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Editor's Summary

 
Stem Cells Muscle in on the Action

 
 
 
promise as a treatment for this tragic and ultimately fatal disease. 

mediated transfer of the normal dystrophin gene using a human artificial chromosome shows−DMD patients, stem cell
tests. Although there are still technical and regulatory hurdles to be overcome before this strategy can be used in 
transplants showed reduced fiber fragility, increased force, and greater motor capacity on treadmill and freewheel
formation of new dystrophin-expressing myofibers. The authors then showed that mice receiving the mesoangioblast 
mdx mice, the cells were able to cross blood vessel walls, home to dystrophic muscles and graft contribute to the
conditions. Next, the authors showed that if they injected the corrected mesoangioblasts into the arterial circulation of 
mesoangioblasts contributed to the muscle satellite cell pool, which produces new muscle cells under normal
functional muscle fibers with amelioration of dystrophic pathology. They also found that the transplanted 
transplanted mesoangioblasts were able to engraft in dystrophic muscles, express normal dystrophin, and produce
immune-deficient mdx mice (to prevent reaction against the human protein). The authors showed that the 
mdx mice; then they injected the corrected mesoangioblasts directly into the dystrophic skeletal muscles of recipient
including the regulatory regions. They transferred the vector and its large cargo into mesoangioblasts isolated from 
colleagues used a human artificial chromosome vector engineered to carry the entire normal human dystrophin gene
replacement dystrophin gene to dystrophic muscles in the mdx mouse? Predicting that they would, Tedesco and 

adifferentiate into a variety of mesodermal cell types including muscle cells. Would these stem cells be able to deliver 
stem cell called ''mesoangioblast'' that has the dual talents of being able to cross blood vessel walls and to
overcome these two challenges in the mdx mouse model of DMD. This team had previously identified a blood vessel 
gene. Now, Tedesco and colleagues combine stem cell therapy with a human artificial chromosome vector to
usually used in gene therapy and all muscles in the body would have to be injected with the vector and replacement 
dystrophic muscles of DMD patients. However, the dystrophin gene is too large to be carried by the viral vectors
challenging. Most therapeutic strategies aim to use gene therapy to deliver the normal dystrophin gene to the 
structural muscle protein) several decades ago, translating this genetic discovery into new treatments has been
halt or reverse. Although the causative mutations of DMD were identified in the X-linked gene encoding dystrophin (a 
The progressive muscle loss that is the hallmark of Duchenne muscular dystrophy (DMD) has proved very difficult to
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R E S EARCH ART I C L E
back into dystrophic animals (29) (Fig. 1). After transplantation, the
corrected mesoangioblasts containing the DYS-HAC vector restored
dystrophin expression and led to morphological and functional ame-
lioration of the dystrophic phenotype in immune-deficient mdx mice
that lasted for several months.
18
, 2

01
1

RESULTS

Characterization of DYS-HAC–corrected
mdx mesoangioblasts
To investigate whether the DYS-HAC vector could rescue the phenotype
of DMD in the mdx mouse model, we first isolated mesoangioblasts
from mdx dystrophic mice (Figs. 1 and 2A). After expansion, cells were
subjected to microcell-mediated chromosome transfer (MMCT) (24)
to introduce the DYS-HAC vector. This technique allows the fusion of
microcells (small particles of nuclear and plasma membrane contain-
ing one or a few chromosomes) with whole cells and the subsequent
selection of hybrids. The DYS-HAC vector contains the entire human
dystrophin gene locus, a gene encoding enhanced green fluorescent
www.Sci
protein (EGFP), a gene encoding the herpes simplex virus thymidine
kinase (HSV-TK), and a blasticidin resistance transgene (Fig. 1).

Using MMCT, we obtained 47 drug-resistant and EGFP-positive
clones; 42 of them were expanded and 24 randomly selected clones were
analyzed (Table 1; efficiency of MMCT was 1.2 × 10−5). Polymerase chain
reaction (PCR) analysis showed that 13 of 24 clones contained a HAC
carrying the human dystrophin gene (Table 1; representative example
in Fig. 2B). Fluorescence in situ hybridization (FISH) (Fig. 2C) revealed
that the DYS-HAC vector was present as an individual chromosome in
six of eight randomly selected mdx mesoangioblast clones (Table 1).

These six clones (J2, J3, J13, J16, J19, and J20; Fig. 2C), which had
been corrected with the DYS-HAC vector, were then characterized
in vitro. The morphology and proliferative capacity of the six clones
were similar to that of parental mdx mesoangioblasts (Fig. 2, C and D).
Likewise, telomerase activity was maintained in all of the clones ana-
lyzed (fig. S1). Although the cells were characterized by a marked pro-
liferative capacity, likely due to their spontaneous immortalization (30),
an in vivo tumorigenic assay in 52 severe combined immunodeficient
(SCID) mice demonstrated no tumor formation even after 10 months
of follow-up. Clones J2 and J3 were then selected as the best candi-
enceTranslationalMedicine.org
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dates for further experiments because they
were similar in morphology, prolifera-
tion, and surface markers to the paren-
tal mdx mesoangioblasts (Fig. 2, C and
E). Flow cytometric analysis confirmed ho-
mogeneous EGFP expression (Fig. 2E)
even after 10 population doublings in cul-
ture without selection. These results demon-
strate that mdx mesoangioblasts maintain
their original properties and clonogeni-
city after MMCT.

Like embryonic mesoangioblasts (8),
mdx mesoangioblasts do not spontaneous-
ly differentiate into skeletal myocytes in
culture. To test their myogenic potential,
we cocultured J2 and J3 clones transduced
with a nuclear LacZ (nLacZ) lentiviral
vector with the C2C12 myoblast cell line.
After 72 hours in differentiation medium,
EGFP-positive myotubes appeared (Fig. 2F),
demonstrating that DYS-HAC–corrected
mdxmesoangioblasts had fusedwithC2C12
cells. After 1 week, up to 7% of nuclei in
myotubes were positive for the X-gal reac-
tion, which reveals b-galactosidase–positive
nuclei (Fig. 2F), confirming the ability of
DYS-HAC–corrected mdx mesoangio-
blasts to fuse with differentiating myo-
blasts. To further test their myogenic
potential, we induced differentiation of
DYS-HAC–corrected mdx mesoangioblasts
by transfer of the cDNA encoding MyoD
(31), amaster transcription factor that only
cells with latentmyogenic potential can re-
spond to efficiently (32). Ninety-six hours
after serumwithdrawal,multinucleatedmyo-
tubes that stained positive for MyoD and
myosin heavy chain were observed in vitro
Fig. 1. Experimental strategy for mesoangioblast-mediated transfer of the DYS-HAC vector. The scheme
illustrates the various steps of the process. Mesoangioblasts were first isolated from mdx dystrophic mice (1)

and transduced with the DYS-HAC vector (shown in the upper part of the panel) (2); they then underwent
selection. Selected clones (EGFP-positive) were then transduced with two lentiviral vectors expressing MyoD
and nLacZ (3). After in vitro characterization (4), the corrected mesoangioblasts were transplanted into
dystrophic SCID/mdx mice (5). The mice were then analyzed for dystrophin expression and morphological
and functional recovery (6). MABs, mesoangioblasts; mdx(DYS-HAC)MABs, DYS-HAC–corrected mdx-derived
mesoangioblasts; MMCT, microcell-mediated chromosome transfer; EGFP, enhanced green fluorescent pro-
tein; mDys, murine dystrophin; hDys, human dystrophin. Figures were produced using Servier Medical Art.
17 August 2011 Vol 3 Issue 96 96ra78 2
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Fig. 2. Characterization of DYS-
HAC–correctedmdxmesoangio-
blasts. Shown is the isolation and
characterization of mesoangio-
blasts frommdx dystrophicmice
corrected with a HAC vector car-
rying thehumandystrophingene
(DYS-HAC) and the testing of their
myogenicpotential. (A)Represent-
ative morphology of mdx meso-
angioblasts (scale bar, 50 mm).
(B) PCR analysis showing mutant
mdx mouse dystrophin and hu-
man dystrophin in a representa-
tive clone (details in Table 1).
WT-MABs, wild-type mesoangio-
blasts; mdxMABs, mdx mesoan-
gioblasts; mdx(DYS-HAC)MABs,
DYS-HAC–corrected mdx meso-
angioblasts. (C) Representative
images of six selected clones ana-
lyzed by FISH (upper row; arrow
indicates the episomal DYS-HAC
vector; scale bar, 5 mm), phase
contrast (lower row), andEGFP flu-
orescence (middle row; scale bar,
100mm). (D)Growthcurvesofcor-
rectedmdxmesoangioblastclones
comparedwiththeparentalpopu-
lation(experimentswitheachclone
in duplicate). (E) Fluorescence-
activated cell sorting analysis of
the J2 and J3 clones selected for
further experiments. Dot plots re-
fertoEGFPfluorescence,andhisto-
grams todifferent surfacemarkers.
(F) (Left) Live imaging of EGFP-
positive myotubes (white arrow-
head) after coculture of corrected
mdxmesoangioblastswithC2C12
myoblasts (EGFP-negative). (Right)
Immunohistochemistry of cocul-
turedcells showinghybridmyosin
heavychain(MyHC)–positivemyo-
tubescontainingX-gal–positivenu-
clei (black arrowheads) from the
nLacZ-transduced mdx-corrected
mesoangioblastcloneJ2(scalebars,
40 mm). Graph shows quantifica-
tion ofmesoangioblast-myotube
fusion (n = 4). (G) In vitro differ-
entiation of corrected mdx meso-
angioblasts into skeletal muscle.
(Mainpanel) Immunofluorescence
and X-gal staining of nLacZ- and
MyoD-transduced corrected mdx
mesoangioblasts cultured in dif-
ferentiation medium (scale bar,
120mm;themagnificationdisplays

multinucleatedmyotubes andmyocytes). (Right) Immunofluorescence showing
homogeneous (100%)MyoDandEGFPexpressionfromJ2cellsaftereightpopula-
tion doublings (scale bar, 70 mm). (H) Immunofluorescence (scale bar, 60 mm) and
Western blot demonstrating production ofmyosin heavy chain and dystrophin
bydifferentiated (10days) J2 correctedmdxmesoangioblasts (transducedwith the
www.Scie
lentiviral vector carryingMyoDcDNA). TheWesternblot also shows J2 corrected
mdxmesoangioblasts transducedwith adenoviral MyoD (AdMyoD), whichwere
used as a standard assay for myogenic conversion. (Differentiated human myo-
blasts were used as a positive control.) Error bars represent SEM and images are
representative of a minimum of five independent experiments. b-Tub, b-tubulin.
nceTranslationalMedicine.org 17 August 2011 Vol 3 Issue 96 96ra78 3
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Table 1. Analysis by PCR and FISH of all selected EGFP-positive mdx
mesoangioblast clones containing the DYS-HAC vector. Clones were ana-
lyzed by PCR for expression of different regions of the human dystrophin
gene (representative panel in Fig. 4B) and different regions of the HAC
vector. The PCR-positive clones were tested by FISH to see whether the
DYS-HAC vector was episomal and to test its stability. A detailed list of
Clones

www.Sci
the primers is available in the Supplementary Material. CHO, Chinese
hamster ovary cells (positive control); DYS-HAC, human artificial chromo-
some containing the entire human dystrophin; mdxMABs, uncorrected
parental mdx mouse mesoangioblasts (negative control); +, positive;
−, negative; NA, not applicable (impaired growth); NT, not tested; Y,
yes; N, no.
Growth
under

selection
PCR
enceTranslationalMedicine.org 17 August 2011 Vol 3 Issue 9
FISH

First screening

(primers for different human dystrophin regions)

Second screening

(primers for different HAC regions)
DYS
3L/3R
DYS
6L/6R
DYS
7L/7R
DYS
7L/8R
DYS
8L/8R
Sk23/DYSt5R
 EGFPL/#21CenG6R

HAC

episomal
presence
mdxMABs J1
 Y
 +
 +
 +
 −
 +
 NT
 NT
 NT
01
1

mdxMABs J2*
 Y
 +
 +
 +
 +
 +
 +
 +
 +
, 2
mdxMABs J3*
 Y
 +
 +
 +
 +
 +
 +
 +
 +
t 1
8

mdxMABs J4
 Y
 +
 +
 +
 +
 +
 +
 +
 −
us
mdxMABs J5
 Y
 +
 +
 +
 +
 +
 +
 +
 −
ug
mdxMABs J6
 Y
 +
 −
 −
 −
 −
 NT
 NT
 NT
n 
A

mdxMABs J7
 N
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 og
mdxMABs J8
 N
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA
.o
r

mdxMABs J9
 Y
 +
 +
 +
 +
 +
 +
 +
 NT
ag
mdxMABs J10
 Y
 +
 −
 −
 −
 −
 NT
 NT
 NT
ce
m

mdxMABs J11
 Y
 +
 −
 −
 −
 −
 NT
 NT
 NT
ie
n

mdxMABs J12
 N
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA
.s
c

mdxMABs J13*
 Y
 +
 +
 +
 +
 +
 +
 +
 +
st
m
mdxMABs J14
 Y
 +
 −
 −
 −
 −
 NT
 NT
 NT
m
 

mdxMABs J15
 Y
 +
 +
 +
 −
 +
 NT
 NT
 NT
 fr
o

mdxMABs J16*
 Y
 +
 +
 +
 +
 +
 +
 +
 +
ed
mdxMABs J17
 N
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA
oa
d

mdxMABs J18
 N
 NA
 NA
 NA
 NA
 NA
 NA
 NA
 NA
nl
mdxMABs J19*
 Y
 +
 +
 +
 +
 +
 +
 +
 +
ow
mdxMABs J20*
 Y
 +
 +
 +
 +
 +
 +
 +
 +
 D
mdxMABs J21
 Y
 +
 −
 −
 −
 −
 NT
 NT
 NT
mdxMABs J22
 Y
 −
 −
 −
 −
 −
 NT
 NT
 NT
mdxMABs J23
 Y
 +
 +
 +
 +
 +
 +
 +
 NT
mdxMABs J24
 Y
 −
 +
 +
 +
 +
 NT
 NT
 NT
mdxMABs J25
 Y
 −
 +
 +
 +
 +
 NT
 NT
 NT
mdxMABs J26
 Y
 +
 +
 +
 +
 +
 +
 +
 NT
mdxMABs J27
 Y
 +
 +
 +
 +
 +
 +
 +
 NT
mdxMABs J28
 Y
 −
 +
 +
 +
 +
 NT
 NT
 NT
mdxMABs J29
 Y
 +
 +
 +
 +
 +
 +
 +
 NT
mdxMABs
(parental)
N
 −
 −
 −
 −
 −
 −
 −
 −
CHO DYS-HAC
 Y
 +
 +
 +
 +
 +
 +
 +
 +
Positive/analyzed
clones
24/29
 13/24
 13/13
 6/8
*Clones selected for in vitro characterization.
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(Fig. 2G). DYS-HAC–corrected mdx mesoangioblasts transduced with
the lentiviral vector carrying the MyoD gene were maintained stably in
culture without loss of their myogenic potential (see also the Supple-
mentaryMaterial). Also, these cells underwent terminal skeletal muscle
differentiation as demonstrated by expression of mouse myosin heavy
chain and human dystrophin (Fig. 2G). Together, these results show that
DYS-HAC–corrected mesoangioblasts have a myogenic potential that is
activated upon fusion with myoblasts or after exposure to MyoD.

Amelioration of the dystrophic phenotype in SCID/mdx mice
To avoid any possible immune rejection due to expression of human
dystrophin and other transgenes by DYS-HAC–corrected mdx meso-
angioblasts, we used SCID/mdx mice for the transplantation studies
because these mice do not reject cells expressing human genes (33). We
injected 106 DYS-HAC–corrected mdx mesoangioblasts previously trans-
duced with nLacZ (to improve their detection) and MyoD (to improve
their differentiation into skeletal muscle) into 4-month-old SCID/mdx
mice. Three intramuscular injections into the tibialis anterior, gastrocne-
mius, and quadriceps muscles were administered bilaterally every 3 weeks
and after exercise, which exacerbates dystrophic pathology (34) and
enhances the recruitment of donor cells (33). Muscles receiving injec-
tions of DYS-HAC–corrected mdx mesoangioblasts showed extensive
engraftment as visualized by EGFP fluorescence (Fig. 3, A and B; aver-
age EGFP-positive fibers ± SEM: 361 ± 87 for tibialis anterior; 310 ± 42
for gastrocnemius; 270 ± 35 for quadriceps) and large areas of X-gal–
positive nuclei and dystrophin-positive fibers (Fig. 3, B and C, and fig.
S2; X-gal–positive nuclei ± SEM/tibialis anterior: 786 ± 194; dystrophin-
positive fibers ± SEM/tibialis anterior: 285 ± 36). In addition, reverse
transcription–PCR (RT-PCR) analysis of treated mice demonstrated ex-
pression of muscle-specific human dystrophin (7) (Dp427m isoform;
Fig. 3D). Immunohistochemical and Western blot analyses of the trans-
planted muscle revealed reconstitution of the dystrophin protein com-
plex as shown by a-sarcoglycan expression and its correct membrane
localization (Fig. 3, B and E). Histological and biochemical analysis of
muscles receiving mesoangioblast injections demonstrated amelioration
of the morphological signs of the dystrophic phenotype, with reduced
infiltration of muscle by mononuclear cells and reduced expression of
inflammatory factors (Fig. 3, C to E, and table S2) (35, 36). In particular,
Western blot analysis showed that the transplanted muscles of dys-
trophic mice produced 25% of the amount of dystrophin produced by
muscles of healthy control mice (Fig. 3E; 24 ± 7% SEM; see the Supple-
mentary Material for details). Morphometric analyses revealed a marked
reduction in the fibrotic and cellular infiltrates of treated dystrophic
muscles (by about one-third; Fig. 3F and fig. S2) together with a reduc-
tion in necrotic and centrally nucleated muscle fibers, indicating that
treated muscle underwent fewer degeneration-regeneration cycles. More-
over, measuring the cross-sectional area of skeletal muscles (10) in treated
versus untreated SCID/mdx mice and SCID control mice revealed a par-
tial normalization in treated SCID/mdx mice (Fig. 3F). This was shown
by a reduced variability range (indicated by the size of the box in a box-
and-whisker plot) and by a reduction in extreme values (indicated by the
error bars) of the cross-sectional area of muscle fibers [Fig. 3F; *P < 0.05;
***P < 0.0005, one-way analysis of variance (ANOVA)].

Long-term effects and contribution to the
muscle satellite cell pool
We then tested DYS-HAC–corrected mdx mesoangioblasts for long-
term stability of the DYS-HAC vector and fidelity of dystrophin gene
www.Sci
expression in vitro and in vivo (Fig. 4). FISH and PCR analyses dem-
onstrated that the HAC vector was not integrated into the host ge-
nome (Fig. 4A) and that it contained the correct series of human
dystrophin gene regions after more than 30 population doublings
in vitro and after 8 months in vivo (Fig. 4B). RT-PCR confirmed correct
tissue-specific expression of the human dystrophin gene (Fig. 4C). No-
tably, areas containing donor-derived X-gal–positive nuclei (132 ± 28
SEM/tibialis anterior section) associated with muscle fibers positive for
EGFP (220 ± 19 SEM) and dystrophin (186 ± 32 SEM) were detected
for up to 8 months after transplantation of corrected mdx mesoangio-
blasts (Fig. 4, D to F); this observation was confirmed by Western blot
analysis (Fig. 4G). This was likely due to a cumulative positive effect of
the mechanical stability conferred by full-length dystrophin (which re-
duces degeneration-regeneration cycles) together with the contribution
of transplanted DYS-HAC–corrected mdx mesoangioblasts to the
pool of muscle progenitor cells. Indeed, we found that 4.53 ± 0.53%
(mean ± SEM, n = 5 muscles; 3 tibialis anterior and 2 gastrocnemius;
≥50 sections per muscle analyzed) of Pax7-positive cells in long-term
transplanted and serially exercised muscles were b-galactosidase (b-gal)–
positive satellite cells derived from mesoangioblasts (Pax7 is a satellite
cell marker) (Fig. 4H).

Donor mesoangioblasts also allowed transplanted dystrophic mus-
cles to sustain an additional cycle of regeneration after acute injury.
This was shown by the de novo appearance of EGFP-positive donor-
derived muscle fibers after injection of cardiotoxin, which induces
necrosis and loss of the original engrafted fibers in the same tibialis
anterior muscle (Fig. 4I). Furthermore, purification of muscle satellite
cells by flow cytometry from cardiotoxin-injured regenerated muscles
demonstrated that most EGFP-positive mononuclear cells (>90%)
were satellite cells and that 7% of the Pax7-positive satellite cell pool
was derived from donor mesoangioblasts that stably maintained the
DYS-HAC vector as a single separate chromosome (Fig. 4J). Thus, do-
nor DYS-HAC–corrected mdx mesoangioblasts are able to stably en-
graft, self-renew, and replenish the satellite cell pool in the treated
skeletal muscles of SCID/mdx mice.

Intra-arterial delivery of corrected mesoangioblasts
to SCID/mdx mice
Mesoangioblasts have the ability to cross blood vessel walls after intra-
arterial delivery (10). To test this property in DYS-HAC–corrected mdx
mesoangioblasts, we transplanted 106 of these cells expressing MyoD
and nLacZ by injection into the femoral artery of SCID/mdx mice that
had been on an exercise regimen (see above). At 12 hours after in-
jection, we detected X-gal–positive cells associated with CD31-positive
skeletal muscle blood vessels (Fig. 5, A to C); a minority of them were
already detectable inside myofibers (Fig. 5B). This contribution was
even more evident at 36 hours (Fig. 5, D and E), with most of the cells
uniformly dispersed in the downstream muscles (Fig. 5F and fig. S3).
Three weeks later, clusters of EGFP-, X-gal–, and dystrophin-positive
fibers were evident (Fig. 5, G to J, fig. S3, and table S1) and were clearly
identifiable up to 10 weeks after transplantation (Fig. 5M). These
results were also validated biochemically: Skeletal muscle–specific dys-
trophin transcripts (Fig. 5K) and protein (Fig. 5L) were detected at about
13 ± 5% (mean ± SEM) of those in the positive control. Morphometric
analysis of muscle for fibrotic/adipose infiltrates and cross-sectional
area in the three populations of mice revealed amelioration of his-
tological changes in the skeletal muscle in treated mice (Fig. 5N). These
results demonstrate the ability of corrected mdx mesoangioblasts to
enceTranslationalMedicine.org 17 August 2011 Vol 3 Issue 96 96ra78 5
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Fig. 3. Intramuscular transplan-
tation of corrected mdx meso-
angioblasts in SCID/mdx mice.
Engraftmentanddifferentiation,
andmorphologicalamelioration
of the dystrophic phenotype in
SCID/mdx mice intramuscularly
transplantedwithmdxmesoan-
gioblasts correctedby transferof
a DYS-HAC vector carrying the
normalhumandystrophingene.
(A) Representative images show-
ingthetibialisanterior,gastrocne-
mius, and quadriceps muscles
that received three intramus-
cular injections of 106 corrected
mdx mesoangioblasts. Images
showengraftmentof donor cells
demonstrated by EGFP fluores-
cence (green) 3 weeks after the
last injection (scale bar, 2 mm).
(B) Immunohistochemical stain-
ing showing a cluster of about
150 dystrophin-positive fibers,
some of which contain X-gal–
positivedonornuclei (tibialis an-
teriormuscle). (Upper inset)EGFP
fluorescence on the same sec-
tion before staining for dystro-
phin. (Lower inset) Sgca-positive
myofibers in a serial section of
the area delimited by dashed
lines (scalebar,100mm). (C)Stain-
ing of muscle with H&E + X-gal
(top row), Masson trichrome
(middle row), and staining for
dystrophin + H&E (bottom row).
Rows show transplanted (left
column) versus untransplanted
(central column) tibialis anterior
(TA) muscles in SCID/mdx mice
and SCIDmice (right column) 3
weeks after the last transplanta-
tionandafternine treadmill run-
ning tests (scale bar, 200 mm).
Insets depict the same field in
serial sections, with the bottom-
left inset depicting a larger area
to show the different pattern of
dystrophin-positive fibers (48

dystrophin-positive fibers of 89 fibers; scale bar, 100 mm). Central column inset shows two revertant fibers (enlarged twofold).
The graphquantifies donormyofibers in transplanted tibialis anteriormuscles (n=4). (D) RT-PCR showing expression ofmuscle-
specific (Dp427m) and brain-specific (Dp140) human dystrophin isoforms together with inflammation-related growth factors
(Hgf andVegf-b). Lane 1, differentiated correctedmdxmesoangioblasts; lane 2, untreatedSCID/mdx tibialis anteriormuscle; lane
3, treated SCID/mdx tibialis anterior muscle; lane 4, untreated SCID tibialis anterior muscle; lane 5, human brain; lane 6, human
skeletal muscle. (E) Western blot showing dystrophin (Dys; 427 kD), Sgca (50 kD), and CD11b (170 kD) proteins in transplanted

and control tibialis anteriormuscles. Different gels (separatedby theblack line) are in thepanel. The topgel has half the amount of protein loaded for theuntreated SCID
mousemuscle–positivecontrol toavoid titratingof theantibody. (F)Morphometricanalysisof transplantedmuscles. (Topgraph)Quantificationof fibrosis in treatedversus
untreatedmice showing a reduction in the fibrosis index in treatedmice (n= 3; *P< 0.05; ***P < 0.0005, one-way ANOVA). (Center graph) Distribution of cross-sectional
area (CSA)values formyofibers (aminimumof1000myofiberspermouseandthreemicepergroup) inH&E-stainedcryosectionsof tibialis anteriormuscles fromtreated
and untreated SCID/mdxmice together with untreated SCIDmice. (Bottom graph) The CSA data are represented in a box-and-whisker plot, which shows themedian
CSAor 50thpercentile (indicatedby the line in themiddleof thebox), the75thpercentile (the topof thebox), the rangeofCSAs (thewidthof thebox), and the smallest
and largest CSAs (the top and bottom of the “whiskers”). Significance between the groupswas assessed using one-way ANOVA followed by Bonferroni post test: *P <
0.05; ***P<0.0005. Imagesare representativeofdata fromaminimumofnine independentexperiments. Errorbars represent SEM.Additional data in fig. S2and table S2.
www.ScienceTranslationalMedicine.org 17 August 2011 Vol 3 Issue 96 96ra78 6
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Fig. 4. Long-term stability of DYS-HAC and contribu-
tion of corrected cells to the satellite cell pool. (A)
FISH images of corrected mdx mesoangioblasts of
the J2 clone after long-term culture (>30 population
doublings). Left image shows a single DYS-HAC chro-
mosome in an interphase nucleus (scale bar, 5 mm).
Right image shows a nonintegrated DYS-HAC vector
together with some host chromosomes (scale bar,
1 mm). (B) The PCR panel on the left shows serial hu-
man dystrophin gene regions (as shown in Table 1)
maintaining the correct sequence after long-term
culture of corrected mdx mesoangioblasts from the
J2 clone (lane 2) and J3 clone (lane 3). Lane 1, donor
(DYS-HAC) CHO cells (positive control); lane 4, mdx
mesoangioblasts without HAC (negative control); lane
5, human mesoangioblasts (positive control); lane 6,
H2O control. The PCR panel on the right shows main-
tenance of the correct sequences of the human dystro-
phin gene in vivo 8 months after transplantation;
the analysis was done with cDNA retrotranscribed
from RNA to enhance detection. Lane 7, tibialis an-
terior muscle injected intramuscularly with DYS-HAC–
corrected mdx mesoangioblasts; lane 8, untransplanted
SCID/mdx tibialis anterior muscle (negative control);
lane 9, human muscle (positive control); lane 10, H2O
control. (C) RT-PCR analysis of skeletal muscle–specific
human dystrophin (Dp427m) expression in two differ-
ent tibialis anterior muscles (lanes 2 and 3) 8 months
after transplantation; Dp140, brain-specific isoform
of human dystrophin. Lane 1, J2 corrected mdx meso-
angioblasts; lane 4, human skeletal muscle (positive
control); lane 5, human brain cDNA (negative con-
trol); lane 6, H2O control. (D) Representative images
with large areas of EGFP-positive myofibers (green)
(inset depicts striations, enlarged 2.5-fold) containing
donor nuclei (blue) (scale bar, 2 mm; n = 24 muscles
analyzed) explanted 8 months after the last injection
and stained with X-gal. (E) Immunohistochemical
staining for X-gal and dystrophin of a tibialis anterior
muscle section 8 months after intramuscular trans-
plantation (scale bar, 100 mm). (Insets) Different
images of tibialis anterior muscles that have been
used for the analysis of force determination in Fig.
6E. (F) Donor cell engraftment, dystrophin produc-
tion, and amelioration of morphological defects in
tibialis anterior muscle from a treated SCID/mdx mouse
compared with an untreated SCID/mdx mouse. Insets
show Masson trichrome staining. *, §, °, and # indicate

strong, intermediate, weak, and no dystrophin positivity, respectively (scale
ar, 100 mm). (G) Western blot demonstrating dystrophin and Sgca pro-
ins in a tibialis anterior muscle 8 months after transplantation (lane 1);
ne 2, negative control; lane 3, positive control (half protein amount
aded). (H) Immunofluorescence staining of a tibialis anterior muscle sec-
on (8 months after cell transplantation) for the satellite cell marker Pax7,
-gal (donor cells), laminin (basal lamina), and Hoechst (nuclei). The im-
ges in the upper row depict two b-gal–positive nuclei, one of which is
entrally located (arrow) with the other one staining positive for Pax7 lo-
alized underneath the basal lamina (arrowhead) of the same myofiber.
ower row images display a field of the same sectionwith a Pax7-positive/
-gal–negative host satellite cell and a Pax7-negative/b-gal–positive donor-
erived myonucleus (scale bar, 100 mm). (I) The central panel contains ste-
oscopic images of EGFP expression in tibialis anterior muscles that did
r did not receive cellular transplants [intramuscular (IM)] and that were

or were not subjected to cardiotoxin (CTX) injury (details in the Supple-
www.Scie
mentary Material). (Bottom left) Quantification of fluorescence (mean gray
value; n = 10 muscles; **P < 0.005, one-way ANOVA; n.s., not significant;
scale bar, 0.5 mm). Top far-right image is a low-magnification view of
the top right picture of the central panel merged with phase contrast
(area in the white square; scale bar, 2 mm). Bottom far right picture is a
representative high-magnification image of a transverse section of the
same muscle showing EGFP-positive regenerating centrally nucleated
myofibers (asterisks; scale bar, 60 mm). (J) The dot plot shows different
cell populations obtained after sorting of intramuscularly transplanted
muscles for SM/C2.6 and EGFP staining. The red boxmarks donor-derived
satellite cells, which were then cultured after purification (shown in the
center panel). Note that EGFP-positive cells express Pax7 (scale bars, 50 mm).
The images in the bottom row show a single and nonintegrated DYS-HAC
vector (arrowhead) in purified donor-derived satellite cells after FISH anal-
ysis (scale bar, 4 mm). Pictures are representative of data from aminimum
of three independent experiments.
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Fig. 5. Intra-arterial delivery of cor-
rected mdx mesoangioblasts in
SCID/mdxmice. (A)Whole-mount
X-gal stainingshowingdonormeso-
angioblasts associated with the
femoral artery (arrowhead)andwith
small vessels 12 hours after injec-
tion (scalebar, 3mm). (B) X-galplus
H&E staining reveals donor cells in
the interstitiumand insidemyofibers
12 hours after injection [bottom-
left picture; scale bars, 100 mm (up-
per) and 50 mm (lower)]. (C) X-gal
plus CD31 immunohistochemistry
demonstrates extravasation of cor-
rected mdx mesoangioblasts. (Up-
per panel) An X-gal–positive cell
in the vessel wall. (Lower panel) A
corrected mdx mesoangioblast
that has just crossed the endothe-
lial layer of amajor vessel (scale bar,
30 mm). (D) Whole-mount X-gal
staining of a tibialis anterior (TA)
muscle (n = 6) showing the distri-
bution of corrected mdx mesoan-
gioblasts 36 hours after delivery in
SCID/mdx mice (scale bar, 1 mm).
(E) X-gal plus H&E staining of sec-
tions from the tibialis anterior mus-
cle in (D) [scalebars, 100mm(upper)
and 50 mm (lower)]. (F) Corrected
mdxmesoangioblasts outsidema-
jor and minor vessels. (G) Muscles
containing EGFP-positive fibers
3 weeks after transplantation (scale
bar, 400 mm). (H) Whole-mount
staining showing X-gal–positive
myofibers (4.5-fold enlargement)
showing donor-derived nuclei in
myofibers (scale bar, 0.5 mm). (I) A
cluster of fibers with donor-derived
nuclei (n= 15) after X-gal and eosin
staining (scalebar, 50mm). (J) Immu-
nofluorescence images showing
dystrophin-positive fibers 3 weeks
after transplantation. (Right images)
Dystrophin-positive fiberscontaining
b-gal–positivenuclei;b-gal/dystrophin
double-positive fibers were difficult
to identify because of cellular dis-
persion in the entire muscle [scale
bars, 50mm(bottom left), 30mm(top
right), and 20 mm (bottom right)]. (K)
RT-PCR showing expression of a
muscle-specific (Dp427m) human

dystrophin isoform in treated muscles. Lane 1, differentiated corrected mdx
mesoangioblasts; lane 2, treated SCID/mdx tibialis anterior muscle; lane 3,
treated SCID/mdx gastrocnemius muscle; lane 4, untreated SCID/mdx tibialis
anteriormuscle; lane 5, untreated SCID tibialis anteriormuscle; lane 6, human
skeletal muscle (positive control); lane 7, human brain (negative control). (L)
Western blot showing dystrophin production in transplantedmuscles (half of
protein amount loaded for the SCID mouse control). (M) Quantification of
donor cells and fibers in transplanted muscles at different time points. (N)
Morphometric analysis of transplanted muscles, as described for Fig. 3F. (Left
www.Scie
graph) Quantification of fibrosis in tibialis anterior muscle (n = 3; *P < 0.05;
**P < 0.005; ***P < 0.0005, one-way ANOVA). (Central graph) Distribution of
cross-sectional area (CSA) values for tibialis anterior muscle fibers (a minimum
of1000myofiberspermousewith threemicepergroup) fromtreated,untreated
SCIDmdxmice, and untreated SCIDmice. (Right graph) Box-and-whisker plot of
the CSA data; significance between the groups assessed with one-way ANOVA
and Bonferroni post test (n = 3; P < 0.0005 between treated and untreated
dystrophicmice). Imagesare representativeofaminimumofeightexperiments.
Error bars represent means ± SEM. Additional details in fig. S3 and table S2.
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