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Dystrophin Delivery to Muscles of mdx Mice Using
Lentiviral Vectors Leads to Myogenic Progenitor
Targeting and Stable Gene Expression
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To explore whether stable transduction of myogenic
stem cells using lentiviral vectors could be of benefit
for treating dystrophic muscles, we generated vectors
expressing a functional microdystrophin/enhanced green
fluorescence protein fusion (uDys/eGFP) gene. Lentiviral
vector injection into neonatal mdx* muscles resulted
in widespread and stable expression of dystrophin for
at least 2 years. This expression resulted in a significant
amelioration of muscle pathophysiology as assessed by
a variety of histological and functional assays. To assess
whether this long-term expression was accompanied
by stable transduction of satellite cells, we harvested
muscle mononuclear cells 1 year after vector injection.
Up to 20% of the cultured myoblast colonies expressed
the puDys/eGFP transgene following myotube formation.
Furthermore, transplantation of the muscle mononu-
clear cells into secondary mdx* recipients showed their
ability to regenerate dystrophin-expressing myofibers
in vivo. The ability to isolate myogenic cells able to form
dystrophin-positive myotubes or myofibers in vitro and
in vivo >1 year postinjection indicates that the vectors
stably transduced muscle satellite cells, or a progenitor
of such cells, in neonatal mdx*” muscles. These studies
suggest that integrating lentiviral vectors have potential
utility for gene therapy of muscular dystrophy.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked, lethal mus-
cle disorder caused by mutation of the dystrophin gene.! Affected
boys are usually diagnosed between 3 and 5 years of age.> Early
symptoms of delayed walking and gait disturbance rapidly prog-
ress to general muscle, especially proximal, weakness. By age 12,
almost all patients use a wheelchair and most develop severe sco-
liosis. Even though improved clinical management has extended

the life expectancy of DMD patients in recent years, most of
the patients still die by age 30 due to respiratory and/or cardiac
failure.>* Current treatment for DMD patients focuses primarily
on relief of symptoms, as there are no major treatment options.

Transgenic replacement of dystrophin in the mdx mouse
model for DMD restores normal expression of the dystrophin-
glycoprotein complex and also prevents development of the dys-
trophic phenotype in striated muscles.** Recombinant adenoviral
or adeno-associated viral (AAV) vector-mediated transfer of full-
length, mini-, and microdystrophins to adult dystrophic muscles
has also been shown to result in a dramatic amelioration of the
dystrophic pathology.®'! Therefore, gene therapy is viewed as one
of the most promising approaches for clinical application.*'**
Despite the promise shown by these vectors, especially AAV
which can systemically deliver genes to striated muscles," neither
has been shown to integrate into myonuclear genomic DNA to
a significant degree."” In contrast, lentiviral vectors derived from
the human immunodeficiency virus-1 can integrate into the host
genome and achieve long-term transgene expression in a wide vari-
ety of dividing and nondividing cells including skeletal muscle.'*°
We and others have shown that VSV-G-pseudotyped lentiviral
vectors transduce adult mouse skeletal muscle with a relatively
low efficiency.?**! Nonetheless, myofibers transduced with a fully
functional mini-dystrophin gene were partially protected from
degeneration for at least 6 months in mdx mice.'?' Proliferating
myoblasts, postmitotic myocytes and myotubes, freshly isolated
primary myoblasts, and several different type of stem cell sources
such as side population cells, marrow stromal cells, mesoangio-
blasts, pericytes, and dermal fibroblasts have been shown to be
efficiently transduced by lentiviral vectors in vitro.?'-¥

In dystrophic muscles of DMD patients as well as the mdx*
mouse model, activated-satellite cells proliferate and terminally
differentiate to form new muscle fibers during cycles of myofiber
necrosis and regeneration.?®” Although most of those cells ter-
minally differentiate to form muscle fibers, some return to qui-
escence adjacent to myofibers as satellite cells for future cycles of
muscle regeneration.’*** These satellite cells and other types of
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muscle “stem cells” are considered an attractive target for genetic
modification by lentiviral vectors, as these vectors enable stable
gene expression of transgenes following integration into the
genomic DNA of a host cell.

Here, we report that intramuscular injection of lentiviral
vectors expressing a microdystrophin/enhanced green fluorescent
protein (uDys/eGFP) fusion gene led to successful transduction of
myogenic stem cells as well as myofibers in neonatal mdx*” mice.
Expression was maintained for at least 2 years, and was supported
by a pool of stably transduced satellite cells that were able to par-
ticipate in muscle regeneration to form dystrophin-expressing
myofibers in vivo. These results suggest that integrating vectors
systems could be of use for long-term genetic correction of myo-
genic stem cells in vivo in various muscle disorders.

RESULTS

Long-term uDys/eGFP expression in mdx** mouse
muscle following lentiviral vector-mediated

gene delivery

Our previous studies revealed an age-dependent loss of transduc-
tion by lentiviral vectors when injected into mouse muscles.” To
determine whether lentiviral-mediated gene transfer could lead to
phenotypic improvement in a mouse model for DMD, we tested
injection of a novel dystrophin-expressing vector (Lv-HSA-uDys/
eGFP; Figure 1a) into muscles of neonatal mdx*” mice. We rea-
soned that injection into neonatal mice might avoid potential
immune responses against the vector and might allow for wider
dissemination into a variety of myofibers and muscle progenitor
cells, potentially leading to long-term expression. The vector uti-
lized a powerful, skeletal muscle-specific promoter/enhancer ele-
ment derived from the human a-skeletal actin gene (HSA). This
HSA promoter has previously been shown to generate high-level
muscle-specific gene expression in the context of transgenic mice.”
The dystrophin transgene was based on our previously described
AR4-R23 uDys, which has been shown to be highly functional and
able to ameliorate dystrophic pathology when tested in transgenic
mdx mice or when delivered systemically to mdx mice via AAV
vectors.>” Finally, to allow efficient tracking of transduced myo-
fibers or myotubes, we replaced the C-terminal domain of dys-
trophin with sequences encoding the eGFP. Such a substitution
was previously shown not to affect the functionality of otherwise
full-length or mini-dystrophin fusion proteins.*>*

Tibialis anterior (TA) muscles from mdx** mice injected with
this Lv-HSA-uDys/eGFP vector at postnatal day 2 were harvested
4 weeks, 4 months, 1 year, and 2 years later to examine dystrophin
expression and effects on the dystrophic histopathology. The uDys/
eGFP fusion protein was expressed correctly along the sarcolemma
of numerous myofibers in injected muscles at all time points exam-
ined (Figure 1b). Dystrophin-positive fibers were directly observed
using fluorescence microscopy, and were also visualized and quanti-
tated using indirect immunostaining with anti-GFP and/or dystro-
phin N-terminal antibodies. The numbers of positive fibers reached
a maximum of between ~400 and 1,200 in each TA muscle at all
four time points (covering on average between 20 and 25% of the
muscle cross-sectional area; Figure 1c). There was a relatively wide
variation in the absolute number of positive fibers in each muscle
section, likely owing to variability in the injection protocol.
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Figure 1 Persistent expression of microdystrophin (uDys) in mdx*"
muscles injected with Lv-HSA-uDys/eGFP. Tibialis anterior muscles
of 2-day-old mdx* mice were injected with 5.0 x 10° TU (in 5pl) of
the lentiviral vector. Muscles were examined by fluorescence micros-
copy at 1, 4, 12, and 24 months post-treatment for green fluorescence.
(a) Schematic structure of the pDys/eGFP transgene. (b) Representative
images of treated muscles harvested at various time points postinjection
as indicated. The examples shown here were immunostained with an
antibody against the N-terminal domain of dystrophin.* Bar = 800 pm.
(c) Summary of the number of uDys/eGFP-expressing myofibers in each
treated muscle harvested at various time points postinjection. Each data
point is from an individual muscle. N = 7 for each group except the
12 month time point, where N = 6. More than 40% of the injected
muscles contained at least 400 positive myofibers. ABD, dystrophin
actin-binding domain; An, SV40 polyA addition site; CR, dystrophin
cysteine-rich domain; eGFP, enhanced green fluorescence protein;
H, dystrophin hinge region; HSA, promoter derived from the human
o-skeletal actin gene;* R, dystrophin spectrin-like repeat.

Lentiviral vector-mediated uDys/eGFP expression
ameliorated dystrophic histopathology

Examination of myofiber morphology 1 year after vector injection
revealed that most of the uDys/eGFP-positive fibers were periph-
erally nucleated, whereas the majority of dystrophin-negative
myofibers in both injected and uninjected mdx** muscles were
centrally nucleated, a hallmark of myofiber regeneration (Figures 2
and 3a). The percentage of centrally nucleated myofibers in vari-
ous samples is shown graphically in Figure 3a. In puDys/eGFP-
positive fibers observed in treated muscles, only 20.2 *2.4% of the
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Figure 2 Preservation of normal morphology in mdx* skeletal mus-
cles expressing pDys/eGFP. TA muscles of 2-day-old mdx*~ mice were
injected with Lv-HSA-uDys/eGFP vector, and 1 year later both treated
and untreated muscles were harvested. Serial cryosections were stained
with H&E, or were immunostained with antibodies against either eGFP
or the N-terminal domain of dystrophin. Areas with widespread dys-
trophin expression showed normal morphology. Bar = 50um. H&E,
hematoxylin and eosin; pDys/eGFP, microdystrophin/enhanced green
fluorescent protein.
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fibers carried centrally located nuclei. In contrast, 84.9 + 1.7% of
the dystrophin-negative fibers in treated muscles, and 83.4 +1.5%
of the myofibers in mdx*” control muscles were centrally nucle-
ated at 1 year of age. Regions of injected muscles with extensive
dystrophin-positivity also displayed few mononuclear cell infil-
trates, necrotic fibers, or fibrotic lesions (Figures 2 and 4).

To explore whether this level of dystrophin expression was
conferring a functional benefit on the treated muscles, we exam-
ined myofiber cross-sectional area and muscle mechanical prop-
erties (Figure 3). A wide distribution of myofiber diameters was
observed in both uninjected mdx*" muscles as well as in dystro-
phin-negative myofibers from injected mdx* muscles (Figure 3b).
In contrast, uDys/eGFP-positive myofibers from injected mdx*"
muscles displayed a much narrower range of average fiber CSA,
closer to that in age-matched wild-type control muscles. We also
measured the specific force-generating capacity and susceptibility
to eccentric contraction-induced injury in injected and uninjected
1-year-old mdx* muscles. As a wide range of overall dystrophin-
positivity was observed in injected muscles, we limited our
analysis of contractile properties to those muscles that displayed a
relatively high percentage of dystrophin-positive myofibers. These
muscles were observed to develop specific forces of 172 = 7 kN/
cm?, a highly significant improvement over untreated mdx*" con-
trols 141 + 7 kN/cm?, although still lower than wild-type controls

(241 £ 10 kN/cm?), likely due to the mosaic expression pattern
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Figure 3 Functional properties of pDys/eGFP expressing mdx*” TA muscles. Mice injected 1 year earlier with Lv-HSA-uDys/eGFP were killed and
the injected TA muscles were analyzed for morphological and physiologic properties. (a) Shown are the percentage of myofibers displaying centrally
located nuclei in age-matched wild-type muscles (C57BL/6), untreated mdx*” muscles, and treated mdx** muscles. For the treated mouse group,
myofibers were separately scored based on whether the fibers were uDys/eGFP-positive (red) or negative (blue). Shown is the mean + SEM; N = 6
for each group; *P < 0.0001. (b) Histogram showing the distribution of myofiber size in the same groups as in a. The red line highlights the number
of fibers smaller than 20 pm in diameter, which primarily represent regenerating fibers. N = 6 for each group. (c) Specific force-generating levels in
treated mdx*> TA muscles 1 year after lentiviral injection, and in TA muscles from age matched untreated mdx*” controls (Shown is the mean + SEM;
N = 4 for each group). CNF, centrally nucleated myofibers; uDys/eGFP, microdystrophin/enhanced green fluorescent protein.
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Table 1 Force development (kN/m?) by mdx** TA muscles in situ
following 1 (LC1) or 2 (LC2) cycles of eccentric-contraction

Strain mdx* Lv-treated mdx*
LC1 74.8 +1.2% 73.0 +7.5%
LC2 359+ 6.9% 329+7.1%

a

Figure 4 Morphology of an mdx* tibialis anterior (TA) muscle
2 years after injection with a lentiviral vector expressing Dys/eGFP.
TA muscles of 2-day-old mdx*> mice were injected with the pDys/eGFP
lentiviral vector, harvested 2 years later and analyzed for Dys/eGFP
expression and position of nuclei. Cryosections were immunostained
using antisera against dystrophin (red staining) and counterstained with
4’,6-diamidino-2-phenylindole, dihydrochloride to reveal nuclei (blue).
(a) Mosaic image of an entire tibias anterior muscle showing widespread
but variable uDys expression. Bar = 160 um. (b) High-power images of
two regions from a (in green boxes). Left: An area with a large number of
contiguous dystrophin-positive myofibers and which contained predom-
inantly peripherally nucleated myofibers; right: an area with relatively
few dystrophin-positive myofibers that had mostly centrally nucleated
myofibers. Bar = 50 um. pDys/eGFP, microdystrophin/enhanced green
fluorescent protein.

(Figure 3¢; P < 0.05). These values remained lower than in control
muscles. In contrast, we did not observe a significant protection in
the susceptibility of the injected muscles to contraction-induced
injury following either 1 or 2 lengthening contractions (Table 1).

Long-term maintenance of integrated lentiviral
vectors in muscle satellite cells

Previous studies in transgenic mdx mice with low or mosaic
expression of dystrophin suggested that dystrophin needs to be
expressed in >50% of myofibers to prevent ongoing myofiber
necrosis and regeneration.*>*® It was therefore of interest that the
lentiviral-injected muscles in this study typically displayed dystro-
phin expression in only 20-25% of the myofibers, yet that level of
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Figure 5 Stable retention in satellite cells of a uDys/eGFP lentiviral
vector. Tibialis anterior (TA) muscles from mdx*> mice injected 1 year ear-
lier with Lv-HSA-uDys/eGFP were harvested and used to prepare muscle
mononuclear cells. (a-d): Mononuclear cells from these primary cultures
were plated at clonal density, grown for 7 days in myoblast proliferation
medium, then switched to differentiation media for an additional 7 days
before fixation of the cultures, immunostained with anti-GFP antibodies,
and counterstained with 4’,6-diamidino-2-phenylindole, dihydrochlo-
ride to visualize nuclei. (a,c) A uDys/eGFP-positive clone from Lv-injected
mdx TA muscle. (b,d) A clone generated from untreated age-matched
wild-type mouse TA muscle as a control. (a,b) Brightfield photography;
(c,d) fluorescence image of clones shown in a and b. The frequency of
uDys/eGFP-positive clones was 10.2 + 3.8% (n = 6 from each of two
harvested muscles). (e—h) Immunostaining for uDys/eGFP-positive myo-
fibers in mdx*~ TA muscles injected with 2 x 10° cells from (e) a wild
type mouse TA muscle, or (f~h): mice 1 year post-lentiviral-injection into
2-day-old mdx*> mice. Muscles in e-h were harvested 2-weeks postin-
jection with freshly isolated mononuclear cells. Bar = 50 um. uDys/eGFP,
microdystrophin/enhanced green fluorescent protein.

expression was maintained for at least 2 years (Figure 1b). Also,
the presence of dystrophin-positive, centrally nucleated myofibers
both 1 and 2 years after vector injection (Figures 3 and 4) sug-
gested that some myogenic progenitor cells that were contributing
to ongoing muscle regeneration might harbor integrated copies
of the lentiviral vector. To explore this issue, we asked whether
the intramuscular injection protocol used here could lead to
stable transduction of satellite cells. TA muscles from two mdx""
mice were harvested 1 year after injection with the Lv-HSA-
uDys/eGFP vector and used to isolate mononuclear cells. Some
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of the isolated mononuclear cells were used to establish primary
myoblast cultures by plating onto six gelatin-coated culture dishes
and growing for 7 days before being switched to myoblast dif-
ferentiation media for an additional 7 days (ref. 37). Aliquots of
the remaining cells were injected intramuscularly into secondary
mdx* recipient TA muscles.

In the primary cultures, we observed both pDys/eGFP-
positive and pDys/eGFP-negative myotube clones (e.g., Figure 5).
Counting six different plates established from each of the two
injected mice revealed that 10.2 + 3.8% of the myotube clones
were pDys/eGFP-positive (one plate had >20% positive clones).
The percentage of positive clones was always lower than the per-
centage of positive myofibers in the muscles from which they were
derived, suggesting that myogenic progenitor cells were transduced
at alower efficiency than were myofibers, or that a significant frac-
tion of the progenitors that are transduced in 2-day muscles go on
to form myofibers without first becoming satellite cells. For the
cell transplantation studies, 2 x 10° mononuclear cells isolated
from Lv-injected TA muscles were transplanted by intramuscular
injection into TA muscles of 3-week-old mdx* mice. Two weeks
after transplantation, the injected muscles were harvested, cryo-
sectioned, and analyzed for the presence of uDys/eGFP-positive
myofibers. Analysis of three different injected muscles revealed
the presence of between 3 and 10 uDys/eGFP-positive myofibers
in each serial 10-um cryosection spanning an ~200-um section in
the center of each transplanted muscle. No uDys/eGFP-positive
myofibers were observed in muscles injected with primary myo-
blasts from a wild-type mouse or in uninjected controls. These
two different assays therefore show that the injected lentiviral vec-
tors stably transduced a myogenic progenitor cell population and
could be found a year later in the satellite cell pool. Finally, these
transduced satellite cells were able to (i) give rise to proliferating
myoblasts capable of fusing into uDys/eGFP-positive myotubes
in vitro and (ii) contribute to muscle regeneration and provide
therapeutic gene products in dystrophic muscles in vivo.

DISCUSSION
A number of recent developments have raised the prospects for
successful gene therapy of the muscular dystrophies.'* Important
among these is the growing availability of different types of viral
vectors with which to transfer genes to muscle. Recombinant
AAV (rAAV) vectors have shown great promise for systemic gene
delivery to mature, striated muscle fibers.” However, rAAV vec-
tors have a limited cloning capacity, rarely integrate into host cell
chromosomes and are rapidly lost from dividing cells.* In con-
trast, lentiviral vectors have a relatively high transgene carrying
capacity coupled with an ability to stably transduce both dividing
and nondividing cells.'®* As lentiviral vectors integrate into target
cell chromosomes, they represent a powerful tool to genetically
modify stem cells, both ex vivo and in vivo. Gene therapy for DMD
would benefit from use of a vector able to transduce mature myo-
fibers as well as satellite cells, the primary muscle stem cell which
is responsible for muscle regeneration in response to injury.?**
Kobinger et al. showed Ebola and Mokola pesudotyped lenti-
viral vectors can transduce mdx skeletal muscle fibers and express
mini-dystrophins, partially correcting the dystrophic histopa-
thology when injected into limb muscles.'® Our data extend this
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analysis by showing that lentiviral vectors carrying a uDys gene
can stably transduce both myofibers and satellite cells, leading
to amelioration of the dystrophic pathology for at least 2 years.
Importantly, although the level of transduction was not sufficient
to completely halt ongoing myofiber turnover, dystrophin levels
remained stable due to ongoing muscle regeneration supported by
satellite cells, a proportion of which carried integrated copies of
the uDys vector. Our studies add to growing evidence that lenti-
viral vectors are able to transduce quiescent satellite cells in vivo
as well as cultured myoblasts in vitro.'>!”?"*! In several of these
reports, reporter gene—positive cells were observed in muscle
sections after intrauterine gene delivery with the anatomical cri-
teria of satellite cells. However, other researchers have reported
that cells of hematopoietic origin could settle in the satellite cell
niche position.”” Therefore, it was important to know whether
transduced satellite-like cells possess the ability to support muscle
formation and regeneration both in vitro and in vivo. In our study,
muscle mononuclear cells isolated a year after vector administra-
tion proliferated in myogenic primary culture conditions, and
formed myotubes that expressed the uDys/eGFP gene carried by
the lentiviral vector. We also observed that these cells were able
to differentiate into pDys/eGFP-positive myofibers in vivo after
transplantation into muscles of mdx*” mice. Thus, stably trans-
duced satellite cells retain integrated copies of lentiviral vectors
and can express therapeutic genes for at least 2 years in dystrophic
mice. These results suggest that lentiviral vectors could be useful
for permanent genetic correction of myogenic stem cells in vivo.
The lentiviral vectors used in this study carried an expression
cassette encoding a uDys/eGFP fusion protein gene. This vector
afforded a number of advantages over delivering either a standard
reporter or a uDys gene. First, the uDys protein has been shown
to have a profound ability to rescue the dystrophic phenotype
when expressed in transgenic mice or delivered to adult animals
using rAAV vectors.>”!"* Also, this fusion protein can be easy to
detect and allows one to distinguish transduced cells from rever-
tant fibers that exist in mdx mouse muscles.*** Although some
reporter genes may be easier to detect following vector admin-
istration, they do not provide protection against the dystrophic
phenotype, preventing the ability to monitor cell fate in mdx mus-
cles for extended periods of time. Finally, the use of the a-skeletal
actin promoter and enhancer (HSA; ref. 33) allowed the transgene
to be expressed only in differentiating myocytes, myotubes, and
myofibers, preventing gene expression in nonmyogenic cells that
might be transduced by the vector. The uDys/eGFP fusion pro-
tein showed an ability to correct histopathological abnormalities,
in an analogous manner to that obtained following rAAV vector
delivered microdystrophins (note that the microdystrophins car-
ried by rAAV vectors lack the carboxy-terminal domain, which is
retained in the present constructs® (Figure 1a). A key difference,
however, was the significantly reduced degree of spread of the
lentiviral vectors compare with rAAV vectors in injected muscles.
Intramuscular injection of rAAV vectors can transduce nearly
all the myofibers in injected muscles,* whereas here we saw the
transduction between ~20 and 60% of the muscle cross-sectional
area. This reduced level of transduction likely accounts for the sig-
nificant, but incomplete rescue of muscle specific force-generating
levels (Figure 3¢) and the inability to confer significant protection
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from eccentric contraction-induced injury (Table 1). Nonetheless,
we did observe a marked reduction in the presence of centrally
nucleated myofibers in transduced cells as well as an increase in
myofiber diameter (Figure 3) and improved overall muscle mor-
phology (Figures 2 and 4). We did not observe a marked decrease
in centrally nucleated fibers in regions of the muscle that had lower
levels of dystrophin, in contrast to results obtained using rAAV-
mediated delivery of a microdystrophin." These differences could
potentially be explained by a greater clustering of positive fibers
in the lentiviral-injected muscles, which can leave larger areas of
muscle without dystrophin expression (Figure 4). Indeed, stud-
ies in transgenic mice have suggested that mosaic but widely dis-
persed dystrophin expression can allow positive fibers to provide
mechanical protection to adjoining dystrophin-negative fibers.*

Application of lentiviral technology to treat muscle disorders
must overcome several problems. The biggest concern is the issue
of safety, as integrating retroviral vectors have been associated
with leukemia in hematopoietic therapies.*> Although we did not
detect tumors in any of our treated animals, we followed a rela-
tively small number of mice. Use of the a-skeletal actin promoter
could be advantageous in this regard, as this promoter/enhancer
is transcriptional active only in postmitotic muscle cells.** A sec-
ond problem relates to immune reactions against the transgene
and vector. Our previous studies involving lentiviral vector deliv-
ery to adult mice suggested that vectors were eliminated fairly
quickly, likely due to an immune response.”’ However, groups
that have delivered vectors expressing B-galactosidase in utero
observed long-term expression that was not obviously associated
with an immune response.®*' In this study, delivery at postnatal
day 2 of a lentiviral vector expressing the yDys/eGFP fusion gene
led to expression of the transgene for at least 2 years. Injection of
neonatal mice likely elicits tolerance to the vector, and the use of
the highly muscle-specific HSA promoter may also facilitate eva-
sion of a host immune response.” These observations suggest that
early diagnosis and gene therapy might be beneficial for treatment
of this severe muscular dystrophy. The other major limitation of
lentiviral vectors is their relatively poor spread in injected tissues.
This limitation derives in large part from the relatively low titer
of lentiviral preparations compared with rAAV. In our hands, a
typical lentiviral preparation may include up to 10 transducing
units/ml, while it is not difficult to prepare rAAV at concentra-
tions >10" vector genomes/ml (refs. 7,21). One could consider
using a combination of vector systems, with AAV vectors being
used for transduction of pre-existing myogenic cells, and lenti-
viral vectors being used to stably transduce myogenic stem cells
(either in vivo or ex vivo) to support muscle regeneration that
would inevitably occur during normal exercise or following grad-
ual loss of nonintegrated AAV vector genomes. We conclude that
lentiviral-mediated gene transduction of both muscle fibers and
satellite cells represents a promising approach to the treatment of
muscular dystrophy.

MATERIALS AND METHODS

Constructing a lentiviral transfer vector bearing HSA-AR4-R23/A71-78/
eGFP (Lv-HSA-uDys/eGFP). A uDys/eGFP expression cassette was gen-
erated in several cloning steps. We first replaced TAGGAA (underlined
nucleotides are the stop code of dystrophin) with TCTAGA (Xbal site)
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in pSV40pAA71-78 (ref. 5) using the QuikChange-XL Site-Directed
Mutagenesis Kit (Stratagene, Santa Clara, CA) (forward primer: 5-GG
AAACTGACAC AATTCTAGAA GTCTTTTCCAC-3’; reverse primer:
5-GTGGAAAAGACTTCTAGA ATTGTGTCAGT TTCC-3"). A PCR-
amplified Xbal-flanked eGFP-coding sequence without its transla-
tional initiation region (forward primer: 5-GCTCTAGAGGTGAGCA
AGGGCGAGGAG-3'; reverse primer: 5'-CCTCTAGAATTCCGGCCGC
TTTAC-3") was then inserted in frame to generate pSV40pAA71-78-
eGFP. A 2,222-bp HindIII fragment from this plasmid was used to replace
the 1,478-bp HindIII fragment in the pCK6-AR4-R23/A71-78 (ref. 5) to
generate pCK6-AR4-R23/A71-78-eGFP (CK6-uDys/eGFP). A 4,358-bp
Eagl fragment containing AR4-R23/A71-78-eGFP (uDys/eGFP) in
pCK6AR4-R23/A71-78-eGFP was inserted into a plasmid carrying
the human a-skeletal actin promoter, a hybrid intron between the HSA
first intron and the SV40 VP1 intron, and the SV40 polyadenylation site
(pHSAvpSV40pA) (ref. 33) at the NotI site to generate pHSA-AR4-R23/
A71-78-eGFP-pA. Finally, a 7,233-bp Clal-Pacl fragment from pHSA-
AR4-R23/A71-78-eGFP-pA was inserted into pRRL-cPPT-CMV-X-PRE-
SIN at Clal and Pacl sites to generate the lentiviral transfer vector bearing
HSA-AR4-R23/A71-78-eGFP, which we refer to as Lv-HSA-uDys/eGFP.

Lentiviral transfer vectors and viral preparation. Lentiviral vectors were
generated as described previously.?*® Titers were assayed on HeLa or 3T3
cells with serial dilutions of vector preparations. The titer of these vec-
tor stocks were also estimated by measuring viral p24gag antigen using
the human immunodeficiency virus-1 p24 Antigen Assay kit (Beckman
Coulter, Fullerton, CA) and also compared to the titer of vectors with
reporter genes, such as Lv-MSCV-eGFP, as described.”!

Mouse strains and vector administration. C57BL/6Ros.Cg-Dmd"**]
(referred to herein as mdx*") and C57BL/6] mice were originally obtained
from the Jackson Laboratory (Bar Harbor, MI) then maintained as breed-
ing colonies at the University of Washington. Injection of vectors into
muscles was performed as described previously.”® Briefly, 2-day-old mice
were put on ice to anesthetize with hypothermia, and then injected with
5ul of viral preparations with titers from 1.0 x 10° transducing units/ml
into each TA muscle.

Immunostaining cultured muscle cells and frozen muscle sections.
Cultured muscle cells were fixed in 4% paraformaldehyde for 10 minutes
and permeabilized with 1% Triton X-100 for 10 minutes before immunos-
taining. These cells were then incubated with anti-GFP antibody (1:1,000
dilution; Molecular Probes, Eugene, OR) for 1 hour, followed by incuba-
tion with either Alexa 488- or Alexa 594-conjugated secondary antibodies
(1:1,200) (Molecular Probes) for 1 hour. The 10-pum muscle sections were
immunostained as described previously.? Briefly, air-dried sections were
rinsed with phosphate-buffered saline and treated with 1% normal goat
serum for blocking before incubation with primary antibody, either a rab-
bit anti-GFP antibody (1:1,000 dilution; Molecular Probes) or an anti-N
terminal dystrophin antibody (1:600) (ref. 49). Secondary antibodies were
then applied using either, anti-rabbit (1:1,200) -Alexa488, -Alexa594, or
-horseradish peroxidase (Molecular Probes), the latter visualized with
diaminobenzidine (Vector Laboratories, Burlingame, CA). For fluores-
cence, nuclear staining and mounting with 500 ng/ml of 4’,6-diamidino-2-
phenylindole, dihydrochloride (Molecular Probes) with VECTASHIELD
(Vector Laboratories) was performed. Images were collected on a Nikon
E1000 microscope (Nikon, Tokyo, Japan) under identical conditions using
a Spot II CCD camera (Diagnostic Instruments, Sterling Heights, MI).
Then percentage of centrally nucleated fibers and range of myofiber diam-
eters were analyzed using an image analysis system, ImagePro-Plus (Media
Cybernetics, Silver Spring, MD).

Muscle contractility assays. One year postinjection, mice were anesthetized
with 2,2,2-tribromoethanol (Sigma, St Louis, MO) to maintain a depth of
anesthesia that prevented all responses to tactile stimuli, and the contractile
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properties of the TA hindlimb muscles were measured in situ as previously
described.” Briefly, the tendons of the TA muscle were surgically exposed
to immobilize the knee joint on the test apparatus, firmly secure the distal
tendon to a position-force dual-mode servomotor with surgical suture, and
to position needle electrodes flanking the peroneal nerve for stimulating the
muscle. The muscle was positioned for optimal force production, and stim-
ulated with 0.2-ms pulses at increasing frequencies to establish maximum
isometric twitch (P) and tetanic (P,) force production. After determination
of isometric contractile properties, muscles were subjected to a 4-minute
repeated stimulation protocol to assess resistance to contraction-induced
fatigue. Muscles were maximally stimulated for 300 ms at 2-second interval
for the duration of the fatigue protocol, and once each at 60 seconds and
300 seconds after the completion of the protocol to assess force recovery. To
determine the susceptibility of muscles to contraction-induced injury, each
muscle was subjected to a stretch of 20% of optimal length while maximally
stimulated, which was repeated after an additional 10 seconds of inactivity
as described previously.”® At the completion of testing, the muscles were
surgically excised, trimmed of any adherent nonmuscle tissue, weighed, and
processed for storage and histological examination. For data analysis, we
selected muscles with relatively high expression of dystrophin, being defined
here as displaying between 10 and 30% of uDys/eGFP-positive myofibers.

Isolation, culturing, and transplantation of muscle mononuclear cells.
Mononuclear cells were harvested from mdx** TA hindlimb muscles 1
year after injection with Lv-HSA-uDys/eGFP, as well as from an untreated
wild-type mouse TA muscle as a control, for culturing and transplantation
back into TA muscles of secondary recipient mdx** mice. Cryosections of
each donor TA muscle were observed for GFP fluorescence, and higher
expressing muscles were selected for the culture and transplantation
procedures. TA muscles from 1-year-old C57BL/6 and injected mdx""
mice were excised, minced, and digested in phosphate-buffered saline
(pH 7.2; GIBCO, Invitrogen, Grand Island, NY) with final concentra-
tions of 1 mmol/l CaCl,, 0.2% Collagenase IT (Worthington Biochemical,
Lakewood, NJ), and 1.2 U/ml Dispase (Worthington Biochemical) at 37°C
for 45 minutes, and then filtered through 70- and 40-pm nylon filters (BD
Falcon, Franklin Lakes, NJ). Mononuclear cells were cultured on 0.67%
gelatin-coated plates in medium containing F10 (GIBCO, Carlsbad, CA)
medium with 10mmol/l CaCl, (F10C) plus 15% horse serum (GIBCO)
and 5ng/ml recombinant human basic FGF-2 (R&D systems, Minneapolis,
MN). At day 7, differentiation was induced by rinsing the cultures and
switching them to medium containing F10C with 1.5% horse serum and
6 mg/ml insulin for 48 hours, followed by refeeding cultures with F10C
with 15% horse serum and insulin.?*” At day 14, cells were fixed with 2%
paraformaldehyde and 0.5% sucrose, then stained with antibodies against
GFP followed with an Alexa488-conjugated secondary antibody.

Freshly isolated muscle mononuclear cells from each injected TA muscle
were resuspended independently at a concentration of 2 x 10° cells/30 ul in
phosphate-buffered saline, and then transplanted by direct injection into
TA muscles of 3-week-old mdx*" mice under isofluorane anesthesia. The
same numbers of cells from age-matched C57BL/6 TA muscles were also
injected as a control. Two weeks after transplantation, mice were killed,
TA muscles harvested, cryosectioned, and observed via fluorescence
microscopy (NIKON E1000; Nikon). These muscle sections were stained
with an anti-GFP (Molecular Probes) antibody and visualized with an
Alexa488-conjugated secondary anti-rabbit IgG (Molecular Probes).

Statistical analysis. Data were expressed as means + SEM. Statistical
comparisons were performed using one-factor or two-factor analysis of
variance followed by Fisher’s protected least significant difference test. A
P value of <0.05 was considered statistically significant.
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