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Transplantation of Foamy Virus-Transduced Myoblasts

Jinhong Meng,? Nathan Paul Sweeney,®> Bruno Doreste,? Francesco Muntoni,?
Myra McClure,* and Jennifer Morgan™#™*

"Developmental Neuroscience Programme, Molecular Neurosciences Section, Dubowitz Neuromuscular Centre, UCL Great Ormond Street Institute of Child Health,
London, United Kingdom.

?National Institute for Health Research, Great Ormond Street Institute of Child Health Biomedical Research Centre, University College London, London,

United Kingdom.

3 Jefferiss Research Trust Laboratories, Imperial College London, London, United Kingdom:.

Stem cell therapy is a promising strategy to treat muscle diseases such as Duchenne muscular dystrophy (DMD). To
avoid immune rejection of donor cells or donor-derived muscle, autologous cells, which have been genetically modified
to express dystrophin, are preferable to cells derived from healthy donors. Restoration of full-length dystrophin (FL-dys)
using viral vectors is extremely challenging, due to the limited packaging capacity of the vectors, but we have recently
shown that either a foamy viral or lentiviral vector is able to package FL-dys open-reading frame and transduce
myoblasts derived from a DMD patient. Differentiated myotubes derived from these transduced cells produced FL-dys.
Here, we transplanted the foamy viral dystrophin-corrected DMD myoblasts intramuscularly into mdx nude mice, and
showed that the transduced cells contributed to muscle regeneration, expressing FL-dys in nearly all the muscle fibers of
donor origin. Furthermore, we showed that the restored FL-dys recruited members of the dystrophin-associated protein
complex and neuronal nitric oxide synthase within donor-derived muscle fibers, evidence that the restored dystrophin
protein is functional. Dystrophin-expressing donor-derived muscle fibers expressed lower levels of utrophin than host
muscle fibers, providing additional evidence of functional improvement of donor-derived myofibers. This is the first
in vivo evidence that foamy virus vector-transduced DMD myoblasts can contribute to muscle regeneration and mediate
functional dystrophin restoration following their intramuscular transplantation, representing a promising therapeutic
strategy for individual small muscles in DMD.
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INTRODUCTION

DUCHENNE MUSCULAR DYSTROPHY (DMD) is an X-linked
disorder affecting 1:5,000 boys worldwide.' The disease is
caused by lack of dystrophin, leading to muscle fiber ne-
crosis and progressive weakness. In mouse models of
DMD, transplanted normal muscle stem cells contribute to
muscle regeneration and reconstitute the muscle stem cell
pool,z’3 evidence that stem cell transplantation might be a
promising therapeutic strategy to treat DMD. To avoid
immune rejection, autologous, genetically modified stem
cells* would be preferable to allogeneic stem cells. To
correct the dystrophin mutation in patient cells, one could
use clustered, regularly interspaced, short palindromic

repeats-associated Cas9 (CRISPR-Cas9)-mediated gene
editing,”~ but this method is highly mutation dependent.
Different gene editing strategies need to be designed and
tested for patients with different dystrophin mutations.
This is time-consuming and editing efficiency is not al-
ways guaranteed. In contrast, viral vectors, in particular
integrating retroviral or lentiviral vectors that correct
the autologous stem cells by introducing extra copies of
the dystrophin coding sequence into the genome, are
applicable to all patients, regardless of mutation. For
therapeutic purposes, full-length dystrophin (FL-dys) is
preferable to mini-dystrophin, as only the former contains
all of the functional motifs and should fully restore the
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muscle fiber function. However, the delivery of FL-dys to
DMD stem cells using viral vectors has been challenging
due to the large size of the FL-dys coding sequence
(around 11kb) and the relatively limited packaging ca-
pacity of the therapeutic virus vectors.

Foamy virus (FV) is one of the largest retroviruses,
having a packaging capacity of 12—13 kb, which could ac-
commodate the FL-dys open-reading frame (ORF, 11 kb).
FV is not endemic in humans.® High-throughput® or large-
scale'” integration site analysis on FV-transduced human
fibroblasts or CD34" hematopoietic cells showed that FV
seldom integrated within genes, changed gene expression,
or integrated into active oncogenes, suggesting a unique
highly desirable safety profile over that of the lentivirus
(LV) and gamma-retrovirus..g’10 FV-transduced hemato-
poietic stem cells (HSCs) have been used in preclinical
animal models to treat dogs with severe erythroid dis-
ease.'’ The fact that FV can infect both dividing and
quiescent cells, and is able to persist in quiescent cells,®
makes it an attractive vector for transducing muscle stem
cells, which, following transplantation, give rise to satel-
lite cells (most of which are quiescent in normal adult
muscle) in vivo.

We have recently shown that the 11 kb insert of FL-dys
could be packaged in either an LV'? or an FV vector'® and
both effectively transduced DMD myoblasts, suggesting
that such a cell-mediated gene therapy might be applicable
to treat DMD. However, the efficiency of this approach
and the functionality of the restored FL-dys need to be
tested in animal models before moving to clinical appli-
cation. To efficiently deliver the FL-dys into DMD patient
muscle cells, a vector leading to a high level of transgene
expression would be ideal. In our recent LV work, the FL-
dys we used was the native form of the dystrophin coding
sequencelz; while in the FV study,13 we used codon-
optimized full-length dystrophin (coFLDys), which may
result in higher protein expression than the native form of
dystrophin.'*'> The LV-dystrophin vector contained a
green fluorescent protein (GFP) cassette, which facilitated
the enrichment of the transduced cells via fluorescence-
activated cell sorting (FACS) and also limited its clinical
application due to potential toxicity caused by the ex-
pression of GFP.'® On the contrary, the FV-dystrophin
vector is devoid of such a selection cassette, making it
more clinically applicable.

Here, we transplanted DMD myoblasts, which had been
transduced with FV coding for coFLDys, into cryoda-
maged muscles of immunodeficient, dystrophin-deficient
mdx mice, and determined their transplantation efficiency,
restoration of FL-dys, and the functionality of the restored
dystrophin within muscle fibers of donor origin. Our study
provides evidence that restoration of FL-dys in skeletal
muscle mediated by virally transduced DMD myoblasts
is feasible and might be a promising therapeutic strategy
for DMD.

MATERIALS AND METHODS
Ethics

The work was performed under the NHS National Re-
search Ethics: Setting up of a rare diseases biological
samples bank (biobank) for research to facilitate phar-
macological, gene and cell therapy trials in neuromuscular
disorders (REC Reference No. 06/Q0406/33); and the use
of cells as a model system to study pathogenesis and
therapeutic strategies for neuromuscular disorders (REC
reference 13/L.0O/1826).

Mice were bred and experimental procedures were car-
ried out in the Biological Services Unit, University College
London Great Ormond Street Institute of Child Health, in
accordance with the Animals (Scientific Procedures) Act
1986. Experiments were performed under Home Office li-
cense numbers 70/7086 and 8389. Experiments were ap-
proved by the local University College London Ethics
Committee before the license being granted.

Mice were fed Envigo diet 2918. Envigo diet 2919
was used for damp diet, given to the mice after surgery.
Both diets were irradiated. Mice were kept in individually
ventilated Tecniplast Green Line cages, on a 12-h light/
12-h dark cycle.

FV vector production

FV-coFLDys is a self-inactivating FV vector that en-
codes the FL-dys protein under the control of the SFFV
promoter."® The production, concentration, and titration of
FV were performed as described previously.'*!'” Briefly,
FV was produced in HEK-293T cells transfected with a
four-plasmid system using PEImax (Park Scientific Ltd.,
Northampton, United Kingdom) at a ratio of 3:1 PE:DNA.
A vector containing a supernatant was concentrated by ul-
tracentrifugation in an SW28 rotor at 19,000 rpm for 2 h at
20°C. Pellets were resuspended in phosphate-buffered sa-
line (PBS) containing 5% vol/vol DMSO and aliquots were
stored at —80°C. Vector titer was determined by quantitative
polymerase chain reaction on genomic DNA extracted from
transduced HT1080 cells using primers/probes targeting the
FV LTR and albumin as a reference gene as previously
described." All multiplicities of infection (MOIs) are given
in HT1080 transducing units per target cell.

Cell culture and transduction of human
muscle-derived stem cells with FV

Normal human skeletal muscle-derived CD133" cells'®
and DMD myoblasts (with a mutation in dystrophin exon
52) were used for FV vector transduction. Cells were main-
tained in M10 medium, consisting of MegaCell Dul-
becco’s modified Eagle’s medium (DMEM) (Sigma)
supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher), 2mM glutamine (Thermo Fisher), and 5ng/mL
basic fibroblast growth factor (Peprotech). Different
amounts of vector were added to 1x 10° cells and the six-
well plates were spinoculated at 30°C at 1,200 g for
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90 min. Cells were changed into a fresh medium 6 h after
adding the vector. For FV-1-GFP, normal CD133" cells
were transduced at MOI 0, 1, 10, 20, 30, and 50; for
coFLDys-expressing FV, DMD myoblasts were transduced
with vector at MOI 2, 4, 8, and 16. The transduced cells were
then expanded in M10 medium for subsequent experiments.

FACS analysis

For GFP-expressing FV-transduced cells, the percent-
age of GFP' cells and their mean fluorescent intensity
(MFI) were measured 6 days after transduction, using an
FACS Calibur machine (BD). The data were analyzed
using FlowJo software.

Growth curve assay

Cells transduced with FV-coFLDys were maintained in
M10 medium for expansion. Cells were passaged once
they reached around 70% confluency and cell number
recorded. The growth curve was generated by plotting the
number of population doublings the cells underwent (Y
axis) over the time (days, X axis) in culture. The number of
population doublings of the cells was calculated using the
formula: Ln (number of total cells at harvesting/number of
cells at seeding)/Ln2.

Immunofluorescent staining

Cultured cells were plated onto Matrigel (0.1 mg/mL; BD
Bioscience)-coated eight-well chamber slides at a density of
5% 10" cells/well in M10 medium. Cells were changed into
MegaCell DMEM containing 2% FBS to induce their
myogenic differentiation. Cells fixed by 4% paraformalde-
hyde (PFA) before or 5 days after the onset of differentiation
were immunostained using antibodies against dystrophin
(1:1,000; Fisher Scientific) alone for staining of non-
differentiated cells, or together with an antibody against
myosin (MF20; DSHB) for differentiated cells.

Western blot

FV-transduced cells were induced to undergo myogenic
differentiation for 5 days before being lysed with the
radioimmunoprecipitation assay buffer (Sigma), supple-
mented with protease inhibitor (Roche) on ice for 15 min.
The cell lysate was collected and boiled for 5 min before
being centrifuged at 14,000 g for 10 min at 4°C. Thirty
microliters of each sample was loaded/well onto NuPAGE
Novex 3—-8% Tris-acetate gel, and run at a constant voltage
of 150V for 1.5h, before being transferred to a PVDF
membrane using the Trans-Blot Turbo Transfer system
(Bio-Rad). The membrane was blocked with the Odyssey
block solution (LI-COR Biosciences, Cambridge, United
Kingdom) for 1h, before being incubated with primary
antibodies against dystrophin (1:2,000; Fisher Scientific)
and tubulin 2.1 (1:1,000; Santa Cruz) overnight at 4°C.
After washing with PBS containing 0.1% Tween 20 for
15minx3 times at room temperature, the membrane

was incubated with the biotinylated anti-rabbit secondary
antibody (1:1,000) for 2h, followed by IRDye 680RD
Streptavidin and IRDye 800CW goat anti-mouse second-
ary antibodies (1:15,000; LI-COR Biosciences) for 1 h at
room temperature. The image of the blotted membrane
was acquired by the Odyssey Clx infrared imaging system
(LI-COR Biosciences) using Image Studio software.

Intramuscular transplantation

Four- to 8-week-old male Rag2™/y chain /C5™ mice
or male mdx nude mice*?*' were used as recipients for cell
transplantation. On the day of transplantation, mice were
anesthetized with isoflurane in the afternoon (during the
light cycle) and tibialis anterior (TA) muscles were cryo-
damaged with three freeze/thaw cycles using a cryoprobe
prechilled in liquid nitrogen, to promote engraftment.*'~**
Cryoinjury of mouse muscle mimics the degeneration that
occurs in DMD patient muscles.

Cells, 5% 10°, in 5 uL medium were injected into each
TA with a Hamilton syringe. Grafted muscles were dis-
sected 4 weeks after transplantation and snap-frozen in
isopentane chilled in liquid nitrogen. The n value is for the
number of TA muscles. We use both hind limb muscles, as
they can be considered independent units; cells trans-
planted intramuscularly into one TA muscle have no effect
on the contralateral TA muscle. This is in accordance with
the 3Rs guidelines (National Centre for the Replacement,
Refinement and Reduction of Animals in Research).

19,20

Immunofluorescent staining
on muscle sections

Ten-micrometer transverse cryosections were cut
throughout the muscle, air-dried, blocked with the mouse
IgG blocking reagent for 1 h, and stained with the following
combination of antibodies: (i) antibodies against human
spectrin (mouse IgG 2b, 1:100, VP-S283; Vector Labs,
Peterborough, United Kingdom), human lamin A/C (mouse
IgG2b, 1:500, VP-L550; Vector Labs), and human dystro-
phin (Mandys 106, mouse IgG2a, 1:200; Millipore). The
number of human lamin A/C" nuclei, human spectrin® fi-
bers, and human spectrin® fibers containing at least one
human lamin A/C* nucleus (as a confirmation that the
spectrin® fibers were of donor origin)** were counted in
representative transverse sections. The number of dystro-
phin*/hSpectrin” fibers was also quantified to evaluate the
percentage of dystrophin-expressing fibers of donor origin.
The sections were scored by one observer. (ii) Dystrophin
(Mandys 106, mouse IgG2a) and «-sarcoglycan (mouse
IgGl1, 1:100; Leica Biosystems). (iii) Dystrophin (Mandys
106, mouse IgG2a; Millipore) and y-sarcoglycan (rabbit
polyclonal, 1:500; Santa Cruz). (iv) Dystrophin (Mandys
106, mouse IgG2a, 1:100; Millipore) and neuronal nitric
oxide synthase (nNOS) (rabbit polyclonal; Santa Cruz). (v)
Dystrophin (Mandys 106, mouse IgG2a) and utrophin
(mouse IgG1, 1:200; Leica Biosystems). The results were



244

MENG ET AL.

acquired using the Axio Scan slide scanner, and the intensity
of o-sarcoglycan, y-sarcoglycan, nNOS, or utrophin on
dystrophin® or dystrophin™ fibers was quantified using Me-
taMorph software. The correlation between the intensity of
these proteins and the dystrophin intensity was analyzed
using GraphPad Prism 5.0 software.

RESULTS
FV-transduced human muscle CD133" cells
contribute to muscle regeneration

We have previously shown that FV can transduce
myoblasts in vitro"? resulting in transgene expression in
transduced myoblasts and the myotubes derived from
these cells.

To determine whether FV-modified human muscle
CD133" cells can contribute to muscle regeneration
in vivo, we transduced normal CD133" cells'® with the FV
vector coding for GFP under the control of the phospho-
glycerate kinase 1 promoter at 1, 10, 20, 30, and 50 MOls.
Six days post-transduction, cells expressed GFP in a dose-
dependent manner (Fig. 1a) at low MOI, but the percent-
age of GFP" cells reached a plateau (around 76-80%) at an
MOI of 10. MFI of the transduced cells followed a similar
trend. To avoid potential toxicity caused by the vector,?
we selected cells that were transduced with an MOI of 10
for subsequent experiments.

a 100+

% GFP+ cells

b 1500+

MFI

Transduced CD133" cells were transplanted intramus-
cularly into cryodamaged TA muscles (n=8) of immuno-
deficient C57/y chain”/Rag2™ mice.'” Mice were perfused
with 4% PFA (under terminal anesthesia) 4 weeks after
transplantation, and transverse sections from the TA mus-
cles were analyzed by immunostaining of human lamin A/C
and GFP. The human lamin A/C antibody recognizes the
nuclear protein lamin A/C specifically from human, not
mouse, cells and has been widely used as a human-specific
marker to distinguish donor cells from host tissue in human
to mouse xenograft experiments.”’>***’ We found GFP*
muscle fibers within the transplanted muscles, and their
donor cell origin was confirmed by the presence of human
lamin A/C" nuclei within the GFP" fibers (Fig. 1). These
data demonstrate that FV can deliver a transgene into muscle
CD133" cells, without compromising their ability to con-
tribute to muscle regeneration after in vivo transplantation.

Transduction of FV encoding coFLDys
into DMD myoblasts

We then investigated delivery of FL-dys into myoblasts
using FV vector. We previously reported13 that FV en-
coding coFLDys under the control of SFFV promoter
transduced DMD myoblasts, resulting in FL-dys expres-
sion in differentiated myotubes derived from these myo-
blasts. Using the same FV vector, we transduced 1 X 10°
DMD myoblasts with concentrated FV-coFLDys at MOIs

1000+

500+
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Figure 1. Human skeletal muscle CD133" cells retain their in vivo myogenic capacity post-transduction with FV. The percentage of GFP* cells (a) and the
mean fluorescence intensity (b) of cells transduced with different MOIs of FV coding for GFP, 6 days after transduction. (¢) The contribution of transduced
cells (MOI 10) to muscle regeneration after their intramuscular transplantation into immunodeficient mice. Donor-derived nuclei expressed human lamin AC*
(red), and donor muscle fibers were identified by their GFP expression. Scale bar=25 um. FV, foamy virus; GFP, green fluorescent protein; MOI, multiplicity of

infection. Color images are available online.
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of 2, 4, 8, and 16, and determined the proliferation rate of
transduced cells, by plotting the population doublings of
the cells over the days in culture. The vector elicited a
dose-dependent toxicity when high MOIs (=4) were used,
as indicated by the cessation of proliferation of trans-
duced cells (Fig. 2a). Only cells transduced with MOI 2
FV-coFLDys survived and proliferated, but with a
compromised proliferation rate in comparison with the
nontransduced cells. Nevertheless, these transduced
cells could still proliferate to generate sufficient cells
for the in vivo transplantation study.

We then examined the transgene expression of the MOI
2 FV-coFLDys-transduced cells. We found that 42.19%
+6.91% of transduced myoblasts were dystrophin®
(Fig. 2b); after inducing these cells to differentiate into
myotubes, 55.22%+8.73% of differentiated myotubes
expressed dystrophin.

To confirm that the dystrophin was of the expected
molecular weight, we performed Western blotting using
myotubes differentiated from either nontransduced or
transduced cells; myotubes differentiated from normal
skeletal muscle-derived CD133" cells were included as a
positive control. There was a clear 427kD dystrophin band
in samples from both positive controls and transduced
cells, in comparison with the absence of such a band in
nontransduced cells (Fig. 2c).

o

- MOI O
- MOl 2
- MOI 4
-~ MOI 8
-+ MOl 16

population doublings
g

Transduced DMID myoblasts contribute
to muscle regeneration and express FL-dys
in all donor-derived muscle fibers

Transduced cells were transplanted into cryodamaged
TA muscles of mdx nude mice**' to determine their
contribution to muscle regeneration and restoration of
dystrophin in vivo.

Twenty-eight days after transplantation, the muscles
were removed and cryosections stained for antibodies
against human lamin A/C (to determine the number of
cells of donor origin within host muscle), human spectrin
(to determine the number of muscle fibers of donor origin;
the combination of both antibodies confirmed the donor
origin of the muscle fibers),>* and human dystrophin
(Mandys 106) (to determine the number of muscle fibers
of donor origin that express dystrophin). The ratio of fibers
containing dystrophin to those containing human spectrin
and a human lamin A/C" nucleus indicates the efficiency
of dystrophin restoration in donor-derived muscle fibers.

All transplanted muscles contained donor-derived
muscle fibers (Fig. 3). There were significantly more
myofibers expressing human dystrophin (131.3+£4.129,
mean = SEM, n = 8) than human spectrin and human lamin
A/C (116x+11.71, meantSEM, n=_8), suggesting that
dystrophin had been restored in all of the donor-derived
muscle fibers.

C
Normal DMD FV-coFLDys
Dystrophin
42TKD
Tubulin 2.1
S0KD

Figure 2. In vitro transduction of human DMD myoblasts with FV-coFLDys. (a) /n vitro proliferation curve of cells transduced with different amounts of FVs,
for 30 days after their transduction. (b) The expression of dystrophin in cells with FV of MOI 2. (¢) Western blot indicating the correct molecular weight of the
transgene in differentiated myotubes derived from the transduced cells. (d—-f) Immunostaining of myosin heavy chain (d, green), dystrophin (e, red), and
merged images (f). Nuclei were counterstained with DAPI. Scale bar=25 um. coFLDys, codon-optimized full-length dystrophin; DMD, Duchenne muscular

dystrophy. Color images are available online.
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Figure 3. FV-coFLDys-transduced DMD myoblasts contribute to muscle regeneration after intramuscular transplantation into immunodeficient mdx nude
mice. (a—¢) Immunostaining of human lamin AC/human spectrin (a, both red), human dystrophin (green, b), and (¢) merged image of (a, b). (d, e)
Quantification of the number of human spectrin* fibers, which contained at least one human lamin A/C* nucleus (S+L); and dystrophin™ fibers in each

transplanted muscle. Color images are available online.

Transplanted dystrophin-expressing fibers
recruit a-sarcoglycan and y-sarcoglycan
to the sarcolemma

When dystrophin is not present within a myofiber, other
members of the dystrophin-associated protein complex
(DAPC) are also absent or severely reduced.”® To deter-
mine if the restored dystrophin was functional, we inves-
tigated whether it recruited members of the DAPC at the
sarcolemma of donor-derived myofibers.**

We carried out double immunostaining with antibodies to
human dystrophin (Mandys 106) and members of dystrophin
glycoprotein complex (o-sarcoglycan or y-sarcoglycan), to
examine their colocalization on muscle fibers.

Human dystrophin® muscle fibers expressed higher lev-
els of a-sarcoglycan (Fig. 4a—c) or y-sarcoglycan (Fig. 4d—
f), than did human dystrophin™ muscle fibers in the same
muscle section. Within the eight transplanted muscles, the
intensity of the o-sarcoglycan or y-sarcoglycan in human
dystrophin” fibers is significantly higher than in dystrophin™
fibers (Fig. 4g, i, and Supplementary Figs. S1 and S2), as
determined by paired t-test (p=0.0006 for a-sarcoglycan
and p<0.0001 for y-sarcoglycan). Linear regression anal-
ysis of the intensity of dystrophin and o-sarcoglycan dem-
onstrated a significant positive correlation between the two
proteins at the sarcolemma of all the donor-derived muscles
fibers (Fig. 4h shows data from one representative trans-
planted muscle; and Supplementary Fig. S1). Similarly,
linear regression analysis of the intensity of dystrophin and
y-sarcoglycan also showed a significant positive correlation
within all transplanted muscles (Fig. 4j, data from one
representative muscle; Supplementary Fig. S2).

Restored dystrophin recruits nNOS
to the sarcolemma of the donor fibers

nNOS is an important signaling molecule in skeletal
muscle whose sarcolemma location relies on its binding
with dystrophin at R16-R17 of the spectrin-like repeats
of dystrophin.30’31 To determine whether the restored FL-
dys was capable of recruiting nNOS at the sarcolemma,
double immunostaining with Mandys 106 and an anti-
body to nNOS was carried out on transplanted muscle
sections. In dystrophin™ muscle fibers, there were either
no or very low levels of nNOS expression at the sarco-
lemma, while there was clear expression of nNOS on
dystrophin™ muscle fibers (Fig. 5a—c). The intensity of
nNOS at the sarcolemma of the dystrophin® fibers was
significantly higher than dystrophin™ muscle fibers, as
shown by the paired t-test of the eight transplanted
muscles (Fig. 5d and Supplementary Fig. S3). Linear
regression analysis of the intensity of nNOS and dys-
trophin showed a significant positive correlation of the
expression of the two proteins at the sarcolemma of the
dystrophin™ fibers (Fig. Se and Supplementary Fig. S3).

Donor-derived dystrophin-expressing muscle
fibers express lower levels of utrophin
than host muscle fibers

Utrophin is an autosomal homologue of dystrophin,
which is upregulated in dystrophin-deficient mouse mod-
els and in DMD patients, partially compensating for the
lack of dystrophin.*>** Double immunostaining of dys-
trophin and utrophin on sections of transplanted mus-
cles showed that the sarcolemmal utrophin expression was
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Figure 4. Restored full-length dystrophin recruits members of the DAPC at the sarcolemma of donor-derived myofibers in vivo. (a—¢c) Immunostaining of
dystrophin (green, a) and o-sarcoglycan (red, b) on donor fibers. (¢) Merged image of (a, b). (d-f) Immunostaining of dystrophin (green, d) and
y-sarcoglycan (red, e). (f) Merged image of (d, e). (g) Intensity of a-sarcoglycan on dystrophin* fibers and dystrophin™ fibers within the transplanted muscle.
Data were compared using paired t-test. (h) Linear regression of the intensity of a-sarcoglycan and dystrophin in a transverse section of a representative
muscle. (i) Intensity of y-sarcoglycan on dystrophin® fibers and dystrophin~ fibers within transplanted muscles; data were compared using paired t-test.
(j) Linear regression of the intensity of y-sarcoglycan and dystrophin in a transverse section of a representative muscle. Scale bar=50 um. DAPC, dystrophin-

associated protein complex. Color images are available online.

significantly lower on dystrophin® than dystrophin™ fibers,
compared by paired r-test of the eight transplanted muscles
(Fig. 6). Interestingly, unlike the DAPC and nNOS, there
was no correlation between utrophin and dystrophin in-
tensity at the sarcolemma of the same muscle fibers (Fig. 6
and Supplementary Fig. S4).

DISCUSSION

DMD is a genetic disorder characterized by muscle
wasting and progressive muscle weakness, caused by loss
of dystrophin. There is no cure for DMD, although several
therapeutic approaches are in preclinical, or clinical,
development.**°

Viral vectors have been developed to restore dystro-
phin expression, the most promising being AAV.>"** In
animal models of DMD, AAV vectors coding for micro-
dystrophin transduced the majority of muscle fibers
following systemic delivery, leading to widespread dys-
trophin restoration.”®*' However, as AAV has a negli-
gible integration rate in vivo, and immunity to the virus
capsid occurs,*” it can only be delivered once and dystro-
phin expression may decline with time and as a con-
sequence of cell turnover. Moreover, AAV has a small
packaging capacity, so it can only restore small, partially
functional dystrophin isoforms. After treatment, the mus-
cles of DMD patient are expected to be partially protected
from further deterioration, in a similar way to the relative
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Figure 5. Upregulation of nNOS on dystrophin™ donor-derived myofibers within transplanted muscles. (a-¢) Immunostaining of dystrophin (green, a) and nNOS
(red, b). (c) Merged image of (a, b). Scale bar=50 um. (d) Quantification of the intensity of nNOS on dystrophin® and dystrophin™ fibers; data were compared
using paired t-test. (e) Linear regression analysis of the intensity of nNOS and dystrophin in a transverse cryosection of a representative muscle showed positive
correlation between the two proteins in donor-derived muscle fibers. nNOS, neuronal nitric oxide synthase. Color images are available online.
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Figure 6. Restoration of dystrophin decreases the utrophin expression on donor-derived fibers. (a—f) Immunostaining of dystrophin (green, a, d) and utrophin
(red, b, e) in transplanted muscles. (c, f) Merged image of (a, b) or (d, e), respectively. (d—f) Enlarged images of the square in (a—c). Scale bar=50 um.
(g) Paired t-test of the intensity of utrophin in dystrophin®™ and dystrophin fibers. (h) Linear regression analysis of the intensity of the utrophin and dystrophin

in dystrophin* donor fibers from one of the representative muscles suggested no correlation of the expression of the two proteins. Color images are available
online.
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protection conferred in patients with Becker muscular
dystrophy by the internally deleted proteins these patients
typically produce, rather than a normal phenotype. To fully
restore dystrophin function, it is necessary to deliver full-
length, rather than mini, dystrophin; however, this is chal-
lenging to package into viral vectors. We have already
shown that either FV'® or LV'? can package FL-dys and
transduce DMD myoblasts in vitro, suggesting that both
vectors would be suitable to restore fully functional dys-
trophin. However, the efficacy of these viral vectors needs
to be tested in vivo.

Direct delivery of FV or LV via i.v. injection in vivo is
limited by the relatively low titer that can be achieved
for these vectors. The alternative is to use them for cell-
mediated gene therapy. This would require autologous
stem cells, which is an advantage in avoiding or reducing
immunological rejection of the transplanted cells.

FV vector has been used for cell-mediated gene therapy
in animal models. In a canine model of pyruvate kinase
deficiency, following transplantation with HSCs trans-
duced ex vivo using a tricistronic FV vector that expressed
EGFP, R-type pyruvate kinase, and MGMTP140K, the my-
eloid long-term repopulating cells increased from ~3.5% to
33%, resulting in a functional cure.'' A longer term follow-
up study in canine models of leukocyte adhesion deficiency
(CLAD),** which were treated with autologous, CD34"
HSCs transduced by an FV vector expressing canine CD18,
showed disease correction/amelioration of disease in CLAD
without significant adverse events, supporting the use of an
FV vector to treat children with leukocyte adhesion defi-
ciency type 1 in a human gene therapy clinical trial. How-
ever, this strategy has not been tested before on models of
muscle diseases.

First, we showed that FV can transduce CD133" cells
and that these cells give rise to transgene (GFP)-
expressing myofibers after their intramuscular transplan-
tation in an immunodeficient mouse model (Fig. 1). These
data suggested that the FV-transduced autologous cells
could be potentially used to treat diseases such as mus-
cular dystrophy.

As a tracking marker, GFP is frequently used in basic
research or preclinical studies to generate proof-of-
principle data. However, GFP is toxic and immunogenic
in vivo,'® which is not suitable for clinical application.
Thus, a simple and efficient delivery system without the
need of FACS after transduction is necessary if contem-
plating future clinical applications. To meet this require-
ment, we chose to use a FV-coFLDys vector that did not
contain a GFP selection cassette, to transduce DMD
myoblasts at early mean population doublings. Trans-
duced cells were then transplanted into mdx nude mice
without either FACS or extensive expansion in vitro that
reduces muscle stem cell engraftment efficiency.'®*3+*
Our results provide the first evidence that the coFLDys
OREF could be delivered to DMD myoblasts via FV, and

the transduction efficiency is high enough to ensure the
downstream in vivo restoration of FL-dys protein by donor
cells, without the need of in vitro selection.

In transverse sections of grafted muscles, there were
more fibers expressing human dystrophin than fibers ex-
pressing human spectrin and containing a human lamin
A/C" nucleus, evidence of highly effective dystrophin res-
toration. This is likely to be because the FL-dys sequence is
codon-optimized, which results in higher protein expres-
sion than native cDNA."*™'> Transduced cells containing
the integrated virus may fuse with either nontransduced
cells (in vitro) or dystrophin-deficient host muscle fibers
(in vivo), resulting in mosaic myotubes or myofibers. Such
mosaic fibers might contain myonuclei derived from hu-
man FV-transduced cells that would produce dystrophin, or
myonuclei of mouse origin, and/or derived from non-
transduced human cells, that would not produce dystrophin.
Myonuclei derived from coFLDys-transduced cells seem to
produce sufficient dystrophin to spread a reasonable dis-
tance (further than human spectrin) along the fiber.

We examined the muscles at 4 weeks after transplan-
tation, giving sufficient time for the muscle to regenerate
postinjury. We did not examine muscles later, which, al-
though of clinical relevance, would be challenging to do,
as immunodeficient mice have a shorter life span than
nonimmunodeficient mice*> and xenografts may undergo
some degree of immunological rejection even within im-
munodeficient mouse hosts.

Utrophin is an autosomally encoded homologue of
dystrophin,*® which in normal muscle, is located at the
neuromuscular junction and is absent at the sarcolemma of
muscle fibers. It is upregulated at the sarcolemma in
dystrophin-negative myofibers to partially compensate for
the lack of dystrophin.>**’~*° We examined the expression
intensity of utrophin in treated muscle, focusing on the
sarcolemma of muscle fibers. When FL-dys was restored,
the expression of utrophin decreased at the myofiber sar-
colemma. As our transplanted muscles will have re-
generated as a response to cryoinjury, we expect that the
utrophin distribution at the neuromuscular junction of
myofibers would be dysregulated.so Our findings suggest
that the coFLDys outcompetes utrophin and suppresses its
expression. However, unlike the DAPC proteins in serial
sections, there was no correlation between utrophin and
dystrophin intensity on the same muscle fibers (Fig. 6 and
Supplementary Fig. S4). This is understandable, as the
majority of the dystrophin® fibers do not have utrophin at
the sarcolemma.

We did not perform any physiological studies on our
transplanted mouse muscles. It has been shown that 20% of
myofibers in a mouse TA muscle need to express dystrophin
to give a significant protection against contraction-induced
injury”! and that 20-30% of endogenous dystrophin levels
are required to reduce the mdx muscle pathology and to
avoid muscular dystrophy in humans.*>* In our study, we
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obtained a mean of 130 fibers expressing dystrophin in a
representative transverse section (Fig. 3). A mouse mdx TA
muscle contains ~ 2,200 myoﬁbers.SS*57 Therefore, we
estimate that ~6% of the myofibers contain human dys-
trophin. Dystrophin expression derived from cells that have
contributed to degenerating mouse myofibers is likely to be
s.egmental,“”58 and so, dystrophin would not be present
along the whole fiber and thus would be unlikely to be of
physiological benefit to the muscle.”® ! Reaching this level
of engraftment remains a major challenge in the muscle
stem cell therapy field, but this might be achievable when
human cells are transplanted into patients, particularly if
they contribute to the satellite cell pool.

One big concern in applying viral vectors for gene
therapy is possible mutagenesis or oncogenesis caused by
the random integration of the vectors. There is evidence
that FV would be sufficiently low risk for clinical appli-
cation. While the wild-type FV has not been associated
with disease in any animal, large-scale integration site
analyses on FV-transduced human fibroblasts, CD34"
cells,' and 293 cells’ suggest that FV has a favorable
integration profile compared with other retroviral vectors.
In contrast to LV vectors, FV vectors have no preference
for integration within genes. Similarly, FV vectors have
only a weak preference for integration near CpG islands
and transcription start sites when compared with the strong
bias exhibited by MLV vectors.®> Moreover, FVs have
been found to contain a strong chromatin insulator within
their LTR that significantly limits genotoxicity.®> Con-
sistent with this, an analysis in human induced pluripotent
stem cells® suggested that integrated FV proviruses do not
impact the expression of chromosomal genes in pluripo-
tent human stem cells or their differentiated derivatives
even when integrating near or within genes. Although FV
vectors appear to be the safest integrating vector available,
integration site analysis in human muscle progenitor cells
would be appropriate for clinical use.

In summary, our work demonstrated for the first time the
efficacy of a novel potential therapeutic approach for DMD
treatment, combining the advantages of autologous cell
therapy and FL-dys restoration in vivo. The use of autolo-
gous rather than donor-derived stem cells will reduce the
risk of immunological rejection and the need for lifelong
immunosuppression. These stem cells contain a dystrophin
construct that will express dystrophin once they have
formed muscle fibers following their local delivery to pa-
tient muscles, hence eliminating the underlying cause of
muscle fiber loss. Also, in contrast to exon skipping, or gene
editing, this cell-mediated FL-dys therapy is applicable to
all DMD patients, regardless of their mutation.

Given that systemic delivery of skeletal muscle stem cells
remains challenging,® autologous skeletal muscle stem cells
transduced with FLdys could be injected intramuscularly to
treat small muscles of a patient. For example, the direct in-
jection of stem cells into the thenar muscles should reduce

the progression of the disease in hand muscles, leading to an
improvement of function in the hand, which would make a
significant difference to nonambulant DMD patients for
maintaining independent daily life activities. For this kind of
local injection, both obtaining sufficient cells from a muscle
biopsy to treat such a small muscle, and sufficient FL-Dys
vector to transduce the cells, would be feasible. There are
muscles in DMD patients, for example, the extensor digi-
torum brevis muscle in the foot, that are relatively well-
preserved in DMD,® so this muscle would be a good can-
didate from which to prepare muscle precursor cells for
therapeutic application.®” With this strategy, only a single
application of transduced stem cells is required for a long-
lasting effect. Unlike AAV gene therapy that requires viable
muscle fibers (and would therefore be unsuitable for older
DMD patients, who would have already lost a significant
proportion of their muscle mass), stem cell therapy should
replenish the stem cell pool, repair degenerating muscle fi-
bers, and make new muscle fibers. In the future, local stem
cell therapy (delivering FL-Dys) combined with systemic
AAV therapy (delivering mini-dystrophin) may be explored,
to take advantage of the two separate approaches.
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