain Reaction

Patient CD2 IL-6 GrB FasL

Saline-injected site

1 ++++ ++ +++ j/+

2 +++ j/+ +++ +

3 ++++ + +++ +

4 ++ b ++++ b

5 ++ b ++++ j/+

6 b b b b

7 ++++ ++ + +

8 ++ j/+ +++ j/+

9 +++ + ++++ ++

Cellbgrafted site

1 +++++ ++++ ++ +

2 +++ j/+ +++ +

3 +++ ++ ++ +

4 ++ b ++ j/+

5 ++ j/+ ++++ j/+

6 +++ b ++++ j/+

7 +++ j/+ ++++ j/+

8 +++ j/+ +++ +

9 +++ j/+ ++++ +

The values correspond to the ratio marker/A-actin: j, 0; j/+, 0.01Y0.1; +,
0.11Y025; ++, 0.26Y0.5; +++, 0.51Y0.75; ++++, 0.76Y1; +++++,91.
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is used. The main differences between our protocol and the
previous ones are the protocol for cell delivery and the
strategy to control acute rejection.

Protocol of Cell Delivery
The former clinical trials were based on the hope that

some MPCs injected at isolated points in a skeletal muscle
would proliferate and diffuse extensively throughout the
muscle to fuse spontaneously with most of its myofibers. This
hope was not realistic. In fact, former protocols lacked the
preclinical support to determine critical parameters such as the
density of cell injections and the quantities of cells to be
injected (for a review of these parameters, see reference [27]).
Researchers decided arbitrarily to perform either parallel
injections at 5 mm from each other (20Y22, 24, 26) or several
radial injections from 1 to 3 points in the muscle (23, 25).

Experiments in monkeys showed that the injected
MPCs fuse mainly with the myofibers reached and probably
damaged by the injection trajectories and that the percentage
of myofiber cross-sections expressing donor-derived proteins
is proportional to the density of cell injections (6). The
intramuscular injection of A-galactosidase-labeled MPCs led to
23% to 67% A-galactosidase-positive myofibers using a
density of cell injections of 100/cm2, but only of 6% to 15%
when it was 25/cm2 (6). The low density of cell injections
largely explains the low efficiency of the previous clinical
trials. In fact, it is interesting to note that in the study by
Mendell et al (20), the donor dystrophin-positive myofibers
follow a linear distribution, which may be explained by the
random observation of one MPC injection trajectory in a
biopsy. To differentiate the present protocol of cell delivery
from the previous ones, a specific denomination (i.e. Bhigh-
density cell injections[) was suggested (27).

Protocol to Control Acute Rejection
The long-term survival of the implanted MPCs and of

the myofibers with donor-derived nuclei in an allogenic
context is mainly compromised by acute rejection (27, 28).
The only tool currently available to control acute rejection in
clinical practice is pharmacologic immunosuppression.
However, MPC transplantation involves specific problems
in selecting an appropriate immunosuppressive drug. Cyclo-
sporine and cyclophosphamide (used in the former clinical
trials) could kill the transplanted cells or inhibited their
differentiation (29Y31). We chose tacrolimus for the
present trial because previous experiments showed it to
be the best immunosuppressant for MPC allotransplanta-
tion in mice (3, 32) and the only one reported to be
appropriate for MPC allotransplantation in monkeys (5Y9).
Like in mouse and most monkey experiments, our purpose
was to administrate tacrolimus in monotherapy. However, 4
patients took deflazacort to slow progression of the disease
and this led to a fortuitous combination of a calcineurin
inhibitor with a corticosteroid, which is frequent in clinical
organ transplantation.

The absence of antibodies against the donor_s cells, HLA,
and myotube proteins showed that the humoral immune
response was well controlled by the immunosuppression. A
collateral observation of the present study was the observation

that 2 patients exhibited antidystrophin antibodies in their
pretransplantation sera. To our knowledge, similar observations
were not previously reported. The only explanation is that, as a
result of an uncertain mechanism, the Brevertant[ dystrophin
was recognized as a foreign antigen during the patient_s life.
Further studies should help to clarify the immunological role of
Brevertant[ dystrophin in patients with DMD.

The histologic analysis showed the presence of immune
cell infiltrations in cell-grafted and saline-injected sites in all
the patients. The presence of immune cell infiltrations in
saline-injected sites was expected because DMD skeletal
muscles exhibit chronic immune cell infiltrates (33, 34).
Thus, it was important to compare cell-grafted sites with
saline-injected sites to analyze the immune response to the
graft. With the exception of patient 4, one or more
components of the immune infiltrate were more abundant
in the cell-grafted than in the saline-injected site. Among
them, CD8+ lymphocytes were found mostly in focal
leukocyte accumulations close to dystrophin-positive myo-
fibers and sometimes surrounding them. Thus, cell-grafted
sites seemed to exhibit a specific immune cell reaction
interacting with the myofibers expressing donor-derived
proteins. Although in some patients, these accumulations
were scarce and small, patients 1 and 9 exhibited a clear
contrast between the abundant and large focal CD8+
lymphocyte accumulations in cell-grafted sites with the tiny
and rare accumulations of saline-injected sites. The different
degrees of immune cell infiltrations caused by the graft
among the patients could be explained by different combi-
nations of factors such as tacrolimus blood level, deflazacort
treatment, and degree of histocompatibility.

The question remains whether this immune reaction to
the graft was the expression of ongoing acute rejection. The
RT-PCR of immune markers showed no significant differ-
ences between saline-injected and cell-grafted sites, and a
rapid conclusion could be that there was not more activated
T-lymphocytes in cell-grafted sites than in saline-injected
sites. However, there were discrepancies between histologic
and RT-PCR results such as comparing the CD2 mRNA
detection with the T-lymphocyte infiltration.

CONCLUSIONS AND PERSPECTIVES
The intramuscular implantation of cultured normal

MPCs can induce a significant expression of donor-derived
dystrophin in skeletal muscles of patients with DMD if an
appropriate strategy of cell delivery (high-density injections)
and an appropriate strategy to control acute rejection are
used. It will be important to understand the factors insuring
the best success in as many cases as possible.

The intramuscular implantation of cultured normal
MPCs can form new small myofibers in the skeletal muscles
of some patients with DMD. It will be important to
understand the factors helping this behavior to further
improve this potential of the implanted cells.

Tacrolimus immunosuppression, in monotherapy or
combined with deflazacort, was appropriate to observe donor
dystrophin expression one month after MPC allotransplanta-
tion and to adequately control the humoral immune reaction.
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However, modifications of the immunosuppression protocol
may be necessary in some patients to control a potential
cellular immune reaction.

The clinical relevance of these observations to
develop a potential therapeutic tool in the management of
DMD remains to be tested. If this is confirmed, a protocol
with the present characteristics would be applicable only
in skeletal muscles appropriately accessible from the
body_s surface.

The evaluation of a cellular immune reaction after
cell transplantation or gene therapy strategies in patients
with DMD must take into account the immune cell
infiltration normally observed in DMD skeletal muscles.
It is important to analyze the differences between control
and treated sites or between pretreatment and posttreat-
ment biopsies.
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