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Abstract

Therapeutic Potential of Dermal Cells Following Asplantation and In Vivo Myogenic
Conversion in Dystrophic Muscle

Lindsey Allison Muir

Chair of the Supervisory Committee:
Professor Jeffrey S. Chamberlain
Departments of Neurology, Medicine, and Biochergistr

Cell-based therapies have the potential to corntgibmfunctional muscle regeneration in
Duchenne muscular dystrophy (DMD) and other mudiderders. Various cell types have been
studied for their ability to fulfill this requirenmé, with reports of high engraftment after
transplantation into muscle. However, studies yagleinonstrate improvements in whole muscle
function, and very few have characterized cell pajans that are amenable to autologous
transplantation. To this end, we have charactetizedn vitro and in vivo potential of dermal
fibroblasts in thendx*® mouse model of DMD. Fibroblasts were isolated fteamsgenic mice
carrying a minidystrophin gene, transduced withrdiViral vector carrying tamoxifen-inducible
MyoD, and transplanted into musclesnafx*®’ mice to model ex vivo gene therapy for DMD.
Treatment of host mice with tamoxifen drove conwer®f transduced fibroblasts into myogenic
cells that fused into muscle fibers that subsedyenpressed high levels of minidystrophin.
Transplantation of various cell doses revealedhit for reliable engraftment of up to 1 x%.0
cells in single injections. In vivo converted detrilaroblasts engrafted similarly to primary

myoblasts, with up to 30% of the host muscle exgngsminidystrophin. We found no evidence



of fibrosis or structural abnormalities following vivo conversion of dermal fibroblasts.
However, these muscles showed no improvement aefdevelopment or protection from
contraction-induced injury. We hypothesized thagraftment was below a threshold for
improvement of contractile properties in dystroptmascle, and therefore tested whether a
cocktail of pro-survival factors could enhance afignent. A quantitative PCR-based method
allowing rapid screening for these cells in hastdie revealed significant early cell death, and a
nearly 3-fold increase in engraftment when cellsensjected intramuscularly with the pro-
survival cocktail. Histologic analysis showed iresed dystrophin-positive fiber number, area
engrafted, and spread of engrafted cells with tesprvival cocktail. Furthermore, engraftment
of cells with pro-survival cocktail led to modesttistatistically significant protection from

contraction-induced injury ovendx*®’

controls. The clinical relevance of this stratégg in the
transplantation of autologous cells that can serard form functional muscle fibers without

prior muscle irradiation or toxin treatment in imnmcompetent hosts.
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Chapter 1

Background and Introduction

Muscular Dystrophy

Muscular dystrophy is a class of inherited disosddraracterized by muscle weakness
and wasting. Over 40 forms of muscular dystrophyehzeen identified, based on underlying
genetic and molecular etiology, clinical manifestatand prognosis (Emery, 2001). Duchenne
muscular dystrophy (DMD, MIM 310200) is the mostwuon lethal genetic disorder of
children, affecting ~1 in 3500 newborn males (Erneergt Muntoni, 2003). The second and third
most common are myotonic dystrophy (DM1) and fazapsilohumeral muscular dystrophy
(FSHD) (Tawil et al., 1998; Wheeler et al., 2007).

The molecular pathology of various muscular dydtrep is diverse because of the
heterogeneity of the defective proteins involvedderstanding these proteins and their
interactions will be a crucial aspect of the sedothiherapeutic targets. Many muscular
dystrophies result from defects in muscle-membi@ssociated proteins that help maintain the
structural integrity of muscle fibers (Bansal areghipbell, 2004; Davies and Nowak, 2006; Gee
et al., 1998). DMD is caused by mutations in thstabphin gene (official symb@MD for
human andmd for mouse), most of which result in translatioftameshifts and/or failure to
express a functional protein (Monaco et al., 1988 four major domains of dystrophin (N-
terminal, central rod, cysteine-rich and C-termimaédiate a link between the subsarcolemmal
cytoskeleton and a complex series of protein—pnatgeractions at the sarcolemma (Abmayr
and Chamberlain, 2006figure 1.1). The N-terminal and central rod domains inteveiti

filamentous actin. The rod domain contains 24 reptsat are homologous to those in spectrin,
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Figure 1.1 Dystrophin and the dystrophin—glycoprogin complex. (a)Comparison of the structural domains in
full-length dystrophin with those of highly functial miniaturized versions, which have been engecér
response to the limited packaging capacity of @gliwectors for gene therapy. Flélhgth dystrophin contains fo
major domains: an N-terminal (NT) cytoskeletal-bingddomain, a rod domain composed of 24 spectki-li
repeats (1-24) and four hinge regions (H1-H4),sdeiye-rich (CR) and a C-termin&T) domain. The two know
actin-binding domains (ABD-1 and ABD-2) are withive N-terminal and rod domains, respectively. The
dystroglycan-binding domain (DgBD) is composed &&/ motif (in hinge 4) connected to two EF-handelik
motifs and a ZZ domain (the two EF-hand and ZZaegicomprise the so-called cysteine-rich ‘CR’ dothai
Towards the C-terminus is a syntrophin-binding donf@8BD) and a dystrobrevin-binding domain (DbBD).
Minidystrophin and microdystrophin retain most loé thecessary regions for the signaling and straktales of
dystrophin, as well as the ability to assemble mensibf the dystrophirglycoprotein complex (DGC) at the plas
membrane(b) Important interactions among members of the DG&nyrof which are defective in various
muscular dystrophies. Within striated muscle fibdystrophin binds to cytoskeletal proteins suckilamentous
actin (F-actin) at its N-terminal domain. The razh@hin encodes a second actin-binding domain intspdike
repeats 11-17, and repeats 16-17 also participdisnding to neuronal nitric oxide synthase (nNQS)hough
localization of nNOS has been found to requirepitesence of both repeats 16-17 and syntrophimprénase three-
dimensional structure of the dystrophin-nNOS comjdespeculative (Lai et al., 2009). The DgBD ansif
dystroglycan to dystrophin, and might help to adslerother proteins. The CT domain binds to andlioea
members of the syntrophin (Syn) and dystrobrevib)(Brotein families. Studies suggest that up ta fyuntrophins
could attach to the DGC at any one time, two tardyphin and two to dystrobrevin (Newey et al., 203 presen
it is unclear how many of these syntrophins arechttd to NNOS, as it has been shown that syntraginiralso
bind to other proteins, such as sodium channelsagodporin-4 (Adams et al., 2001). In addition ystbphin,
dystrobrevin is known to bind to another membethefDGC, which has yet to be identified. AbbreviasioDg,
dystroglycan; Sg, sarcoglycan; SSPN, sarcospan.



providing a flexible and elastic region connectihg end domains that are crucial for dystrophin
function. The third and fourth are the cysteindr@and C-terminal domains, which contain many
of the protein-interaction domains essential fgnaling and assembly of the dystrophin—
glycoprotein complex (DGCHgure 1.1) The most critical binding site in dystrophin et
dystroglycan-binding domain (DgBD), which is mageaf a WW domain (Huang et al., 2000)
at the end of the rod domain and the adjacenticygstech domain. Inactivation of the DgBD
renders dystrophin non-functional (Abmayr and Chariain, 2006).

Dystrophin is thought to have a primarily structurde, linking the cytoskeleton to the
extracellular matrix via the DGG-{gure 1.1b) (Ervasti and Campbell, 1993; Yoshida and
Ozawa, 1990). This linkage transduces the force®wofraction to the extracellular matrix to
protect myofibers from contraction-induced injuBerof et al., 1993). The absence of
dystrophin results in membrane instability and etge tears in the sarcolemma with calcium
entry into the muscle cell (Batchelor and Wind€0Q@, Turner et al., 1988). Stretch-activated
calcium channels might have a role in this procleesause their blockade reduces membrane
permeability and loss of force in dystrophic mudoléowing eccentric contractions (Whitehead
et al., 2006). The resulting cascade of evente®nouscle fibers to undergo cycles of
degeneration and regeneration until repair cap&ity longer sufficient, and muscle fibers are
replaced by adipose and fibrous connective tisEoee(y and Muntoni, 2003). In Becker
muscular dystrophy (BMD), mutations typically maiimt the mRNA reading frame but lead to
reduced expression, or expression of smaller farhaystrophin in striated muscle (Baumbach
et al., 1989; Monaco et al., 1988). Mutations imestcomponents of the DGC result in a number

of other muscular dystrophies. For example sar@aglgpathy results in several limb-girdle



muscular dystrophies, and integrin or laminin deficies result in congenital muscular
dystrophies (Campbell, 1995; Ozawa et al., 1998).

Despite tremendous effort and major advances inunderstanding of the molecular
basis for the muscular dystrophies, no cure has fieend. Symptom management and
prolonging mobility are therefore the primary aigislinical interventions (Chamberlain and
Rando, 2006; Manzur et al., 2009). Many hopesaesecent advances in gene and cell
therapies to prevent muscle degeneration and pallgneverse dystrophy-related damage. The
goal of gene therapy is to deliver a functionalycopthe gene, or repair the damaged gene, such
that it produces sufficient product to halt thetdyghic phenotype. Methods of gene delivery
include both viral and nonviral vectors. Current teerapy strategies involve transplantation of
stem or progenitor cells with skeletal myogenicgmtial that can fuse with existing myofibers or
form new ones. To avoid the host-versus-graft imew@sponse, a patient’s own cells that have
been corrected for the genetic defect could be (setivo gene therapy). Upon transplantation,
these cells would ideally engraft and regeneragenthscle, as well as repopulate the muscle
stem cell (satellite cell) niche.

Mammalian preclinical testing often uses the X-idkmuscular dystrophymd™>
mouse model of DMD (hereaftexdx), or the caninexmd model (Banks et al., 2008a; Ng et al.,
2012). 1 will mainly discuss therapies with respicimodels of DMD; however, many

approaches are applicable to a wide range of masdeyenetic disorders.



Gene Therapy for Muscular Dystrophies

Approaches

Gene therapy approaches for treatment of DMD mitle¢redevelop methods to deliver
dystrophin, or repair the locus within a patiemg&nome Figure 1.2). As dystrophin encodes a
very large 14 kb mRNA (the gene itself spans al2alitvib), therapeutic delivery is a significant
challenge (Chamberlain and Caskey, 1990; Chamheg@802). However the observation of
large genomic deletions in some very mildly affddBMD patients (England, 1990; Matsumura
et al., 1994) prompted construction of highly fuoeal ‘mini’ and ‘micro’ versions of
dystrophin to facilitate gene transfer using virattors, such as adeno-associated virus, that
have a limited carrying capacity (Harper et alQ20Phelps et al., 1995; Sakamoto, 2002; Wang
et al., 2000). Internally-deleted dystrophins,sthated inFigure 1.13 retain their N-terminal
actin-binding and C-terminal dystroglycan-bindirapthins, which are thought to contain most
of the necessary regions for dystrophin’s roleigmaling, structural support and assembly of
dystrophin-associated proteins at the cell memb(aeper et al., 2002; Ishikawa-Sakurai et al.,
2004) Figure 1.1b. Although inclusion of actin- and dystroglycam#ling domains is crucial,
meticulous design of the deletions in the rod donmalso essential for maintaining
functionality and rescuing the dystrophic phenotfigarper et al., 2002).

It has long been considered in the field of germeapy that expression of a delivered
transgene not normally expressed in a host cowddesan immune response. Transgenes
delivered via adeno-associated viral vectors ura@®tgC class | processing and surface
presentation (Brockstedt et al., 1999), and caretbee be detected by immune effector cells.
Immunological studies indicate that dystrophin doatt as a neoantigen (Gilchrist et al., 2002;

Huard et al., 1992; Mendell et al., 2010a; Ohtseikal., 1998), either through transduced cell



surface presentation or release from degeneratusgla fibers and contact with antigen
presenting cells (Mays and Wilson, 2011; Wellslgt2002). CD4 and CD8 T cell responses to
truncated dystrophin were observed in a subseaidms following intramuscular delivery of
recombinant adeno-associated virus in a receritalitrial, as well as the unexpected discovery
of dystrophin-specific T cells prior to vector admstration (Mendell et al., 2010b). Delivery
route can also affect the immune response (Brodksteal., 1999), and intravascular
administration, in addition to the advantage othaag all striated muscle (Gregorevic et al.,
2004a), appears to reduce transgene immunogenantpared to intramuscular delivery
(Mingozzi and High, 2011; Rodino-Klapac et al., @0Toromanoff et al., 2010). Blocking more
than one pathway involved in activation of a cykatdl' cell response against transgene-carrying
cells encourages tolerance and has shown promis&&bvector-mediated delivery to muscle
(Adriouch et al., 2011).

A possible alternative is gene therapy using utimpdn highly similar protein to
dystrophin in both structure and properties (Tipgeal., 1992). Utrophin has been suggested to
have a comparable functional role in muscle, whh potential to compensate for dystrophin
absence (Matsumura et al., 1992; Winder et al.519%though it is primarily expressed at the
neuromuscular and myotendinous junctions in adulicte (Khurana et al., 1991; Nguyen,
1991), it has been speculated that elevated expneskutrophin in some DMD patients
partially compensates for lack of dystrophin (Miawet al., 1993; Weir et al., 2004).

Delivering or upregulating endogenous utrophinthezefore potential therapies for
DMD. Full-length utrophin transferred via adenoViactor ameliorated the dystrophic
phenotype in the limb musclesmfix mice (Deol et al., 2007). In addition, miniutropsi

significantly improve the pathophysiology of dygthic mdx and dystrophifi~ and utrophiff~
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Figure 1.2 Strategies for treating the muscular dstrophies Major advantages and limitations of viral
vectors, exon skipping, plasmid DNA and cell thézapEach virus-based delivery systéaphas particular
strengths, such as high striated muscle tropismn@essociated virus), ability to integrate inte kiost
genome (lentivirus), and packaging capacity (hdaagigus). However, viral systems must carefully rsd
safety concerns such as insertional mutagenesesandrovirus integration into the genome mightrahe
structure or expression of nearby genes, and imgmrmioity of capsid proteins. Exon skippifi is a
promising new approach in which mutations can hmabged using antisense oligonucleotides of various
chemistries that modify splicing of pre-mRNAs. Shoiw the phosphorodiamidate morpholino oligomer
(PMO), which incorporates morpholine rings linkeddghosphorodiamidate groups instead of the ribwggsr
linked by phosphodiester groups found in RNA. Rl-genetrating moiety; B, RNA nucleobasés) Plasmid
DNA is a straightforward approach and can potegt@gliver full-length dystrophin. Current studiee
focused on lowering toxicity of transfection reatgems well as improving delivery efficiendg) Cell-based
therapies might be able to regenerate muscle bgaie muscle fibers lost during the course of pesgive
muscle-wasting conditions such as DMD. Transplantdi$ derived from the patient (autologous sejting
require genetic modification to include a functiooapy of the defective gene, whereas donor cells
(allogeneic setting) are at risk for immune rej@ctiimage shows differentiating muscle cells irtund, with
immunofluorescent staining for myosin heavy chagal)r Most therapies must be adapted for systemic
delivery and targeted specifically to striated meisding muscle-specific promoters to regulate espeof
the delivered transgene. Hd, helper-dependent.



(mdx: utrn™") double-knockout transgenic animals, as well agrdphic dogs (Cerletti, 2003;
Deconinck, 1997; Tinsley, 1996). Recently, microphiins have been shown to alleviate a wide
range of histopathological features of thex: utrn”~ model when delivered systemically using
recombinant adeno-associated viral vectors (Odoah,e2008). Assessment of muscle
morphology, mass, fiber size, and contractile prioge suggested that microutrophin might
work similarly to microdystrophin. Other studiesntenstrate amelioration of dystrophy after
delivery of truncated utrophins to musclesralx mice (Sonnemann et al., 2009; Tinsley, 1996).
Additionally, Lin et al. (2012) suggest that mictaphin’s actin-binding domains may more
effectively interact with actin, a connection tietritical during muscle contraction, compared
to the actin-binding domains in internally-delethagtrophins. While utrophin itself may not be
immunologically novel, it should be noted that mi&@ deletions still create novel peptide
junctions and therefore the possibility of an immuwasponse. Overall, these results support the
potential of delivering truncated utrophin to dggtnic muscle as a way of ameliorating

pathology, without eliciting a cellular immune resge against exogenous dystrophin.

Adeno-associated virus

Use of recombinant vectors derived from adeno-aatamtvirus (rAAV) is among the
most promising methods for delivery of genes t@attd muscle (Seto et al., 2012). The wild-
type virus is a nonpathogenic single-stranded DMA/@virus that requires a helper virus to
replicate (Atchison et al., 1965; Muzyczka and Be@2001). The recombinant form can be
produced at high titers in the absence of help@isyicarrying a desired transgene, and it can
infect both dividing and nondividing cells (Podstlet al., 1994). Although its small size and

range of target tissues facilitates disseminatioaJimited packaging capacity (less than 5 kb)



precludes delivery of full-length dystrophin. HoveevAAV has been used to successfully
deliver microdystrophin systemically to all stridtemuscle (Gregorevic et al., 2004b).

At least nine AAV serotypes have been identifiegimates, referred to as AAV1-

AAV9 (Gao et al., 2004). The different serotypespthy various tropisms in vivo (Chao et al.,
2000; Duan et al., 2001a; Gregorevic et al., 20@Hmm et al., 2003; Halbert et al., 2001).
rAAV genomes persist as nonintegrated episomesviiallg infection of cells (Duan et al., 1998;
Schnepp et al., 2009), except at very high doskereMow levels of integration have been found
in cultured cells, liver and muscle (Chamberlaialet2004; Inagaki et al., 2007). Stable gene
expression following rAAV injection into muscle hiasen reported for up to 2 years in mice and
more than 7 years in dogs and rhesus monkeys (bletzal., 1999; Manno, 2003). However, the
mostly episomal AAV in muscle will almost certairdg lost over an extended period of time
because of natural muscle turnover during exercise.

Evading an immune response will be critical foresaéctor administration and robust
transgene expression in the gene therapy settihge\WWAAV has minimal immunogenicity
compared with other vectors such as adenovirus$Zsial., 2002), AAV capsid proteins have
the potential to incite immunotoxicity in targetgues, thereby reducing or eliminating transgene
expression. Initial studies in immunocompetent niceend no cellular immune responses to
viral capsid proteins or the transgene (Fishel.e1897; Kessler et al., 1996; Xiao et al., 1996),
with robust and long-term expression of the debdaransgene, in contrast with immune
clearance of transduced cells following adenowdedivery (Jooss et al., 1998). Phase 1 clinical
trials using rAAV2 also reported relative safetythano adverse events after intramuscular

injections, and pre-existing antibodies to the sg® having little effect on myofiber
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transduction (Manno, 2003). However, it has sineeome clear that in many settings the
immune response can strongly diminish the efficgafciAV-mediated gene delivery.

Recent studies have found cytotoxic T cell and haiionmune responses to the viral
capsid of various AAV serotypes in murine as weltanine models, nonhuman primates, and
humans (Chirmule et al., 2000; Halbert et al., 13%g et al., 2006; Manning et al., 1998;
Manno et al., 2006; Mingozzi and High, 2007; Mingoet al., 2007; Riviére et al., 2006; Wang
et al., 2007a). In addition, the magnitude of meispecific capsid T cell response in humans
appears dose-dependent (Mingozzi and High, 20X&pslent immune suppression might avoid
a cytotoxic T cell response by allowing time foeadance of viral capsids from transduced cells
and professional antigen presenting cells. It nisg prevent activation of CD4T cells involved
in stimulating the development of neutralizing boties to capsid proteins (Reis e Sousa et al.,
1997). The presence of neutralizing antibodiesafzsitl, whether from prior administration or
natural infection (Boutin et al., 2010), can dirsimtransgene expression, though in some cases
may not entirely prevent transduction (Arnett et 2011; Brockstedt et al., 1999; Chirmule et
al., 2000; Fisher et al., 1997; Jiang et al., 200&nning et al., 1998; Moskalenko et al., 2000;
Riviéere et al., 2006). Several studies have shdahttansient immune suppression during the
initial vector administration effectively allowsaé@ministration in murine and canine models as
well as nonhuman primates. Methods include blocKirgll activation with antibodies that
interfere with immune priming (Chirmule et al., ZQCalbert et al., 1998; Manning et al., 1998)
and chemical suppressants such as cyclosporinelitags, and mycophenolate mofetil (Jiang et
al., 2006; Wang et al., 2007b).

These methods may prevent formation of neutraliaimigbodies, but additional strategies

are required to evade pre-existing immunity. Onengple is the use of alternative serotypes for
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readministration (Manning et al., 1998; Rivierekt 2006). Furthermore, capsid engineering
has generated useful variants through rationabde$or example to avoid immunogenic
epitopes, and directed evolution, where diversaitibs can be screened for immunological
advantages (Bartel et al., 2012; Maheshri et @D62Moskalenko et al., 2000; Perabo et al.,
2006). Other approaches for evading pre-existingumity include the application of
biomaterials to shield antibody recognition of adgsoteins and plasmapheresis to reduce the
presence of neutralizing factors (Bartel et all2Monteilhet et al., 2011).

The many strategies under development to reduceaimotoxicity improve the clinical
potential of rAAV-mediated gene therapy. Considgtine complexity and wide range of
immune responses to AAV-mediated gene delivery mieskewithin and between species (Gao et
al., 2009; Wang et al., 2011), translational stsidlenonhuman primates and humans that
include immunomodulation should undergo carefulgieand evaluation. Efficient targeting of
vectors to muscle should further limit the immuasponse. For example, using AAV serotypes
with natural tropism for muscle (Gregorevic et aD04a; Inagaki et al., 2006a; Wang et al.,
2005a; Yue et al., 2008a) lowers off-target tractidn, while muscle specific promoters reduce
ectopic expression in cells that can be involved oell priming (Cordier et al., 2001; Jooss et
al., 1998; Koo et al., 2011; Mays and Wilson, 200/Bng et al., 2007b; Yuasa et al., 2002).
Another recent strategy for restricting transgexgession to desired tissues is to use
microRNAs to target the transgene itself via postscriptional silencing in off-target tissues
(Brown et al., 2007; Gentner et al., 2009). Micro&\tan be incorporated into the 3'UTRs of
transgene cassettes and have effectively reduéedrgét transgene expression in the liver

(Geisler et al., 2011; Qiao et al., 2011). Thiansamportant finding considering that systemic
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delivery will likely be required, where a rangetisSues become exposed to the therapeutic
transgene.

Systemic delivery of rAAV will be a critical aspeat administration, given the need to
target all striated muscle, including the heart diaghphragm, for an effective DMD therapy.
Targeting skeletal muscle alone will strain thetoyshic heart and aggravate cardiomyopathy
(Townsend et al., 2008). A major breakthrough fdd §ene therapy came with the discovery
that several serotypes of AAV could transduce nausssue body-wide following intravascular
delivery. Initial studies of systemic delivery usesttors derived from AAV6 (Gregorevic et al.,
2004b), but subsequent studies have also had suettbsAAV1, AAVS8 and AAV9 (Inagaki et
al., 2006b; Mah et al., 2005; Wang et al., 2005Basibility of the systemic approach coupled
with early intervention is validated by success$fahsduction of all skeletal muscle in newborn
dogs in the absence of immune suppression (Yule, 088b).

The intimate association between myofibers andleasieis allows close contact between
extravasating vectors and the surface of muscle. @bupled with an inherent tropism for
muscle cells, some AAV serotypes readily transduauascle following intravascular delivery.
The mechanisms responsible for vector extravasatioain unclear, and few cell surface
receptors have been identified for AAV1, AAV6, AA\B AAV9. Also, little is known of the
intracellular events following vector uptake by rfigers that enable vector decapsidation and
gene expression (Schultz and Chamberlain, 2008itikitation of these mechanisms could well
lead to modified delivery protocols to enhance badlye muscle transduction using lower

vector doses.
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Split-vector approaches for full-length dystrophin delivery by rAAVs

Restoration of the major functions of dystrophikey to alleviating deficits in DMD,
and truncated dystrophins lose some functionaBgnks et al., 2007; Harper et al., 2002). For
example, although most mini and microdystrophiséar® the components of the DGC to the
sarcolemma, only recently has a truncation beenddhbat supports sarcolemmal localization of
neuronal nitric oxide synthase (nNOS) (Judge eR8D6; Lai et al., 2009; Wells et al., 2003).
nNNOS is involved in production of the signaling eaille nitric oxide (NO), which is important
for maintaining vasodilation and adequate bloodfio skeletal muscle during activity
(Kobayashi et al., 2008; Thomas et al., 1998). ddthh reconstitution of dystrophin as
represented in the internally truncated forms migghthe crucial factor for stabilizing muscle
fibers, delivery of mini or microdystrophins thailfto localize nNOS could lead to a relatively
mild BMD phenotype, with the associated suscepiydib fatigue. It is also unknown whether
other properties of myofibers are affected by latgketions in dystrophin, such as the structure
of the myotendinous junctions (Banks et al., 20@4mks et al., 2009). It is therefore unclear
whether some of the milder BMD phenotypes thatltésam truncated dystrophins would
benefit from delivery of a designer micro- or miystrophin, or whether an alternative therapy
would be necessary to relieve symptoms.

Since rAAV packaging capacity is limited to lesarib kb, microdystrophin is the only
dystrophin variant small enough to package intmgls vector. However, one possible strategy
to deliver full-length dystrophin is to packagegnaents of the cDNA into separate vectors.
Transduction of target tissues with more than aatar, each carrying a dystrophin cDNA
fragment, could allow production of larger dystrophif the parts of each vector could be

brought together (Nakai et al., 2000; Sun et &0® Yan et al., 2000). Two approaches for
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achieving this goal are showing promisevivo. In the first, portions of introns carrying
appropriate splicing signals are incorporated theagene fragments, such that the cellular RNA
splicing mechanisms can be harnessed to reconsttaoger gene from two smaller halves
(Duan et al., 2001b; Lai et al., 2006). Anotherrapgh is to package partially overlapping
fragments into the different vectors, such thatrgér dystrophin expression cassette can be
reconstructed via homologous recombination in ttaned tissues (Duan et al., 2001b; Halbert
et al., 2002; Odom et al., 2011). A recently depetbhybrid system outperforms splicing and
homologous recombination split-vector systems gland improves efficiency of
minidystrophin delivery to muscle (Ghosh et al.02p This system incorporates a highly
recombinogenic portion of the alkaline phospha{@$® gene into two half-transgene cassettes
and additional splicing signals between each AkRoregnd transgene half. Thus reconstruction
of an intact transgene can occur via recombinagfolP and subsequent splicing, or

recombination between viral inverted terminal rép@amd splicing.

Lentivirus

Retrovirus-derived lentiviral vectors can be usedtably integrate a transgene such as
dystrophin into the genome of target cells (Lilet2005). However, integration into the host
genome could cause insertional mutagenesis, negultiactivation of nearby proto-oncogenes
or inactivation of tumor suppressor genes (Beaal.eR007; Ciuffi et al., 2006; Hacein-Bey-
Abina et al., 2003). Self-inactivating (SIN) lentad vectors partially address this issue, as viral
promoter and enhancer elements are removed priotegration into the host genome (Miyoshi
et al., 1998; Zufferey et al., 1998). However, liert studies have found that specific deletions in
SIN vectors may not entirely suppress promoteregt{Logan et al., 2004), and this strategy

does not address disruptions at integration sites.
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Unlike vectors derived from onco-retroviruses sasiMoloney murine leukemia virus,
which are commonly used for gene transfer (Barquie¢ al., 2004), lentiviral vectors can infect
a wide range of dividing and nondividing cells,luing hepatocytes, skeletal and cardiac
muscle cells, and neurons (Bonci et al., 2003; ikafal., 1997; Naldini et al., 1996). Unlike
adenoviral vectors (discussed in the next sectlenjiviral vectors have low immunogenicity;
however, the delivered transgene is still a posémoantigen (Annoni et al., 2007). Lentiviral
vectors have a larger carrying capacity (~9 kb) ti#ekVs, and have been used to stably
transduce myogenic cells with minidystrophin (Kimawt al., 2010; Li et al., 2005), whereas
rAAVs can only deliver the smaller microdystropliiharper et al., 2002).

Permanent gene transfer by lentiviral vectors jpeeslly advantageous for DMD
treatment. Patient satellite cells within skeletaiscle are an ideal target, and lentiviral
reconstitution of dystrophin into the satellitelcethe in vivo would provide a source of
dystrophin during ongoing cycles of regeneratioentiviral vectors are also a useful tool for
transducing autologously derived cells with dyshiopand other genes ex vivo before expansion

and transplantation (Bachrach et al., 2006; Dellaw al., 2007).

Adenovirus

Vectors derived from adenovirus are attractivegieme transfer because of their large
carrying capacity, high titer production and akitiv infect nondividing cells. Successive
modifications have improved carrying capacity, rmhhimmunogenicity and prolonged
transgene expression. The latest generation ofoattes vectors are helper-dependent or
‘gutted’ (hdAd) and are entirely devoid of viralrges. Thus they require a helper virus to supply
genes needed for vector replication and packagimiggl vector production (Chen et al., 1997;

Clemens et al., 1996; Kumar-Singh and Chamberl&ifig). The presence of a helper virus
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renders production technically challenging, anditaaital purification steps are required to
remove it from the final vector preparations (Hgah-O'Connor et al., 2002). HJAd has been
used to stably transduce muscle with dystrophintesdimproved muscle function mndx mice
(DelloRusso et al., 2002; Gilbert et al., 2003).

Despite improvements, many hurdles to effective dv@Actor-based therapy remain.
Adenovirus vectors are five times larger than AAKk&]ucing their ability to exit capillaries and
infect muscle (Su et al., 2005). Also, most intssotdarly administered adenovirus vectors are
taken up by the liver (Gao et al., 1996). Coupléith vow transduction efficiency in adult
skeletal muscle, systemic therapeutic administnatmuld require extremely high doses of hdAd
(Acsadi et al., 1994; DelloRusso et al., 2002).ihigh doses resulted in acute inflammation
and a cytotoxic T cell response — which mediatiedlesicute toxicity — in nonhuman primates
(Brunetti-Pierri et al., 2004; Muruve et al., 19%@ltick et al., 2001) and one patient (Raper et
al., 2003). As with AAVs, delivered transgenes easepisomes, which might be lost over time
and require repeated doses. Readministration ivlsame serotype is problematic given the
development of neutralizing antibodies to bothHdAd vector and the transgene (Gilchrist et
al., 2002; Morral et al., 1999). Use of hdAd vesthas not progressed to clinical trials for these

reasons, and much of the current work is focuseavencoming the immunological issues.

Nonviral gene transfer

Nonviral gene transfer methods involve administratf plasmid DNA (pDNA) (Wolff
et al., 1990), usually in complex with synthetiergmunds. Although the approach is
conceptually straightforward, less expensive comgbéo viral vector production, and avoids the
inherent risks of viral vector administration, dneical testing has not yet demonstrated a

feasible approach for system-wide treatment of DMPon intramuscular and intravascular
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injection, naked dystrophin pDNA has not been shtawexpress in more than 5% of target
myofibers (Zhang et al., 2004). Brief blood flonctgsion achieves targeting of the diaphragm
and improves transgene expression in limb musol&safing intravascular administration
(Hagstrom et al., 2004; Zhang et al., 2004). Useatibnic polymers and lipids also improves in
vivo tissue transfection after systemic administratRictiiard et al., 2005). However, the
possibility of acute toxicity of plasmid DNA-catimnpolymer/lipid complexes must be resolved,
especially considering potentially high dose systeaxdministration (Chollet et al., 2002;
Trubetskoy et al., 2003). The size of the plasmitsoding full-length dystrophin may also
impede DNA transfer through the vasculature (Ridheral., 2005; Zhang et al., 2004). While
additional methods have improved transfection wétgd muscle, clinically safe and efficient
body-wide dystrophin expression in both skeleta eardiac muscle has not yet been achieved.
Still, a recent Phase 1 trial testing naked dys$timpDNA by intramuscular injection resulted in
low levels dystrophin expression (Romero et alQ80giving hope that development of a safe

method to boost gene transfer will lead to a newDilderapy.

Exon skipping

Exogenous delivery of dystrophin has shown prorfaséreatment of DMD, but
limitations, such as vector capacity and deliveotential immune response and appropriate
transgene expression, still must be overcome.drvénious forms of muscular dystrophy as well
as other genetic diseases, mutations give risestogture stop codons, and splice-site mutations,
or deletions/duplications can shift the readingnieaof a transcript or cause aberrant splicing,
resulting in little or no functional protein.

Exon skipping addresses these disorders at theqaosicriptional level, using the

process of transcript maturation to remove probtenexons Figure 1.3. Sites within the
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newly synthesized pre-mRNA that signal the endnoéxon are blocked, and the whole exon
containing the stop codon or frameshift mutatidang with its flanking introns, are thereby
removed. In the case of dystrophin, a multiexorfih in the rod domain was found in mild

and asymptomatic BMD (Monaco et al., 1988). Thusnsxn this domain with a stop codon or
frameshift mutation can be removed using exon skgppl ranslation then generates an in-frame,
albeit internally truncated, gene product thatinstanany critical functions. Studies of rare,
dystrophin-positive ‘revertant’ fibers in some DMiatients first indicated that this might be a
feasible therapeutic approach (Sherratt et al.3L9%he revertant fibers contained a restored
dystrophin reading frame, although it remains usuclehether this was a result of secondary
mutations or spontaneous alternative splicing (gt and Lu, 2008).

Synthetic antisense oligonucleotides (AONs) wenreettged for specific exons within
dystrophin that can block transcript splicing sitesitro (Dominski and Kole, 1993; Pramono,
1996; Takeshima et al., 1995). Most of the earlyknam AONSs for therapeutic benefit was in
the form of 2’-O-methyl-phosphorothioate AONs (2’@MONSs) Figure 1.4), which are more
stable than nonmethylated RNA (Shibahara et aB912’OMe-AONSs restore the reading
frame of dystrophin in primary muscle cells fromdx mice (Dunckley et al., 1998). This was
also achieved in cells frooxmd dogs (McClorey et al., 2006), human cells derifrech DMD
patients (van Deutekom, 2001) and in vivomax mice by intramuscular administration (Mann
et al., 2001). Other muscular disorders have alsoessfully used exon skipping to correct
abnormal gene expression. In myotonic dystrophylNa@ave been used to correct aberrant
splicing in the chloride channel 1 gerf&d CN1) pre-mRNA and the associated myotonia

(Wheeler et al., 2007), demonstrating the broadiegipns of this tool.
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AON chemistry

AON modifications have undergone many iteratioesulting in various chemistries
affecting efficiency and delivery to cells in vitemd in vivo (Summerton and Weller, 1997).
Morpholino oligomers show promise for in vivo aaliions (Yokota et al., 2009). Antisense
morpholino oligomers, commonly called PMOs (for ppleorodiamidate morpholino
oligomers), resemble 2’0OMe-AONSs, but have seveesl differences, as shown kigure 1.4
PMOs incorporate morpholine rings in place of tlese sugar rings of RNA and are nonionic,
which avoids nonspecific electrostatic interactianthin the cell. Replacement of the
phosphodiester linkage with phosphorodiamidate nispasistance to nuclease degradation
(Summerton and Weller, 1997). Because PMOs araaroo; and therefore inefficient at
penetrating cell membranes (Sazani et al., 2088y, &re commonly conjugated to cell-
penetrating cationic moietieBigure 1.4) (Lebleu et al., 2008; Wu et al., 2009). Peptidelaic
acids represent another type of chemistry develapedested in vivo (lvanova et al., 2008).
Aside from sequence specificity and efficient es&ipping, clinical considerations for AON
chemistries must include the potential for toxi@tyinduction of a host immune response,
biostability, penetration into striated muscle getind the cost of large-scale synthesis for

systemic delivery.

AON administration

System-wide targeting of morpholino oligomers telskal muscle was initially achieved
in themdx mouse with no observed immune response or toxioityalso without targeting of
the heart (Alter et al., 2006; Fletcher et al., 200 outcomes observed previously with

2’0Me-AONSs (Lu et al., 2005). Recently, groups hauecessfully targeted skeletal muscle
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system-wide, as well as the heart in thgx mouse, upon incorporation of peptide or chemical
moieties to facilitate cell uptake (Aoki et al.,J20) Jearawiriyapaisarn et al., 2008; Wu et al.,
2008; Wu et al., 2009).

AON design itself must be optimized for the targeguence within a given mRNA,
because of the secondary structure in single-stihRINA and splice signal sites (Popplewell et
al., 2009). Indeed, this might explain why multipl®Ns, or an oligo ‘cocktail’, seem to be
more efficient than a single AON at targeting agirsite (Mitrpant et al., 2009). Oligo cocktails
could also be used to achieve multi-exon skipphak( et al., 2012) and thereby cover many
DMD mutations with a single treatment.

Another systemic approach for AONs uses rAAV vexfor intravascular delivery.
rAAVs can be used to deliver DNA encoding an AOMké&d to a small nuclear RNA sequence
for nuclear targeting of the transcript for modifiion of dystrophin (De Angelis, 2002).
Treatments show therapeutic improvement inntkdg mouse, with reduced serum creatine
kinase and improved skeletal muscle function (Denél., 2006; Goyenvalle et al., 2004).
Tropism of certain serotypes also allows targetihthe heart (Denti et al., 2006). Another
advantage of rAAV vector delivery of AONs is thagistence of rAAV episomes (Schultz and
Chamberlain, 2008). Longer-term in vivo AON expresdrom episomes would be preferred
over lifelong ongoing treatments with PMOs. For MMAONS, however, potential immune

responses as well as scalability of vector prodactnust also be considered.

AON safety

Although it is debatable which AON chemistry wik the most effective (Heemskerk et

al., 2009; Mitrpant et al., 2009; Wu et al., 2008jmust be determined whether the most
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effective are actually safe for human use. Theowsrimodifications require careful investigation
of potentially harmful degradation products or adigkry agents, immune responses, and
nonspecific actions. Owing to inherent resistammcédgradation, some morpholinos might be
especially harmful if they have low specificity fRNA targets, and at high doses these effects
could be amplified (Wu et al., 2012; Yokota et 2009).

Recent clinical trials show the promise of thisr@@eh as well as its challenges. Phase 1
and 2 trials with AVI-4658 (Eteplirsen) and PRO(&ISK2402968) demonstrate that AONs can
restore dystrophin expression and appear wellatddrat the doses tested and for repeated
dosing regimens (Cirak et al., 2011; Cirak etZ012; Goemans et al., 2011; Kinali et al., 2009).
Dystrophin restoration was somewhat variable arsdtependent, as was restoration of the
DGC and associated signaling proteins. For exankhali et al. (2009) show that
intramuscular delivery restores dystrophin at higaeels (up to 79%) near the needle track,
emphasizing the importance of systemic deliverydistribution, and by immunostaining they
show highly variable dystrophin expression level®ag positive fibers, at 11-42% of controls.
Systemic delivery of PROO51via subcutaneous imaatesulted in dose-dependent increases in
levels and the percentage of fibers expressingalysin, but no improvement was found in
muscle force or serum creatine kinase levels (Gosrataal., 2011). Discrepancies illustrate the
importance of careful dystrophin quantification ¢Aony et al., 2012). Results also highlight our
extremely limited understanding of how individugbkttophin positive fibers contribute to force

development.

Alternatives

Stop codon read through is an alternative apprt@atiuses drugs to bypass mutations in

dystrophin that create premature nonsense codargaficin is an antibiotic that binds the 40S
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ribosomal subunit and promotes introduction of @ acid at stop codons (Palmer et al.,
1979; Singh et al., 1979; Yoshizawa et al., 1988)ndx mice, gentamycin drives restoration of
dystrophin expression in up to 20% of muscle fibaith some protection from contraction-
induced injury (Barton-Davis et al., 1999). Howeuee effectiveness of this approach has since
been variable in animal models and human trialspme cases resulting in little to no new
dystrophin expression (Arakawa et al., 2003; Dumdr., 2003; Malik et al., 2010; Politano et
al., 2003; Wagner et al., 2001). Atalurin (PTC124pther read-through drug that binds to the
60S ribosomal subunit, has also shown promisadxamice, resulting in around 20% dystrophin
positive fibers (Welch et al., 2007). Human clinittal results showing functional improvement
have yet to be published, though the drug appealidailerated at doses tested (Beytia et al.,
2012; Hirawat et al., 2007; Mendell et al., 2012havant et al., 2011). Potential disadvantages
of read-through drugs include toxicity and low gfeity leading to read-through of critical
regulatory stop codons, though there is some itidicghat read-through is context dependent
and thus more likely for nonsense codons than aegtbp codons (Manuvakhova et al., 2000).
Direct gene repair methods are also under developrbese employ endonucleases
designed to create sequence specific double shnaadks within dystrophin near mutations or
deletions. Double strand breaks are then repamedigh nonhomologous end-joining that
introduces a small insertion or deletion, or horgolas recombination with plasmids that donate
an intact version of the region (Chapdelaine e28l10; Rousseau et al., 2011). rAAV has also
been used to introduce defined sequence changéswialogous recombination to a variety of
cell types (Khan et al., 2011). This technologylddie a useful alternative to lentiviral vectors

for ex vivo genetic correction of cells prior tamsplantation. However, novel endonucleases are
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potentially antigenic, and strategies employingrrehould incorporate methods for ensuring

only transient presence in target cells.

Cell Therapy for Muscular Dystrophies

Approaches

Cell transplantation as a therapeutic tool is apsong avenue for treatment of muscular
dystrophiesFigure 1.2). Transplanted cells must be able to fuse witlstexg myofibers or form
new ones, and transplanted cell nuclei within thogefibers must express the missing gene
product. In addition to regeneration of myofibersnajor goal of stem cell therapies is
reconstitution of the satellite cell niche. Sateltells are the primary stem cell of skeletal
muscles, such that their replacement might proruttee functional regeneration of the muscle.

Cell transplantation might either be allogeneicn@aderived cells) or autologous
(patient-derived cells). Although allogeneic traaspation from a wild-type donor does not
require genetic manipulation to reintroduce funailcdystrophin, the risk for graft rejection
remains. Autologous transplantation requires gemeéinipulation, potentially by using lentiviral
vectors to deliver functional dystrophin. Inherasks in using lentiviral vectors apply, but the
risk of immunogenic graft rejection is much lowdfith either approach, expansion and
culturing of the cell population will probably becessary, requiring careful control of
conditions to preserve muscle engraftment abifity. example, Gilbert et al.(2010) demonstrate
the importance of substrates in preserving mugela sell properties. Cells cultured on
substrate elasticities similar to that of musctaireed the ability to self-renew in vitro and had
more extensive contributions to regenerating muthaa cells cultured on rigid plates or

substrates with other elasticities.
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An additional goal will be achieving appropriatsllirsement of cells. Donor transgene
influence is limited by diffusion distances alonggeafted fibers (Blaveri et al., 1999; Mueller et
al., 2002; van Putten et al., 2012). Thereforeoiugf a single donor cell carrying dystrophin
with each existing muscle fiber is insufficient.skan of multiple donor cells along the length of
each fiber is required. Likewise, if primarily nemuscle fibers are formed through fusion among
donor cells, those fibers require appropriate dhistion, in addition to obligatory innervation
(Borisov et al., 2001; Harris, 2003). Regardlesw/léther myofibers are of host or donor, or
mixed origin, the relationship between force depatent and dystrophin distribution is poorly
understood, but clearly important. Studies thatoles partial restoration of dystrophin
expression suggest that dystrophin levels musbbeeaa particular threshold in the majority of
fibers to rescue function, or a particular proportof fibers must highly express dystrophin
(Chamberlain, 1997; Sharp et al., 2011; van Pwdtet., 2012). In addition, cell-based therapy
studies in mice have shown variability in recovefyunction, and disbursement methods are
likely a factor (Darabi et al., 2012; Gang et 2009; Mooney and Vandenburgh, 2008;
Rousseau et al., 2010). Development of consistansplantation methods will be critical for
distribution of cells within target muscles. Thigynnclude intramuscular, local or systemic
routes of administration. Thorough quantificatioathods will further this goal by permitting
reliable engraftment comparisons among conditions.

An important issue will also be identifying an adatg cell source for scalable
autologous transplantation in humans. Ultimatéig, rtnost promising approach for muscular
dystrophy cell therapy will be the use of accesspatient-derived myogenic precursors capable
of efficient engraftment into skeletal muscle feliag ex vivo expansion and genetic correction.

A variety of cell types have been investigatedtf@ir potential to fulfill these criteria.
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Cell types

The most widely studied cell type for muscular dyghy cell therapy is the satellite cell
and cultured daughter cells known as myoblastsispianted myoblasts from wild-type donors
engraft into skeletal muscle (Skuk et al., 200Baj,massive cell death, limited migration from
injection sites and immune rejection of allogerwtis is observed (Gussoni et al., 1992;
Gussoni et al., 1997; Huard J et al., 1992; Kayd@93; Mendell et al., 1995; Montarras et al.,
2005; Peault et al., 2007; Skuk et al., 2007b; ey 1993), even with genetic matching
(Huard et al., 1992). Isolation and autologousgpdantation of satellite cells might avoid host-
versus-graft immune rejection. However, in lategss of muscle degeneration, fewer myogenic
progenitors can be isolated, and expansion of gelislture significantly reduces their
engraftment capacity (Fan et al., 1996; WebsterBdad, 1990). Many recent approaches aim to
improve muscle precursor cell isolation with theaaale of avoiding in vitro expansion to
determine therapeutic potential (Montarras e28lQ5). Although this has yielded much greater
understanding of satellite cell properties and aftgrent, immune responses and the cost of
human and animal antibodies commonly used in tisedation techniques limit clinical
applications (Tremblay and Skuk, 2008). These stdould, however, potentially lead to new
discoveries on how to maintain myogenic cell popoie in a particular progenitor state in vitro
(Collins et al., 2005; Deasy et al., 2002; Gillsral., 2010), and how to increase transplantation
engraftment success. A further complication of ¢h&sidies is that myogenic progenitors
derived from muscle are typically a heterogeneamifation, displaying unique properties
depending on isolation methods and culture conaiti@ornelison, 2008). It is also unclear
whether satellite cells themselves might derivenfiasatellite cell precursor within muscle or

from a circulating progenitor (Collins et al., 2005
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Muscle-derived progenitors that can engraft in rfeuatter intravascular delivery have
also been found; this is an important step for mgkiell-based therapies a feasible treatment for
DMD. Such progenitor cells include muscle side-papon cells (Bachrach et al., 2006;
Gussoni et al., 1999) and cells isolated basedkpression of specific markers, such as CD34,
Scal (Lee et al., 2000) and CD133 (Benchaouir.e2@07; Peault et al., 2007; Torrente et al.,
2007).

Progenitors derived from bone-marrow or circulati@ve migrated and engrafted in
muscle and show modest recruitment to muscle flancirculation in mice (Bittner et al., 1999;
Ferrari et al., 1998). In dogs, however, Dell’Agnek al. (2004) found that hematopoietic stem
cell transplantation does not restore detectaldéroghin expression to skeletal muscle fibers.
Enrichment, expansion, and directed differentiabbsubsets of circulating cells may be
required for effective therapeutic applications ZB&a et al., 2005; Torrente et al., 2004).

The mesoangioblast (Sampaolesi et al., 2003) lasrshmpressive levels of
engraftment and functional recovery in a mouse rofdénb girdle muscular dystrophy
(Sampaolesi et al., 2003) and in dystrophic dot afterial delivery (Sampaolesi et al., 2006).
Mesoangioblasts have been suggested to derivethemericyte, which is a microvessel-
associated cell type (Dellavalle et al., 2007) fdlty understand the clinical relevance and
limitations of mesoangioblasts or pericytes in nulesicdystrophy, it will be crucial to develop
reproducible isolation and expansion methods fentland to better characterize their skeletal
muscle regenerative capacity (Meng et al., 201#lg$eo et al., 2012). Furthermore, reduced
numbers of resident pericytes in dystrophic mus@g limit their use in autologous cell

therapies (Tedesco et al., 2012).
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Conversion of alternative cell types into myoggmiecursors has recently become a
plausible approach. Promising cell types that aambuced into the myogenic lineage include
embryonic stem (ES) cells (Barberi et al., 2007rabaet al., 2008), embryonic and postnatal-
derived fibroblasts (Kimura et al., 2008), and ioeld pluripotent stem (iPS) cells derived from
adult fibroblasts and other cell types (Goudendge.£2012; Takahashi et al., 2007; Tedesco et
al., 2012; Trokovic et al., 2012; Yu et al., 200%hough ES cells have shown promise in
development of cell therapies, some mouse and hiaBacell lines might be predisposed to
chromosomal abnormalities that could limit theiplgation in cell replacement therapy
(Catalina et al., 2008; Rebuzzini et al., 2008% d@lls are generated by expression of a defined
set of transcription factors. Once derived, thespldy characteristics that are remarkably similar
to ES cells, including expression of ES cell maskégratoma formation and the ability to
contribute to generation of chimeric mice followimgection into a blastocyst. Use of iPS cells
avoids the ethical concerns and reduces the rigkmiunorejection associated with human ES
cells, and has shown promising therapeutic potesitia pluripotent stem cell source (Hanna et
al., 2007). Patient-specific iPS cells could bewsr from highly accessible and expandable
fibroblast populations. However, the process ofagmmming and induction into the myogenic
lineage must be streamlined for clinical feasipjland carefully controlled to avoid the

formation of tumors and more subtle immune comglbces (Zhao et al., 2011).
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Note to Chapter

Portions of this chapter were adapted and/or repredi from: Muir LA, Chamberlain
JS. Emerging strategies for cell and gene ther&ftyeamuscular dystrophieExpert Reviewsin
Molecular Medicine 2009; 11e18, and Seto JT, Ramos JN, Muir LA, Chalaine]S, Odom GL.
Gene replacement therapies for Duchenne muscusairogny using adeno-associated viral

vectors.Curr Gene Ther 2012; 12(3) 139-151.
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Chapter 2

Myogenic Potential of a Dermal Cell Population

Introduction

In the autologous cell transplantation setting;,diidasts have shown promise in a variety
of tissues, including bone, neural, cardiac andesiklemuscle (leda et al., 2010; Kim, 2011;
Kimura et al., 2008; Phillips et al., 2007; Vierbea et al., 2010). Importantly, dermal
fibroblasts (dFbs) are readily accessible in p&igmghly expandable in vitro after a minimally
invasive dermal biopsy (Elder et al., 1996; Lodgéal., 2008), and possess increased mitotic
activity and resistance to differentiation into rfipooblasts compared with fibroblasts from
other tissues (van den Bogaerdt et al., 2002).

Fibroblasts of various origins can undergo myogenitversion with addition of the
basic helix-loop-helix skeletal muscle-specifiasaription factor MyoD (Dauvis et al., 1987;
Gibson et al., 1995; Huard et al., 1998; Lattanzle 1998). However, forced expression of
MyoD can lead to premature cell growth arrest aifféreéntiation (Crescenzi et al., 1990;
Lattanzi et al., 1998), thereby reducing the enigrant capacity of donor cells into host skeletal
muscle. Improved control over the timing of myogedgifferentiation has been achieved by
MyoD activation systems, such as tetracycline-irdiuglyoD expression, and by the MyoD-
estrogen receptor fusion protein that is transplartedo myonuclei in response to estradiol (Del
Bo et al., 2001; Hollenberg et al., 1993). Howeteese systems are not ideal for the conversion
of transplanted cells in vivo (Del Bo et al., 20(Rgcently, the discovery of estrogen receptor
mutations allowing selective binding of the drugydroxytamoxifen (4OHT) have given rise to

the MyoD-ER(T) fusion protein; the 4OHT-mediateduible system provides greatly
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increased post-translational control of MyoD ad¢yi{Danielian et al., 1993; Goncalves et al.,
2008b; Kimura et al., 2008).

The proof of principle for in vivo myogenic convens of neonatal tail tip fibroblasts
from mdx*®” mice using the inducible MyoD-ER(T) system hasrbéemonstrated (Kimura et
al., 2008). This chapter describes the in vitro isndvo properties of dFbs carrying a
minidystrophin transgene as well as MyoD-ER(T)ifatucible control of myogenic

X* muscles after expansion and

differentiation. This dFb population engrafts ilgstrophicmd
in vivo myogenic conversion. Results suggest thatlagous fibroblasts could serve as a robust

source of myogenic cells for ex vivo cell therapypd/1D.
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Results

Dermal fibroblasts efficiently convert into the myayenic lineage

To explore the myogenic conversion of dFbs isoléteh mdx*c”

mice expressing
minidystrophin we transduced cells isolated fronolglskins of neonatal transgenic miniDys-
eGFPMdX*®Y (miniDys-GFP) (Li et al., 2006) mice with a lerital vector expressing MyoD-
ER(T) (Figure 2.13. Beginning 48 hours post-transduction, MyoD-ER{Bs activated by
three daily additions of 4-hydroxytamoxifen (4OH®)the culture media~{gure 2.1b). After
several days, myosin heavy chain (MHC) and miniByR expressing cells were observed
(Figure 2.19. Converted dFbs were compared to converted 103ell2 and MM14 myoblasts
under conditions that promote differentiation (Megerials and Methods}-{gure 2.23. A
similar percentage of dFbs and 10T1/2 cells expreddyoD, as detected by
immunofluorescence, after transduction with MyoD(ERFigure 2.2b). Following 40HT
treatment, ~80% of dFbs became MH&nd ~50% fused into multinucleated myotubes, a
roughly 2-fold greater efficiency compared to 1 &¢élls Figure 2.2b). In control MM14s,
greater than 90% of differentiated cells were MH&hd ~80% fused into multinucleated
myotubes. Similarly, when clones were evaluatedfable myogenic conversion, only ~30% of
10T1/2 clones were myogenic while nearly 80% ofdkb clones expressed MHEigure

2.29. Importantly, >90% of the MHCdFbs in high density cultures expressed the misiBFP
transgeneKigure 2.1¢ 2.2d). In the absence of 40HT only ~0.3% of MyoD-ER(Bnisduced
dFbs became MHG while cells not treated with 40HT and not transetlidisplayed less than
0.1% MHC expressiorSupplemental Figure 3. In dFbs not transduced with MyoD-ER(T),

treatment with 40HT resulted in ~0.1% MHC expressidrese data illustrate the relatively

high response of MyoD-ER(T)-expressing dFbs to neyagconversion following 40HT
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treatment, as well as the extremely low spontaneotsyenic conversion rates of non-
transduced and MyoD-ER(T)-expressing dFbs in tiseade of 40HT.

To track myogenic conversion over time and thevatibn of MyoD expression in
converting cellswe isolated dFbs from MyoD-GFP mice. As GFP expoast these mice is
driven by MyoD regulatory elements (see Materiald Blethods), we used GFP as a surrogate
for endogenous MyoD activation. This dFb populativas then transduced with the MyoD-
ER(T) lentivirus and converted into myogenic celgferentiation was monitored for 10 days
after initiating 40HT treatment. By day 4, nearl}#® of the MHC cells were also GFP
coincident with maximum culture density and peakvarsion Figure 2.2¢9. These phenotypes
persisted for at least 10 days even though 40Hifrtrent ceased on day 2. Since MyoD is
known to have a short half-life (Thayer et al., 998hese data support that sustained 40OHT
treatment and MyoD-ER(T) activity are not requitednaintain myogenic differentiation.
Consistent with previous studies demonstrating Myiib-activation, presumably MyoD-ER(T)
activates endogenous MyoD and a self-perpetuatympgenic program (Berkes and Tapscott,
2005; Thayer et al., 1989; Zingg et al., 1994).

To determine the minimum MOI of the MyoD-ER(T) lemtus required to obtain
optimal transduction and conversion in dFbs, cakwere transduced with various MOIs of
MyoD-ER(T) lentivirus and separately transfectethva CK8e-luciferase plasmid as a means of
detecting converted cells (see Materials and Methddormalized luciferase activity increased
linearly for MOlIs 1-10 $upplemental Figure 3. At an MOI of 10, >90% of the cells
immunostained positive for MyoOF{gure 2.2b), and gPCR indicated a population average of at
least one MyoD-ER(T) lentiviral integration evemrell Supplemental Figure 3.

Transductions with MOIs between 10 and 100 ledrtolar levels of luciferase activity with
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maximal expression levels attained between MOIB)eR0, and decreasing levels at an MOI of
200. At MOls of 100 and 200, | also noted that petlliferation slowed dramatically compared
with lower MOlIs. Thus lentiviral transduction wigdm MOI of 10 is sufficient for expression of

the MyoD-ER(T) and myogenic conversion.

Conditions affecting myogenic conversion

We additionally tested whether conditions that poterdifferentiation of myogenic cells
also promote conversion of dFbs. Self-depletiomiibgens from the medium during conversion
resulted in a higher percentage of MH&IIs than if cells were maintained in 2% FBS via
medium change every two days. Concurrent treatiftierdugh day 6 irFigure 2.1b) of 4OHT
and 10 ng/ml bFGF (once per day), a known mitogetdth myoblasts and fibroblasts, resulted
in at least twice the percentage of differentiadttdiC* cells in dFb and 10T1/2 cells, but only
when cultures were also periodically refed with madcontaining 2% FBSSupplemental
Figure 4).

Since it is known that cell density and fusion intgotubes can influence myogenic
differentiation of various cell types (Bhutani ¢t 2010; Blau et al., 1983; Clegg and Hauschka,
1987; Pomerantz et al., 2009; Salvatori et al. 519®rranova et al., 2006), we explored these
influences on dFb differentiation. We started vatbeeding density that limited cell-cell contact
and then increased cell density over a 20-fold eaagd found that this range did not
significantly affect myogenic conversion, and nkatienship was found between local density of
cells and the percentage conversion in a partidigdla (Supplemental Figure §. Similar
results were obtained with 10T1/2 celBupplemental Figure §. This does not exclude the
possibility of soluble factors subtly influencingprogramming at these cell densities, but it

suggests that conversion is not favored by direlttcontact.
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Donor miniDys-GFP cells are not rejected in a syngeic setting

Since the potential therapeutic strategy beingstigated in this model system involves
expression of an immunologically novel protein, mext asked whether donor cells carrying the
miniDys-GFP transgene might be rejected byrtkg**’ hosts. To avoid any potential effect of
tamoxifen treatment on immune system function, raesplanted 5 x anononuclear cells
from whole muscle isolated from miniDys-GFP micwitibialis anterior (TA) muscles of
mdx*®” hosts. TAs were harvested at 8 or 16 weeks antthenumber of GFPfibers were
counted in multiple cross-sections throughout aeatsplanted muscle. For both time points
GFP fibers were retained, and the average numberdtidiffer significantly between 8 and 16
weeks SupplementalFigure 7). These data indicate that expression of the gemes was stable,

and that miniDys-GFPfibers were not cleared by the immune systema¢” hosts.

Transplantation of dermal fibroblasts does not leado fibrosis

Given the known role of fibroblasts in formationfiifrotic lesions in dystrophic muscle
(Bulfield et al., 1984; Natarajan et al., 2010;r&eo and Mufioz-Canoves, 2010; Vidal et al.,
2008) we examined whether transplantation of debslted in ectopic collagen deposition or
structural abnormalities after in vivo myogenic eersion Figure 2.39. Figure 2.3bshows a
typical cross-section with engrafted muscle fibegeeks after transplantation and in vivo
conversion of 5 x T0miniDys-GFP donor dFbs intodx*®’ TA muscles. Examination by
hematoxylin and eosin staining revealed no grossmbalities in muscle morphology with only
occasional foci of mononuclear cells near engraftnsées Figure 2.39. These mononuclear

cells may represent immune cell infiltration, a ecoam feature inmdx*c”

mice (Hartigan-
O'Connor et al., 2001), as similar concentratidnm@nonuclear cells were observed at locations

outside the engraftment site in both injected astrol sections. Importantly, no collagen
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accumulation beyond control levels was detectemhgtaftment sites by Sirius red staining

(Figure 2.39.

Engraftment vs. donor dFb cell dose

The efficiency of dFb cell engraftment in conjunctiwith in vivo conversion was
determined by injecting graded doses of miniDys-@BRor-derived dFbs intmdx**’ TA
muscles, with the in vivo conversion scheme shawfigure 2.3a Muscles were harvested 4
weeks after transplantation and total GFiBers from the single cross section containirg th
maximum number of GFHibers were analyzedrigure 2.4g. The results indicate more GFP
fibers at higher dFb doses for up to 1 X &6lls per transplant. The number of injected cells
required to generate GERbers attained a plateau level between dosesxaf® to 1 x 168

cells, and then became orders of magnitude legsesif at 2 x 10 cells Eigure 2.4b).

Engrafted fiber distribution in host muscles

We next sought to quantify the extent of engraftntleat could be obtained by dFb
transplantation. For these studies 5 X dBbs from miniDys-GFP donors were transplanteal int
recipient TA muscles as previously describEdgyre 2.59. At 2 and 4 weeks post-
transplantation, injected muscles were harvestddcerss sections were evaluated at
approximately 0.5 mm and 0.1 mm intervals, respebtj throughout the muscle length
(Supplemental Figure 8) Each section was directly imaged for GFiBers, and these were
counted and plotted corresponding to the respeptimeimal-to-distal location of each section
(Figure 2.5). TAs harvested at both time points exhibited lardjnal distributions of miniDys-
GFP fibers, but at 4 weeks the average positive fihenbers were ~20% higher compared with

2 weeks. In all sections tested, less than 10%efdtal muscle cross-sectional area was
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engrafted Supplemental Figure 9. The percentage of engrafted area in each trantga TA
muscle was determined by comparing the engrafieal tarthe total muscle cross-sectional area.
To improve the percentage area engrafted and estabsystem conducive to whole
muscle functional evaluation, 5 x°l@Fbs from miniDys-GFP donors were injected int® th
much smaller extensor digitorum longus (EDL) mus€kn weeks after transplantation, injected
EDL muscles contained cross sections in which :8B@% of the muscle cross sectional area
was occupied by miniDys-GFRibers, and the average percent engrafted areasail sections
of all muscles was ~149%igure 2.69. Importantly, the persistence of miniDys-GFP expmss
10 weeks after dFb injection implies relativelydeterm survival of muscle fibers engrafted by
donor cells. Comparable engraftment was observezhVshx 16 whole muscle mononuclear
cells (which include satellite cells) were transiéal into EDL muscledgure 2.6b). The
individual sections with the highest percentage &mgrafted are shown for each transplanted

EDL and cell typeKigure 2.69.

Contractile properties after cell transplantation

We next tested whether transplantation of dFbs BiW\tells (both derived from
miniDys-GFP donors) into dystrophic muscle improfase development or protects whole
muscle from injury. Ten weeks after transplantati®DbL muscles were dissected and subjected
to in vitro force measurements and an eccentritraotion protocol (see Materials and
Methods). We note a slight trend toward protecfrom contraction-induced injury in the
dFb+TAM condition, but no significant differenceere observedrigure 2.7a). We found no
improvement in maximum isometric force or spedificce Figure 2.7b, 9. The masses were

X4cv

equivalent in all injectechdx™" muscles Figure 2.7d).
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Discussion

Here, we investigated the therapeutic potentialsnfig autologous dermal fibroblasts for
treating dystrophic skeletal muscle. The modelesysinvolved the in vitro expansion of dFbs
from miniDys-GFP transgenic mice, transduction veitlentiviral vector containing a
constitutively expressed MyoD-ER(T) cDNA, injectiohthe transduced dFbs into hastx**Y
TA or EDL muscles, and subsequent in vivo conversibthe transplanted dFbs via
intraperitoneal injections of tamoxifen.

One clinical component of autologous cell-basedspantation DMD therapy not
directly tested in the present study was the eg ti@nsduction of donor dFbs with a dystrophin
expression cassette. Rather, we used myogeniaailectiblemdx*®’ dFbs that already carried a
miniDys-GFP transgene, in order to focus attentiorthe myogenic conversion aspect of the
protocol without confounding the multiple variabjgsrtinent to this component with additional
variables involved in the simultaneous transductibdFbs with a muscle-specific
minidystrophin expression cassette. The techni@admpeters of this essential portion of the
treatment protocol are being investigated in omgatudies. However, dual lentiviral
transduction was previously demonstrated in tpifibroblasts with microdystrophin-GFP and
MyoD-ER(T) (Kimura et al., 2008).

Importantly, the present study avoided pretreatroéngcipient muscles with toxins and
irradiation, two common protocols that initiate enxsive regeneration and can eliminate host
satellite cells (Harris, 2003; Morgan et al., 1988)neither of these procedures would be
applicable in a clinical DMD setting. Additionallgpyogenically convertible donor dFbs were
transplanted into immunocompetent, syngeneic nmagder to mimic the autologous immune

system setting that would be encountered in DMBtinent.
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A key aspect of the current studies involved eshlrig that dFbs carrying MyoD-ER(T)
could efficiently convert into myogenic cells irvei following tamoxifen treatment. We first
confirmed that in the presence of 40HT, MyoD-ER¢£Tfjciently converts dFbs into the
myogenic lineage in vitro, as measured by the peage of nuclei in MHCcells following
differentiation. Lentiviral delivery of MyoD-ER(Tat MOI 10 - 20 is effective for myogenic
conversion, and additional vectors, while possihbximizing MHC cells, are unnecessary.
Additionally, minimizing the essential vector numlgiecreases the probability of insertional
mutagenesis and reduces the potential for premdifieeentiation due to MyoD overexpression.
During conversion, cells expressed myogenic gend$acame responsive to factors known to
influence differentiation of myoblasts, such asapén deprivation. Additionally, the increase in
percentage of MHCcells with addition of bFGF in vitro suggests tR@&F treatment
differentially affects the converting populatiomssibly due to enhanced survival, selective
mitogenic stimulation, or other signaling effec&éd and Hauschka, 1988; Tortorella et al.,
2001). The dFb conversion process does not appepend on cell contact and fusion
(Supplemental Figure 5. Thus in the transplantation setting, where aewaof cell types and
environmental variables are present, dFbs showld ha specific requirement for close contact
with myogenic or other converting cells to convatb the myogenic lineage.

Our studies suggest that the optimal cell trangptaon range for dFbs injected
longitudinally into the TA muscles of an adult meus between 1 x £Gnd 1 x 18cells in 20
ul (Figure 2.4). Interestingly, these cell numbers/concentratemgssimilar to what has been
reported for myoblast transplantations into evewrhmarger non-human primate muscles, where
1 x 10 cells or greater injected at a single site reslilteincreasing proportions of central

necrosis (Skuk et al., 2007b). While the contribwitof transplanted dFbs to dystrophin-positive



48

fibers indicates their in vivo tamoxifen-mediatezheersion into the myogenic lineage, an
unknown proportion of cells may remain as fibrotda®otentially low in vivo conversion
efficiency could interfere with whole muscle furmtior lead to fibrosis; however, histological
examination of dFb-engrafted sites indicated nsgrorphological abnormalities or lesions in
the recipient dystrophic muscle beyond that whecbharacteristic for the dystrophic host
(Figure 2.3). The absence of ectopic connective tissue irctineent study is in contrast to
observations in a pioneering MyoD-converted fibasblstudy (Huard et al., 1998). This may be
due to the earlier study’s inclusion of notexirectjon and irradiation of host limbs prior to
transplantation, and to the injection of the dFtie many regions rather than as a single
dispersed cell injection.

When the distribution of engrafted fibers was obedrn TA muscles 2 and 4 weeks
after transplantation, the number of engraftedréilveas slightly higher at 4 weekSigure 2.5).
This may be due to increased stability of matuigra&ited fibers or to further contribution from
differentiating converted cells during the interientwo weeks. Analogous studies of EDL
muscles 10 weeks after single longitudinal intracoles injections indicated engraftment levels
approaching 30% of the total area in cross sectimmigh the best transplani&dure 2.6). The
percent engraftment data and relatively restriet@sé occupied by miniDys-GFRbers
following the in vivo conversion and differentiatiof transplanted dFb&igure 2.6), also
suggests that dFbs, like myoblasts, do not mighateighout the muscle following their
injection. The greater area of engraftment in EBmpared to TA muscles, coupled with the
longitudinal distribution of engrafted cells thrdwit the entire muscle, suggests that EDLs may

provide a better platform for whole muscle physiylstudies in this setting.
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Comparison of whole muscle EDL function followingrnsplantation of WMM or in
vivo-converted dFb reveals that the cells do notgmt against contraction induced injury
(Figure 2.7). We also observe no improvement in maximum isom&irce, specific force, or
mass among injected dystrophic muscles comparadlddype and transgenic mice carrying
functional dystrophin. Surprisingly, the speciftade for WMM transplanted EDLs was slightly
lower than the other injected muscles. The reagpthfs finding is unclear, though we note that
this is a heterogeneous population for which mystslar myogenic progenitors are not selected
or sorted.

During engraftment, donor cells likely contributeetxisting fibers and form de novo
fibers during the healing and regeneration procBsss compared to non-cell gene transfer
methods, cell-based therapy alone may require timoeeto achieve optimal transgene
expression and structural maturity of muscle fib@se find that whole muscle function of donor
transgenic miniDys-GFP mice is similar to that altvtype mice, therefore the donor transgene
is capable of proper expression and localizatigure 2.7). However, unlikendx*®” host mice,
miniDys-GFP transgenic mice have not been contipadiected by dystrophy. Thus we cannot

Ccv

rule out a potential ceiling for functional benéfitmdx**” mice due to permanent changes in
dystrophic muscle. In addition, gross structurarelsteristics of dFb and WMM engrafted
muscles were highly similar and showed no engraitrege lesions in TA or EDL muscles
(Figure 2.3. It is unlikely that unconverted dFb interfers,rauscles do not show a decline in
muscle function in non-tamoxifen treated contré\& consistently observed, however, regions
of very small miniDys-GFPfibers after transplantation of either cell popigia (Figure 2.3b)

that could indicate fiber immaturity or branchirngt affects function (Chan et al., 2007,

Lovering et al., 2009b). Furthermore, if miniDysJ&Hibers are the result of fusion among
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donor cells only, there is the possibility thatyti@ck innervation, which can affect maturity or
survival (Borisov et al., 2001; Harris, 2003). lmrd&DL contractile assay, this could obscure
improvements that resulted from successful trarnsgletivery. Additional studies with longer
time points may provide insight on the fate of stibbrs.

The most compelling explanation for our physiolaggults is that minidystrophin
contributed by donor cells, regardless of origimesi not reach enough of the muscle to improve
force or protect from injury. Transplantation of eggnically converted dFbs and WMM cells
each achieved an average of 14% engraftment a€lssnuscles. Previous studies using
transgenic animal models, virus-mediated gene feansr exon skipping support that a certain
minimum number of fibers (20%) must have moderatels of dystrophin protein, or that the
majority of fibers must have dystrophin levels ai@imum of 20% of wild type levels to confer
benefit to whole muscle (Chamberlain, 1997; Shaigd.e2011; van Putten et al., 2012).

Thus | wanted to test the hypothesis that functibeaefit should be provided if 20% of
the total muscle area is engrafted by fibers higixigressing dystrophin delivered via dFbs.
Furthermore, accurate quantitation of engraftmewtitical for predicting whether it is realistic
to expect functional recovery. Even when regionkigh fiber number and high area of
engraftment are achieved, these experiments shatvittby are insufficient for therapeutic
benefit. Fiber number and area analysis with coasisampling throughout a transplanted
muscle is necessarfigure 2.5 2.6). In addition, it may be important to achieve khghest
levels of transgene expression at sites that expegithe highest stress during force

development (Lovering et al., 2009a).
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Materials and Methods

Primary cell isolation

Dermal cell populations were isolated from whol@aslof 1-3 day old neonatal mice.
Two to four pups were anesthetized on ice beforéaa dislocation, transferred to a sterile
environment, immersed in Betadine solution (Purdredlucts L.P., Stamford, CT) twice for 2
minutes each, rinsed in sterile deionized watemérsed in 70% ethanol twice for 2 minutes,
then immersed in sterile phosphate-buffered s&phk7.2) (Gibco, Grand Island, NY), with
penicillin/streptomycin (Gibco) (PBS-P/S) until séction. The dermal skin layer was isolated as
described (Lichti et al., 2008). Briefly, limbs atall were removed and the epidermis and
dermis were carefully detached from the remainisgue. Blood vessels or fat adhering to these
layers was removed. Skins were then carefully ddatermis side down in 0.25% Trypsin-
EDTA at 4°C overnight (~16 hours). The next daynskvere laid epidermis side down and
dermis was lifted away from epidermis with finedeps, rinsed with PBS-P/S, minced lightly
and digested in 0.2% collagenase IV (WorthingtoocBemical Corporation, Lakewood, NJ),
1.2 U dispase Il (Worthington), and PBS-P/S in Satdl for 45-75 minutes at 37°C, with
trituration by 10 ml serological pipette every 18ates. Cells were centrifuged at 300 x g for 5
minutes, resuspended in growth medium, which ctetsisf DMEM (Gibco) with 10% fetal
bovine serum (Thermo Scientific/HyClone, Logan, UI% P/S, and 2 mM L-glutamine
(Gibco), and plated out at sub-confluent densitgrowth medium with 10 ng/ml basic
fibroblast growth factor (bFGF) (R&D Systems, Indinneapolis, MN. Cells were trypsinized
and cryopreserved in growth medium with 10% DMS®&18hours later. This heterogeneous
dermal cell population, referred to here as deffibadblasts (dFbs), was used for all in vitro and

in vivo conversion experiments. Extremely low s@m@ous myogenic conversion rates were
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found for non-transduced and MyoD-ER(T)-expressiRfs in the absence of 4OHT
(Supplemental Figure 1.

Whole muscle mononuclear cells were isolated fromeék old miniDys-GFP transgenic
mouse hindlimb and diaphragm muscles as descriteaopisly (Li et al., 2006). Briefly,
muscles were dissected out and the majority oblstonnective tissue removed, followed by
mincing and 1 hour digestion at 37°C in PBS-P/$1Wi2% collagenase IV and 1.2 U dispase II,
with trituration by 10 ml serological pipette evely minutes. Tissue debris was filtered using 70
and 40 um cell strainers and cells were centrifiyetiresuspended in 154 mM MH red
blood cell lysis buffer for 5 minutes at room temgiare, followed by addition of PBS-P/S to a
total volume of 30 ml. Cells were centrifuged agam resuspended in Ham’s F10 medium
(Gibco) with 15% horse serum (Thermo Scientific/loye), 1 mM CaCl 1% P/S and 0.5
pg/ml bFGF, counted, adjusted to 25,000 cells/dlkapt on ice for 30 minutes to 3 hours until

transplantation.

Drug preparation and dosage

Tamoxifen (Sigma-Aldrich, St. Louis, MO) was edbiited to room temperature, then
65°C preheated corn oil (Sigma-Aldrich) was addethe dry stock bottle at 100 mg/ml, and the
bottle was then alternately heated to 56°C ancexed frequently for several hours or until most
of the crystals were dissolved. The solution was tthansferred and diluted to 40 mg/ml in
preheated corn oil, and the heating/vortexing pilace was repeated until no crystals were
visible. The tamoxifen preparation was then fiktarilized and aliquoted for storage at -20°C.
Working solutions were prepared by diluting alicgita 20 mg/ml in sterile corn oil, and all mice
were treated with a dose of 100 mg/kg per day bgperitoneal (IP) injection for 5 days,

beginning one day prior to cell transplantationhiée-treated mice were IP injected with an
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equal volume of sterile corn oil. For in vitro steslstock 40HT (Sigma-Aldrich), the active

form of the drug tamoxifen, was diluted to desicedcentrations with 95% ethanol.

Construct and lentivirus preparation

The inducible MyoD construct (Kimura et al., 200&)luded mouse MyoD and mouse
ER(T) sequences driven by the cytomegalovirus (Clddmoter (GenBank #AF369966.1)
within a lentiviral vector backbone (Barry et @Q001) as shown iRigure 2.1a.All recombinant
DNA work was performed following guidelines for Bafety and containment measures
provided by the University of Washington Institutad Biosafety Committee and the National
Institutes of Health.

VSVG pseudotyped self-inactivating (SIN) lentiviesswere generated as described (Li
et al., 2005). Briefly, MyoD-ER(T) in a lentivirdlansfer plasmid was co-transfected, along with
three viral plasmids, by calcium phosphate pregih into approximately 80% confluent
human embryonic kidney 293D cells on 150 mm pla&swth medium was refreshed 16 hours
after transfection. Cells were cultured for an iddal 48 hours and supernatant was collected.
Viral supernatant was centrifuged at 400 x g fonifQutes at 4°C to remove cell debris, filtered
once with a 0.45 um SFCA filter unit, once with.2@um SFCA filter unit, then concentrated
by centrifugation at 50,000 x g in a Beckman L8-70Kkdacentrifuge for 2 hours at 4°C.
Supernatant was aspirated and virus gently resdspen small volumes of PBS. Titering was
carried out by transduction of NIH-3T3 cells wittrial dilutions of vector preparations. After
culturing for one week, proviral integration waskaated by TagMan real-time PCR (Applied
Biosystems, Foster City, CA) of a virally packagemzttion of the lentiviral transfer plasmid, and
normalized to genomic DNA copies of the low denBfgprotein receptor to determine

infectious units per ml of concentrated virus.
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Culture conditions

Growth medium (GM) for fibroblasts was DMEM, 10% $BL% P/S, and 2 mM L-
glutamine. GM was supplemented with 10 ng/ml bF@€eoper day. Differentiation medium
(DM) was equivalent to GM except with 2% FBS. Defeglls were thawed and expanded in
GM with 10 ng/ml bFGF for one day prior to transtloic with the lentiviral vector carrying
MyoD-ER(T). Cells were transduced at a multipliaifyinfection (MOI) of 10, or 10 infectious
units per cell unless otherwise stated, in thegmres of 8 ug/ml polybrene in 1 ml GM for 10
minutes, followed by plating of the cell/virus st at 30 - 60% confluency in 10 ml GM per
150 cm plate. Transduction at other MOIs was paréat under identical conditions. Transduced
cells were either plated for conversion experimémesnext day or transplanted within five days
so that cells were used for myogenic conversiohiwitine growth days of initial isolation
(Figure 2.1, 2.33). For in vitro myogenic conversion of fibroblasisiess otherwise specified,
cells were plated at a density of 20,000 cellswt in 6-well plates, and the next day treated
with 40HT at 2 uM or the same volume of 95% ethangrowth medium.

10T1/2 mouse embryonic fibroblasts and MM14 mougebtast (Linkhart et al., 1980)
cell lines were used for comparison to dFb coneersl0T1/2 cells were treated with a
conversion protocol identical to that used with slFdmd MM14 myoblasts were grown in
identical growth medium to whole muscle mononuctals, including 5 ng/ml bFGF, then
differentiated by allowing nutrients in culturesself-deplete as a positive control for dFb in
vitro differentiation.

Mice

CVv

Several different transgenic mouse lines were irsétese studies. Thedx*®’ mice have

a point mutation resulting in a stop codon in e%8rof the dystrophin gene, on the C57BI/6
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background (Chapman et al., 1989), and were ushdds in all transplantation experiments.
MiniDys-GFPmdx**’ mice (miniDys-GFP) contain a minidystrophin-eGEBi6n protein cDNA
driven by human alpha-skeletal actin regulatorynglets on thendx**’ background (Li et al.,
2006). | bred these mice to homozygosity to guaantaximal transgene expression in donor
cells, and ensure that dFb populations (contaipoaed cells from whole litters) were isolated
from all transgene positive pups. Homozygosity e@sfirmed by test crossings to wild type
mice across multiple generations. The MyoD-GFP ma#ain a GFP cDNA driven by a 24 kb
regulatory sequence upstream of the MyoD genenaneached FVB background (a kind gift
from Z. Yablonka-Reuveni, University of WashingtdKjrillova et al., 2007). Mice were
developed in the laboratory of D. Goldhamer, ushregsame approach as in Chen et al. (2001)
for the MyoD-LacZ mouse. All animal procedures wapproved by the Institutional Animal

Care and Use Committee of the University of Wastaing

Transplantations

Cells were transplanted by open skin intramusdujaction into tibialis anterior (TA) or
extensor digitorum longus (EDL) muscles in a singjection along the length of each muscle.
dFbs were prepared for transplantation by dilutedesired concentrations in identical medium
to the whole muscle mononuclear cells, kept orfac@0 minutes to 3 hours, and aspirated into
a 25 ul Gastight Hamilton syringe equipped witl2egaduge needle. By hand, needles were
inserted into the distal ends of each muscle, abanin from the tendon, and pushed
longitudinally through the muscle to about 3 mmmirthe proximal tendon. Injections were
performed concurrently with needle withdrawal aa of about 2 ul/second. One or both legs
were injected with cells, and control legs wereabgd with saline. Mice were anesthetized with

inhaled 1-5% isoflurane in oxygen and treated wittndard post-operative care.
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Cell and tissue processing and analysis

Antibodies used for immunofluorescence included secanti-myosin heavy chain
(MF20, Developmental Studies Hybridoma Bank, lowty,GA), rabbit anti-GFP (A-11122,
Invitrogen/Molecular Probes, Grand Island, NY),bianti-MyoD (M-318, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), and rat datninin (MAB 1914, Millipore/Chemicon,
Billerica, MA For in vitro studies, cells were fiddor 10 minutes in 2% paraformaldehyde with
1.5% sucrose at room temperature prior to stairkogtransplantation studies, muscles were
dissected out and frozen in Optimal Cutting TemjpeeaCompound by floating on liquid
nitrogen cooled isopentane. Two 20 um thick trarsyeryosections were mounted on glass
slides every 100 um throughout each transplantestim@upplemental Figure §.
Immunofluorescence was performed on unfixed sestiand hematoxylin and eosin and
Picrosirius Red staining were performed on methandlunfixed sections, respectively. GFP
fibers were counted following direct imaging of G&feer confirmation of colocalization of the
direct GFP signal with the signal detected by imofluorescence using the anti-GFP antibody.
Percentage area calculations for EDL transplamtatieere performed using Image J software.
The area of the engrafted site was obtained ubmgadftware’s region of interest feature to
outline the outer edges of the region that conth@®EP fibers, and inputting scale information
into the software. The same procedure was usedtésrdine total area, by outlining the entire
EDL cross section. The outlined engrafted areaesalere then divided by the outlined total
area values to determine the percentage engrattad Mote that EDLs with an individual
average across all sections of <10% area weredenesi negative and excluded from this

comparison.
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Luciferase assay

A firefly luciferase cDNA driven by modified enhagrcand promoter regulatory
elements from the mouse muscle creatine kinase (3®&e) was subcloned into the polylinker
of a self-inactivating lentiviral vector backborigafry et al., 2001; Li et al., 2005) and used for
all luciferase experiments. The CK8e regulatorysetie is expressed only in differentiated
skeletal and cardiac muscle cells (Q.G. Nguyen&ibd Hauschka et al., manuscript in
preparation). dFbs were transduced with the lemativiector carrying the MyoD-ER(T) cDNA as
described in the conversion conditions sectiomstiected with the CK8e-luciferase cassette by
calcium phosphate precipitation, and converted tintomyogenic lineage as kigure 2.1h.

Cells were lysed using Cell Culture Lysis Buffer faciferase assays or Reporter Lysis Buffer
for protein quantitation (Promega, Madison, WI ates were evaluated using the Promega
Luciferase Assay System and a Viéturplate reader, with automatic pump dispensing of
Luciferase Assay Reagent (Promega). The Thermam®aePierce Coomassie Plus Assay

Reagent was used for total protein quantificatiorite Victor V.

Physiology

Mice were anesthetized with an initial dose of 8@§/kg Avertin, followed with
additional doses necessary to maintain deep arséstioe the duration of the procedure.
Contractile properties were measured as describezt al., 2006). Briefly, proximal and distal
EDL tendons were secured with 5-0 silk suture i, sifter which intact muscles were dissected
and one tendon was tied to the lever arm of a seotr and one to a force transducer for whole
muscle physiology. Muscles were maintained in &22B4th of buffered mammalian Ringer’s
solution (121 mM NacCl, 5 mM KCI, 50 uM Mg&6H,0, 40 uM NaHPQ,, 24 mM NaHCQ,

1.8 mM CaC}-2H,0, 5.5 mM glucose), bubbled with 95%/&6% CQ. One test tetanus at low
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frequency (100 Hz) was performed after securingmiiscle onto the rig to check viability and
suture knot stability. Muscle length was adjustedptimal lengthl(,) for force development.
Muscles were stimulated with a pulse duration of€ and a voltage that produced maximum
twitch force. A stimulation frequency of 180 Hz f6DL muscles, with 300 ms duration, gave
the maximum isometric tetanic forde.,J. The susceptibility of muscles to contractiontindd
injury was assessed by six lengthening contractibhe muscles were setlaj, activated
maximally, and then stretched through a strain0862fL, at a velocity of 1 fiber length/s and
then returned at the same velocity tpallowed a 10 s recovery period, then exposed to
subsequent stretches of 30% each. Next, musclesremroved from the bath, trimmed to
remove sutures and tendons, weighed, and frozkquin nitrogen cooled isopentane. Cross-
sectional area (CSA, drwas calculated based on the measurements of aptiscle length
(mm), muscle mass (mg), a muscle density of 1.661gand a fiber length to optimal length
ratio of 0.44. The specifie, (kN/m?) was determined by dividing, (kN) by calculated CSA
(m®). The force deficit produced by the lengtheningtcaction protocol was assessed by
expressing th®, (mN) measured after the each lengthening contracts a percentage of tRg

before injury.

Statistical analyses

Differences between samples evaluated by unpairest and other analyses were done
using GraphPad Prism version 6.01 for Windows, GiPaal Software, La Jolla, CA. All error

values are plotted as one standard deviation (8@ )smnificance set at = 0.05 unless stated
otherwise. Prism software calculatgg according to the equatiors,, , = \/Z:; , WhereSSis the

sum of squares of the distances of the curves thenpoints and df is the degrees of freedom of
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the fit, which is the number of data points (N) osrthe number of parameters fit. Since linear

regression was used here, df = N-2.
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Note to Chapter
Portions of this chapter were adapted and/or remred from: Muir LA, Nguyen QG,
Hauschka SD, Chamberlain JS. Engraftment potewitialdermal cell population following in

vivo myogenic conversion in dystrophic skeletal otegunder revision for Molecular Therapy).
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Chapter 3

Enhanced Cell Survival and Therapeutic Potential

Introduction

The major goals of the work described here wetesbwhether dFbs are a viable
population of cells for engraftment into dystropmascle, restoration of dystrophin, and
improvement of whole muscle function. However, afignent levels in previous experiments
were not sufficient to determine whether dFbs caprove contractility or protect from
contraction-induced injury (Chapter 2). | therefaranted to find a method to improve
engraftment and subsequently to test whether ahigfab-contributed dystrophin-positive area
provides functional benefit to dystrophic muscles.

A variety of factors have contributed to low engmadnt of transplanted donor myoblasts
in humans. One of the most immediate issues is gaoor cell survival. The inflammatory and
ischemic micro-environment following transplantatidely leads to rapid necrosis and
apoptosis for donor cells (Huard et al., 1992; Sko#é Tremblay, 2003; Skuk et al., 2007b).
Indeed, studies in animal models in a variety sgues indicate that the majority of transplanted
cells die within 24 hours (Bliss et al., 2007; Gatér et al., 1997; Robey et al., 2008; Snyder et
al., 2010; Suzuki et al., 2004; Terrovitis et aDP8). In principle, preserving donor cells in this
early time window should improve engraftment anckiméze therapeutic efficacy for injection
of a given cell number. In addition, using autologaell populations such as dFbs in humans
would avoid immunological incompatibility betweearsbr and host. The experiments described
here therefore mimic the autologous setting withggneic donor miniDys-GFP and hostx*®

mice.
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An effective method for preventing rapid cell deathy be supplying factors that combat
necrosis and apoptosis in the injectate (Laflamtrag. £2007). In addition, pre-conditioning that
tolerizes cells to stressors encountered duringsplantation may promote cell survival
(Bartoszuk-Bruzzone et al., 2012; Laflamme et20Q5; Nakagawa et al., 2005; Skuk et al.,
2007b). Since injected cells receive multiple sigriaat promote cell death, addressing a single
pathway may not adequately protect cells (Hillletz006a; Mendell et al., 1995). Thus a
cocktail of multiple pro-survival and anti-deathngonents was injected with cells to test
whether it effectively promoted survival followirigansplantation into dystrophic muscle.
Components of this pro-survival cocktail (PSC) un#d Matrigel to prevent anoikis (Zvibel et
al., 2002), cyclosporine A (CsA) to inhibit cellath by blocking the mitochondrial permeability
transition pore (Baines, 2005; Mott et al., 2004khigawa et al., 2005), a Bcl-XL cell-permeant
peptide to inhibit mitochondrial death pathways@C2002), the pan-caspase inhibitor ZVAD
(Montolio et al., 2005), IGF-1 to activate Akt (Day2006), and Pinacidil to opemn{ channels
and tolerize cells to ischemic stress (Ardehadilet2005). Cells were additionally heat-shocked
(Laflamme et al., 2005) one day prior to trans@#ioh and mice were treated with sub-
immunosuppressive doses of CsA.

In order to rapidly screen transplanted musclesliiferences in cell survival, |
developed a gPCR-based method of detecting tramtspl@onor dFbs in host tissue. The method
detected a portion of the lentiviral backbone thetgrated with the MyoD-ER(T) cassette in
donor cell genomes. | found a nearly 3-fold incesimsengrafted cell number when PSC was
added to the cells prior to intramuscular injectiSBabsequent histological analysis of injected
muscles confirmed these results and showed inatddms number, area engrafted, and

migration with PSC. Whole muscle physiology of mlasanjected with PSC-treated dFbs



63

showed modest but significant protection from caction-induced injury over saline-injected

4
A

muscles oind controls.
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Results

Rapid death of transplanted dFbs is attenuated by £C

Rapid detection of transplanted dFbs was achidwedigh whole muscle
homogenization and gPCR-based screening of hasigtisising probes and primers that detect a
universal integrated sequence of the lentivirakbaoe that flanks the MyoD-ER(T) expression
cassette. Initial gPCR experiments on transpladkdas confirmed a population average of at
least one integration per cell (see Materials amthidds). Following transplantation, dFbs were
detected in host TA muscles in mice either nott&é@dNT) or treated with tamoxifen (TAM) to
induce conversion into the myogenic lineagg(re 3.139. Cell numbers rapidly declined in the
first few days, with 73% of the cells lost betwekays 1 and 5 and 94% of the cells lost by day
28. | found an even more rapid loss of non-conwedtebs for the NT cohort, with roughly half
as many dFbs detected on day 1 compared with tié da@hort Figure 3.1a, insel. NT
muscles lost 82% of dFbs between days 1 and 5 amha klightly higher rate of loss than
muscles exposed to tamoxifen. Quantitative PCRFntdansplanted TA muscles revealed that
addition of PSC increased the number of donor peéisent at 1 week by about 3-foklure
3.1hb). Muscle mass was also lower in the PSC cohonsistent with therapeutic benefit in

dystrophicmdx*®” host musclesRigure 3.19.

PSC improves engraftment in dystrophic muscle

To confirm the gPCR results, dFb-transplanted TAk and without PSC were
harvested one week after transplantation, cryaseeti, and stained for the donor miniDys-GFP
transgene. | quantified engraftment in five seditaken at equal intervals throughout regions of
the transplanted muscles that spanned the highgestfeed area. The PSC group had

significantly higher average miniDys-GFfbers across all sections of all muscles,
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higher miniDys-GFPfibers in maximally engrafted sections, and higingrage area engrafted
(Figure 3.2a-9. In addition, higher engraftment persisted oeager distances longitudinally in
the PSC group, as the first and fifth sectionskiliag the highest engrafted section were
significantly higher Figure 3.2aandSupplemental Figure 10. Finally, | found that the
diameter across engraftment sites was greatehéoPEC groupHigure 3.2d). Panels irFigure
3.2aare images of the maximally engrafted sectionedédis transplanted with and without PSC.
As a model for whole muscle functional testing, EBDiere transplanted with dFbs in the
presence of PSG-gure 3.3. Seven sections at equal intervals that flankedhighest engrafted
section for each muscle were evaluated for miniB¥? fibers and the percentage area
engrafted using GFP immunofluorescenégre 3.3a, B. In an effort to further assess whole
muscle engraftment, | estimated absolute and ptxgervolume engrafted using the average
areas engrafted and the longitudinal distance &egréor each muscld={gure 3.3c, g. This
analysis revealed an average 14% EDL volume emgr#ftgure 3.39. Figure 3.3eshows the
cross-sectional area at the mid-belly of each neusctiFigure 3.3f shows examples of low,
medium, and highly engrafted EDLs.
Consistent with TA data, including PSC with dFmsplantations into EDLSs significantly
improves the fiber number and percentage area #ednaer cell number injected compared to
transplantations without PSEigure 3.4a, ). These graphs also illustrate the engraftment
variability across transplanted EDLs. When the nend§ miniDys-GFP fibers vs. percentage
area of engraftment was plotted, the slope of¢lgeassion line for the PSC cohort was
significantly greater than the cohort without P$@(re 3.49. This suggests that for a given
engrafted area, more transgene-positive fibers wegent when cells were injected with PSC.

The effect appears more pronounced for highly dtegtareas. Several other measures
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also show that engraftment improved in the PSC itiond including an increase in the number
of muscles with an average area engrafted abovel2tumber containing a single section with
engraftment area above 20%, and higher peak engmaftin the maximum engrafted section for
each cohortTable 3.1).

Interestingly, for transplanted dFb with PSC, Irfiduhat highly engrafted areas had a
positive non-linear correlation with cross-secticax@a Supplemental Figure 113 When the
maximum CSAs for each muscle in transplanted cehwere averaged, transplanted dFb with
and without PSC had much higher CSAs than corgadine injected host muscles
(Supplemental Figure 11bh. A similar trend was observed for muscles engdhitith whole

muscle mononuclear cells.

Moderate improvement in whole muscle function aftedFb transplantation

Whole transplanted EDLs were tested in vitro tedetne whether transplanted dFbs
improved physiological measures in dystrophic maugagure 3.5ashows the percentage of
total force remaining after six lengthening contiats designed to induce injury. dFb
transplanted muscles had modest but statisticgjiyfecantly higher force remaining from

contractions 4-6, compared rmix**”

controls Figure 3.5a, h. Transplanted and control
muscles were no different in length at optimal éoproduction and thus underwent equivalent
stretching Figure 3.59. When compared with age-matchadx*®” controls, dFb transplanted
muscles had significantly higher maximum isomédinice Figure 3.5d). | found no significant
differences in specific force and mab#g(re 3.5e, j. If the trend in increased mass accounts

for the increase in isometric force, a significentrease in mass might also be expected, but

there was no significant correlation between massisometric forceRigure 3.59).
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Table 3.1 Additional measures demonstrate improvedngraftment for EDLs transplanted with dFbs with
PSC.Columns show dFb-transplanted muscles without @&HE) with pro-survival cocktail (+PSC). Percentages
and counts where applicable are given for threesomea of engraftment. The percentage increasegirattment

(A) for the +PSC cohort compared to the NT cohogiven.

Measure NT A

% No. % No.
No. of muscles with average 56% 5/9 80% 8/10 + 250
area engrafted above 5%
No. of muscle_s with pea}k engraftment 20% 1/5 60% 6/10 +40%
above 20% (single section)
Peak engraftment 30% NA 510 NA + 21%

in cohort (single section)
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Discussion

Rapid loss of the majority of dFbs is consisterthvather studies that show rapid loss of
myoblasts following transplantation (Beauchampletl®99; Fan et al., 1996; Guérette et al.,
1997; Huard et al., 1994; Qu et al., 1998). Thiggasts that engraftment is limited by the host
muscle environment and injection methods, anditeeZ4 hours are a critical window for cell
survival. Additionally, the more rapid loss of noanverting dFbs compared to myogenically
converting dFbs points to higher sensitivity of rrumverting cells to transplantation stress, a
feature also noted among different myogenic ceblytations (Qu et al., 1998). These data
support the hypothesis that unconverted dFbs aclgwcleared from the muscle and are
unlikely to interfere with muscle repair, in agremmhwith the histology data showing no
increase in fibrosis (Chapter 2). Furthermore difierence in survival between the two dFb
populations indicates that changes to the conygedkb occur rapidly and only when dFbs were
injected into mice treated with tamoxifen. Thus tl@version process itself appears to promote
cell survival, possibly through activation of grdwdr differentiation pathways associated with
the myogenic program.

When included in dFb injectates, PSC clearly impobeell survival and engraftment.
Higher cell numbers in the PSC condition by gPCBregt week post-transplantation predicted
the subsequent improvement in engraftment in TABDH muscles. The initial gPCR screen
showed that the PSC boosted cell survival beyoacktfect of heat shock alone, indicating that
use of multiple measures to combat apoptosis acasis is likely more effective than a single
approach. The influence of PSC on proliferatiotrafisplanted dFbs and on host muscle itself
could also contribute to higher engraftment, gitr@known physiological role of factors such

as bFGF and IGF-1 in the growth, regeneration,differentiation of skeletal muscle (Allen and
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Boxhorn, 1989; Cornelison et al., 2001; Kinoshitalg 1995; Seed and Hauschka, 1988; Ten
Broek et al., 2010).

EDL engraftment of myogenically converting dFbshAitSC provides a model system
for investigating changes in force developmentyistbphic muscle. My evaluation of whole
EDL contractile properties revealed slightly highgaximum isometric force in dFb transplanted
muscles, with no change in specific force or mabkgse data, coupled with protection from
contraction-induced injury, suggests that dFbscapable of improving function in dystrophic
muscle. Other studies have collected similar dééa ransplantation of myogenic cells, though
improvements are not always observed (Cerletti. e2@08; Darabi et al., 2008; Darabi et al.,
2012; Mueller et al., 2002; Rousseau et al., 20&0esco et al., 2012).

Discrepancies among studies that test muscle fumefiter cell transplantation may be
attributed to cell origin, insufficient engraftmehigh engraftment variability, and the specific
methods used to assess contractile properties.aVhoscle studies are appropriate here, since
force transduction is a whole muscle event thaeddp on sound single fiber structure as well as
all appropriate lateral and longitudinal extradalficonnections (Chamberlain, 1997; Phelps et
al., 1995; Rafael et al., 1994). These featuresjadisas proximity among engrafted fibers, may
be a critical part of improving dystrophic musalmétion and protecting from contraction-
induced injury. All of this depends on appropriatg@ression and localization of the structural
and signaling proteins, such as components of tA€ Qhat mediate force development and
connectivity among myofibersigure 1.1b). Thus while single engrafted myofiber isolatiorda
physiology measures provide valuable informatiooudtbiber structure and expressed transgene
localization (Tedesco et al., 2012), they cannatsed in lieu of whole muscle analysis to assess

functional improvement.
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High engraftment variability within cohorts is coram Thus careful evaluation of
engraftment sites is necessary for quantifyingedéhces between cohorts, for instance those
with different transplantation conditions. Congmtengraftment quantification measures also
help to determine whether it is realistic to exgaatctional improvement. Note that improved
contractile properties have been reported despaw @ercentage of fibers engrafted, with no
definitive mechanism (Darabi et al., 2012). Cleangny unknown variables contribute to
functional improvement in dystrophic muscle. Cdiileg additional engraftment metrics in this
case might greatly improve understanding of howa&fted fibers contribute to force
development.

In the studies described in Chapters 2 and 3, miffied both fiber number and area
engrafted, with sampling of sections throughoutrthescle at a distance of greater than half its
length, to sufficiently capture lateral and longinal characteristics of whole muscle
engraftment. Use of more than one measure addityasteecks data corroboration between
measures and allows valid comparisons of engrattimeveen muscles. For example, |
frequently observed very small fibers in engraft@ascles. This is captured in the ratio of fiber
number to area engrafted, approximated by the sibfee linear regression line derived from a
scatter plot of these valudsigure 3.44Q. In a few locations, partially transverse fibessre
noted, though the large majority of fibers wer¢ha same orientation as transgene negative
fibers, and should not affect the fiber size ratmted above. Differences between slopes in plots
of transplantations with and without PSC suggdandamental difference in cell behavior
during engraftment, as igure 3.2a This effect was more pronounced in the PSC camdfor
more highly engrafted areas. This could mean tt@PISC not only promoted dFb survival, but

de novo fiber formation as well.
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Variability in fiber sizes across sections withimascle, or between muscles can be
guantitatively evaluated by assessing, again ilotagb fiber size vs. area, the relationship of the
data to the linear regression line. Analysis ofgheameter,s, which is the standard deviation
of the vertical distances of the data points frbmnltne given in y-axis units (GraphPad Prism,
see Materials and Methods), reveals considerablyeniscatter of the data around the best fit
line for muscles injected with dFbs with PSC, corepao dFbs alone (+PSGys= 124, -PSC
S,x = 53). In other words, the size and number ofrider a given engrafted area was more
variable for the PSC condition than without PSGsTdrovides an additional metric with which
to assess transplanted muscles in a setting ofdmghaftment variability.

Reasons for the correlation of higher CSAs witthkeigengraftment are unclear
(Supplemental Figure 113 One possibility is that regions of high CSA, lsas the muscle
midbelly, accommodate a higher injection volumehaiit the cell suspension leaking out, and
therefore more cells engraft in that area. Howeweny slight increases in CSA are unlikely to
cause very large changes in engraftment. In addiie shown ilsupplemental Figure 11b
cell-injected muscles have consistently higher maxn CSA per muscle compared to age-
matched saline-injected controls. Thus changes narékely due to initial differences in
muscle sizes between cohorts (n = 4-10 musclegrpep), and not due to needle injury-induced
regeneration. This suggests that cells promotghtshcrease in CSA at higher engraftment
levels, possibly due to increased total fiber numbe

Numerous additional methods have been investidgatetieir potential to promote
survival and engraftment of cells during transgdéion. Injected cell suspensions rely on
perfusion from existing vasculature, so it follothat implantation of large cell masses into

muscle lowers viability (Chapter 2) and results@trotic central regions (Skuk et al., 2007b).
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Using fewer cells per injection improves surviwahile additional injections restore total cell
number and circumvent migration issues (Pellegnm Beilharz, 2011; Skuk et al., 2007a).
Alternatively pro-migratory factors could be usedhtd distribution of cells (Hill et al., 2006b;
Lafreniere et al., 2009). Other approaches for ceducell death related to oxidative stress
include promoting activation of HIF-1, applicatiohH,S, exposing cells to physiological rather
than atmospheric oxygen levels in culture syst@mspnditioning with antioxidants (Bartoszuk-
Bruzzone et al., 2012; Budde and Roth, 2010; Drgwteal., 2010; Semenza, 2004; Wu et al.,
2005). Factors that stimulate angiogenesis coutdasily combat hypoxia-induced death and
promote skeletal muscle repair (Bouchentouf e28i08).

It is also important to consider the longevity obsurvival effects when using cell
populations that have pluripotent origins (Cunniaghet al., 2012), or have the potential to be
transformed through previous genetic manipulatiéias.example, rAAV2-mediated expression
of IGF-1 in myoblasts improves cell survival anaingtlates angiogenesis (Subramanian et al.,
2009). While effective in its immediate goal, thjgproach is not necessarily desirable in cells
intended for gene replacement therapies. Alteraatinclude co-transplantation of additional
cells or bio-scaffolds for supply of paracrine tastthat affect survival, muscle repair, or
angiogenesis (Lesault et al., 2012; Saif et all02@onnet et al., 2006). However, prolonged
expression of modifying factors could have unforseensequences for transplanted or resident
cells. Karvinen et al. (2011), for example, shoat long-term rAAV2 mediated expression of
VEGF promotes abnormal angiogenesis and fibrogiabbit skeletal muscle.

It will be important to specifically consider modtibn of interactions between donor
cells and the host muscle environment or residelig when addressing donor cell viability. For

instance, preventing interactions between residaftural killer cells and donor cells during early
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engraftment improves survival (Guérette et al.,729%umonier et al., 2012). Targeting fibrotic
lesions in the dystrophic muscle environment vignaling molecules or extracellular matrix
remodeling agents could further improve donor cethpetence (Cohn et al., 2007; El Fahime et
al., 2000; Emery and Muntoni, 2003; Zhou and Lu,®0

In addition, it is likely that donor cells interaeind even compete, with resident stem
cells in host muscle. Treatments affecting saéetlélls and their niche, such as irradiation,
toxins, or other injury methods generally improwandr cell engraftment (Boldrin et al., 2012;
Gross et al., 1999; Harris, 2003; Heslop et al0@0These studies reveal important donor-host
interactions and potential targets for future tmeatts, though direct application of such
techniques is precluded in humans (Boldrin et28l1,2). Furthermore, intact resident populations
may be necessary for robust skeletal muscle regspecially in patients with advanced
muscular dystrophy.

Many of the required factors for a multi-pathwag4survival approach could be adapted
for use in a cell injectate in human clinical apgtions. Substrates to combat anoikis of injected
cells could be produced from decellularization atodogous tissue biopsies (Turner and
Badylak, 2012). For example, extracellular matroni a dermal tissue biopsy could be extracted
and processed to provide a substrate for co-ijeatith transplanted cells. A variety of other
substrates could also be derived from xenogenesgrthetic origins, while keeping in mind
specifications, such as elasticity and bindingssitieat preserve donor cell regenerative
properties (Discher et al., 2009; Fernandes e2@l.2; Gilbert et al., 2010; Mooney and

Vandenburgh, 2008; Turner and Badylak, 2012).
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Materials and Methods

Mice

See Materials and Methods, Chapter 2.

Drug preparation and dosage

Tamoxifen (Sigma-Aldrich, St. Louis, MO, www.signidiach.com) was equilibrated to
room temperature, then 65°C preheated corn oiht&té\ldrich) was added to the dry stock
bottle at 100 mg/ml, and the bottle was then adtely heated to 56°C and vortexed frequently
for several hours or until most of the crystalseveissolved. The solution was then transferred
and diluted to 40 mg/ml in preheated corn oil, Hrelheating/vortexing procedure was repeated
until no crystals were visible. The tamoxifen pnegimn was then filter sterilized and aliquoted
for storage at -20°C. Working solutions were pregary diluting aliquots to 20 mg/ml in sterile
corn oil, and all mice were treated with a dos&@ mg/kg per day by intraperitoneal (IP)

injection for 5 days, beginning one day prior td t@nsplantation.

Culture conditions

Media formulations were as follows. Growth mediu&M) for dermal cells was DMEM
+10% FBS + 1% P/S + 2 mM L-glutamine, with 10 ngiiAGF supplemented once per day.
For transplantations, dermal cells were thawed (8agnd expanded in GM for one day, then
transduced (day -2) with the lentiviral vector garg MyoD-ER(T) at a multiplicity of infection
(MOI) of 10, or 10 infectious units per cell unlegberwise stated, in the presence of 8 ug/ml
polybrene in 1 ml GM for 10 minutes. The cell/vid@ution was then plated at 30 - 60%
confluency in 10 ml GM per 15 cm plate. The follagiday (day -1) the pro-survival cocktalil

group cells were heat shocked with pre-warmed GWlapt at 43°C for 30 minutes, after
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which the GM was refreshed and supplemented withrid cyclosporine A (Bedford
Laboratories). For initial gPCR experiments, cellboth groups (with and without pro-survival
cocktail) were heat shocked. Cells were trypsiniged5%) on the day of transplantation (day 0)
and resuspended in either pro-survival cocktallam’s F10 medium + 15% horse serum + 1 +

mM CaClL+ 1% P/S.

Pro-survival cocktail

The following factors are based on the pro-survoaaktail tested by Laflamme et al.
(2007) in cardiac tissue. Injectate consisted & %®@l/vol growth factor-reduced Matrigel, 100
nM cyclosporine A, 50 nM Bcl-XL (Calbiochem), 10MWwVAD (benzyloxycarbonyl-Val-Ala-
Asp(O-methyl)-fluoromethyl ketone, Calbiochem), I@ml insulin-like growth factor-1 (IGF-
1, Peprotech), 50 uM Pinacidil (Sigma), 25 ng/ngibdibroblast growth factor (bFGF, R & D
Systems). Additionally, mice receiving cells wittogsurvival cocktail were treated with a sub-
immunosuppresive dose (5 mg/kg) of cyclosporinesgibning one day prior and ending 7 days
after transplantation (Aharoni et al., 2005; Batatlal., 1996). For initial gPCR experiments,
mice receiving cells without pro-survival cocktaire given a single 5 mg/kg dose of

cyclosporine A one day prior to cell transplantatio

Transplantations

Cells were transplanted by open skin intramusdajaction into tibialis anterior (TA) or
extensor digitorum longus (EDL) muscles in a singjection along the length of each muscle.
dFbs were prepared for transplantation by dilutemdesired concentrations in Ham’s F10
medium (Gibco) with 15% horse serum (Thermo Sdiefttlyclone), 1 mM CaGl 1% P/S and
0.5 pg/ml bFGF, kept on ice for 30 minutes to 3repand aspirated into a 25 pl Gastight

Hamilton syringe equipped with a 32 gauge needyeh@hd, needles were inserted into the
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distal ends of each muscle, about 2 mm from theédenand pushed longitudinally through the
muscle to about 3 mm from the proximal tendon.dtiggs were performed concurrently with
needle withdrawal at a rate of about 2 ul per sécbtice were anesthetized with inhaled 1-5%

isoflurane in oxygen and treated with standard-ppstrative care.

Tissue processing

Transplanted muscles for quantitative real-time R@&Re harvested and processed using
the DNeasy Blood & Tissue Kit (Qiagen, Germantoii) according to the manual with the
following adaptations. We used 2-3 columns per heischering to a maximum of 20 mg per
column. Muscles were digested overnight at 37°CRINA extracted the following day into a
final pooled volume of 800 pl per muscle, elutingce in 65°C prewarmed elution buffer per
column. This volume therefore served as a normisizgparameter for host muscle mass.

Transplanted muscles for sectioning were harvesteldrozen in optimal cutting
temperature compound in liquid nitrogen cooled &dpne as in Chapter 2. Cryosections were

obtained for analysis every 100 um throughout eaabcle.

Quantitative real-time PCR

A 5 ul sample of final processed eluate for eackcateuwas used in triplicate for TagMan
guantitative real-time PCR (Applied Biosystems,tEo€ity, CA) to quantify the number of
donor cells present per volume of tissue-derivedtel The number of donor cells was
determined by detecting a virally packaged portbthe lentiviral transfer plasmid lentiviral
copies (LV2 probe and primer set, Sastry et aD22(n the tissue eluate. These values were
normalized to the calculated cell population averafjlentiviral copies per cell (LV2 and
genomic low-density lipoprotein receptor (LDLR) peoand primer sets), determined through a

separate qPCR on DNA extracted from a reservedbpoot the transplanted cells. The TagMan
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probe, forward, and reverse primers were respdygtasfollows: LV2, 5’-FAM-
AGCTCTCTCGACGCAGGACTCGGC-TAMRA, 5-ACCTGAAAGCGAAAGGAAAC, 5'-
CACCCATCTCTCTCCTTCTAGCC; LDLR, 5-FAM-
ATGCCAGGATGGCAAGTGCATCTCC-TAMRA, 5-CGTGCTCCCAGGATECTTC, 5'-

CTCCATCACACACAAACTGCG.

Physiology

See Materials and Methods, Chapter 2.

Statistical analyses

See Materials and Methods, Chapter 2.
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Chapter 4

Conclusions

Applications and Impact

MyoD-ER(T) system

Kimura et al. (2008) demonstrated proof of prineifdr the potential therapeutic utility
of transplanting tail tip-derived fibroblasts tltan be converted in vivo into myogenic cells
using tamoxifen-induced in vivo activation of MyoDhe tail tip fibroblasts were derived from
mdx*® mice and transduced with a lentivirus carrying @yBR(T) and a lentivirus carrying
microdystrophin-GFP. An advantage of the approddfimura et al. and the experiments
detailed in this dissertation is that it allows {pwanslational control of MyoD transcriptional
activity, since constitutively expressed MyoD-ER&Ecumulates in the cytoplasm but is
excluded from the nucleus by the ER(T) domain. Phévents premature myogenic
differentiation and facilitates rapimyogenic conversion following tamoxifen treatment
(Crescenzi et al., 1990; Del Bo et al., 2001; lrattat al., 1998). Additionally, since MyoD-
ER(T) activates expression of the endogenous Myaiie@s well as many other myogenic
genes Figure 2.2 Seed and Hauschka, 1988; Tapscott, 2005), cad/edls maintain their
myogenic properties following the withdrawal of taxifen. Furthermore, tamoxifen has prior
approval for use in humans.

An exciting direction for the MyoD-ER(T) systemiis potential to reprogram resident
skeletal muscle fibroblasts or other cell typesita into the myogenic lineage following local or

systemic gene delivery (Gregorevic et al., 2004hriylet al., 1996). Direct conversion in situ is
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precedented in pancreatic tissue, where exocrilelee/e been reprogrammed into insulin-
producing beta-cells (Zhou et al., 2008). Thistetyg may work not only for dystrophic muscle,
but for a pathological states such as rhabdomyosaas (Yang et al., 2009). This inducible
system can also be applied to other cell typeshiaia¢ been successfully converted with MyoD
(Choi et al., 1990; Goudenege et al., 2009; Waittret al., 1991). In addition, it might be a
useful tool for exerting temporal control over My@btivity while exploring its potential
influence on cell specification in pluripotent amdltipotent progenitors at different stages of

differentiation (Goudenege et al., 2012).

dFbs in cell-based therapy

As shown in the present study, tamoxifen-inducedBinediated myogenic conversion
works particularly well with dermal fibroblasts,ddFbs are of therapeutic interest because they
are safely accessible from patients and relatigaby to expand and transduce in vitro (Elder et
al., 1996; Lortal et al., 2008). Direct conversairdFbs to muscle cells is not, however, without
therapeutic drawbacks. The major concern withdpgroach is the possibility of lentiviral-
induced insertional mutagenesis due to randomriateg of the vectors, as they are presently
constructed, in dFb genomes. While the alternatfugsing patient-derived induced pluripotent
stem cells (iPSCs) may also be an attractive oftitamna et al., 2007; Takahashi and
Yamanaka, 2006; Takahashi et al., 2007; Wernid, ,€2@07; Yu et al., 2007), this strategy
involves similar risks of insertional mutageneais well as the possible reduction of immune
tolerance due to iPSC changes during the isolatiwhexpansion process (Robinton and Daley,
2012; Zhao et al., 2011). In addition, direct repeanming of fibroblasts into a variety of other
lineages, including neurons and cardiomyocytespkas successful without a pluripotent

intermediate (leda et al., 2010; Vierbuchen et2811,0). Further investigation and direct in vivo
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comparisons may help determine whether myogenis detived from various reprogramming
strategies have equivalent properties and engrattpaential.

Irrespective of the reprogrammed history of therafigd cell population, it will be
important to determine whether the myogenicallyvested cells participate in the formation of
mosaic muscle fibers. Also, if dFbs or other docells generate only donor cell-derived muscle
fibers, it will be especially important to investig whether fibers become innervated, connect
with myotendinous junctions, contract, and paratgoin force development in a coordinated
fashion with the residual host muscle fibers. Siachors could influence individual de novo
fiber maturity as well.

Investigating structures of engrafted fibers mayvpte information about the
relationship between cell engraftment and forcesttigwment. For example, fiber branching is
common during muscle repair (Blaveri et al., 199®) extensive branching has been shown to
affect overall muscle function (Chan et al., 208@ad, 2010; Lovering et al., 2009b). Fusion
among donor cells, between donor and host celtspatween donor cells and existing host
myofibers has the potential to cause improper fdvemntation, create branched fibers, or other
malformations that impact function. In this worletlarge majority of transgene-positive fibers
were correctly oriented. It is unknown whether tlhserved small fibers are due to fiber
branching. If so, they could be a permanent stratttharacteristic of engrafted muscles and this
could affect function. Small fibers may insteadnesvly formed myofibers, in which case they
could mature and enlarge over time.

It will also be important to determine whether d¥lgrafted muscles contain cells that
are capable of regenerative responses. The higbwer of myofibers observed in dystrophic

muscle will ideally be reduced in highly engraftadscles. However, reconstitution of
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progenitors will ensure a continual source of dysiiin upon natural muscle turnover, for
example with exercise. In this case, readministratif cells would not be required. A progenitor
state in the myogenically converted dFb populationld exist in vivo, as an increase in
engrafted fiber number was observed between 2 ameb4s Figure 2.5). In addition, in vitro
experiments revealed an increase in the perceofaggogenically converted dFbs (within the
whole dFb population) under specific culture coiodi$. This suggests the presence of a
proliferating myogenic population amenable to exgi@m given appropriate growth conditions
(Chapter 2). However, analysis of these data ispticated by simultaneous myogenic
conversion and differentiation.

Engraftment of cells that do not become progeniikety still provide stabilization or
protection of muscle from injury. It is unknown hdeng dFb-engrafted fibers last beyond the
12 weeks observed here, though presumably theiofeattrition would be lower than transgene
negative fibers in the dystrophic environment. Tiusuman therapies, dFbs could serve as a
robust and abundant autologous cell type, capdldeleast temporary stabilization of muscle.
An alternative would be to use an additional ogletthat could repopulate the satellite cell niche
without requiring great numbers. But many challenglso still face the derivation and
application of such progenitors, including the &mn of a sufficient number of cells that retain
stem cell properties from an autologous source.

The work described in Chapters 2 and 3 demonsttiaé¢siFbs are viable for gene
delivery and show benefit to dystrophic muscle. fafighent at these levels via single
intramuscular injection appears to be close taestiold for improved force development and
protection from contraction induced injur$ypplemental Figure 13. Additional work on

transplantation methods that improve engraftmentiency may further improve functionFbs
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could also be a source of autologous cells foriegibn to other skeletal muscle conditions,
including sarcopenia, cachexia, incontinence, Inedldefects, or acute trauma (Carr et al.,
2008; De Coppi et al., 2006; Kang et al., 2008;enar et al., 2008; Mitterberger et al., 2007;

Mitterberger et al., 2008; Novara and Artibani, 200

Methods

The methods in these studies provide a reliabladraork for screening transplantation
conditions and quantifying engraftment. This isessary in order to handle data variability
observed within cohorts, and to corroborate cotitityadata. Here, | implemented a rapid gPCR
screen for detecting lentivirally transduced dooelts in engrafted individual muscles. The
screen detects a portion of the lentiviral backbibva¢ is inserted into donor cells along with a
therapeutic transgene. The method should theré®generally useful for any cell population
that is genetically modified with lentiviral vectoex vivo. When single or very few sections of a
muscle are evaluated, limited diffusion of transggefrom donor nuclei in hybrid fibers (Blaveri
et al., 1999; Mueller et al., 2002; van Puttenlet2812) may lead to skewed estimations of
whole muscle engraftment. This likely contributeshe variability in engraftment reported in
the literature. Sampling across muscles with mioa@ bne index improves confidence that

results accurately represent whole muscle engrattme

Future Prospects for Muscular Dystrophy Therapy

Despite current limitations, many recent developis@oint to the promise of viral-
vector-mediated gene therapy. Increased understguodiviral transduction mechanisms have
allowed generation of hybrid vectors that targedighel tissues with high efficiency and long-

term expression (Dickson et al., 2002; Goncalves.eP008a; Schultz and Chamberlain, 2008).
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We envision that further tailoring with hybrid dnimeric vectors could lead to more exclusive
tissue-specific tropism, thereby improving safetyile/retaining adequate carrying capacity for
most defective genes. In addition, modulation ahsgene promoters and enhancers could
improve muscle-specific expression for virtuallyggne-transfer methods (Salva et al., 2007).
Immune responses remain a critical issue, and @vasil be an important aspect of both viral-
and cell-mediated therapies (Zaldumbide and Hoe2@0\/).

A possible approach for DMD treatment using rAA\Mals multisite intravascular
delivery of vectors carrying microutrophin cassetfEransient immune suppression could be
used to block cellular immunity against AAV, andidery of the microutrophin cDNA could
avoid most or possibly all immune responses thatiioagainst dystrophin. Developing optimal
methods for delivery and immune suppression, asagalesign of utrophin or dystrophin
variants and transcriptional regulation of the e#tes are active areas of study that hold promise
for clinical intervention. Recent and ongoing atatli trials focus on safety and transgene
expression (Bowles et al., 2012; Mendell et al1,(X).

Exon skipping is a rapidly developing potentialrigy with several clinical trials
completed or in progress (Cirak et al., 2011; Cetkl., 2012; Kinali et al., 2009;
NCT01254019 and NCT01462292 at www.clinicaltriats;)g Further modifications to this
approach might make it possible to target a largalyer of the mutations and deletions observed
in DMD and BMD (van Deutekom et al., 2007). Howe\aditional testing is necessary to
determine optimal chemistries for the safety aritality of systemic delivery. Questions also
remain as to the functionality of the truncatedtgirts that would arise from some of these

induced splicing events (Harper et al., 2002).
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The work described in this dissertation and numetoanslational studies show the
promise of cells as a gene therapy vehicle capahiestoring lost skeletal muscle tissue.
Ongoing clinical trials evidence the pursuit ofrédqgeutic benefit in human dystrophic muscle
(NCT01610440 and NCT00773227). NCT01610440 is a®l# trial investigating the safety
and efficacy of injecting human umbilical cord mesleymal stem cells into DMD patients.
NCTO00773227 is a Phase 2 trial in which autologoysblasts from unaffected limb muscles
are transplanted into the pharyngeal muscles dbpbaryngeal muscular dystrophy patients,
aimed at determining whether contractile functian be restored. Cell therapies lag other
approaches for treating muscle disorders due ftoititeerent complexity. Especially in the case
of stem cells, we are only just beginning to untdars their basic biology and how to maintain
cells in a particular state that maximizes theréipgaotential (Gilbert et al., 2010).

Because ongoing clinical trials for all therapies eurrently strongly focused on safety,
intramuscular delivery is the chosen delivery routecal administration might be of therapeutic
benefit to individual muscles or small groups ofstles; however, targeting striated muscle
system-wide is required for an effective therapgmbinations of local, regional and systemic
routes of administration might be viable therapeaptions to achieve system-wide targeting of
striated muscle. We should consider gene trangégre repair, and aspects of regenerative
medicine to be complementary approaches, not atwllally exclusive, and potentially the
most effective in a wide array of skeletal musa@aditions when used in conjunction with each
other. Although underestimation of challenges toegherapy initially led to some disappointing
clinical trials, there has been a recent resurgenceerest as new and exciting discoveries in
the field have broken though barriers to viral, vicad and cell-mediated therapies, bringing us a

few steps closer to safe and effective treatmemtthe muscular dystrophies.
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Note to Chapter

Portions of this chapter were adapted and/or repmed from: Muir LA, Nguyen QG,
Hauschka SD, Chamberlain JS. Engraftment potesitialdermal cell population following in
vivo myogenic conversion in dystrophic skeletal olegunder revision for Molecular Therapy),
and Muir LA, Chamberlain JS. Emerging strategie<l and gene therapy of the muscular

dystrophiesExpert Reviews in Molecular Medicine 2009; 11e18.
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Appendix

Supplemental Figures
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Supplemental Figure 1 dFbs exhibit very low background myogenic conversio. Without 4OHT treatment or
expression of MyoD-ER(T), less than 0.1% of cedpressed MHC; without 4OHT and with expression gfold-
ER(T), ~0.3% expressed MHC; with 40HT treatment aitlout expression of MyoD-ER(T), ~0.1% of cells
expressed MHC. For each condition, at least 5diplet well across three wells were quantified. €hveas no
statistically significant difference in backgrouktHC expression among these controls.
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Supplemental Figure 2 Activation of a muscle-spefic model therapeutic gene in myogenically converte
dFbs. dFbswere transduced with the lentivirus carrying MyoB{f) at indicated MOls, then transfected with
CK8e-luciferase, a model therapeutic gene constRatia were obtained from two independent lucifermssays on

two separately transfected wells for each datat@rid were normalized to total protein levels. Ebrars are mean
+ SEM.
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Supplemental Figure 3 gPCR-based detection of lentiviral integration evets per cell. Integrations in cells that
were transplanted in the cohorts used to gendnatddta irFigure 3.1were detected through qPCR for LV2, a
sequence within the lentiviral transfer plasmidktmme that is integrated with the MyoD-ER(T) catsset
Integrations per cell were calculated by dividihg fPCR-derived quantity LV2 by the quantity of ke density
lipoprotein receptor, known to have two copiesgeamome, divided by two. The negative control b@r,represents
detection of LV2 in processed, non-transplantet*’ host muscle tissue (see Chapter 3, Materials agtthdds).
The remaining bars represent the data that wektosgormalize the indicated partski§ure 3.1, where three
cohorts were used fétigure 3.1a Error bars represent one standard deviation bas&d3 gPCR replicates.
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Supplemental Figure 4 The effect of bFGF treatment during in vitro myogenc conversion of two fibroblast
populations on proportion of myogenic cellsdFbs and 10T1/2 cells were transduced with theviens carrying
MyoD-ER(T), then converted into the myogenic lineag vitro by treating cultures with 4OHT. Treawmdtures
were supplemented with 10 ng/ml bFGF daily throdgh 6 inFigure 2.1h Data for all conditions were
normalized to the non-bFGF treated dFb conditiantuCes were additionally refed 2% FBS every 2-gsdand
allowed to differentiate for 7-10 days. Signifidgngreater proportions of myogenically convertetscerere found

for both dFbs and 10T1/2s when treated with bFGindunitial stages of the conversion process, careg to non-
treated cultures.
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Supplemental Figure 5 Relationship between myogenic conversion of dFbs drseeding density or nuclei per
field. Cells were transduced with the lentivirus carryiigoD-ER(T), seeded on 6 well plates, and treated
following the conversion scheme showrFigure 2.1h The y-axes indicate percentage of nuclei witlalhsathat
stained positive for the myogenic marker myosirvigezhain (MHC). For the seeding density graph )Jefata were
obtained from 2-3 wells per density, with 5-10dielquantified per well. No statistically signifi¢atifference in
percentage of MHCcells was found between seeding at 1,000 cellsvpéivs. 20,000 cells per well. For the field
density graph (right} 4 fields were grouped for each bin, and no stetiby significant differences were found
between bins.

100+
< <
o <
754
<
Q.
< o < °
Q.
50 O VO
0%000 o
< <
25+ <
o o
0 L] L] L] L] L] 1

Supplemental Figure 6 Relationship between myogenic conversion of 10T1¢é2lls and nuclei per field.Cells
were transduced with the lentivirus carrying MyoB{H) and treated following the conversion schenmeaghin
Figure 2.1b. The y-axis indicates percentage of nuclei witiiHC™ cells. No statistically significant correlation
was found between cell density and myogenic comwersr this cell type.
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Supplemental Figure 7 No immune clearance o engrafted miniDys-GFP muscle fibers.5 x 10°whole muscle
mononuclear cells isolatécbm miniDys-GFP donors were transplanted into TA musclesaé® hosts. MiniDys-
GFP fibers were counted every 0.1 mm throughout eacéctatfollowng direct imaging of GFP orross sections
8 and 16 weks after cell transplantatic Section totals were then averaged across all sectiball muscle for
each time pointAn average of 136 + 70 positive fibers were foumtighout three TAs at 8 weeland 226 + 165
positive fibers were foundtoughout four TAs at 16 wee The apparent difference between the two time pe
was not statistically significant.
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Supplemental Figure 8 lllustration of the quantification approach for an individual engrafted musde.
Cryosections were taken throughout eact-transplanted muscle. Blue planes represent segionseof potentia
sampling for engraftment analysis. This approachk used to generate engraftment bar ploFigures 2.5, 2.6,
3.2, and3.3 Each plane rapsents a cross section, in which positive fiberarea engrafted was quantified, ar
single bar within plots.
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Supplemental Figure 9 Engraftment metrics in selded dFb-transplanted TA musclesFive muscles were
selected as representative examples of engrafiimé@m#t muscles after dFb transplantation and in viwvgogenic
conversion. Percentage area engrafted and the muhbeniDys-GFP fibers were quantified in multiple sections
across each transplanted muscle, and the averageadh measure across each muscle are showhglraatified
TA muscles, area was under 10% of the total cresiemal area of the muscle, and in most cases\viés.
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Supplemental Figure 10 Longitudinal engraftment iggreater for dFbs transplanted with PSC.TA muscles
from the dataset iRigure 3.2were evaluated for amount of engraftment acragseaific longitudinal distance in
muscles transplanted with dFbs with and without P@i@iDys-GFP fibers were counted in the two outermost
sections out of the five that were sampled fromrtizximally engrafted region of each TA. Statisficalgnificant
differences were found, indicating greater longitatlengraftment in the PSC cohort compared tathePSC
cohort.



96

a b
2.4
dFb+PSC
’-.2.0' a
™~
E o
£ 1.6 -
2 £
£ 121 g :E,
oo L
g [m] D/" a 0
@ .84 'ﬂ?’m (&) =
3 < B B
= SHoN
< 0.44 sESR=
e B B
w0 - (4]
0.0 A
0 O O
u°x\$@¢ge 3%
O
S8

Supplemental Figure 11 Correlation of highly engréted areas with muscle cross-sectional areéa) EDL
muscles transplanted with dFbs with PSC showedsdip® non-linear correlation of area engraftedhvatoss-
sectional area (CSA). (b) An average of the midyb@EAs for transplanted cohorts reveals much higieAs for
muscles transplanted with dFbs with and without R@®@hpared to control, saline injected host musdtesscles
transplanted with WMM show a similar trend. Whiggttwithin bars shows the average number of erggdibers
across transplanted muscles in each cohort, witlavierage percentage engraftment in parentheses.

1009 ¢ o000 00000 o o ¢
A, A AA R
) A
3 P A" 5 A - A 2
£ v'V ) s ¢4
= f o®e 1
,§ 50+ P 0’ e ¢
X * °
© = = 6
£ cee®?®
"5 25' .-.-l.
X
123456789
0 et | —t—t—] -
5
<  Treated Muscle E

Supplemental Figure 12 Individual EDL muscle respnses to eccentric contractionsThe percentage of force
remaining in each of nine transplanted musclebasva after six consecutive eccentric contractiaisdp).
Improvement is observed for muscles transplantel éfbs compared to uninjected dystrophic (4cv)aiess but
after contraction 6, injury is still apparent ih@@ansplanted muscles compared to the responsddbfype (WT)
control EDLs.
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