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ABSTRACT

Duchenne muscular dystrophy (DMD) is a lethal mewseasting disease currently
without cure. We investigated the use of the PiggyBransposon for full-length
dystrophin expression in murine mesoangioblast (ABrogenitor cells. DMD
murine MABs were transfected with transposable esgion vectors for full-length
dystrophin and transplanted intra-muscularly oraiarterially intomdxSCID mice.
Intra-arterial delivery indicated that the mesoabtasts could migrate to
regenerating muscles to mediate dystrophin exmesbitra-muscular transplantation
yielded dystrophin expression in 11-44% of myoftbén murine muscles, which
remained stable for the assessed period of fivetmsoThe satellite cells isolated
from transplanted muscles comprised a fraction éBMilerived cells, indicating that
the transfected MABs may colonize the satellitemsteell niche. Transposon
integration site mapping by whole-genome sequenandicated that 70% of the
integrations were intergenic, while none was obs@im an exon. Muscle resistance
assessment by atomic force microscopy indicatetdBd# of fibers showed elasticity
properties restored to those of wild type muschess measuredn vivo, transplanted
muscles became more resistant to fatigue. Thisysthds provides a proof-of-
principle that PiggyBac transposon vectors may atedifull-length dystrophin
expression as well as functional amelioration c# tlystrophic muscles within a

potential autologous cell-based therapeutic approa®©MD.



INTRODUCTION

Duchenne Muscular dystrophy (DMD) is a lethal Xkl muscular dystrophy
affecting 1 in 5000 boy5* DMD results from various types of mutations in the
dystrophin gene that lead to progressive muscletinggs cardiomyopathy and
respiratory failure. Despite several research approaches to find aniiiteure for
the disease, success remains modest. The curi@atiye care for patients includes
the use of anti-inflammatory drugs and corticosttlsowhich have been shown to
prolong life expectancy to about 30 years of ‘age.

Dystrophin provides a physical link between theoskeleton of the muscle fiber and
the extracellular matrix, and it is required foetassembly and maintenance of the
dystroglycan compleX The absence of this protein causes muscle fibgerdeation,
inflammation and necrosis, and progressive replac¢éraf muscle with scar and fat
tissue. Among the potential treatment strategias Were assessed, exon skipping is
one of the most advanced toddyExon-skipping techniques are promising for the
treatment of many types of mutations affecting eystin, allowing the skipping of
single or multiple exons. This method is expecadnvert the severe dystrophic
phenotype of DMD patients into milder Becker muacuystrophy-like phenotypes,
however it may not be suitable to treat all DMD-giag mutationg:®

Cell transplantation-based approaches were alsmptéed. Skeletal muscle fibers are
multi-nucleated, hence restoring dystrophin expoessén one nucleus may provide
functional restoration of the entire muscle fiBedowever, muscles are among the
most abundant tissues of the body, and systemicec@yn might require the
engraftment of billions of cells. Gene transfer dzthgpproaches are limited by the
large size of the dystrophin coding sequence, &ysgene silencing issues, as well as

by the difficulty of mediating systemic and suseindystrophin expressith A



11.1kb open reading frame is required to encoded@i&Da full-length protein,
which is difficult to integrate into lenti- and retviral gene therapy vectors. Thus,
vivo gene therapy has been attempted using helper-depeadenoviral vectors that
may carry the full-length dystrophin coding sequenbut show limitations with
respect to mediating therapeutic dystrophin lewelthe entire musculature. Adeno-
associated viral (AAV) vectors are another attkectoption for efficient systemic
delivery in the muscles, however their use is haegdéy their restricted packaging
capacity'* Human artificial chromosome vectors provide anotheproach towards
the expression of the entire dystrophin coding eage, but face the difficulty of
inefficient production and delivery:*®

Gene editing approaches using CRISPR-Cas9 system dlao being explored in
mouse models, however they cannot be used effigiémtcorrect large deletions,
which form a majority of the mutations in patierasd efficacy on large populations
of cultured cells remains limitinf=*” Other pursued alternative approaches consist of
the use of truncated versions of the dystrophirusege encoding micro or mini-
dystrophin proteins, and the up-regulation of utiap the homologue of
dystrophin%8'19'2°'21'22
Transposable vectors stably integrate their cangw permissive regions of the target
cell genome, hence enabling long-term expressioth@ftherapeutic gené$** For
instance, the Sleeping Beauty transposon systenbders used for the expression of
micro-dystrophin, a shortened version of dystrophamd dysferlin in muscle
dystrophy murine models, and it was optimized fee in a clinical setting>?*
PiggyBac (PB) transposons, originally identified the cabbage looper moth
Trichoplusia nj are also able to efficiently transpose in mamamatells with a large

cargo DNA capacity, and PB-derived vectors werewshdo mediate stable



expression of full length dystrophfi.They combine the easier production of non-
viral vectors with efficient transposition and fused expression in a broad variety of
cell types?® Although transposons share the limitations of othen-viral vectors
regarding a less efficient intracellular deliverglative to viral vectors, they are
among the most promising non-viral vectors for grezapy applications because of
their versatility. PB transposon vectors typicabnsist of transposon donor plasmids
containing a therapeutic gene flanked by the PBspason inverted terminal repeat
(ITR) sequences. They are provided together witkdisiinct source of the PB
transposase, which binds the ITR and mobilizestrtéwesposable vector to mediate
genomic integration by a cut-and-paste mecharfsm.

Here, we aimed at investigating an autologous tbeltapy approach based on full-
length dystrophin expression in mesoangioblasts B8)Aas PB transposon vectors
were previously found to yield stable transgeneresgion in these celfé3' MABs
are progenitor cells associated with blood vess#ish are able to differentiate into
several mesenchymal tissues, including skeletathatsThese cells are an attractive
option for cell therapy, as they are relativelyyettsisolate and culturm vitro, they
retain their differentiation properties after cuéipthey efficiently differentiate into
muscle cells in the context of damaged muscle déssand they are able to cross
blood vessel walls, hence making systemic distislouand migration to regenerating
muscle possibl&®** MABs were shown to infiltrate dystrophic musclerfr the
circulation, engraft into host fibers with high ieféncy, and bring along therapeutic
genes and proteins. MABs provide such effect eillyedirect fusion with the muscle
fibers or by entering the muscle satellite celheit?** These are promising properties
for the systemic and sustained treatment of musalyatrophies such as DMD.

Given their therapeutic potential to improve musstieicture and function in a large



animal model, allogeneic MAB transplantation wasedusin a clinical trial,
demonstrating the safety of this approach, howelere was no improvement in
phenotype after this transplantatiri>

In this study, we wished to establish the use @f mlative PiggyBac transposon
vectors for the expression of full-length dystraphh MABs, and to assess the
therapeutic potential of these MABs following trpl@tation in the mouse model of
DMD. We show that PB-mediated dystrophin codingusege delivery iimdxmice
MABs, followed by cell transplantation into dysttop md¥SCID mice, led to
dystrophin expression in mouse muscles and to notwgital and functional

amelioration of the dystrophic phenotypemdxSCID mice.

RESULTS

Characterization of mdx MABs corrected using transposable vectors

The strategy assessed in the present study invehestolation of MABs fronmdx
mice and their transfection using the non-viral gyi§ac transposon vectors
expressing dystrophin and/or a reporter gene. Whasfollowed by transplantation of
the selected myogenic progenitors into dystrophicuse muscles, and by the
characterization of the transplanted cells and teasdor morphological and
functional amelioration of the dystrophic phenotyge summarized iRigure 1.
PiggyBac transposon donor plasmids were construttdedxpress the full-length
human dystrophin coding sequence, under contrah défuncated muscle creatine
kinase (MCK) promoter. A GFP or nlacZ reporter gander control of a constitutive
glyceraldehyde 3-phosphate dehydrogenase (GAPDsithqier was expressed on a
separate transposon donor plasmid. The PB transpegas expressed from another

plasmid under control of the simian cytomegalovilfti84 promoter, as performed in



a previous study showing that transposase expressgdiated sustained reporter
gene expression from transposable vectors in munimzles’

To investigate whether the transposable vectoresystould restore dystrophin
expression in the DMD mouse model, we first isalat@ABs from mdx mice (ndx
MABS). The dystrophin and GFP or lacZ expressiaggposon donor plasmids were
introduced in mdx MABs together with the transposase encoding pldsiny
electroporation. Cells having integrated dystropaid/or reporter transgenes into
their genome were selected by puromycin antibio#isistance. These cells were
called mdx (DYS GFP/nlacZ PB) MABs according to the integdateansgenes
(Figure 2A). These polyclonal cell populations were charaoter for the
maintenance of MAB cell markers and for their diéietiation and migration potential
in vitro (Figure 2B-E, Supplementary figure S1 Themdx(DYS PB) MABs also
retained the different regions of the human dystnogoding sequence, as verified by
endpoint PCRKigure 2F). Differentiation ofmdx MABs in vitro when co-cultured
with mouse C2C12 myoblasts was assessed by thaeingtathe differentiated
myotubes with anti-myosin heavy chain antibody dydobserving GFP positive
myotubes Figure 2B). The genetically modifiedmdx MABs retained their
morphology, migration and differentiation propesti@and their cell surface markers
were comparable to those of the pamadix MABS, as assessed by flow cytometry or
by transcript level analysigigure 2C and2D). These properties did not vary along
culture passages (data not shown).

Cell survival following transfection and the transpgion efficiency were assessed,
indicating that 0.226% of the transfected cell dapan had survived transfection and
had integrated at least one transgene copy inmres# the transposase, whereas the

spontaneous plasmid integration frequency obsearvédte absence of the transposase



was much lower (0.026%, see Supplementary figuke, 82 C). The overall pattern
of transposable vector mediated transgene integran the MAB genome was
assessed by sequencing the genomes of a polygopalation ofmdx (DYS PB)
MABs. Transposon integration sites were identifiedm the sequencing reads
spanning both the genome and vector. This appriealcto the recovery of 44 distinct
integration sites spread over 17 chromosomes ofntbese genome, without a
detectable preference for specific chromosomesemomic loci, as illustrated in
Figure 3A. 70% of the integration sites were in intergemgions, and all integration
sites within genes were found to be intronic, nerses located in an exorfigure
3B). To investigate if integrations occurred withrafprence for upstream regulatory
regions such as promoters or enhancers, the oocerref integration events was
plotted relative to the nearest gene sequence aedtation. Most integration sites
were scattered beyond 1 kb upstream or downstrdacoding sequences, with just
11% of the integrations within 1000bp of a transioin initiation site Figure 3B,
C). The total number of integration sites per genavas also assessed using qPCR,
using both a standard calibration method and coisgrato a reference cellular gene
for normalization, in addition to whole genome sanging. These methods revealed
between two to six integration events per MAB haplgenome $upplementary
Figure S2D). Overall, these results were consistent with joewv findings that few

transposon integration events can lead to sustaiardgene expressidh.

Dystrophin expression from mdx (DYS GFP/nlacZ PB) MABs muscle
transplantation
To assess whether the corrected MABs would engradt differentiate into muscle

fibers in vivo mdx (DYS GFP PB) MABs were transplanted in dystrophic



immunodeficient indX¥SCID) mice, to avoid immune rejection due to tleression
of the human dystrophin and reporter genes. Apprately 500,000 cells were
transplanted intramuscularly in the tibialis argeriTA) muscle ofmdXSCID mice,
either as a single transplant or as three suceessEinsplants at an interval of three
weeks, after a pretreatment of the muscles wittictoxin 24h prior to the first MAB
intramuscular injection, to better mimic the moexeye condition of the muscles of
human dystrophic patients. Single transplanted miese assessed at 45 days (short
term) or 120 days (long term) after transplant, #mmde times transplanted mice were
assessed 45 days after the last transplant. Alltttsesplanted muscles showed
extensive GFP positive areas when observed und#@ucaescence microscope
(Supplementary Figure S3. Muscle cross sections showed the presence ehgixe
areas of dystrophin-positive fibers, with correatcolemmal membrane localization,
which indicated extensive engraftment of donor raegmblasts and sustained
dystrophin expression thereaft@#igure 4A, SupplementaryFigures S4top panel
and S5H. Quantification of dystrophin positive fibers serial cross sections showed
between 200 to 800 dystrophin positive fibers mgk transplanted muscles (short
and long term), and 300 to 2500 positive fibershi@ muscles transplanted 3 times
(Figure 4B). This constituted between 3 to 19% of dystrogbositive fibers in the
cross section in single transplanted muscles (sattlong term), and 11 to 44% of
the fibers in muscles transplanted 3 times. Thesebers were clearly higher than
those of the revertant fibers seen in non-tranggthif A muscles, which were 6-10
dystrophin positive fibers per muscle cross sectibhe number of dystrophin
positive fibers remained at similar levels in thel+belly of the transplanted muscles
(5 to 8 mm from the distal tendon) in all the tpalasit conditions, revealing that there

may be fiber length expression in some of the dgs$tin positive fibersKigure 4B).



Interestingly, the number of dystrophin positivédbefis observed after a single
transplant remained stable even up to four morfths @ansplantationRigure 4D).
Semi-quantitative analysis of dystrophin signal endity, as assessed by
immunofluorescence and confocal microscopy, revedtat the dystrophin signal
intensity of areas with a high proportion of dygtm-positive myofibers in treated
muscles was similar to that of wild type mice mascBSupplementary Figure S6).
Also, immunofluorescence analysis of transplantesates showed reconstitution of
the dystrophin protein complex, as evidenced wHsarcoglycanp-sarcoglycan-
dystroglycan, syntrophin, neuronal nitric oxide thase (NNOS) Supplementary
Figure S7). RT-PCR analysis confirmed correct expressiothefmuscle isoform of
dystrophin (Dp427m) Supplementary Figure S8 and RT-gPCR showed that
dystrophin transcript accumulation in the muscles wcreased approximately three-
fold after three transplantation&igure 4E). Similar observations were found by
gPCR analysis of DNA from transplanted muscles, rvhBNA levels of the
dystrophin vector were approximately three timeghar in muscles transplanted 3
times than those of single transplanted muscleshatt time point Figure 4C),
suggesting improved engraftment upon successivasglantations. However,
transposase DNA levels were essentially undetextablkhe transplanted muscles,
implying a low risk ofin vivo transposition events post-engraftment. Assessuwient
backbone plasmid DNA levels by qPCR also indicabdost undetectable levels,
consistent with mainly transposon-mediated cargoADhtegrations Figure 4C).
Moreover, western blot analysis showed that traargptd muscles expressed 20-40%
of dystrophin levels as compared to non-dystro@tSCID mice, as estimated from
densitometry analysis of Western blots, which dates well with the proportion of

dystrophin-expressing myofiberSigure 4F).
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Because the diffuse GFP signal was not readilyctisdiein cross-sections following
MAB muscle transplantation, we next used the nucleaalized nLacZ reporter
coding sequence. Upon intra-arterial transplamatibmdx (DYS nlacZ PB) MABs
into the femoral artery ahdxSCID mice, small clusters of dystrophin positivieefis
were observed in the gastrocnemius muscle cro$®ie¢35-45 dystrophin positive
fibers/cross section) four weeks after transpl&@upplementary Figure S4lower
panel). A few nLacZ+ nuclei were also visible ir timterstitium in other area of the
grafted muscles, but their numbers were too lowbédoreliably quantified. These
numbers are in agreement with previously reporesilts of intra-arterial MAB
transplantatiod? These results established that the transposon fiedMABs
retained their ability to migrate through the vdatwre and engraft into regenerating
muscles upon systemic transplantation, althoughthmbers of dystrophin positive
fibers were lower than those obtained from intracales injection.

Overall, it was noteworthy that dystrophin expressievels after intramuscular
transplantation, were maintained at essentiallystaont levels at the longest time
point assessed, four months after transplantasind,that the dystrophin DNA, RNA
levels and number of dystrophin positive fiberarinscles transplanted 3 times was
three-fold higher than those of single transplantedscles. Overall, these data
indicated that the genetically modified MABs werbleato engraft into murine
muscles and to mediate dystrophin expression, winichrn was able to restore the

proper localization of the other components ofdistroglycan complex.

Transplanted MABs seed the satellite cell compartnme

In order to examine whether transplanted MABs &le & contribute to the muscle

satellite cell pool, we transplanted (DYS nlacZ PBABs intramuscularly into
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mdxSCID mice. Two months after cell transplantationyseie cross sections were
stained with Pax7 (satellite cell marker), lamiaind B-galactosidase antibodies. A
fraction of the p-galactosidase positive cells were found to displsyme
characteristics of satellite cells, being assodidtethe basal lamina of transplanted
muscles and displaying Pax7 expressigigre 5A).'> Hence, the transplanteddx
(DYS nlacZz PB) MABs may have retained the abilibydolonize the satellite cell
niche of the muscle. Muscle satellite cells wersoalsolated from muscles
transplanted withmdx (DYS GFP PB) MABs by flow cytometry, showing that
approximately 3% of the Io*, Scal, CD31, CD45, CD11b cells were also GFP
positive, and thus originated from the donor MABs,the muscles transplanted 3
times Eigure 5B, C, Supplementary Figure S9 and S)0This was significantly
higher than the 0.12% of such cells in single fpdarted muscles. A possible reason
for this observation may be that the MABs of thestftransplant may preferentially
fuse with the distressed dystrophic myofibers, wherthe MABs delivered during
the second and third transplantations may leadhé¢catmost 25-fold increase in the
MAB-derived population of satellite-like cells.

The satellite-like cells derived from the transpémhMABs were sorted as based on
GFP fluorescence from the trit’, Scal, CD31, CD45, CD11b cell population, and
they were analyzed for other markers of nativellg#ateells. The relative transcript
levels of the Pax7 and integrin7 satellite cell marker genes were comparabléen t
GFF MAB-derived transplanted cells and in the nativateBite cells of non-
transplanted muscle&igure 5D). We concluded that the genetically modified MABs
could contribute to both differentiating into musdlbers as well as to replenishing
the pool of muscle progenitor cells, in agreemerith vprevious studie¥ We

therefore hypothesized that the MAB-derived saellke cells might contribute
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dystrophin positive myofibers in a time-sustaineghion, to possibly reduce the

progression of the dystrophic disease.

Morphological amelioration of dystrophic muscles afer MAB transplantation

To understand whether the restoration of dystrogxpression in the transplanted
muscles led to a morphological amelioration ofdlgstrophic phenotype, fibrotic and
scar tissue infiltration was quantified, along wille cross sectional area of individual
fibers. The muscles ahdXSCID mice showed the typical infiltration of musdby
mononuclear cells and the replacement of muscteidy fibrotic infiltrates and fat
tissue Figure 6A). Cross-sectional areas of individual fibers o ttiansplanted
muscles had reduced variability relative to thoberdreated muscles ahdx/SCID
mice (Figure 6B and SupplementaryFigure S11). Morphometric analyses revealed
a marked reduction in the fibrotic and cellulariltrdites of transplanted dystrophic
muscles, indicating that treated muscle underwentef degeneration-regeneration
cycles. The overall percentage of muscle area ceglay fibrotic or scar tissue was
significantly reduced in the transplanted musclessrsections, from 8 to 14% in the

non-treated dystrophic muscle to 4 to 10% in thadplanted musclegigure 6C).

Functional amelioration of the dystrophic phenotypeafter MAB transplantation

To investigate whether engraftment and restoratibrdystrophin expression was
accompanied by improvement in muscle function, walweated the functional

properties of transplanted muscles. Previous ssudieicated that atomic force
microscopy (AFM) nano-indentation assays are ca&pabldetecting changes in the
resistance to elastic deformation of individual fityers within muscle explants, as

evoked by the presence or absence of dystrophiineasarcolemmal membrarie®’
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Six weeks after a single or three consecutive imiigcular transplantations, myofiber
elasticity was probed on longitudinal sections @&f uscles on randomly chosen
myofibers at over 100 locations.

The myofiber resistance to elastic deformation wasintified through Young's
modulus value (E), which for dystrophin-expressB@/SCID control muscles was
18.1+9.9 kPa Kigure 7A). Significantly lower (p<0.001) Young's modulus of
8.5+5.3 kPa was obtained fondx /SCID muscles, indicating lower resistance to
applied pressure, as expectéd’ The Young's modulus, i.e. the resistance to
deformation, of single transplanted muscles wassigtificantly higher than those of
mdXSCID muscles (9.6 £ 4.8 kPa). However, after thkd&B transplantations, a
bimodal distribution of the Young's modulus valuegas observed, with a
subpopulation of myofibers having elasticity simileo those of control non-
dystrophic muscles (17.2+4.2 kP@igure 7A). It was possible to infer from this
distribution that 80% of the measured fibers hasistance properties similar to
healthy muscles, whereas 20% retained the propextidystrophic myofibers.
Myofibers with a dystrophic or non-dystrophic pheme were detected as clusters,
as was noted for dystrophin expression and for réstoration of dystrophin-
associated protein clusterSupplementary Figure S4, S5 and S7B Interestingly,
the proportion of myofibers displaying normal eleisg properties was higher than
those where dystrophin expression could be dete@6@o vs. 45%). This is in
agreement with the previous observations that lgwstrdphin expression levels,
which are not easily detected by immunofluorescemeay suffice to restore full
myofiber resistanc& Thus, immunofluorescence assays likely underestighéhe

proportion of fibers having elevated dystrophin m@gsion following transplantation.
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To further investigate functional restoration in suoles transplanted 3 times, we
performed isometric force measurement on the TAahegs Tetanic or phasic force
parameters were not significantly altered in trengplanted muscles (not shown).
However, MAB transplantation caused a significapstoration of the muscle
resistance to fatigue upon repeated tetanic cdidrecabove the untreateddXSCID

muscles Figure 7B-C). Contraction-induced fatigue, a major cause ohkmess of

dystrophic muscle, was prevented by more than 60ftuscles injected 3 times with
MABs. Overall, we conclude that the dystroglycanmptex and hence the
sarcolemmal integrity in the dystrophin-restoredgioas may be restored imdx

myofibers, conferring the transplanted muscles vpkiysical properties similar to

those of wild type muscles and providing an imprbresistance to fatigue.

DISCUSSION

Stem cell technologies have the potential to retamhize medical care as well as
provide improved prospects for addressing a host uafreatable muscular
dystrophies?® The therapeutic potential of muscle stem cell§aschas been limited
because of their low abundance in adult muscle, lapdhe fact thatin vitro
expansion of these cells results in reduced engeait ability?® Also, until now,
persistent expression of full-length dystrophirmouse muscles has been difficult to
achieve'**! It was recently shown that stable transgene esjmescan be achieved
using PiggyBac vectors and MAB transplantation urime musclesn vivo and that
the expression of full-length dystrophin could bedmated by such transposable
vectorsin vitro. However, whether this may provide a functionaleharation of
dystrophic musclein vivo had not been reportéd®** This study shows that MABs

modified with PiggyBac transposon vectors can yieldye numbers of dystrophin
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expressing fibers when transplanted into dystrohimunodeficient mice, and that
this leads to a functional improvement of the tpdauisted muscles, hence fulfilling
some of the criteria required for successful dedrapy of muscular dystrophy.

The genetic modification of MABs by PiggyBac traaspn vectors has several
advantages, especially in context of dystrophigahee of their ability to deliver very
large DNA cargoes into the genome and to enabldesiategration and long-term
expression of full-length dystrophffi.Also, considering the undesirable aspects of
allogeneic transplantation, such as lifelong immusigppression and limited
effectiveness, the use of autologous geneticaliyected MABs may be a preferred
strategy to avoid confronting these issues. Anlittesrapeutic strategy would be one
in which full-length dystrophin coding sequence Wbohe integrated in non-coding
regions of the MABs genome, to allow sufficientisgene expression while avoiding
mis-regulation of endogenous cellular genes. Ousepfations that vector copy
number is between two to six per MAB genome, ad T9% of the integrations are
in non-coding regions provide significant steps dowg this goal. Nevertheless,
previous studies have reported that PB transposiéweents may be favored at
transcription start sites, and also that vertebgateomes bear genes distantly related
to PB transposase that can nevertheless mobileedect PB transposon in human
cell cultures when expressed ectopicafl{>** More extensive analysis will be
required to evaluate further the PB integrationfigoand the risk of potential
genotoxicity resulting from these transposable oect Several potential
improvements to this strategy may be envisagedofdential clinical use, such as
further reducing integrated vector copy number, lesipg other selection strategies
than antibiotic resistance, transposon targeting safe harbors in the genoreqy.

with CRISPR-Cas9, and/or use of a more active pesese. Although we did not
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observe disruption of any exons in this study, didrwe observe any tumorigenesis
from the transposon-containing MABs (data not shpwhese additional precautions
might be needed to further reduce the potentidd 0§ adverse effects due to
insertional mutagenesis or mis-regulation of callglenes.

The levels of dystrophin protein expression achdemetransplanted muscles was 20
to 40% of the wild type levels on a whole-musclsibaHowever, positive myofibers
of transplanted muscles vyielded dystrophin expoessip to levels that were
comparable to those of wild-type muscles. This wafficient to ameliorate the
dystrophic phenotype, as assessed by histologicalies, and to restore normal
resistance of mosindxSCID myofibers in AFM studies. This is consistenithw
previous studies which reported that even modetgsérophin expression levels can
provide improved muscle structure and functiof:*>*"*>3%uch level of dystrophin
expression also yielded improved fatigue resistapceperties of the treated
mdxSCID muscles.

In clinical protocols, systemic delivery may be engtive for fighting the DMD
disease, as intra-muscular delivery would requirexcessive number of injections,
including in difficult to reach muscles. MABs wepeeviously shown to be able to
cross blood vessel walls and to diffuse into- andraft in- regenerating skeletal
muscle when delivered intra-arteriatfy?*>* This study shows that transposon-
containing MABs transplanted into the femoral arteetained ability to migrate
across the vessel walls into neighboring musclesrevdystrophin-expressing muscle
fibers could be detected. However, future studresukl seek to further improve the
efficiency of IA transplantation, and also to detere if these findings can be
extrapolated to human MABs, which have similariteasd also some differences

relative to their murine counterpaffs.
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Taken together, our findings provide a proof-of-@ept for the feasibility of
combining MAB transplantation with genetic complertaion using the PiggyBac
transposon system for a potential treatment of Baok muscular dystrophy. This
study shows that a fraction of the non-virally eoted mdx MABs may have
colonized the satellite cell niche upon their eftgrant into transplanted muscles.
This engraftment could restore dystrophin and dgtycan protein complex
components, thereby mediating morphological amation of the dystrophic
phenotype, restoring myofiber stiffness to normealels and improving the muscle
resistance to fatigue.

As of today, exon skipping and premature stop cod@d-through are among the
most advanced innovative strategies for the treatned DMD. However, a
significant proportion of DMD mutations may not bsorrected using these
approaches. By contrast, autologous cell transaiimmt using modified MABs
carrying the entire dystrophin cDNA may be a prangstherapeutic avenue for the

treatment of DMD patients bearing any mutation.

MATERIALS AND METHODS

Animal models and experimentation

All animal experimentations were done in accordawit® institutional guidelines
and authorizations for animal research by the Stdté/aud veterinary office.
Mdx/SCID (B10ScSn.Cdrrkdc® Dmd"#J) and B6/SCID (B6.CB1Prkdc®YSzJ)
were purchased from Jackson Laboratory (JacksanHBebor, ME). They were bred
and maintained in a specific pathogen free (SPHnanfacility (University of

Lausanne). CD1 nude mice for tumorigenesis assa&ys ywurchased from Charles
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River, France, and housed in an SPF animal faciNtice were givenad libitum
access to food and water, the temperature was aaot at 21°C and humidity at 50-
60%. Mice were age, sex and background-matched théir controls for all
morphological and functional analysis.

Prior to intra-muscular (IM) transplantation, mieere anesthetized with isoflurane
and injected intramuscularly with cardiotoxin (@8, 25 puL), so as to induce muscle
regeneratiort! IM transplantations were done by injecting 500,80 (DYS GFP
PB/DYS nlacZ PB) MABs resuspended in@5of C&* and Md" free PBS into the
muscles of anesthetized mice using a 30G needleBBBEciences). Transplantations
were either a single IM transplantation, or threensecutive intramuscular
transplantations at an interval of three weekshwatich injection consisting of
500,000 cells. The muscles from age, sex and bagkdgrmatched control mice were
injected with 25.L C&* Mg** free PBS. The muscles were explanted and used for
various assays at different time points: 45 dayer @& single transplantation for short
term assays (1 transplant ST), 120 days after esitrgihsplantation for long term
assays (1 transplant LT); or following three trdasfs 45 days after the last
transplant (3 transplants).

Intra-arterial (IA) transplantations were performiayg injecting 500,000nmdx (DYS
GFP PB/DYS nlacZ PB) MABs resuspended in 10C&" and Md* free PBS into
the femoral artery of previously exercised micat(freadmill to exhaustion allowing
the mice to run till they reach fatigue, a day befmjection) so as to induce muscle
regeneration and to mimic the more severe condiiohuman DMD patients. The
mice were kept under anesthesia (isofluorattane®), while the artery was isolated

and cells were injected into the artery, as preslipdescribed®
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Eight to ten week old male mice were used in theystThe total number of grafted
mice for single intramuscular transplantations \#8s whereas it was 40 mice for
three consecutive intra-muscular transplantaticssgd 8 mice for intra-arterial

transplantations.

Cell culture and plasmids

MABs were isolated fronmdxmice as previously describ&iBriefly, muscles from
7-day old mice were dissected and minced into  pieces. These pieces were
transferred onto collagen type I-coated dishesn&igSt Louis, MO), and incubated
with 50 uL of DMEM culture medium (Gibco, Grand Island, N¥)pplemented with
20% fetal bovine serum (FBS) (Lonza, Basel, Switret), 2 mM L-glutamine,

1 mM sodium pyruvate, 1x non-essential amino acld¥) IU/mL penicillin and
100 mg/mL streptomycin (Gibco, Grand Island, NYJteA seven days, the primary
cell outgrowth was collected, and alkaline phosadatpositive cells (Mouse alkaline
phosphatase antibody, R&D systems, Minneapolis, Mil)e sorted by FACS (BD
FACS Aria Il, BD Biosciences, San Jose, CA). ThiABAcell population was
expanded and maintained at 37°C, 5%,C&h collagen coated plastic dishes. MABs
were tested for alkaline phosphatase expressiomg ke Alkaline Phosphatase Live
Stain (Molecular Probes, Burlington, Canada), astipe manufacturer’s instructions.
The live stained cells were observed under a fhameece microscope for green
fluorescence. The MABs were found to be alkalineogphatase positive, in
agreement with their previously reported phenofgaga not shown}'®

C2C12 mouse myoblasts were maintained in DMEM doimg 10% FBS. In order to
avoid differentiation, cells were not allowed tach more than 80% confluence. The

differentiation ability of MABs was tested by coltue with C2C12 cells (2:1 ratio
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of C2C12 cells to GFP tagged MABs) for seven daydifferentiation medium
(DMEM supplemented with 2% horse serum (Gibco),M lglutamine, 100 1U/mL
penicillin and streptomycifff The resulting myofibers were stained for myosin-
heavy chain MF20 (ThermoFisher, Waltham, MA) to faom differentiation into
myotubes. For promoting the differentiation of MAB®0 smooth muscle cells,
smooth muscle induction medium (DMEM supplementeith vi2% horse serum
Gibco, 2 mM L-glutamine, 1 mM sodium pyruvate, 10@mL penicillin and
100 pg/mL streptomycin, 5 ng/mL TGE (Peprotech, Rocky Hill, NJ).

The PiggyBac transposase expression vector haspegiously describetf. Briefly,
the 3' UTR 317 bp fragment from pBSSK/SB10 (kinghpvided by Dr S. Ivics) was
inserted into pCS2+U5 (Invitrogen/Life TechnologieBaisley, UK) to yield
pCS2+U5U3. The PB transposase coding sequence @06GenBank accession
number: EF587698) was cloned into the pCS2+USUXlame between the two
UTRs. The PB transposon vectors used in the stutg generated by introducing the
PB 235 bp 3’ and 310 bp 5’ inverted terminal repd8IRs) into the pBluescript SK
plasmid. The 11.1kb human full-length dystrophin coding sewe was kindly
provided by J. Tremblay’. It was cloned into the PiggyBac transposon vector
backbone under the previously described truncatadcla creatine kinase (MCK)
promoterr™® A puromycin resistance cassette was introduced this construct
under the control of an SV40 early promoter. Alggively, a GFP/nlacZ reporter
cassette was cloned in the same PiggyBac vectarwaahtrol of the human GAPDH
promoter’! Endotoxin-free plasmid preparations (Qiagen ende-plasmid maxi kit /
GeneArt plasmid purification service from Thermaosh@ér Scientific) of all the

plasmids were used for transfection intdxMABSs.
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The transposon and transposase expression veaoesnmroduced by transfection of
the MABs using Neon electroporation (Invitrogen, ri€laad, CA), as per the
manufacturer’s instructions. One million MABs weoe-transfected with 2(g
transposon, 4.hg transposase, andug reporter expression vectors at 1300V for two
pulses. The metabolic activity and cell survivaksawere assessed by Alamar blue
staining or propidium iodide dye exclusion assagespectively, one day after
transfection. Two days after transfection, thescelére placed in medium containing
2 ug/mL puromycin and the cells were further cultufedtwo weeks with medium
replacement two times per week. Methlylene bluestg of the colonies formed by
resistant cells was performed after electroporataond antibiotic selection to
determine the transposition efficiency and backgdlevels of random integration.
The transfected and selectedix MABs are henceforth callechdx (DYS GFP PB),
(DYS nlacz PB) or (DYS PB) MABs, where the transgenames within the
parenthesis indicates which expression vectors wsed, e.g. mdx MABs co-
transfected with the transposon donor plasmids aboing dystrophin coding
sequence (DYS) and GFP coding sequence (GFP), atid the transposase
expression plasmid (PB), are calledx(DYS GFP PB) MABs.

MABs were prepared for flow cytometry analysis bgshking the cells with PBS, and
staining with antibodies for CD44, Scal, CD45 and3C conjugated to
allophycocyanin or PerCP (R&D systems) for one hdlinis was followed by
washing again with PBS to remove the excess antilaodl finally the cells were
resuspended in PBS supplemented with 2% FBS. Talysas was performed on a
Beckman Coulter CyAn ADP (Beckman Coulter, Brea,) CAt least 10,000 events

were acquired for each sample.
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In vitro cell transmigration assay was performed as preWodescribed® Briefly,
mdx(DYS GFP PB) MABs were cultured on a layer of n@asadothelial cells (H5V)
in TranswelP plate inserts (Corning, Corning, NY). Thedx(DYS GFP PB) MABs
migrated on the other side of the filter were cednilh after seeding (10 random

fields at 10x magnification under a fluorescenceroscope).

Satellite cell isolation

Satellite cells were isolated from TA musclesnadx SCID mice transplanted with
mdx (DYS GFP PB) MABs 90 days after transplantatiom dascribed previoush}.
Briefly, muscles were minced and resuspended ir80@0U/mL of collagenase Il
solution for 30 minutes and then washed in Ham@, AD% Horse Serum, 100 IU/L
Penicillin and 100mg/mL Streptomycin medium. A setadligestion with collagenase
[I (1000U/mL) and dispase Il (11U/mL) followed, aftwhich the suspension was
strained through 7@m and 40um strainers (Falcon, Corning, NY) and collected in
the wash medium. The cell suspension was thenestainth antibodies for Integrin
a-7 (Miltenyi Biotec, Bergisch Gladbach, Germanyjagnized by an anti-mouse 1gG
conjugated with PE/Cy7 (R&D systems), Sca-1 coredawith BV421(R&D
systems), CD45, CD31 and CD11b conjugated with phii@ocyanin (R&D
systems). The cells were sorted in a cell sort& FACS Ariall) to recover fractions
which were positive for Integrin-7 and GFP, and negative for Sca-1, CD45, CD31
and CD11b, and were used for DNA or RNA purificaio Alternatively, the
percentage of GFP-positive satellite-like cells veasayed by flow cytometry (BD
LSRII), as assessed by the expression of Integiirand GFP and the lack of CD45,
CD31, Sca-1 and CD11b markers. Also, the qualityhef satellite cell preparation

was assessed by immunostaining for Pax7 on thatexbbatellite cells.
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Histology and histochemistry

Muscle tissues were embedded in tragacanth gunfrexeh in liquid nitrogen-cooled
isopentane. Cryostat sections, 8-um thick, wergagresl with a Leica cryostat
1860UV (Leica, Richmond, IL), fixed with 4% parafoaldehyde, washed and
permeabilized in PBS containing 1% BSA and 0.2%)Wkiton X-100, followed by
one hour of blocking with 10% goat serum at roomgerature. Immunofluorescence
staining was performed by overnight incubation & 4vith the following primary
antibodies: Mouse anti-dystrophin DYS1 and DYS201(Movocastra, Newcastle
upon Tyne, UK), rabbit anti-laminin 1:100 (Sigma)hicken anti-GFP 1:1000
(Abcam, Cambridge, UK), mouse afitgalactosidase 1:100 (Abnova), mouse anti-
myosin heavy chain 1:200 (eBioscience, Thermo FiSocegentific, Lafayette, CO)-
sarcoglycan 1:100 (Novocastrd)sarcoglycan 1:100 (Novocastrg)dystroglycan
1:100 (Novocastra), n-nitric oxide synthase 1:108@S) (Invitrogen), syntrophin
1:100 (Invitrogen). For anti-mouse Pax7 (R&D systgnmmunostaining, samples
were first stained with the required primary antiles other than Pax7. Samples were
then immersed in sodium citrate buffer (10 mM, p#B.6) at 100°C for demasking
the antigen epitopes, and incubated overnight % 4fith anti-mouse Pax7. After
incubation with primary antibodies, the samplesengashed with 0.2% Triton X-100
PBS and then incubated with the secondary godiadigs 1:500 (Invitrogen) for one
hour. After three washes, slides were mounted ullugyescent mounting medium
containing 4',6-diamidino-2-phenylindole (DAPI) (8bern Biotech, Birmingham,
AL) and observed under a fluorescence microscopeicéeDM5500/Olympus
Slidescanner VS120-L100).

Cryostat sections were used for hematoxylin andne¢Sigma) staining, X-gal

staining (Invitrogen), Masson trichome staininggfBa) using standard protocols.
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The slides were then observed under microscopesiages were captured for
further analysis (Leica DM5500 / Olympus SlideSaarviS120-L100).

Image analysis was performed using ImageJ softWidiel, Bethesda, MD). For
guantification of number of dystrophin positive dils per muscle cross section,
images of the whole cross section were generated) @ Olympus SlideScanner
(Olympus, Tokyo, Japan). Numbers of dystrophin fpaesifibers were counted using
the cell counter plugin of ImageJ. For each musibers were counted at seven
different distances (2 to 8 mm) from the distaldem Final calculations were made
using the values obtained from 4 to 8 muscles paupy Cross-sectional area (CSA)
was measured by tracing transversal myofibers thi¢ghfreehand selection tool and
fiber area measured with the measurement analysisRandom fields were chosen
from images of the whole cross section made usinglide scanner (Olympus
SlideScanner), and at least 150 myofibers per @gesson were counted. Between 4
to 8 muscles were analyzed per condition, and mbtghe CSA distribution were
made using GraphPad Prism (GraphPad, San Diego, Bisence of fibrotic,
adipose, scar tissue and infiltrates was evaluagedy the same images. This analysis
was performed by separating the hematoxylin compioaed eosin component of the
images and calculating the percentage of area @xtuyy the infiltrating material.
This analysis gave an estimate of muscle damagjeeitreated muscles as compared

to the controls.

Tumorigenesis assay
In order to exclude potential tumorigenic mutatiodge to transposon vector
integration events, CD1 nude mice (n=8 per groupglewnjected subcutaneously in

the dorsal flank, with 2,000,000dx(DYS GFP PB) MABs resuspended in 100f
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calcium magnesium free PBS. As controls, one giumice was injected with the
same number of HelLa cells as positive control €éondr formation, another group
was injected with untransfecteddxMABs, and a third group was mock injected with
PBS. The mice were monitored for any detectableotumasses for eight months
after cell transplantations. The positive contidéLa cells injected mice developed
tumors within one month after injections, wherdaes dther test mice did not display

any tumor.

PCR and gene copy number assays

DNA from MABs and mouse muscles was purified ugimg DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany) as per the manufaatarinstructions. RNA was
purified from MABs using NucleoSpih RNA kit (Macherey Nagel, Diren,
Germany) and from mouse muscles using RNeasy RBbr@sue Mini Kit (Qiagen).
cDNA was prepared from 500 ng of each RNA sampileguthe GoScript™ Reverse
Transcription System (Promega, Madison, WI). PCRnoouse muscle genomic
DNA, MABs DNA and RT-PCR on mouse cDNA was carrid using Q8 High-
Fidelity DNA Polymerase (New England Biolabs, Ipsi MA) according to
standard protocols. Endpoint PCR analysis wasethout to detect different regions
on the human dystrophin coding sequence using psimdisted as hDYS1, hDYS2
and hDYS3 (Table S1a). The primers (Microsynth,|Belg, Switzerland) used for the
different PCR, quantitative PCR (qPCR) with revetrssscription (RT-qPCR), for
transgene copy number or relative RNA level asshgge been listed iffable S1
gPCR and RT-gPCR amplifications were carried ounhgishe LightCycler® 480
SYBR Green | Master mix (Roche, Basel, Switzerlawad) the ABI/Prism 7900 HT

Thermocycler. Each DNA or cDNA sample was amplifiedriplicates, and cDNA
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levels were normalized to that of the housekeegiege encoding TATA-binding

protein (TBP), by the comparative threshold cycl¥) (method. Fold-changes were
determined using the equation®®". Transposon copy number was quantified by
methods of serial dilutiorf, relative to a reference gene present as one cepy p
haploid genome (TBP), and by whole genome sequgrciverage. The primers used

for this were on the dystrophin regiocBupplementary Table S).

Genome sequencing and analysis

High molecular weight DNA was isolated fromdx(DYS PB) MABs using Blood &
Cell Culture DNA Mini Kit (Qiagen). Whole genomeggeencing ofmdx (DYS PB)
MABs was carried out by the Genomic Technologiesilfa of University of
Lausanne using the single molecule, real-time (SMR&quencing technology
(Pacific Biosciences, Menlo Park, CA). The datawbel from 18 SMRT cells yielded
a genome coverage of approximately 7.7-fold froghtguality sequences, which was
then used to detect dystrophin integration sitesliabed by the transposase, as
described previousl¥ Integration events were retrieved, using a thriesbé more
than 10 kb regions of similarity to the transposeguence, to identify reads spanning
both extremities of transposon inserts. At least oh the two transposon borders
could be characterized and found to contain the A'BAgnature sequence indicative
of PB transposition at the junction with the mogsmome, thus confirming that the

integration events were transposase mediated.

Western blot

Frozen tissues were prepared and used for immuttioiglo as described

previously>*®> Muscle extracts (3-3@g/lane) were resolved by SDS-PAGE, and
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proteins were transferred onto nitrocellulose membés according to standard
procedures. Membranes were blocked for 1 hour iBTTB0 mmol/L Tris-base, 150
mmol/L NaCl, 0.1% Tween-20, pH 7.5) containing 5&qfat dry milk and incubated
overnight at 4°C with a primary antibody (mouse i-dystrophin MANDYSS,

ThermoFisher; Mouse anti-alpha-actinin, Sigma). eAftextensive washing,
membranes were incubated for 1 hour with the apmtphorseradish peroxidase-
conjugated secondary antibody in TBST containingrbik. Detection was done by
chemiluminescence (ECL plus kit; Amersham, Littlaaont, UK) using Fusion

Pulse. Densitometric analysis was performed witlaged software. Signals were

normalized to the alpha-actinin content.

Assessement of muscle functiom situ

At the end of the treatment period, the contragiriaperties of the TA were measured
in situ essentially as described elsewh8&:>* In brief, mice were deeply
anesthetized, the knee joint was immobilized, tlstat tendon of the TA was
attached to a force transducer, intramuscular relées were inserted, and the tension
developed by the TA in response to 0.5 ms-longtebet stimulations was recorded
isometrically. The fatigability of the TA exposed repetitive maximal tetanic
contractions was determined: the TA were stimulatte?0O0 Hz for 200 ms, resulting
in fused tetani. A total of 20 tetani were deliveerat 30s intervals. The force
generated at every tetanus was expressed as ttentage of the initial force. The

extent of force loss was calculated from the fomeaining at the end of the assay.
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Atomic force microscopy assays

The restoration of the resistance to elastic deddion of individual dystrophin-
expressing myofibers was assessed using atomi@ foncroscopy as described
previously*’ After mouse sacrifice, the TA muscles were dissikcbut and
immediately frozen in liquid nitrogen-cooled isopmme and stored at -70C until
thawing for use in AFM assays. Before performingaswements, a 1 mme-thick
section of the muscle was cut and glued onto asgtaserslip using two 0.5 ul
droplets of cyanoacrylate adhesive (AXIA) placedath extremities of the muscle
slice. The slice was immediately immersed in DMEMI éAFM measurements were
performed. 100-300 locations were assayed on eadtleslice. AFM assays were
performed using a commercially available device IfPSE120, Park Systems,
Korea) equipped with the “liquid cell” setup. Stand silicon nitride, gold-coated
cantilevers (ORCS8, Bruker), with a nominal sprirapstant value of 0.38 N/m were
used in all measurements. To determine the mearewvall the Young's modulus
(calculated for the indentation depth of 200 nrhg modulus distribution was fitted
with the Gaussian function. The center of the diistron corresponds to the mean

value while half of its width, taken at half heigdenotes the standard deviation.

Statistical analysis

Data were analyzed using GraphPad Prism 7 and Bbiftr&excel. Results were
represented as mean = standard deviation (S.x)sttal analyses were performed
using the Mann-Whitney tests for significance odffedences.P values lower than

0.05 were considered as significant.
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transplanted mdx/SCID muscles.

Figure S5. Slide scanner images of whole TA cross-sections.
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Figure S8. Endpoint PCR and RT-PCR analysis of transplanted muscles.
Figure S9. Fluorescence associated cell-sortingragegy for satellite cell
isolation.

Figure S10. Pax7 staining in isolated satellite detnriched populations.

Figure S11. Masson trichome staining in intra-muscularly transplanted

mdx/SCID TA muscles.
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LEGENDS TO FIGURES

Figure 1. Strategy used for genetic modification ofmdx MABs and
transplantation in mdx/SCID mice. (1) Isolation ofmdx MABs from muscles of
mdx mice. (2) Electroporation of transposon donor mias (harboring human
dystrophin and/or the GFP or nlacZ reporter) aadgposase plasmids shown in the
top part of the figure panel. (3) Selection ofymtdnal MAB populations by culture
in the presence of puromycin for three weeks. Thaeselified and selectedhdx
MABs are calledndx (DYS PB) MABs,mdx (DYS GFP PB) MABs, omdx(DYS
nlacZ PB) MABs, depending on whether they weredfected with the dystrophin
(DYS), green fluorescent protein (GFP), /-targdteth-galactosidase (nlacz), and/or
transposase (PB) expression vectors. (4) Aftevitro characterization, genetically
modified and selected MABs were transplantedmdxSCID mice either intra-
muscularly or intra-arterially. (5) Analysis of dgsphin expression and of the

morphological and functional amelioration of thensplanted muscles.

Figure 2. Characterization of mdx MABs carrying dystrophin- and GFP-
expressing PiggyBac transposongA) Phase contrast (left hand side panel) and
fluorescence microscopy (right hand side panel)lyaisaof mdx (DYS GFP PB)
MABs transfected with PiggyBac transposon harboridgstrophin and GFP
expression cassettes and selected for puromyadstaese. Scale bar, 1Q@n. (B) In
vitro differentiation of thendx(DYS GFP PB) MABs by co-culture in differentiation
medium with a GFP-negative mouse myoblast (C2C#&R)lioe. GFP fluorescence
(green, left panel), with myosin heavy chain immilumrescence of myotubes (red)

and DAPI nuclear staining (blue, right panel), weesformed after five days of
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culture in differentiation medium showing a multoieated GFP and MyHC positive
myotube. Scale bar, 50n. (C) Flow cytometry analysis for the presencevi¥B
cell surface markers on untransfectedix MABs or transfectedndx (DYS PB)
MABs populations, as indicated (n=4). (D) Reversangcriptase and gquantitative
real-time PCR (qPCR) analysis of relative tranddapels for different MAB markers
in mdxMABs andmdx(DYS PB) MABs. Data are represented as the me&rDz of
three independent experiments, each performed iplicates (E). In vitro
transmigration of MABs performed on endotheliall€e€H5V cell line) cultured on a
gelatin-coated filter. GFP positive MABs were add®sd the upper surface of the
filters and after 11h, the MABs that had migratedtioe other side of the filter were
guantified. The number ahdx (DYS GFP PB) MABs anandx (GFP PB) MABs
normalized to the area is represented as the m&b .#from three experiments, each
performed in triplicatesR<0.05, negative control vs. test group). (F) Endp&CR
analysis showing the presence of different loch@ded as hDYS1, hDYS2, hDYS3)
of the human dystrophin coding sequence in seleatet culturedmdx (DYS PB)
MABs. Lane 1:mdx(DYS PB) MABSs; Lane 2: non-transfecteadx MABS; Lane 3:
Dystrophin expression vector; Lane 4: Human MABstoa; Lane 5: Water control.

The results of three independent experiments arersh

Figure 3. Integration site profile of transposon inmdx (DYS PB) MABs (A)
Distribution of integration sites over the diffeteshromosomes to assess a possible
transposition preference. (B) Graph showing theg@age of integrations in introns,
exons, and in different parts of intergenic regi¢gaskb upstream or downstream of
coding sequences; >1kb upstream or downstreamdhgasequences), n = 44. (C)

Mapping of intergenic integration events based logirtdistance from the closest
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gene. Upstream or downstream transposition eveamtsinglicated by negative or
positive numbers, respectively. Each bar denotesdinidual intergenic integration

event.

Figure 4. Dystrophin expression following intra-musular transplants. Muscles
were analyzed either after 45 days (short term,d8 TR0 days (long term, LT) after a
single transplant, or 45 days after the last adeéhtransplants performed at intervals of
three weeks. (A) Cross sections mtixSCID mouse TA muscles are shown for a
mock transplanted muscle (top panels), or for aaeusansplanted three times with
mdx (DYS GFP PB) MABs (middle panels). The bottom parshow the TA cross-
section of a non-dystrophic B6/SCID mouse. Muscleye immunostained for
dystrophin only (left panels), and additionally faminin and DAPI (right panels), as
indicated. Scale bar, 50n. (B) Box-and-whisker plots of the number of dgptiin
positive fibers per TA muscle cross section, geeerat the indicated distances in
mm from the distal tendon, short term or long tefter a single transplant or after
three transplants, as indicated. Box-and-whisketsplepresent the B(ercentile as
the middle line in the box, the &nd 7%' percentile as the top and bottom of the box
respectively, and the smallest and largest valedha top and bottom of the
whiskers. (C) DNA levels of human dystrophin, plasrbackbone, transposase as
assessed by gqPCR analysis performed on transplamiedles oiin vitro selected
mdx(DYS GFP PB) MABs. All the gPCR values were nolzed to those of short-
term single transplant muscles, which were seht ®ata are represented as mean £
S.D. from more than six muscles per conditio®<0.05; ** P<0.01 (D) Box plot of
the overall numbers of dystrophin positive fibexani measurements performed at all

distances from the distal tendon following the el&nt transplant conditions, ***
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P<0.001 (»6). (E) Transcript levels of human dystrophin aseased by qPCR
analysis performed on transplanted musclem atitro selectedndx (DYS GFP PB)
MABs. All the gPCR values were normalized to thosshort-term single transplant
muscles, which were set to one. Data are reprat@stenean + S.D from more than
six muscles per condition, P<0.05; ** P<0.01; n.d.: not detectable X@). (F)
Western blot showing dystrophin expression in m#xSCID muscles transplanted
one time withmdx (DYS PB) MABs, short term (1 trans) or transplahtieree times
with mdx (DYS PB) MABs, six weeks after the last transpl@§Bttrans) vs non
transplantedndx muscles (0 trans) or non-transplanted B6 muscigisg a-actinin
expression as control. Lanes 1 to 3: wild typeSgED control (30ug; 9ug and 3ug
protein loaded, respectively); Lane 4n&dxSCID mock injected (3Q.g); Lanes 6, 7:
mdxSCID three transplantsndx(DYS PB) MABs) TA muscles (3Qg); Lane 8, 9:
mdxSCID one transplantr{dx (DYS PB) MABs) TA muscles (3@Qg). The graph
shows the corresponding densitometry analysis @fwastern blot where values are
expressed relative to the total dystrophin levélwitd type muscles, which were set

to 100%.

Figure 5. Reconstitution of the satellite cell nica by donor MABs in intra-
muscularly transplanted muscles

Immunofluorescence staining images showing Paxidistpfor satellite cells, anfl-
galactosidase staining for transplantadx (DYS nLacZ PB) MABs. Top panels
show the co-localization of a Pax7 apwalactosidase staining of positive nucleus
under the basal lamina (MAB-derived satellite ceBpttom panel shows a Pax7
positive nucleus that is n@tgalactosidase positive under the basal laminadges

satellite cell). Scale bar, 20n. (B) Fluorescence-based cell sorting of GFP pasit
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satellite cellsfhdxDYS GFP PB MAB-derived) and GFP negative (resigsatellite
cells. Boxes in all left panels highlight the profian of Sca-1and Integrinet7” cells
among the subpopulation of CD3CD45, CD11b mononuclear cells, among which
the GFP cells are boxed on right hand side panels, igretare 3.17% of GFP+ cells
among the Sca-lIntegrina7’, CD31, CD45, CD11b mononuclear cells isolated
from the mdx SCID mice muscles after 3 transplantations. (CerAges of the
percentage of GFPsatellite cells derived from transplantewtix (DYS GFP PB)
MABs from the total population of satellite celsmdxSCID three transplants mice,
isolated six weeks after last transplant, edkSCID single transplant 24 weeks after
transplantation. Values are expressed as mean dfS/8lues from different muscles
used for satellite cell isolation (n =4 for eacbndition). (D) gPCR analysis of
transcript levels of the Pax7 and integsin-satellite cell markers in the resident
satellite cell population and donor MAB-derived edlite cells of transplanted

muscles; n.d., not detectable)

Figure 6. Morphological amelioration of the dystrophic phenotype after intra-
muscular transplantation of genetically modified MABs. (A) Hematoxlyin and
eosin stained images of TA muscle cross sections wild type B6/SCID mouse,
mdxSCID single transplant six weeks after transplama{ST), mdxSCID single
transplant 24 weeks after transplantation (LmxSCID three transplants six weeks
after last transplant, anthdxSCID 0 transplant (mock injected) muscle. Scale bar
100um. (B) Box-and-whisker plot showing the distributiof the area of individual
myofibers, as determined from cross sections offiuscles from wild type B6/SCID
mice, mdxSCID single transplant mice six weeks after traasfation (1 trans ST),

mdxSCID single transplant mice 24 weeks after tramgption (1 trans LT),
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mdxSCID three transplants mice six weeks after laahgplant (3 trans), and
mdxSCID mock injected mice (0 trans)>@). (C) Box-and-whisker plot showing
percentage of non-muscle cells (fibrotic and adeptissue, infiltrating cells) in the

different mouse groups. *®<0.01; *** P<0.001 (»6).

Figure 7. Functional amelioration of the dystrophicphenotype after intra-

muscular transplantation of genetically modified mesoangioblasts.

(A) AFM-based distributions of Young’s modulus (@)tained for muscles explanted
from wild type B6 SCID mice, mdx SCID single tratesp short-term mice six weeks
after transplantation, mdx SCID three transplanitsersix weeks after last transplant,
and mdx SCID mock injected mice. The Y-axis repnésehe number of locations
assayed and the X-axis denotes Young's modulusevghlouped in 2 kPa bins.
Gaussian function was fitted to determine the iaid average Young' modulus
value of each group. n =8 to 10 muscles per gr@@p.Improved muscle function
measuredn situ in living mice. In the TA of wild type B6/SCID m&; mdxSCID
three transplants mice six weeks after last tramtplandmdxSCID mock injected
mice, progressive loss of force was recorded amitestimuli were delivered. This
illustrates that mock-injectechdXSCID mice lost force much faster than their wild
type counterparts, and that imelXSCID mice transplanted 3 times had a much lower
rate of force loss. (C) Improved muscle functionaswredin situ in living mice.
Quantification of force loss. Force drop measurédha end of the assay, was
expressed as percentage of initial force. Theefalrop in mock-injectechdXSCID
mice was 3-fold higher than in the mock-injectedB8BID mice. The force drop was
significantly prevented iifmdXSCID mice transplanted 3 times (recovery index

61.6%). n = 9 to 12 muscles per grouf<0.05; ** P<0.01; *** P<0.001.
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This study reports full-length dystrophin expression from PiggyBac transposon vectors
transfected in murine mesoangioblast progenitor cells (MAB), asa

potential therapeutic autologous cell transplantation approach. Intramuscular MAB
transplantation into dmd mice yielded stable dystrophin expression, restored a normal
resistance for 80% of the myofibers and increased muscle resistance to fatigue.



