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Summary

Miyoshi myopathy (MM), limb girdle muscular dystrophy 2B (LGMD2B) and distal anterior
compartment myopathy (DACM) are rare autosomal recessive muscle disorders caused by
mutations in dysferlin. They are encompassed by the term dysferlinopathy and affect the proximal
and/or distal muscles of the limbs. Patients usually become wheelchair bound within 15 years of
disease onset due to progressive muscle degeneration, weakness and atrophy. No treatment is
available. The dysferlin gene spans over 150 kb of genomic DNA in chromosome 2p13 and
comprises 55 exons that form a coding sequence of 6.2 kb. Dysferlin is a 237 kDa protein of the
ferlin family. It is expressed in many tissues, but more strongly in muscle, where it is found in
mature myofibers and to some extent also in satellite cells and myoblasts. It has important roles in
membrane repair and in maintaining the transverse tubule structure in myofibers. Besides
alterations of these two functions, defects in dysferlin cause increased inflammatory attack to
muscle fibers thereby enhancing the muscle pathology.

Muscle regeneration relies on muscle stem cells, called satellite cells, and their progeny of
muscle precursors, the myoblasts. Upon muscle injury caused by severe trauma or muscle
disorders, they are capable of extensive proliferation to repair the damaged tissue. Satellite cells
are marked by the expression of the transcription factor Pax7, they can be isolated based on
specific surface markers and have a robust engraftment potential when transplanted into
regenerating muscles. Therefore, autologous or allogeneic satellite cell and myoblast
transplantation are envisioned as promising therapeutic alternatives. Given that a single gene is
causative for dysferlinopathy, gene therapy also holds great promise. However, the large size of
the full-length dysferlin coding sequence represents a challenge for gene transfer approaches
because most viral vectors used in gene therapy have a lower cargo capacity. Sleeping Beauty
transposon is a non-viral bi-component vector system consisting of a transposon DNA sequence
and a transposase protein. The transposase excises the transposon from a donor plasmid and
integrates it into the target genome. Since the transposon can be engineered to carry any sequence
of interest, Sleeping Beauty is very valuable as a genetic tool for stable gene transfer and has been
widely used in gene therapy. Sleeping Beauty system can be used to integrate transgenes up to ~8
kb with high efficiency. It is therefore well-suited for delivery of full-length dysferlin.

In this work, | developed a non-viral cell-based gene therapy approach for
dysferlinopathy. Using Sleeping Beauty transposon, | transferred the full-length human dysferlin
cDNA into dysferlin deficient H2K A/J mouse myoblasts, leading to restoration of dysferlin
protein expression in vitro. | transplanted the corrected myoblasts into dysferlin deficient
Scid/blAJ mice following local irradiation of the recipient muscles. This step was necessary to
ablate the endogenous satellite cells and promote engraftment of the transplanted cells. | found up
to ~90 dysferlin expressing myofibers 3 and 6 weeks post-transplantation. Inducing regeneration
in the recipient muscles simultaneously to cell transplantation by injection of cardiotoxin, a snake
venom toxin that causes acute damage to myofibers, further enhanced engraftment of the donor
cells. In muscles treated with cardiotoxin in addition to irradiation, | found up to ~1000 donor-
derived myofibers 3 and 6 weeks after grafting, which were present almost along the entire length
of the muscles. Moreover, | found numerous Pax7+ cells in the vicinity of donor-derived
myofibers in the grafted muscles. Given that recipient muscles were irradiated prior to grafting,
this suggests that donor myoblasts were able to repopulate the host satellite cell compartment
upon transplantation. Engraftment as satellite cells would ensure long-term contribution of donor-



derived cells to muscle regeneration. These results show the feasibility of long-term full-length
dysferlin reconstitution in skeletal muscle through ex vivo gene transfer with Sleeping Beauty.



Zusammenfassung

Miyoshi Myopathie (MM), Gliedergtrteldystrophie Typ 2B (engl. limb girdle muscular dystrophy
2B, LGMD2B) und die DACM (distal anterior compartment myopathy) sind seltene, autosomal
rezessiv vererbte Krankheiten, die durch Mutationen im Dysferlin-Gen verursacht werden. Diese
muskuldren Erkrankungen werden unter dem Begriff Dysferlinopathie zusammengefasst und
betreffen die proximale und/oder die distale Muskulatur der Extremititen. Durch eine
zunehmende Schwachung und Atrophie der Muskeln sind Patienten normalerweise bereits 15
Jahre nach Krankheitsbeginn an den Rollstuhl gebunden. Behandlungsmdglichkeiten gibt es hier
keine. Das Dysferlin-Gen umfasst einen 150 kb-Bereich der genomischen DNA auf Chromosom
2p13 und beinhaltet 55 Exons mit einer kodierenden Sequenz von 6,2 kb. Dysferlin ist ein 237
kDa Protein der Ferlinfamilie. Es ist in vielen Geweben vorhanden, vor allem im Muskelgewebe,
wo es in ausgereiften Muskelfasern, aber auch in Satellitenzellen und Myoblasten exprimiert
wird. Dysferlin spielt eine wichtige Rolle bei der Membranreparatur und der Aufrechterhaltung
der T-Tubuli Struktur in den Muskelfasern. Aufer dem erhoht sich durch ein defektes
Dysferlinprotein die Entziindungsanfélligkeit der Muskelfasern.

Die Regenerationsféahigkeit von Muskeln beruht auf den Muskelstammzellen
(Satellitenzellen) und ihren Abkémmlingen, den Muskelvorléuferzellen (Myoblasten). Bei
Muskelverletzungen, z.B. durch schwere Verwundungen oder durch Muskelerkrankungen,
vermehren sich diese Zellen extensiv um das geschadigte Gewebe zu reparieren. Satellitenzellen
sind durch die Expression des Transkriptionsfaktors Pax7 gekennzeichnet. Ihre Isolation basiert
auf spezifischen Oberflachenmarkern. Zudem haben sie ein hohes Anwachspotential, wenn sie in
sich regenerierendes Muskelgewebe tranplantiert werden. Deshalb gilt die autologe oder allogene
Transplantation von Satellitenzellen oder Myoblasten als vielversprechende therapeutische
Alternative. Da Dysferlinopathien durch ein einzelnes Gen verursacht werden, ist zudem die
Gentherapie hier sehr erfolgversprechend. Allerdings werden Gentransferversuche durch die
Groe der kodierenden Dysferlinsequenz erschwert, da die meisten viralen Vektoren, welche fiir
Gentherapiezwecke benutzt werden, eine zu geringe Ladungskapazitdt besitzen. Das Sleeping
Beauty Transposon ist ein nicht-virales 2-Komponenten Vektorsystem, welches aus der DNA
Sequenz des Transposons und einem Transposase Protein besteht. Die Transposase schneidet das
Transposon aus dem Donorplasmid heraus und integriert es in das Zielgenom. Da das Transposon
so verandert werden kann, dass es jede Zielsequenz beinhalten kann, ist Sleeping Beauty ein sehr
wichtiges, nicht-virales, genetisches Werkzeug, das einen stabilen Gentransfer ermoglicht und
deshalb haufig in der Gentherapie verwendet wird. Durch das Sleeping Beauty System kann ein
bis zu 8 kb groPes Transgen effizient integriert werden. Damit ist es auch fiir die Integration des
vollstandigen Dysferlin-Gens sehr gut geeignet.

Im Rahmen dieser Arbeit habe ich eine Methode entwickelt, welche einen nicht-viralen
zellbasierten Ansatz zur Gentherapie von Dysferlinopathien ermdglicht. Durch Nutzung des
Sleeping Beauty Transposons ist es mir gelungen, die vollstdndige humane Dysferlin cDNA-
Sequenz in Dysferlin-defiziente H2K A/J Myoblasten der Maus zu transferieren und die
Dysferlinexpression in vitro wieder herzustellen. Die so korrigierten Myoblasten habe ich in
Dysferlin-defiziente Scid/blAJ Mause transplantiert, in denen der Empfangermuskel zuvor lokal
bestrahlt wurde. Dieser Schritt war notwendig, um die Anzahl der endogenen Satellitenzellen zu
verringern und das Anwachsen der transplantierten Zellen zu férdern. 3-6 Wochen nach der
Transplantation konnte ich eine Dysferlinexpression in bis zu 90 Muskelfasern nachweisen. Eine

Xi



gleichzeitig zur Transplantation stattfindende Injektion des Zellgiftes Cardiotoxin fiihrte zu einem
wesentlich verbesserten Anwachsen der Donorzellen. Muskeln, welche zusétzlich zur Bestrahlung
noch mit Cardiotoxin geschéadigt wurden, wiesen 3 bis 6 Wochen nach der Transplantation bis zu
1000 Dysferlin exprimierende Muskelfasern auf. Zudem konnte ich in den transplantierten
Muskeln eine Vielzahl von Pax7 positiven Zellen in der Umgebung der von den Spenderzellen
abgeleiteten Myofibrillen identifizieren. Da der Empfangermuskel vor der Transplantation
bestrahlt wurde, deutet dieses darauf hin, dass das Satellitenzellkompartiment des
Empfangermuskels nach der Transplantation wieder neu besiedelt wurde. Das Anwachsen der
Myoblasten als Satellitenzellen wirde daher einen dauerhaften Beitrag der Spenderzellen zur
Regeneration des Muskels belegen. Diese Ergebnisse zeigen, dass eine Rekonstruktion des
vollstandigen Dysferlin Proteins in Skelettmuskeln durch Sleeping Beauty vermittelten
Gentransfer moglich ist.
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CHAPTER 1. INTRODUCTION

1 Introduction

1.1 Dysferlinopathy

The term dysferlinopathy encompasses several autosomal recessive muscle diseases caused by
mutations in dysferlin. Those include Miyoshi myopathy (MM) (J. Liu et al., 1998; Matsuda et
al., 1999), limb girdle muscular dystrophy 2B (LGMD2B) (Bashir et al., 1998; J. Liu et al., 1998)
and distal anterior compartment myopathy (DACM) (Illa et al., 2001).

1.1.1 Clinical and histological aspects of dysferlinopathy

The clinical presentation of dysferlinopathy is strikingly variable regarding the types of muscles
involved and the degree of severity. The age of onset also varies between the patients, but is most
common during or after puberty. Depending on which muscles are affected first, the patients can
be classified into LGMD2B, MM or DACM. However, some patients have combined phenotypes
and rarer forms with unusual presentation have also been reported.

A common characteristic of dysferlinopathy patients is a highly increased level of serum
creatine kinase (CK), a marker of muscle damage. CK levels can also be moderately elevated in
asymptomatic carriers. The histological and ultrastructural alterations of skeletal muscle are
common for MM, LGMD2B and DACM patients. They were first described by Miyoshi and
colleagues (Miyoshi, Kawai, lwasa, Kusaka, & Nishino, 1986) and include:

—  Decreased number of fibers and replacement by fatty-fibrous tissue

—  Marked variation in myofiber size

—  Fiber splitting

—  Presence of necrotic fibers, some associated with phagocytosis

— Increased number of regenerating fibers with centralized myonuclei

— Absence of 'ragged red' fibers, nemaline bodies or rimmed vacuoles, which are
characteristic of other myopathies

— No apparent abnormalities in the intramuscular nerves

— Atrophy and degeneration of type 1 and 2 fibers, but no obvious fiber type
predominance or type grouping

— Disorganization of the intermyofibrillar network

—  Zig-zag irregularity and streaming of the Z-band as well as narrowing of myofibrils
due to loss of myofilaments

— Increased number of mitochondria and dilatation of the sarcoplasmic reticulum and
transverse tubule (T-tubule) system in areas where myofibrils had disappeared

The disease progression of both distal and proximal phenotypes is slow, and the patients remain
ambulant for several years although they generally become wheelchair-bound within 15 years of
disease onset.

1.1.1.1 The distal myopathies — MM and DACM
The distal myopathies are a group of muscle disorders characterized by progressive muscle
weakness and atrophy presenting in the distal muscles of the limbs. The British neurologist Sir
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William Richard Gowers was the first to formally use this term to describe a case of distal
weakness in 1902 (Gowers, 1902). Two of those disorders, MM (J. Liu et al., 1998; Matsuda et
al., 1999) and DACM (llla et al., 2001), are caused by mutations in the gene encoding dysferlin.

Miyoshi et al. described in 1986 a new form of distal myopathy with autosomal recessive
inheritance (Miyoshi et al., 1986). MM patients usually present with muscle weakness and
atrophy leading to motor dysfunction during early adolescence to young adulthood. Muscle
weakness can be accompanied by disturbance of gait, tendency to fall and difficulty in standing
up, running fast and climbing stairs. The affected muscles in the lower parts of the legs, like
gastrocnemius and soleus, become very thin due to prominent wasting. The muscle atrophy
eventually spreads to the proximal limb muscles during disease progression.

In DACM, the most severely affected muscles are those of the anterior compartment
group (Ilarioshkin et al., 2000). The disease, also called “distal myopathy with anterior tibial
onset”, was first described in 2001 as a new form of autosomal recessive distal myopathy caused
by mutations in dysferlin (Illa et al., 2001).

1.1.1.2 The limb girdle muscular dystrophies - LGMD2B

LGMD defines a group of muscle diseases caused by mutations in different genes and
characterized by progressive weakness with onset in the proximal muscles of the limbs. The distal
muscles can be involved in later stages of disease progression. Heart and respiratory muscles may
also be affected, whilst facial and extraocular muscles are spared. The onset of clinical
manifestations is variable but typically non-congenital, and a muscle biopsy is usually needed to
establish differential diagnosis with Duchenne and other forms of muscular dystrophy.

Regarding nomenclature, autosomal dominant forms of LGMD are designated as LGMD1
and autosomal recessive as LGMD?2. The assignment of a letter is given in chronological order
corresponding to the identification of the associated locus. So far, thirty one LGMD loci have
been identified, eight of them autosomal dominant and 23 autosomal recessive. The autosomal
recessive forms of LGMD have a cumulative prevalence of 1:15000. The autosomal dominant
forms represent less than 10% of all LGMD (reviewed in (Nigro & Savarese, 2014)). As
mentioned before, dysferlin mutations are responsible for LGMD type 2B.

A brief history of the LGMDs: the term LGMD was introduced in the 1950s by Walton
and Nattrass (Walton & Nattrass, 1954) to describe an autosomal recessive and very
heterogeneous clinical condition. The heterogeneity of the LGMDs would later be confirmed
when the first LGMD loci were discovered. Kate Bushby published in 1995 a unifying
compilation of criteria for the diagnosis of LGMD (Bushby, 1995). The inclusion criteria were:

1. Onset at any age presenting with weakness in pelvic or shoulder girdle muscles or
both simultaneously

2. Autosomal dominant or recessive inheritance

Greatly elevated CK levels in recessive cases and less elevated in dominant cases

4. Non-specific myopathic or dystrophic changes in muscle biopsies or
electromyography

w

Excluded were: onset of weakness in distal, facial or extraocular muscles, evidence of
dystrophinopathy, namely Duchenne muscular dystrophy (DMD) or its milder phenotypic variant
Becker muscular dystrophy (BMD), and muscle biopsy findings that would be indicative of a
neuropathic disease, inflammatory changes, metabolic or mitochondrial abnormalities.

Until then, only a few genetic associations had been established for LGMD and no gene
was known to be causative for any form of LGMD.
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1.1.2 Genetic basis of dysferlinopathy

The human dysferlin gene (DYSF) was discovered in 1998 in two independent studies (Bashir et
al., 1998; J. Liu et al., 1998) that came after a series of works on linkage analysis in families and
patients with recessively inherited LGMD and MM phenotypes.

In 1994 Bashir and colleagues reported the finding of a new LGMD2 locus in
chromosome 2p (Bashir et al., 1996). This work represented the discovery of the second locus for
autosomal recessive LGMD, leading to the designation of the disease as LGMD2B.

Already in 1996 the results obtained in two independent studies suggested that there may
be a common genetic origin for LGMD2B and MM.

Weiler and colleagues found two independent mutant alleles in an inbred, aboriginal
Canadian kindred with members affected by muscular dystrophy consistent with either MM or
LGMD (Weiler et al., 1996). The two mutations, however, could not explain the clinical
variability between the patients, suggesting that the phenotypic differences could be due to
additional factors.

Linkage analysis on another large and highly consanguineous Russian family with
members affected by clinical, histological and ultrastructural symptoms of either MM or LGMD2
pointed towards a common locus in chromosome 2p (Illarioshkin et al., 1996), the same that had
been previously associated with LGMD2B (Bashir et al., 1996).

1.1.2.1 Discovery of the dysferlin gene

The definitive discovery of a causative gene for MM and LGMD2B would not come until 1998,
when two studies by the groups of Kate Bushby and Robert H. Brown identified dysferlin as a
new protein coding gene that was mutated in both diseases (Bashir et al., 1998; J. Liu et al.,
1998).

In the work by Bashir et al. (Bashir et al., 1998), the haplotype information of a
previously described family allowed the mapping of the LGMD2B critical genomic region to
chromosome 2pl13. Two yeast artificial chromosomes (YACs) were used to find expressed
sequence tags (ESTs) mapping to this region that were expressed in skeletal muscle. This allowed
the identification of a 7 kb transcript expressed predominantly in skeletal muscle but also present
in other tissues.

In a simultaneously published work, Liu et al. used a previously constructed a P1-derived
artificial chromosome (PAC) contig spanning the MM/LGMD2B candidate region and analysed
polymorphic markers found in MM families to find out the precise locus (J. Liu et al., 1998).
Derived from this locus, they identified a 6.9 kb transcript with an open reading frame (ORF) of
6,243 bp predicted to encode a 2,080 aa protein and beginning with the Kozak consensus
sequence for a start codon. Interestingly, they also reported the occurrence of an alternative start
codon, in the same frame but +75 bp downstream.

Since the predicted protein was homologous to the C. elegans protein fer-1 expressed in
primary spermatocyte, the new protein was named ‘dysferlin’ for dystrophy-associated, fer-1-like
protein. The gene was assigned the symbol DYSF (J. Liu et al., 1998).

1.1.2.2 DYSF mutations and lack of genotype-phenotype correlation

Disease-causing mutations in DYSF span the entire length of the gene with an absence of hot-
spots and are strikingly variable in their clinical manifestation (Cacciottolo et al., 2011; Krahn et
al., 2009). The same mutations have been associated with different degrees of severity, ages of
onset or types of muscles involved (Ceyhan-Birsoy et al., 2015; Krahn et al., 2009). In 2009, a
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dysferlin mutation analysis done in the largest patient cohort screened thus far (134 patients with
suspected LGMD2B or MM) identified 212 deleterious mutations, most present at a homozygous
or compound heterozygous pattern, which had no apparent correlation with the observed MM and
LGMD2B phenotypes (Krahn et al., 2009).

Very recently, mutations in dysferlin have been associated with more infrequent clinical
presentations such as congenital muscular dystrophy (CMD) (Ceyhan-Birsoy et al., 2015; Paradas
et al., 2009). Ceyhan-Birsoy and colleagues reported in 2015 a case study of two siblings with a
CMD phenotype and complete absence of dysferlin protein caused by a mutation previously
associated to cases of adult-onset hyper-CKemia and LGMD.

A secondary reduction in dysferlin protein can occur in muscular dystrophies caused by
alternative gene defects such as caveolin-3 (CAV3) mutations, which cause LGMD1C (Matsuda et
al., 2001). Nevertheless, a study performed in 65 patients with a LGMD/MM phenotype showed
that a marked reduction of Dysferlin protein (<20%) in skeletal muscle is caused primarily by
DYSF mutations (Cacciottolo et al., 2011).

1.2 Dysferlin

1.2.1 DYSF gene and dysferlin transcript variants

DYSF spans over 150 kb of genomic DNA in chromosome 2p13.3-p13.1 and comprises 55 exons
(Aoki et al., 2001; Bashir et al., 1998; J. Liu et al., 1998). 509 genomic variants are registered in
the Leiden Muscular Dystrophy Pages database (http://www.dmd.nl/).

Fourteen transcript variants have so far been identified as arising from the human
dysferlin gene through alternative splicing and usage of two different transcription start sites
(TSS) (Pramono et al., 2009). Exon 1 of DYSF encodes the first C2 domain of dysferlin, C2A.
The use of the alternative TSS, contained within intron 1 and preceded by a consensus Kozak
sequence, incorporates a different first exon to the mRNA, which is derived from intron 1. This
alternative exon 1 encodes a structurally different C2A domain, C2Av1, whereas the rest of the
mMRNA remains the same (Pramono, Lai, Tan, Takeda, & Yee, 2006).

In addition, seven processed mRNA variants are generated from each of the two pre-
MRNAs transcribed from the two TSS. The two variants with canonical splicing are DYSF and
DYSF_v1, transcribed respectively from the canonical and the alternative promoter. The
remaining transcripts are produced by alternative splicing inducing exclusion of exon 17 (Salani
et al., 2004), in-frame inclusion of alternative exon 5a via exonization of a sequence derived from
intron 5, and in-frame inclusion of alternative exon 40a, derived from intron 40 (Pramono et al.,
2009).

These protein coding variants are differentially expressed depending on developmental
stage, tissue type and disease condition (Pramono et al., 2006; Pramono et al., 2009; Salani et al.,
2004). Expression analysis by Northern blot conducted with probes specific to exon 1 of DYSF or
DYSF_vlidentified the presence of transcripts detected only by either one of the probes in
samples from various tissues. The longest transcript of ~7.5 kb was always present in skeletal
muscle. Likewise, gRT-PCR analysis on mRNA samples from human skeletal muscle and blood
revealed a different abundancy of the fourteen transcript variants in those tissues (Pramono et al.,
2006).
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1.2.2 Dysferlin protein

Dysferlin belongs to the ferlin family, an ancient family of large (~200-240 kDa) proteins with
roles in vesicle trafficking and fusion that are present in all eukaryotic kingdoms and protozoans.
Mammals have six ferlin genes (FerlL1-L6), DYSF being FerlL1. Ferlins are the proteins
containing the highest number of tandem C2 domains (5-7 depending on the protein). These
domains function in lipid and protein binding and are characteristic of proteins involved in vesicle
fusion. One such example is the synaptotagmins, which contain two of those structural motifs.
Ferlin proteins also contain a single-pass transmembrane domain in their C-terminus for
anchoring to the membrane. They are divided into two subgroups according to the presence or
absence of a dysF domain. The most studied family members are myoferlin, otoferlin and
dysferlin (reviewed in (Lek, Evesson, Sutton, North, & Cooper, 2012)).

Myoferlin is required for myoblast fusion during muscle development and regeneration.
Otoferlin is involved in vesicle fusion in the inner hair cells of the cochlea. There, it localizes to
the presynaptic membrane and is thought to participate in Ca**-dependent vesicle exocytosis for
neurotransmitter release. Defects in otoferlin cause profound deafness in humans and mice (Lek et
al., 2012).

Dysferlin, as predicted based on its amino acid sequence, is a 237 kDa protein (Anderson
et al., 1999). It is expressed early during human fetal development, being detected by
immunolabeling on lysates of fetal limb tissues already at embryonic age 5-6 weeks. In rat protein
lysates, the full-length protein is strongly detected in skeletal muscle, heart and kidney and to a
lesser extent in stomach, lung, uterus, liver, spleen and nervous tissue (cerebellum, brain stem,
spinal cord and sciatic nerve). Faint smaller bands (~40-60 kDa) are also detected in lysates from
brain stem, spinal cord and sciatic nerve, possibly indicating the presence of smaller isoforms. In
human it has been detected by immunolabeling in protein lysates of heart, term placenta, skeletal
muscle (Anderson et al., 1999) and blood monocytes (Ho et al., 2002).

In skeletal muscle tissue, dysferlin is already expressed in cultured human myoblasts and
in satellite cells from muscle biopsy specimens, although to a much lesser extent than in
differentiated myotubes and myofibers (De Luna, Gallardo, & llla, 2004; Salani et al., 2004).
Dysferlin is absent or expressed at very low levels in skeletal muscle of dysferlinopathy patients
(Anderson et al., 1999; Matsuda et al., 1999; Vainzof et al., 2001). The expression of dysferlin in
blood monocytes correlates with that of skeletal muscle. This allows the use of blood samples for
diagnosis of dysferlinopathy when good quality muscle biopsies are not available (Gallardo et al.,
2011; Ho et al., 2002).

1.2.2.1 Dysferlin domain structure

The C2 domains of the ferlin family proteins otoferlin, myoferlin and dysferlin bind to lipid
bilayers and actively promote remodeling of membrane structures. These alterations enable a
variety of processes like membrane fusion or recruitment of other proteins involved in membrane-
trafficking (Marty, Holman, Abdullah, & Johnson, 2013).

Dysferlin contains seven C2 domains, C2A to C2G (Therrien, Dodig, Karpati, &
Sinnreich, 2006). All of them display Ca®* binding activity albeit with very different affinities.
The most sensitive ones are the C2A and C2C domains (Abdullah, Padmanarayana, Marty, &
Johnson, 2014; Fuson et al., 2014; Marty et al., 2013). The protein also contains three Fer
domains (FerA, FerB and Ferl), one C-terminal single pass transmembrane domain, a short
extracellular domain and two dysF domains (Figure 1. 1), one inserted into the other by gene
duplication (Ponting, Mott, Bork, & Copley, 2001). Cristal structures are only available for the
human dysferlin inner dysF domain (Sula, Cole, Yeats, Orengo, & Keep, 2014), and for the C2A
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and C2Av1 domains (Fuson et al., 2014). They were solved with high resolution by molecular
replacement using the NMR structure of the inner DysF and C2A domains of myoferlin,
respectively.

VB C2A SR C2B 3 Ferl ' C2C S FerA o NEBHBI BT NdysF ¥ IdysF 2 CdysF 28C2D SR C2E ST C2F SR C2G - C

Figure 1. 1: Domain architecture of human dysferlin protein.

Modified from (Sula et al., 2014).

The C2A and C2Av1 domains of dysferlin differ in their Ca?* binding activity. C2A
contains a high affinity Ca®* binding site that stabilizes the domain and a set of low-affinity Ca®*
binding sites responsible for interactions with the negatively charged lipid membrane. On the
contrary, C2Av1 binds to negatively charged lipids in a Ca®* independent manner. Nevertheless,
studies in C2C12 myoblasts have shown that the full-length dysferlin isoforms containing either
C2A or C2Av1 are equally active in their membrane targeting activity (Fuson et al., 2014).
Mutations in certain C2 domains of dysferlin can cause protein aggregation due to misfolding and
formation of amyloid deposits in skeletal muscle (Spuler et al., 2008).

1.2.2.2 Dysferlin protein localization in skeletal muscle
In skeletal muscle tissue, dysferlin was first described as a membrane protein of muscle fibers
(Anderson et al., 1999). However, additionally to its classic sarcolemmal distribution (Figure 1.
2), many authors have reported an intracellular localization of dysferlin in muscle fibers. Recent
studies have detected a significant amount of dysferlin at the T-tubule membranes (Figure 1. 5),
where it aligns with the dihydropyridine receptor (DHPR) and the Ryanodine Receptor (RyR)
present at the triads (Ampong, Imamura, Matsumiya, Yoshida, & Takeda, 2005; Y. Huang et al.,
2007; Kerr et al., 2013; Klinge et al., 2010; Klinge et al., 2007; Roche et al., 2011).

A secondary reduction and/or abnormal cytoplasmic staining pattern of dysferlin has also
been observed in dystrophin glycoprotein complex (DGC) related myopathies (a-, p- and y-
sarcoglycanopathies and DMD/BMD) as well as in patients unspecifically diagnosed of “LGMD”
or “muscular dystrophy” (Piccolo, Moore, Ford, & Campbell, 2000).

1.2.2.3 Dysferlin function in membrane repair

The most widely studied role for dysferlin in skeletal muscle is Ca®*-dependent membrane repair.
Bansal et al. first showed that the sarcolemma of some fibers was damaged in dysferlin knock-out
mice. When injected with the membrane impermeant dye Evans blue (EBD), dysferlin-null
muscles showed a higher dye uptake compared to control muscles. The sites of disrupted
sarcolemma in dysferlinopathic muscles were enriched in dysferlin and had vesicles accumulated
underneath (Bansal et al., 2003). They demonstrated that proper membrane resealing is impaired
in dysferlin-null myofibers by developing a functional assay whereby isolated muscle fibers were
injured with a laser in the presence of the membrane-impermeant dye FM 1-43. This molecule
fluoresces when bound to lipidic bilayers and serves as an indicator of increased endo-membrane
at wound sites, which is removed after repair (Figure 1. 3).
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dysferlin brigth field brigth field dysferlin  DAPI

Figure 1. 2: Sarcolemmal localization of dysferlin in mouse muscles.

Confocal microscopy images of one cryosection from a C57BL/6J quadriceps muscle immunostained with an antibody
against dysferlin (red). Nuclei were counterstained with DAPI (blue). Scale bars: 20 pm.

Several studies have shown that following membrane injury, dysferlin rapidly relocates to
the wound site. Throughout differentiation of mouse C2C12 myoblasts, dysferlin localizes
predominantly to the developing T-tubule system. However, in response to membrane wounding
using glass beads, it translocates to the plasma membrane and accumulates at the sites of injury in
a Ca*"-dependent fashion (Klinge et al., 2007). In muscles of zebrafish embryos, dysferlin
localizes to the sarcolemma and the T-tubules in undamaged fibers. In response to laser induced
injury in vivo, it relocates rapidly to the membrane lesion. This relocation requires dysferlin’s
transmembrane domain, as it does not occur in truncation mutants lacking this part of the protein.
In addition to dysferlin, annexins 6 (Anxa6) and 11a (Anxalla) also relocate to the site of injury
with a fast kinetics. Moreover, both dysferlin and Anxa6 are required for the accumulation of
other annexins at the wound and a correct formation of a repair patch (Roostalu & Strahle, 2012).

Complete repair and resolution of a membrane wound in normal myotubes is reportedly a
slow process that involves dysferlin and Ca®*-dependent formation of a repair dome at the injury
site for over 60 minutes post-injury. This raised ridged structure is enriched in annexin Al and F-
actin, and progressively accumulates dysferlin and the membrane-bender EH-domain-containing
protein EHD2 (Marg et al., 2012).

Dysferlin interacts with caveolin-3 and the Tri-partite motif (TRIM) family protein
mitsugumin 53 (MG53) in skeletal muscle cells (Cai et al., 2009; Matsuda et al., 2001; Matsuda et
al., 2012). Disruption of this complex leads to membrane repair defects (Cai et al., 2009). The role
MG53 in sarcolemmal repair was further characterized in a model of ballistics-induced membrane
injury in human myotubes (Lek et al., 2013). Dysferlin and MG53 compartments interact and
form a condensed lattice encircling the membrane lesions. This process is Ca**-dependent, as
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chelation of Ca?* with EGTA or blocking of voltage-gated calcium channels (VGCCs) impairs the
recruitment of both dysferlin and MG53 to the wound site.

0s 364 s 106.4 s 166.4 s 216.4s
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Time after laser injury

Figure 1. 3: Membrane resealing is impaired in dysferlin deficient skeletal muscle.

Laser wounding assay on single muscle fibers isolated from wild-type (wt) and dysferlin-null (dysf-/-) mice. The
membrane damage was induced a t = 20 s in the presence or absence of Ca®*. Compared to wild-type fibers, dysferlin-
null fibers are incapable of repairing the membrane lesion and continue to accumulate endomembrane, as indicated by
the increasing signal from FM 1-43 fluorescent dye at t = 216.4 s (white arrows). Modified from (Bansal et al., 2003).

Interestingly, myotube damage induces the calpain-mediated cleavage of full-length
dysferlin to produce a ~72 kDa C-terminal isoform, mini-dysferlinc;,, that accumulates at the
lesion in a Ca?* dependent manner (Lek et al., 2013). This cleavage is done by calpains in the
alternatively spliced exon 40a of dysferlin and it is not specific to myotubes but occurs also in
other cells like human umbilical cord endothelial vein cells (HUVEC), mouse astrocytes and
microglia, or secondary human oligodendrocytes (M03.13). Notably, human myotubes subjected
to ballistics injury accumulate exon 40a-containg dysferlin around the membrane wounds
(Redpath et al., 2014).

Both the actin cytoskeleton (McDade, Archambeau, & Michele, 2014) and microtubules
(McDade & Michele, 2014) are involved in the trafficking of dysferlin-containing vesicles during
repair. The role of the actin cytoskeleton was uncovered by live-imaging using a fusion protein
with a pH-sensitive GFP reporter as a C-terminal tag to dysferlin (dysf-pHGFP) (McDade et al.,
2014). In myofibers of transgenic mice expressing dysf-pHGFP, injury triggers a rapid
recruitment of dysferlin derived mainly from the sarcolemma in the vicinity of the wound.
Inhibition of actin polymerization by Cytochalasin D blocks this trafficking and impairs resealing
of the membrane. Microtubule-mediated trafficking of dysferlin-containing vesicles in response to
injury is dependent on the kinesin heavy chain motor, KIF5B. These compartments fuse with
lysosomes to form large cytoplasmic vesicles adjacent to the lesion and throughout the cytoplasm.
This could be observed by live-cell imaging and fast freezing in rat L6 myotubes (McDade &
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Michele, 2014). The defects in membrane repair of dysferlin deficient myoblasts have also been
attributed to a decrease in acid sphingomyelinase (ASM) secretion by lysosomes in response to
membrane injury. This secretion deficit is likely due to a lower number of membrane-proximal
lysosomes. Also, dysferlin-null mouse myoblasts show reduced injury-triggered lysosomal
exocytosis. It is noteworthy that ASM restores the membrane repair deficit of patient-derived
myoblasts and myofibers isolated from dysferlin deficient Bla/J mice after focal laser injury
(Defour et al., 2014). This may be interesting as a potential treatment.
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Figure 1. 4: Model for dysferlin-mediated muscle membrane repair.

1) Uninjured membrane. (2) In response to membrane damage and subsequent Ca?" influx, dysferlin and MG53, aided
by annexins, mediate the exocytosis of vesicles towards the membrane wound and the vesicle-vesicle fusion to generate
larger membranous structures. (3) A membrane “patch” is formed to reseal the membrane wound. Modified from (Han,
2011).

Finally, as mentioned previously, the C2A and C2Avl domains of dysferlin have
differential Ca®* binding affinities and Ca*'-dependent or independent phospholipid binding
properties. This has been proposed as a mechanism for concurrent activity of both domains in
tightly regulating the membrane repair process (Fuson et al., 2014).
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1.2.2.4 T-tubule associated functions

Dysferlin’s T-tubule localization has been precisely defined by overexpressing C-terminal or N-
terminal tagged pHluorin-dysferlin (a pH-sensitive GFP fused to dysferlin) in isolated adult
mouse myofibers. These experiments showed that dysferlin is bound to the T-tubule membrane
with its C-terminus exposed to the extracellular space (Kerr et al., 2013). Dysferlin deficient
myofibers of A/J and Bla/J mice show and inability to cope with experimentally induced osmotic
stress injury (OSI). In these mouse models, OSI causes an uncontrolled influx of extracellular
Ca”", altering Ca** signaling and ultimately leading to a disruption of the T-tubule network. This
effect is ablated by removal of extracellular Ca*, by treatment with diltiazem (an L-type Ca**
channel blocker that prevents the entry of Ca®* through the DHPR) or by re-expression of full-
length dysferlin in dysferlin-null myofibers (Kerr et al., 2013).

During early regeneration of adult rat skeletal muscle induced by myotoxin injury,
dysferlin localizes predominantly to the cytoplasm of myotubes and myofibers. There, it is
enriched in longitudinal structures identified as T-tubules by the presence of DHPR. In later
stages of regeneration, and once the process is completed, dysferlin labelling is more prominent at
the sarcolemma of mature fibers. Dysferlin is also increased in the cytoplasm of regenerating
human fibers labelled with neonatal myosin heavy chain, desmin and laminin-a5 (Klinge et al.,
2010).

t-tubule lumen
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Figure 1. 5: Model for dysferlin’s localization at the T-tubule membranes.

Dysferlin is anchored to the membrane with its C-terminal domain exposed towards the lumen of the T-tubule.
Dysferlin is located in close proximity to proteins of the triad junction: the DHPR (anchored to the T-tubule membrane)
and the RyR (in the sarcoplasmic reticulum), which are part of the excitation-contraction coupling mechanism.
Dysferlin is also nearby or associated with its known interaction partners caveolin3, annexins and Binl. Modified from
(Kerr, Ward, & Bloch, 2014).

A similar cytoplasmic redistribution in regenerating fibers has been reported for the
dysferlin interactors AHNAK (Y. Huang et al., 2007) and Caveolin-3 (Klinge et al., 2010;
Matsuda et al., 2001).
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In zebrafish embryos, knockdown of dysferlin using morpholinos doesn’t markedly alter
myofiber development at early developmental stages. However, it causes major pathogenic
changes in myofiber ultrastructure, such as vesicle accumulation and disorganization of the
myofibrils and the T-tubule system. Interestingly, knockdown of Anxa6, also involved in
membrane repair, affects myofiber ultrastructure but produces a milder phenotype than dysferlin
knockdown (Roostalu & Strahle, 2012).

This differential localization, together with the ultrastructural changes in the T-tubule
network observed in dysferlin deficient mouse models, suggests a role for dysferlin in T-
tubulogenesis and in maintaining the T-tubule structure in mature fibers.

1.2.2.5 Dysferlin, immunity and inflammation

A hallmark for dysferlinopathy is the enhanced activation of the complement system and attack to
myofibers (Han et al., 2010; Wenzel et al., 2005). Wenzel et al. first described that the
complement inhibitory decay-accelerating factors DAF/CD55 are downregulated in the skeletal
muscle of SJL/J mice and LGMD2B patients as compared to control C57BL/6 mice and healthy
controls, respectively (Wenzel et al., 2005). This correlates with the finding that the sarcolemma
of both murine and human dysferlin-deficient muscle fibers is devoid of DAF/CD55 (Wenzel et
al., 2005). The lack of these complement inhibitory factors promotes the deposition of the
membrane attach complex C5b9-MAC, the end product of the complement pathway’s activation,
even on non-necrotic muscle cells (Han et al., 2010; Wenzel et al., 2005). Also, incubation of
myotubes derived from control and dysferlinopathy patients with normal human serum resulted in
complement-mediated lysis of the dysferlin deficient myotubes, an effect that could be partially
inhibited by pre-incubation with anti-CD55 antibodies (Wenzel et al., 2005).

Similarly, Han et al. found that the complement factors C1q, CFB and C4 are elevated in
the muscle of dysferlin-null SJL/J as compared to control mice. Rescue of dysferlin expression
specifically in skeletal muscle not only reverses the myopathic changes of dysferlin-null mice but
also restores the normal expression levels of the complement factors C1gA and CFB. Moreover,
knock-out of the central component of the complement pathway, C3, in dysferlin-null mice,
although having no effects on the membrane repair capacity of myofibers, is enough to ameliorate
the muscle pathology. This, however, is not true for ablation of the terminal complement factor
C5, thus suggesting that it is not the terminal activation of the complement pathway but rather of
its central component C3 that contributes to disease progression in dysferlinopathy (Han et al.,
2010).

The induction of alternative vesicle trafficking pathways in dysferlin deficient muscle has
also been proposed to contribute to the inflammatory milieu of dysferlinopathy by increasing the
release of pro-inflammatory molecules. Human skeletal muscle lacking dysferlin shows an
increase in the synaptotagmin-like protein Slp2a/SYTL2 and its effector, the small GTPase
Rab27A, which are involved in vesicle trafficking. An up-regulation of Rab27A and Slp2a in
dysferlinopathic muscle could be a compensatory mechanism of vesicle trafficking for membrane
repair in the absence of dysferlin (Kesari et al., 2008).

In addition, an increased expression of proteins of the inflammasome complex has also
been observed in muscle from LGMD2B patients and SJL/J mice compared to their control
counterparts and to DMD and mdx muscle, respectively (Rawat et al., 2010). The inflammasome
mediates the activation of inflammatory caspases and processing of the pro-inflammatory
cytokine pro-interleukin (IL)-1p to mature IL-1B. Myoblasts isolated from dysferlin deficient
SJL/J mice show constitutive expression of IL-1B at low levels, indicating the presence of basal
inflammasome activity. In response to lipopolysaccharide (LPS) stimulation, SJL/J myoblasts and
myotubes display significantly higher levels of IL-1p and increased secretion compared with
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control myoblasts. This effect has been attributed primarily to defects in dysferlin, since ShRNA
knockdown of dysferlin in wild-type muscle cells and in a macrophage cell line also leads to
increased IL-1p secretion (Rawat et al.,, 2010). A proposed model is that the increased
inflammasome activity in the absence of dysferlin may be mediated by activation of toll-like
receptors (TLR). These would be activated by pro-inflammatory molecules secreted due to
leakage through the damaged membrane and to the aforementioned induction of a compensatory
vesicle trafficking pathway involving Rab27A and Slp2a (Kesari et al., 2008; Rawat et al., 2010).

Human dysferlinopathic muscle has more infiltrating mononuclear and dendritic cells.
This observation goes along with the finding that monocytes isolated from SJL/J mice have a
higher phagocytic activity in comparison to control mouse monocytes when incubated with
fluorescently labelled E. coli bacteria. Knockdown of dysferlin in wild-type mouse macrophages
leads to increased phagocytic activity (Nagaraju et al., 2008). In human monocytes and
macrophages, dysferlin expression is up-regulated during differentiation and plays a role in
regulating cell adhesion and motility (de Morree et al., 2013). In differentiated THP1 cells, a
monocyte-like leukemia cell, dysferlin is strongly accumulated at cell-cell contacts. Knockdown
of dysferlin affects intercellular interactions by up-regulating the expression of integrins and
fibronectin, thereby leading to a strong decrease in cell adhesion. As a result, dysferlin depleted
cells are more motile. This increase in cell motility has also been observed in vitro in primary
macrophages from LGMD2B patients compared to control macrophages (de Morree et al., 2013).
Altogether, this suggests that the enhanced monocyte and macrophage infiltration observed in
patients is a direct or indirect consequence of the dysferlin defect and may be due to an increase in
cell motility.

The role of the immune system in dysferlinopathy does not seem to be restricted to innate
immunity. Dysferlin-null Scid/blAJ mice, which lack T and B lymphocytes but have a normally
functioning innate immunity, have a delayed and milder myopathic phenotype than their control
immunocompetent strain, the Bla/J mice. These milder myopathic features include reduced
number of necrotic fibers, decreased phagocytosis and less variation in myofiber size. The
skeletal muscle of Scid/blAJ mice also shows a decreased complement deposition and a lower
percentage of pro-inflammatory M1 macrophages in comparison to immunocompetent Bla/J mice
(Farini et al., 2012). It is known that the resolution of the inflammatory process that accompanies
acute injury-induced muscle regeneration is delayed in dysferlin deficient mouse models
compared with wild-type mice (Chiu et al., 2009). Interestingly, Scid/blAJ mice also display a
faster clearing of inflammation upon injection of notexin compared to Bla/J mice (Farini et al.,
2012).

1.2.2.6 Dysferlin function in muscle growth, regeneration and myoblast fusion
Dysferlinopathic muscle shows delayed regeneration (Chiu et al., 2009), defects in myoblast
fusion (Cohen, Cohen, & Partridge, 2012; Demonbreun et al., 2011) and failure to respond to
growth factor stimulation (Demonbreun et al., 2011). Some of these defects are tightly connected
to the immune response alterations observed in dysferlinopathic muscle.

The muscle biopsies of dysferlinopathy patients show a higher percentage (56.3%) of
fibers in late stages of regeneration compared with biopsies taken from LGMD2A, DMD/BMD
and LGMD2I patients (Chiu et al., 2009). Moreover, experiments performed on dysferlin-null
C57BL/10.SJL-Dysf mice have shown a lower amount of infiltrated mononuclear cells at early
stages of regeneration (3 days post-myotoxin injection). This was accompanied by a failure to
resolve the inflammatory process and a delayed removal of necrotic fibers compared to control
muscle. Additionally, regenerating dysferlin-null muscle displays reduced specific force and
maximum isometric force. Neither the expression pattern of satellite cell activation and
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differentiation markers nor myoblast to myotube/myofiber fusion are altered in regenerating
dysferlin-null muscle. However, dysferlin deficient myoblasts show altered secretion of the pro-
inflammatory cytokine MCP-1 (Chiu et al., 2009). It therefore appears that the regeneration defect
of dysferlinopathic muscle is caused by alterations in the recruitment of inflammatory cells that is
necessary for early regeneration.

On the other hand, another study showed that in vitro differentiated myotubes derived
from dysferlin-null mice had smaller diameters and contained significantly fewer nuclei than
those of wild-type mice. This was reflected by lower transcript levels of differentiation markers
during early and late stages of myoblast differentiation. These in vitro differentiation defects are
linked to an increased NF«kB signaling in dysferlin-null myoblasts. Inhibition of NF«B signaling
with celastrol rescues the fusion deficit in cultured myoblasts (Cohen et al., 2012). In line with
those findings, the glucocorticoid receptor agonist dexamethasone has been shown to enhance
dysferlin expression and promote differentiation of C2C12 myoblasts (Belanto et al., 2010).

Dysferlin deficient A/J mice have increased levels of the NFkB activator TNF-a.
However, treatment of A/J mice with celastrol, although decreasing muscle inflammation, did not
improve muscle function and overall had rather detrimental effects (Dillingham et al., 2015).
Therefore, targeting inflammation alone does not appear to be a viable therapy to improve muscle
function in dysferlinopathy.

1.2.2.7 Dysferlin function in the heart

Dysferlin is also necessary for laser injury-induced membrane repair in mouse cardiomyocytes. In
addition, the cardiac muscle of aged dysferlin-null mice shows more necrotic fibers and a higher
degree of fibrosis and collagen deposits in comparison to age-matched controls. Aged dysferlin-
null mice also present increased levels of serum troponin T, a marker for active cardiac muscle
necrosis. They show an altered response to stress exercise, reduced heart rate, increased left
ventricular end-systolic volume and appearance of sporadic EBD-positive myocytes (Han et al.,
2007). Dysferlin-null mouse hearts also show reduced mechanical stress resistance as well as
altered expression of Z-disc and signal transduction proteins when compared to wild-type mouse
hearts. Surprisingly, however, they do not present histological abnormalities. Wenzel et al.
showed that dysferlinopathy patients can occasionally present with cardiac abnormalities, such as
dilated cardiomyopathy with left ventricular hypertrophy and altered left ventricular function
(Wenzel et al., 2007).

1.2.2.8 Other functions of dysferlin

The sea urchin homolog of dysferlin has been implicated in membrane injury-triggered
intercellular signaling events in early stage (>4-cell) embryos (Covian-Nares, Koushik, Puhl, &
Vogel, 2010). This process seems to be mediated by Ca*" influx through opening of voltage-
gated Ca** channels in the wounded cell in response to membrane depolarization. That in turn
likely triggers exocytosis of ATP from the wounded blastomere, inducing Ca®* spikes in
neighboring cells. Dysferlin has been proposed to play a role in the release of ATP-containing
vesicles, as morpholinos against sea urchin dysferlin inhibit this intercellular signaling. This effect
is reversed by perfusion of the embryos with ATP.

1.3 Skeletal muscle regeneration

Skeletal muscle is responsible for voluntary contraction and movement and it is the most
abundant tissue in the human body. It accounts for around 40% of the body mass of an adult
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person. A muscle is made of fascicles of myofibers aligned longitudinally and connected at their
extremities to the tendons forming myotendinous junctions, which attach the muscles to the
bones. Each fascicle of fibers is surrounded by connective tissue called perimysium, and the
whole muscle is itself surrounded by the epimysium. Each myofiber is at the same time covered
by a protein envelope called basal lamina, which is composed of extracellular matrix proteins like
laminins, collagens and fibronectin.

Myofibers are syncytial cells that contain multiple postmitotic nuclei within a large,
continuous cytoplasm. They are mostly composed of myofibrils, longitudinal assemblies of
sarcomeres. Sarcomeres are contractile units containing actin and myosin filaments that overlap
and interconnect to allow sarcomere shortening, responsible for contraction in response to signals
from the motor neurons. Following the release of neurotransmitters at the neuromuscular junction
(NMJ), myofibers undergo membrane depolarization, which triggers Ca®* release from the
sarcoplasmic reticulum (SR) and induces sarcomere contraction.

Muscle fibers are formed by the fusion of myoblasts, myogenic precursors. During
development, myoblasts derive from Pax3 and Pax7 expressing progenitors that originate in the
somites, mesoderm structures at both sides of the neural tube and the notochord. From the somites
they migrate to form the muscles of the extremities and the trunk. Some craniofacial muscles, on
the other hand, originate from different mesoderm structures and their progenitors are defined by
a different gene expression signature (reviewed in (Bentzinger, Wang, & Rudnicki, 2012)).

Adult muscle is a highly plastic tissue that is continuously subjected to mechanical stress
due to exercise or just wear and tear. During this everyday process, tissue homeostasis ensures the
long-term maintenance of muscle structure and function. But muscle is not only able to respond to
these routine challenges. In conditions of severe and/or persistent damage, like after a trauma or
in muscular dystrophy, homeostasis is compromised and myofiber architecture may be disrupted.
The tissue then needs to regenerate, repair and remodel. In both situations adult muscle requires
its stem cells, the satellite cells (Mauro, 1961). They are capable of extensive proliferation to
generate myoblasts, which will fuse to existing fibers or to one another in order to generate new
fibers (reviewed in (Yin, Price, & Rudnicki, 2013)). Following injury, skeletal muscle
regeneration proceeds in three major phases:

1) Infiltration of inflammatory cells: a few hours after tissue damage, muscle is
infiltrated by neutrophils. They are subsequently followed first by pro-inflammatory
macrophages, which clear the cellular debris, and afterwards by anti-inflammatory
macrophages. The latter have a role in promoting satellite cell proliferation and
myoblast fusion, and are the last to disappear from the tissue once inflammation is
cleared (reviewed in (Saclier, Cuvellier, Magnan, Mounier, & Chazaud, 2013)).

2) Satellite cell proliferation and myoblast fusion: a few days after damage, satellite
cells start to proliferate, differentiate and fuse to repair the damaged myofibers or to
make new ones. Regenerating fibers have some special features like a smaller
diameter and centrally located myonuclei, as well as differential expression of some
protein isoforms (e.g. developmental myosin heavy chain). Following myoblast
fusion to an existing fiber, the newly incorporated nuclei go to the center of the fiber,
from where later on they migrate towards the periphery (Yin et al., 2013).

3) Tissue remodeling and maturation of new myofibers: if regeneration proceeds as
normal, at the end of the process the structure of the regenerated muscle is
indistinguishable from that before the injury (Yin et al., 2013).
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1.3.1 Satellite cells

Satellite cells were first discovered by Alessandro Mauro in 1961 as small, mononuclear cells
with a wedged morphology in electron micrographs of skeletal muscle. They were named satellite
cells due to their very defined position underneath the basal lamina and closely in contact with the
sarcolemma of muscle fibers (Mauro, 1961). Morphologically, they are characterized by their
large nuclear-to-cytoplasmic ratio, small nucleus with condensed interphase chromatin and few
organelles, indicative of their quiescent state and low transcriptional activity (Schultz, Gibson, &
Champion, 1978).

bright field laminin  Hoechst + bright field

Figure 1. 6: Satellite cell identification in skeletal muscle.

Confocal microscopy images of one cryosection from a Scid/blAJ mouse tibialis anterior muscle immunostained with
antibodies against Pax7 (yellow) and laminin (red). Nuclei were counterstained with Hoechst (blue). One satellite cell
(yellow) appears adjacent to the myofiber and beneath the basal lamina (red). Scale bars: 20 um.

The paired box transcription factor Pax7 is the bona fide and unequivocal marker of
satellite cells in adult muscle fibers. It is expressed by all satellite cells, both quiescent and
activated, of many organisms, including mouse (Seale et al., 2000) and human (Marg et al., 2014;
McLoon & Wirtschafter, 2003). Some but not all satellite cells also express Pax3 (Relaix et al.,
2006).

Satellite cells constitute only 2-6% of the total nuclei in a muscle fiber. Upon muscle
injury, they are activated, exit quiescence and proliferate to regenerate the damaged tissue. This
complex, step-by-step process depends on multiple niche factors and intricate crosstalk of
signaling pathways (reviewed in (Brack & Rando, 2012; Yin et al., 2013)). During development
and regeneration, satellite cells can not only act within their original basal lamina unit but also
migrate to other fibers and even muscles (Hughes & Blau, 1990; Watt, Morgan, Clifford, &
Partridge, 1987). In the mouse, the pool of quiescent satellite cells that will serve as muscle stem
cells during adult life is established around 3 weeks after birth. Until that moment, the pre-
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existing pool of progenitors will continue to proliferate extensively and fuse to myofibers during
the phase of postnatal muscle growth (Yin et al., 2013).

Once established, the size of the satellite cell pool, in terms of humbers of satellite cells
per fiber, remains constant and functional throughout the life of an organism, with their function
being impaired only at very old age (Sousa-Victor et al., 2014). Therefore, in addition to
generating precursors that eventually differentiate and fuse to myofibers during tissue
homeostasis and regeneration, they need to self-renew and return to quiescence in order to ensure
the maintenance of the stem cell compartment (Shea et al., 2010). These two functions are
achieved via symmetric and asymmetric cell divisions, through which a satellite cell gives rise to
two stem cells, or to one stem and one precursor cell, respectively (Conboy, Karasov, & Rando,
2007; Kuang, Kuroda, Le Grand, & Rudnicki, 2007; Shinin, Gayraud-Morel, Gomes, &
Tajbakhsh, 2006). Experiments in isolated myofibers have demonstrated that, during these two
types of cell division, the orientation of the dividing cells with respect to the longitudinal axis of
the fiber varies. During asymmetric divisions, the diving cells are perpendicular to the fiber in an
apical-basal orientation (Kuang et al., 2007).
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Figure 1. 7: Model of asymmetric divisions during satellite cell activation.

The quiescent satellite cells expressing Pax7 (green) are located underneath the basal lamina that surrounds myofibers.
When they are activated and start to proliferate, they express the transcription factors Myf5 and MyoD (red). They
divide giving rise to one daughter cell with high Pax7 expression, which returns to quiescence, and one daughter cell
that downregulates Pax7 and becomes a committed progenitor, further dividing to generate numerous myoblasts. Those
will ultimately exit cell cycle and undergo terminal differentiation, fusing to the fiber in order to provide more
myonuclei. Modified from (Tedesco, Dellavalle, Diaz-Manera, Messina, & Cossu, 2010).

A subset of satellite cells expressing higher levels of Pax7 shows non-random segregation
of DNA strands during cell division. This occurs possibly to minimize the risk of mutations in the
stem cell pool during DNA replication. During asymmetric divisions, they segregate their
template, older DNA strands into the daughter cell that will retain high Pax7 expression and
eventually return to quiescence and continue to be a stem cell (Conboy et al., 2007; Rocheteau,
Gayraud-Morel, Siegl-Cachedenier, Blasco, & Tajbakhsh, 2012; Shinin et al., 2006).
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1.3.2 Regenerative potential of transplanted satellite cells

Pax7+ mouse satellite cells with regenerative capacity in transplantation studies have been
isolated by mechanically and enzymatically disrupting the skeletal muscle tissue. This is followed
by FACS purification using different markers or combinations of them. Some of those are the
surface markers CXCR4 and B1 integrin (Cerletti et al., 2008), syndecan-4 (K. K. Tanaka et al.,
2009), CD34 and a7 integrin (Sacco, Doyonnas, Kraft, Vitorovic, & Blau, 2008) or VCAM1
(Brohl et al., 2012). Transplantable mouse satellite cells have also been directly isolated by FACS
from transgenic mice carrying a Pax3-GFP reporter (Montarras et al., 2005). Mouse myofibers
with their associated satellite cells have been isolated through enzymatic tissue digestion and
dissection (Rosenblatt, Lunt, Parry, & Partridge, 1995). This method of isolation has enabled
intramuscular transplantation of myofiber-associated mouse satellite cells in mice, whereby the
grafted cells gave rise to multiple donor-derived satellite cells in the grafted tissue. These cells
maintained their regenerative capacity throughout serial transplantations (Collins et al., 2005).
Freshly isolated mouse satellite cells suitable for grafting have also been obtained by physically
stripping them from myofibers dissected by enzymatic digestion (Boldrin, Neal, Zammit,
Muntoni, & Morgan, 2012; Boldrin, Zammit, Muntoni, & Morgan, 2009).

However, enzymatic treatments digest the proteins that form the basal lamina, therefore
disrupting the satellite cell niche, which is an essential contributor to the biology of satellite cells.
The importance of the niche in maintaining satellite cell quiescence, stemness and regenerative
potential is evidence by the fact that satellite cells in culture rapidly downregulate the expression
of Pax7 and upregulate markers of differentiation (reviewed in (Briggs & Morgan, 2013)). Loss of
stemness in culture results in a much reduced engraftment efficiency of cultured satellite cells in
comparison with that of freshly isolated cells (Montarras et al., 2005). This inability for ex vivo
expansion, together with their availability only in low numbers is a major hurdle in the therapeutic
use of satellite cells. Disruption of the lamina also eliminates the possibility to study the biology
of satellite cells in their natural microenvironment.

Isolation of human muscle fiber fragments (HMFFs) containing satellite cells in their
niche from human muscle biopsies without any enzymatic treatment preserves the basal lamina
around the fiber fragment intact. In those conditions, human satellite cells not only maintain their
Pax7 expression for prolonged periods of time, but also extensively proliferate. The can give rise
to 20-50 times more Pax7 positive cells after 5-10 days before they start to differentiate.
Transplantation of HMFFs into the irradiated tibialis anterior muscles of humanized NOG mice
demonstrated the robust engraftment capacity and contribution to muscle fibers of these cultured
human satellite cells. Therefore, loss of stemness can be circumvented by ex vivo culture of
satellite cells in their non-disrupted niche (Marg et al., 2014).

Human and mouse satellite cells are known to remain viable in the tissue for several days
after the death of an individual. In the tissue devoid of continuous nutrients and oxygen supply,
they are presumed to have a selective advantage and enter a deep quiescent state that further
enhances their regenerative capacity upon transplantation, demonstrated by their robust
engraftment following transplantation into mouse muscle (Latil et al., 2012). Also, in contrast to
other non-myogenic cell types contained in muscle biopsies, like fibroblasts, human satellite cells
can survive for up to several weeks in biopsy specimens stored at 4°C. This hypothermic
treatment (HT) results in almost 100% myogenic cells once fiber fragments are dissected as
described previously and put into culture. Moreover, fiber fragments containing satellite cells
subjected to this procedure engrafted more efficiently in irradiated NOG muscles and repopulated
the satellite cell compartment (Marg et al., 2014). These results are encouraging for the
applicability of human satellite cells in muscle regenerative therapies. Specially, the possibility of
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long-term storage of biopsy specimens, with its additional benefits, facilitates the handling and
transport of biopsies, improving availability in both autologous and allogeneic settings.

However, an unresolved issue in satellite cell therapy is the inability of these cells to
transverse the blood vessels and engraft in skeletal muscle if delivered by any ways other than
transplantation directly into the muscle (reviewed in (Briggs & Morgan, 2013; Yin et al., 2013)).
Therefore, the current expectations for satellite cell transfer include only those conditions where a
clinical benefit could be achieved by injecting stem cells into groups of muscles that are
sufficiently accessible for this kind of local delivery.

1.3.3 Clinical trials of myoblast transplantation for muscular dystrophy
A number of clinical trials have assessed the safety and efficacy of transplanting allogeneic, ex
vivo expanded myoblasts in patients affected by DMD or BMD. Unfortunately, the expectations
of clinical improvement were not met, and the trials performed so far had limited success in terms
of engraftment and reconstitution of dystrophin expression in the grafted muscles (Briggs &
Morgan, 2013; Tedesco et al., 2010).

Périé et al. have recently published the results of a 2-year follow-up of a phase I/lla trial
on autologous myoblast transplantation for the treatment of dysphagia in oculopharyngeal
muscular dystrophy (OPMD) patients (Perie et al., 2014). In OPMD, only a subset of muscles
(extraocular and pharyngeal) is affected. The patients received an intramuscular injection of ex
vivo expanded myoblasts isolated from their unaffected muscles into the pharyngeal muscles. This
resulted in a cell dose-dependent improvement in swallowing. This study is still ongoing under
the ClinicalTrials.gov Identifier NCT00773227.

Another phase I/11 trial for allogeneic myoblast transfer into the extensor carpi radialis
muscle of DMD patients (NCT02196467) is currently in the recruitment phase. Clinical trials
using myoblasts have also been conducted for heart failure and stress urinary incontinence
(Tedesco et al., 2010).

1.3.4 Contribution of other cell types to skeletal muscle regeneration
Several other cell types have myogenic potential both in vitro (when co-cultured with myoblasts,
spontaneously or if induced to differentiate by other means) and in vivo during development or
regeneration (Tedesco et al., 2010; Yin et al., 2013).

However, despite the contribution of other stem cell types to skeletal muscle regeneration
naturally or in transplantation studies, satellite cells are essential to adult muscle regeneration.
Ablation of Pax7 expressing cells in two independent studies using diphtheria toxin completely
abolished muscle regeneration following myotoxin injury. Moreover, transplantation of other cells
with known myogenic potential could not rescue the regeneration defect of the muscles devoid of
satellite cells (Lepper, Partridge, & Fan, 2011; Sambasivan et al., 2011). This finding is of utmost
importance when considering the potential benefits and outcomes of stem cell transfer to treat
skeletal muscle disorders.

1.3.4.1 Bone marrow stem cells

Bone marrow-derived cells delivered by systemic of intramuscular injection can engraft and give
rise to myonuclei in dystrophic mice following muscle injury. However, their contribution to new
myonuclei is reportedly very inefficient (Bittner, Schofer, et al., 1999; Ferrari et al., 1998). Two
phase I clinical trials for autologous transplantation of bone marrow-derived mononuclear cells in
DMD (NCT02241434) and LGMD (NCT02245711) patients are currently on the recruitment
phase.
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1.3.4.2 Muscle side population (SP) cells

Muscle SP cells are a heterogeneous population of interstitial cells with myogenic potency in vitro
and in vivo when transplanted into regenerating mouse muscles. They are characterized by the
absence of CD45 and c-kit and the expression of Sca-1, ABCG2 and Pax7. Some cells expressing
those three markers and additionally syndecan-4 have also been found in sublaminar positions
around myofibers. They are thought to be a distinct population of satellite cells (Asakura, Seale,
Girgis-Gabardo, & Rudnicki, 2002). They have been shown to engraft and restore expression of
dystrophin in irradiated muscles of mdx mice following systemic delivery (Gussoni et al., 1999).

1.3.4.3 PW1+ interstitial cells (PICs)

PICs are interstitial cells marked by PW1 expression and found in skeletal muscle. Although they
do not originate from Pax3 expressing embryonal progenitors, they are myogenic in vitro and in
vivo. They can give rise to myonuclei and repopulate the satellite cell compartment following
transplantation into regenerating mouse muscles (Mitchell et al., 2010). A subpopulation of PICs
resident in muscle that expresses PDGFRa has adipogenic instead of myogenic potential
(Pannerec, Formicola, Besson, Marazzi, & Sassoon, 2013). PWL1 is also expressed in other
somatic stem and progenitor cells in mice (Besson et al., 2011), including satellite cells (Pannerec
et al.,, 2013). Expression of PW1 has also been associated with the myogenic potency of
mesoangioblasts (Bonfanti et al., 2015).

1.3.4.4 Mesoangioblasts

Mesoangioblasts are large vessel-associated cells that originate from the embryonic dorsal aorta.
They can differentiate into several mesodermal tissues like bone, cartilage, smooth, cardiac and
skeletal muscle in vivo when transplanted into mice. They express CD34, c-Kit and Flk-1 and can
be isolated, cultured and expanded for prolonged time periods in vitro (De Angelis et al., 1999;
Minasi et al., 2002). They are capable of extensive engraftment and muscle regeneration
following intramuscular or systemic transplantation into mice (Diaz-Manera et al., 2010; Galvez
et al.,, 2006; Guttinger, Tafi, Battaglia, Coletta, & Cossu, 2006; Sampaolesi et al., 2006;
Sampaolesi et al., 2013).

Encouraging preclinical results have been achieved in a mesoangioblast-based gene
therapy approach for LGMD2E (caused by mutations in the DGC component a-sarcoglycan). In
this study, intra-arterial injection of patient derived mesoangioblasts transduced with a lentiviral
vector carrying a-sarcoglycan into o-sarcoglycan” mice gave rise to a large number of a-
sarcoglycan+ myofibers (Sampaolesi et al., 2003). Dystrophin-null mesoangioblasts have also
been genetically engineered to carry a human artificial chromosome (HAC) containing the
complete human dystrophin locus with its own regulatory sequence. Systemic transplantation of
these corrected mesoangioblasts led to robust engraftment, dystrophin reconstitution and
amelioration of the dystrophic phenotype in mdx mice (Tedesco et al., 2011).

Owing to their robust regenerative capacity, the possibility of expanding and genetically
manipulating them ex vivo and their ability to reach many groups of muscles when injected
systemically, they hold great promise for cell therapy of skeletal muscle disorders.

1.3.4.5 Pericytes

Similar to mesoangioblasts, they are vessel-associated cells, although pericytes are generally
found juxtaposed to small vessels. They are thought to regulate the blood flow in capillaries
(Kutcher & Herman, 2009). They can differentiate into adipocytes, chondrocytes, osteoblasts and
skeletal muscle cells (Dellavalle et al., 2011; Dellavalle et al., 2007; M. J. Doherty et al., 1998;
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Farrington-Rock et al., 2004). Human control pericytes have been shown to engraft as myonuclei
or satellite cells following intra-arterial delivery into scid-mdx mice. They also restored
dystrophin expression in myofibers, leading to a functional phenotypic recovery of dystrophic
muscles (Dellavalle et al., 2007). Dystrophin reconstitution in scid-mdx mice has also been
achieved by transplantation of genetically engineered pericytes obtained from DMD patients and
transduced ex vivo with a lentiviral vector carrying a human mini-dystrophin transgene
(Dellavalle et al., 2007).

1.3.4.6 CD133+ cells (also called AC133)

Human cells with myogenic potential expressing the CD133 surface marker can be found in
peripheral blood and in the muscle interstitium. They can be expanded ex vivo and participate in
muscle regeneration, forming myonuclei when delivered to mouse muscle directly or via the
blood circulation (Negroni et al., 2009; Torrente et al., 2004). Alike mesoangioblasts, they could
restore dystrophin expression and repopulate the satellite cell compartment following
transplantation into scid-mdx mice (Torrente et al., 2004).

Ex vivo engineered patient-derived CD133+ cells have also been shown to restore
dystrophin expression and promote functional recovery of scid-mdx mouse muscles (Benchaouir
et al., 2007). A recent study also identified CD133 expressing cells underneath the basal lamina of
myofibers in control and dystrophic muscles (Meng et al., 2014). These human muscle-derived
CD133+ cells can robustly engraft following transplantation into irradiated and regenerating
muscles of severely immunocompromised mice. Moreover, transplanted CD133+ cells generate
functional satellite cells capable of giving rise to a large number of donor-derived myofibers after
subsequent rounds of muscle injury.

However, as occurs with satellite cells, their in vivo myogenic potential is reduced after
prolonged ex vivo culturing, limiting their availability for therapy (Meng et al., 2014). A phase |
clinical trial reported the safety of autologous transplantation of muscle-derived CD133+ cells in
DMD patients (reviewed in (Torrente et al., 2007)) but so far no clinical studies have assessed the
safety or efficacy of allogeneic or genetically engineered CD133+ cell transfer.

1.3.4.7 ES or iPS-derived myogenic cells

Embryonic stem (ES) cells and induced pluripotent stem (iPS) cells have been used in muscle
regeneration studies. Transplantation of either undifferentiated cells or cells previously derived
into myogenic-like precursors in vitro resulted in functional engraftment in the host mouse
muscles (Bhagavati & Xu, 2005; Chang et al., 2009; Darabi, Pan, et al., 2011; Darabi &
Perlingeiro, 2014; Darabi, Santos, et al., 2011; Filareto, Darabi, & Perlingeiro, 2012). It is well
established, however, that the transplantation of ES or iPS cells without previous differentiation
into committed progenitors in vitro involves risk of tumorigenesis, as one of the defining
characteristics of pluripotent stem cells is their ability to form teratomas in vivo (Takahashi et al.,
2007; Takahashi & Yamanaka, 2006).

A proof-of-concept preclinical study demonstrated the feasibility of delivering a
therapeutic micro-utrophin transgene into iPS cells generated from double dystrophin/utrophin
knock-out mice prior to their in vitro differentiation into myogenic cells. Intramuscular or
systemic transplantation of these genetically modified myogenic cells resulted in very efficient
long-term engraftment, repopulation of the satellite cell compartment and transgene expression in
myofibers of the grafted animals (Filareto et al., 2013).
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1.4 Therapeutic approaches for dysferlinopathy

Extensive efforts have been made to understand the disease and develop feasible therapeutic
approaches. Those are evidenced by the substantial increase in the number of publications about
dysferlin and dysferlinopathy within the last decade (The Jain Foundation website:
http://www.jain-foundation.org/about-us/progress-metrics/number-labs-and-publications).

Unfortunately, however, no effective treatment is available for patients. The recent
advances in cell transplantation for skeletal muscle disease and dysfunction, and the clinical
translation of some of them, hold great hopes for the treatment of muscular dystrophy. Given that
dysferlinopathy is bound to a single causative gene, the advancement of gene therapy has also
been regarded as a necessary and promising step in the search for a specific treatment.

1.4.1 Cell transplantation

The first report of cell transplantation with a therapeutic aim into a dysferlin deficient mouse
model was by Leriche-Guerin et al. in 2002. They found expression of human dysferlin,
recognized specifically by the Ham3/17B2 antibody, in 40-50% of fibers one month after
intramuscular transplantation of human myoblasts from healthy donors into SCID mice. The same
study reported dysferlin reconstitution in 20-30% of fibers following transplantation of mouse
myoblasts expressing [-galactosidase into SJL mice immunosuppressed with FK506 (Leriche-
Guerin et al., 2002).

A study published shortly after detected modest engraftment and expression of dysferlin
and human-specific dystrophin 12 weeks after intravenous injection of 1*10° human umbilical
cord blood (HUCB) derived cells a source of myogenic progenitors into immunosuppressed SJL
mice (Kong, Ren, Kraus, Finklestein, & Brown, 2004).

A modest reconstitution of dysferlin protein in vivo has been achieved by intramuscular
transplantation of mesoangioblasts isolated from adult wild-type mice into the muscles of
dysferlin-null Bla/J mice (Diaz-Manera et al., 2010). The donor-derived cells were present in the
muscles 36 h and 12 days after grafting albeit surrounded by an inflammatory infiltrate, but were
no longer detected 3 weeks after transplantation, probably due to immune rejection. On the
contrary, injection of mesoangioblast into muscles or the femoral artery of Scid/blAJ mice
resulted in successful engraftment and large areas of donor-derived fibers after one month in all
target muscles. Interestingly, cardiotoxin treatment of the host’s muscles prior to grafting
increased the number of donor-derived fibers. However, the presence of numerous donor-derived
fibers only rescued dysferlin protein levels to ~20% of wild-type and did not lead to a significant
improvement of locomotor parameters. It did, nevertheless, partially rescue the membrane repair
defect of myofibers.

Bone marrow transplantation (BMT) has also been explored as a therapeutic alternative
for dysferlinopathy, leading to dysferlin expression in monocytes of transplanted A/J mice.
However, BMT failed to restore dysferlin expression in skeletal muscle (Flix et al., 2013).

1.4.2 Gene transfer

Adeno-associated viral (AAV) vectors of various serotypes have been widely used for gene
transfer into skeletal muscle due to their natural tropism. However, their packaging size is limited
to 4.7 kb. That narrows their utility for delivery of large transgenes, like the coding sequence of
many genes mutated in muscular dystrophies. They are also non-integrating vectors and would
therefore need to be repeatedly administered (D. Wang, Zhong, Nahid, & Gao, 2014).
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The large size of the dysferlin cDNA (6.2 kb) is a hurdle for packaging into viral vectors
of widespread use in gene therapy. However, the discovery of a naturally occurring truncated
dysferlin protein including the last two C2 and the TM domains with partially retained function
(Krahn et al., 2010) raised the possibility of mini-gene transfer using AAV vectors, successfully
used for delivery of mini- and micro-dystrophin in DMD models (Jarmin, Kymalainen,
Popplewell, & Dickson, 2014). This ~73 kDa protein was found in a female dysferlinopathy
patient with late disease onset and mild phenotype totally lacking full-length dysferlin. The
patient had a homozygous deletion of exons 2-40 in the dysferlin gene and MRNA. Expression of
minidysferlin resulted from usage of a cryptic TSS 22 bp downstream of the native TSS. This
enabled rescue of the reading frame and use of the natural stop codon of DYSF. Minidysferlin was
robustly expressed and localized at the sarcolemma and the T-tubules in muscles of A/J mice
following transfer via AAV. Its expression led to a functional rescue of membrane repair in
myofibers of AAV-injected muscles (Krahn et al., 2010).

However, it was later shown that expression of minidysferlin in skeletal muscle of
dysferlin null B6.A/J-Dysf"™ mice, although rescuing the membrane repair deficit in isolated
myofibers, does not ameliorate dystrophic features in vivo, nor does it protect sarcolemmal
integrity from exercise-induced injury. In fact, when expressed at levels higher than those
physiological for dysferlin in wild-type muscle, minidysferlin has a detrimental effect, resulting in
worsening of the dystrophic features (Lostal et al., 2012). The same study assessed the possibility
of therapeutic overexpression of myoferlin in dysferlin deficient skeletal muscle with similar
results to those observed for minidysferlin.

AAV vectors are known to undergo intermolecular concatemerization when present
episomally in cells. This intrinsic property of AAV vectors has been exploited to deliver
transgenes that exceed the cargo size of one vector. This can be achieved either by trans-splicing
of non-overlapping transgene segments, or by homologous recombination of overlapping 5’ and
3’sequences to generate a full-length transgene. Each segment is encapsidated in one vector and
following coinfection of one cell with both vectors, the complete transgene is reconstituted (Duan,
Yue, & Engelhardt, 2001).

The dual vector strategy has allowed restoration of full-length dysferlin protein in mice
via trans-splicing or recombination using rAAV2/1 and rAAV2/9 (Lostal et al., 2010), and AAV5
(Grose et al., 2012), respectively. Very recently, a further developed recombination-based dual
AAVrh74 vector approach was used to successfully deliver full-length dysferlin into mice and
non-human primates. In this study, up to ~90% of myofibers were positive for dysferlin 6 months
after intramuscular delivery and ~70% after regional vascular delivery into the lower limbs of
129-Dysf’" mice. Systemic delivery via the tail vein of Bla/J mice also lead to protein restoration
in the tibialis anterior, gastrocnemius, quadriceps, triceps, and diaphragm muscles 3 months after
injection. Expression of dysferlin rescued membrane repair in isolated myofibers from treated
muscles, in addition to improving specific force of diaphragm muscles of mice subjected to
systemic vector delivery. Although dysferlin protein was only detected in the muscles injected
with both 5” and 3’ vectors, detectable levels of virus were also found in all other tested tissues by
PCR amplification of the viral genomes (Sondergaard et al., 2015).

The study also examined the safety of intramuscular injection of dual AAV5 and
AAVrh.74 vectors in a small cohort of rhesus macaques. Those were previously confirmed to
have low baseline levels of T cells and antibodies against the viral capsid and dysferlin. The
treatment resulted in robust overexpression of dysferlin exclusively in the injected muscles after 3
and 6 months. The authors reported absence of histological signs of toxicity or inflammation in
the treated muscles and no aberrant responses to the capsid or transgene. These results thus appear
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very encouraging for a potential clinical applicability, although repeated administrations of AAV
vectors would likely induce an immune response against the viral capsid.

Transfer of full-length dysferlin driven by EFla promoter into dysferlin deficient
myoblasts has been previously performed in vitro using a piggyBac transposon vector. The
myoblasts were derived from human iPS cells of MM patients by directed differentiation via
inducible expression of MyoD1. piggyBac-mediated delivery lead to detection of dysferlin protein
in western blot samples of engineered myotubes, and to rescue of membrane resealing (A. Tanaka
etal., 2013).

1.4.3 Combined gene and cell therapy

The efficacy of engineered CD133+ cells for the treatment of dysferlinopathy has also been
assessed in a dysferlin deficient mouse model (Meregalli et al., 2013). In the study, blood
CD133+ cells from dysferlinopathy patients were transduced with a lentiviral vector carrying the
full-length human dysferlin cDNA driven by the human PGK1 promoter. The genetically
engineered cells were injected into notexin treated or untreated tibialis anterior muscles of
Scid/blAJ mice. Transplantation resulted in ~30% human nuclei per section in notexin treated
muscles one month after cell injection and detectable expression of dysferlin mRNA and protein
in all injected muscles. However, dysferlin was only found in a patchy distribution in less than
10% of total myofibers. The low number (~40 per section) of dysferlin expressing fibers was
attributed to poor engraftment into the muscle compartment or insufficient expression of dysferlin
from the donor-derived cells, since transplantation of modified CD133+ cells from healthy
individuals yielded similar results (Meregalli et al., 2013). Nevertheless, low levels of dysferlin
expression appeared to suffice for a partial rescue of the membrane repair capacity of fibers from
transplanted muscles, similar to what was previously reported (Diaz-Manera et al., 2010).

1.4.4 RNA based therapies

Exon skipping in patient derived dysferlinopathic myoblasts led to successful mMRNA targeting
and removal of dysferlin exon 32, establishing a basis for the further development of therapeutic
dysferlin exon skipping approaches (Wein et al., 2010). Those may be applicable to patients with
mutations in parts of the protein susceptible to being removed albeit maintaining a protein
sequence with preserved functionality, at least partially. However, the usefulness of exon skipping
for dysferlinopathy is still to be proven and requires a better understanding of dysferlin protein
structure and function. As such, the dispensability of protein modules needs to be addressed in
more depth.

Exon skipping by antisense oligonucleotides (AONs) has also been used for restoring
proper splicing of DYSF in cells from two patients with a point mutation in intron 44
(c.4886+1249 (G>T)) (Dominov et al., 2014). The mutation gave rise to aberrant pre-mRNA
splicing and inclusion of a 177 nt sequence between exons 44 and 45 (pseudoexon 44.1, PE44.1),
generating an in-frame insertion of 59 additional amino acids within the C2F domain. The
insertion was thought to disrupt protein function, since the two patients had only one additional
disease causing mutation in the other allele. The use of AONSs targeting possible exonic splice
enhancer (ESE) sequences of the novel pseudoexon resulted in blocking of the aberrant splicing
and production of normal mRNA, increasing dysferlin expression in patient-derived myotubes
(Dominov et al., 2014).

Another approach that has successfully been used for dysferlin protein restoration is
spliceosome-mediated RNA trans-splicing (SmaRT). In a therapeutic context, this method aims to
replace the mutated part of the pre-mRNA by manipulating the splicing process. This is achieved
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by providing a suitably designed pre-trans-splicing molecule (PTM) coding for the corresponding
part of the wild-type mature transcript. The PTM is targeted to the endogenous pre-mRNA by a
so-called binding domain (BD), complementary to the intron following the mutant exon if a 3'
exchange is desired. Using the PTM's splice site, the splicing machinery can replace the
endogenous pre-mRNA segment by the PTM-encoded sequence, resulting in a repaired mRNA
(Puttaraju, Jamison, Mansfield, Garcia-Blanco, & Mitchell, 1999).

5' Dysferlin  GU—————AG Mutant exon GU AG 3' Dysferlin
LAG 3' Dysferlin cDNA
A\

5' Dysferlin | Mutant exon | 3' Dysferlin
or
Wild type Dysferlin mMRNA

Figure 1. 8: Spliceosome-mediated RNA trans-splicing to restore mutated dysferlin mRNA.

A PTM molecule coding for the wild-type 3’ moiety of dysferlin is targeted by its BD to an intron of the endogenous
dysferlin mMRNA upstream of the mutation. The splicing machinery will process the pre-mRNA to produce either the
endogenous mature transcript (carrying the mutation) or the SmaRT product, where the 3’ moiety of the endogenous
MRNA has been exchanged by the PTM molecule thereby restoring the mutation. Courtesy of Dr. Attila Szvetnik.

Using SmaRT, Philippi et al. succeeded to replace the complete 3’ moiety of dysferlin
mRNA downstream of exons 31 to 37 through exon 55. Trans-splicing enabled restoration of
dysferlin protein in patient derived myotubes transduced with lentiviral vectors carrying the
therapeutic PTMs. It also resulted in protein rescue in vivo when the PTMs were delivered via
rAAV?2/1 into the tibialis anterior muscle of dysferlin-null (B6.129-Dysf™"%"/J) mice. However,
the protein could only be detected at low levels at the sarcolemma of up to ~6% of fibers in the
treated muscles (Philippi et al., 2015).

1.4.5 Relocation of mutated dysferlin

Many dysferlinopathy patients have missense mutations causing protein aggregation and
misfolding (Wenzel et al., 2006), formation of amyloid deposits (Spuler et al., 2008), and protein
degradation by the endoplasmic reticulum-associated protein degradation machinery (ERAD)
(Fujita et al., 2007). Thus, another possible therapeutic avenue is to prevent aggregation and
partially restore the correct localization and function of mutated dysferlin. For this purpose,
Schoewel et al. used short dysferlin peptides fused at their N-terminus with the transactivator of
transcription (TAT) cell-penetrating peptide from the human immunodeficiency virus type 1 to
allow transmembrane permeation and cytosolic targeting. Short (10-15mer) peptides with
sequence identical to the mutated protein segment and harboring the specific mutations caused a
partial re-location of mutated dysferlin from the ER-proximal aggregates to the sarcolemma. This
relocation possibly accounts for a functional improvement in membrane repair following
sarcolemmal injury in myotubes derived from two patients harboring missense mutations
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(Schoewel et al., 2012). These mutations were previously shown to cause dysferlin protein
misfolding and aggregation in addition to absence of sarcolemmal dysferlin (Wenzel et al., 2006).

The complete mechanism by which short peptides specifically recapitulating the
mutations have a positive effect on mutated dysferlin is still poorly understood. Treatment with
the corresponding peptides was shown to result in a downregulation of ER stress markers in the
patient-derived myotubes and a release of mutated dysferlin from the aggregates, thereby
allowing for a partial relocation to the membrane and functional rescue (Schoewel et al., 2012).
The feasibility and effectivity of this approach are yet to be tested in vivo.

1.4.6 Rescue of mutated dysferlin from degradation

Some missense mutations in dysferlin render the protein susceptible to proteasomal degradation
thereby reducing its cellular levels and, consequently, leading to functional deficits caused by the
absence of dysferlin (Azakir, Di Fulvio, Kinter, & Sinnreich, 2012). Augmenting the levels of
mutated dysferlin by inhibiting protein degradation has been shown to rescue the membrane
repair and fusion deficits in muscle cells derived from patients with the DYSF Arg555Trp,
Gly426Arg or Gly299Arg missense mutations (Azakir et al., 2012; Azakir, Erne, Di Fulvio,
Stirnimann, & Sinnreich, 2014). This showed that the mutant protein, if rescued from degradation,
can retain part of its functionality and therefore be exploited as a therapeutic substrate in patients
harboring similar mutations.

Those results encouraged an open-label single-arm clinical study evaluating the effect of
the FDA—approved proteasome inhibitor bortezomib in dysferlinopathy patients. The study was
performed on three 26-30-year old brothers with combined MM and LGMD2B phenotype,
homozygous for the DYSF Arg555Trp missense mutation and with very low levels of dysferlin
protein in muscle. They were administered a single dose of bortezomib by intravenous or
subcutaneous injection, both separated by at least 12 days. Both types of administration resulted
in an increase in dysferlin expression in muscle and in monocytes, reaching a maximum of ~30%
of control levels in muscle at 36 to 48 hours after injection, and decreasing thereafter. The
treatment restored sarcolemmal staining of dysferlin as well as membrane repair in cultured
patient derived myotubes. The therapeutic effects did not appear to be exclusive to bortezomib,
since the in vitro results were confirmed with two other newer-generation proteasome inhibitors
(Azakir et al., 2014).

1.4.7 Increasing dysferlin expression

The dysferlin promoter contains a vitamin D response element (VDRE) consensus DR3-type
sequence (T. T. Wang et al., 2005). Treatment with vitamin D3 increased dysferlin mRNA and
protein in a dose-dependent manner in mobilized peripheral blood monocytes (PBM) and
myotubes derived from asymptomatic carriers with a single DYSF mutation that caused reduced
levels of dysferlin (less than 75% of controls). This effect is mediated by two distinct pathways:
binding of the vitamin D3 receptor to the dysferlin promoter and activation of MEK/ERK
signaling (De Luna et al., 2012). The in vitro results were confirmed in an open-label randomized
clinical trial, where asymptomatic carriers were treated during one year with orally administered
vitamin D3. The treatment resulted in a significant increase in dysferlin expression in PBM after 1
year of follow-up in the D3-treated group. Despite the adverse effects resulting from excessive D3
intake observed in a previous study (Jacobsen, Hronek, Schmidt, & Schilling, 2011), the authors
reported no adverse-events as well as normal levels of blood calcium, creatinine, and urea during
treatment and follow-up.
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However, although no data is available on the administration of vitamin D3 to
dysferlinopathy patients, the treatment failed to increase protein levels in vitro in patient-derived
myotubes lacking expression of dysferlin (De Luna et al., 2012). Thus, vitamin D3 treatment may
represent an encouraging alternative for patients with mutations that affect dysferlin protein levels
while at least partially retaining protein functionality, or in combination with therapies directed at
rescuing the function of mutated dysferlin.

1.5 The Sleeping Beauty transposon system

Transposons are mobile DNA sequences that can relocate within the genome through a process
called transposition. There are two main classes of transposable elements depending on their
molecular mechanism of transposition:

e Class I or retrotransposons operate through a “copy and paste” mechanism. They require
an RNA intermediate that is retrotranscribed to generate an additional dsSDNA molecule,
copy of the original transposon. This new transposon sequence is then inserted into a new
position thereby amplifying the number of copies per genome. Retrotransposons account
for approximately 42% of the human genome (Lander et al., 2001). Many of them are still
actively “jumping” and are a considerable source of inter and intra-individual
polymorphisms by generating genomic variability transmittable to the germline or by
transposing in somatic tissues (Babatz & Burns, 2013; Carreira, Richardson, & Faulkner,
2014; Richardson, Morell, & Faulkner, 2014; Venter et al., 2001).

e C(Class II or DNA transposons, on the contrary, operate through a “cut and paste”
mechanism that does not require an RNA intermediate. They are directly excised from
one genomic location and inserted into another. There are certain mechanisms that allow
amplification of DNA transposons during DNA replication or repair but these processes
are very infrequent. DNA transposons have come to form about 3% of the human genome
but they are inactive (Lander et al., 2001).

Sleeping Beauty (SB) is a DNA transposon member of the Tcl/mariner family and
originates from fish genomes. It was reactivated through molecular reconstruction based on the
alignment of fossil sequences of the salmonid transposon subfamily that had been inactivated
throughout evolution via accumulation of mutations. The reconstructed sequence showed for the
first time active jumping of a DNA transposon in contemporary mammalian genomes (lvics,
Hackett, Plasterk, & lzsvak, 1997). After the reactivation of SB in 1997, several other DNA
transposons were similarly reconstructed and shown to be transposition-competent in vertebrate
genomes, like the Frog Prince (Miskey, lzsvak, Plasterk, & lvics, 2003), harbinger (Sinzelle et
al., 2008), TcBuster and SPIN(ON) elements (Li et al., 2013).

The structure of SB in its native conformation consists of two inverted terminal repeats
(ITRs) at both ends of the transposon sequence, each containing two binding sites for the
transposase. The two ITRs flank an ORF that encodes the transposase protein, whose expression
is driven by its own regulatory sequence (lvics et al., 1997).

However, the transposon and transposase can be separated, providing a flexible genetic
tool that allows delivery of engineered transposon sequences from a DNA vector, most frequently
a plasmid, into the target genome. In this configuration, the SB transposase can mobilize any
sequence of interest that is flanked by the transposon ITRs (Grabundzija, l1zsvak, & Ivics, 2011;
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Ivics et al., 1997). The transposase can be provided in trans as an expression vector, mMRNA or
recombinant protein.

Since SB was developed, both transposon and transposase have been subject to
modifications in order to enhance their activity (Baus, Liu, Heggestad, Sanz, & Fletcher, 2005;
Zayed, lzsvak, Walisko, & lvics, 2004). The most active variant of the transposase is SB100X,
generated through a mutational screen on the original SB transposase (Mates et al., 2009).
SB100X is highly active in gene transfer in numerous somatic and stem or progenitor cell types
(Mates et al., 2009; Xue et al., 2009).

In addition to SB, the DNA transposon piggyBac, derived from the cabbage looper moth
Trichoplusia ni, is also capable of highly efficient gene transfer in human cells (J. E. Doherty et
al., 2012; Grabundzija et al., 2010; X. Huang et al., 2010) and has been widely exploited as a
genome manipulation tool (Di Matteo et al., 2012).

SB100X mRNA

TA TA

Figure 1. 9: Mechanism of transposition of SB in a trans configuration.

When both components of the system are introduced into a cell and the transposase is expressed (1), it is able to
recognize and bind the ITRs of the transposon sequence (2). It then catalyzes the excision of the transposon carrying the
gene of interest (GOI) from its donor location (3), most frequently a plasmid for gene transfer applications, and it
mediates its integration into the target genome (4). Most transposases of the Tc1/mariner superfamily, including SB and
its hyperactive variant SB100X, integrate transposon cassettes into TA dinucleotides generating a target site duplication
upon insertion (5).
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1.5.1 SB in gene therapy

The SB system has been widely used for delivery of therapeutic transgenes in a variety of
preclinical models and is currently being used in clinical trials for cancer immunotherapy and age-
related macular degeneration (AMD).

1.5.1.1 Preclinical studies using ex vivo gene transfer with SB

SB has been tested for gene therapy of Huntington disease, where delivery of transposons
encoding siRNA molecules successfully reduced the levels of huntingtin in cultured human cells
(Chen, Kren, Wong, Low, & Steer, 2005). Transfer of the Fanconi anemia complementation
group C (FAC) gene into patient-derived lymphoblastoid cells using SB vectors resulted in
correction of the DNA repair defects characteristic of FAC deficiency and provided a proof-of-
concept for gene therapy of Fanconi anemia type C using SB (Hyland et al., 2011). Ex vivo gene
therapy of sickle cell anemia (SCA) via transfer of a therapeutic B-Globin transgene into bone-
marrow derived hematopoietic stem cells (HSCs) from a SCA patient resulted in a decrease of
sickling in mature red blood cells derived in vitro from HSCs (Sjeklocha, Wong, Belcher,
Vercellotti, & Steer, 2013).

SB has also been used in proof-of-concept studies for ex vivo gene therapy of muscular
dystrophies. Conditionally immortalized mouse myoblasts from dystrophin deficient mice were
stably transfected with a SB vector carrying a micro-dystrophin transgene. However,
intramuscular transplantation of these engineered myoblasts into a mouse of model of
dystrophinopathy (mdx nu/nu) resulted only in a moderate engraftment and expression of micro-
dystrophin in myofibers of grafted muscles (Muses, Morgan, & Wells, 2011b). Much better in
vivo results were achieved through SB-mediated delivery of a micro-utrophin transgene into iPS
cells derived from a utrophin/dystrophin double knock-out (dKO) mouse line. Those were
subsequently differentiated in vitro into myogenic progenitors by transiently induced expression
of Pax3. The corrected cells were capable of engraftment and micro-utrophin expression in
myofibers following both intramuscular and intravenous injection into dKO mice. Expression of
micro-utrophin was also sufficient to restore the formation of the DGC in donor-derived
myofibers and the treated muscles showed improved force parameters (Filareto et al., 2013).

Gene therapy not only includes transfer or repair of defective genes but also introduction
of transgenes that protect against disorders, like for example conferring resistance to tumors.
Human primary peripheral blood and umbilical cord blood T cells engineered to carry a chimeric
antigen receptor (CAR) for human CD19 and CD20 were effective in lysing CD19+ leukemia and
lymphoma cells in vitro and reduced tumor growth following grafting into pre-irradiated
NOD/SCID mice (X. Huang et al., 2008).

1.5.1.2 SB-mediated gene transfer in vivo
In vivo gene transfer of fumarylacetoacetate hydrolase (FAH) with SB vectors through
hydrodynamic tail vein injections has proven successful in restoring FAH function in the liver and
correcting the phenotype of mouse models of tyrosinemia type 1, a lethal liver disease (Montini et
al., 2002; Pan, Ma, Zhang, Fan, & Li, 2012; Wilber et al., 2007). In vivo SB-mediated gene
delivery of human beta-glucuronidase or alpha-L-iduronidase in mouse models of
mucopolysaccharidosis types | and VII has also resulted in phenotypic correction (Aronovich et
al., 2007; Aronovich et al., 2009).

SB-based in vivo delivery of coagulation factor VIII (FVIII) through hydrodynamic tail
vein injections resulted in phenotype amelioration in mouse models of hemophilia A (Kren et al.,
2009; L. Liu, Mah, & Fletcher, 2006; Ohlfest et al., 2005).
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Coupling of SB-based vectors with nanoparticles or with viral platforms has been
exploited in order to enhance the efficiency of in vivo delivery. Selective targeting of distinct cell
types in the liver via intravenously delivered ligand-coated nanocapsules carrying therapeutic SB
vectors restored expression of FVII1I specifically in liver sinusoidal endothelial cells of hemophilia
A mice and resulted in partial phenotypic recovery (Kren et al., 2009).

Transfer of FVIII into the liver of mouse (Hausl et al., 2010; Yant et al., 2000) and dog
(Hausl et al., 2010) models of hemophilia B has also been achieved by coupling the therapeutic
SB transposon cassettes with adenoviral vectors. The coupling with viruses facilitates cell entry in
systemic delivery approaches. The hybrid vectors benefit from the tropism of the viral capsid but
maintain the genomic integration profile of SB transposon. Some other examples of the use of SB
transposon vectors in combination with viral vectors include coupling with integrase-defective
lentiviral vectors (Moldt et al., 2011; Staunstrup et al., 2009; Vink et al., 2009), baculovirus (Luo
et al., 2012; Turunen, Laakkonen, Alasaarela, Airenne, & Yla-Herttuala, 2014) and additional
studies using adenovirus (Yant et al., 2002; Zhang, Muck-Hausl, et al., 2013; Zhang, Solanki, et
al., 2013). SB transposon cassettes have also been combined with the minicircle technology for
production of bacterial-backbone free DNA vectors by recombination (Sharma et al., 2013).

1.5.1.3 Clinical trials using SB

The first clinical trials using SB transposon were initiated in the USA at the MD Anderson Cancer
Center in Houston, Texas (Williams, 2008), focusing on adoptive T-cell immunotherapy for
cancer. They are based on the delivery of CARs against CD19 into peripheral blood mononuclear
cells (PBMCs) from cancer patients in order to prompt recognition and cytotoxicity against
CD19+ malignant B cells. The first patients have already been treated with an autologous
transplant of modified tumor-specific T cells expressing a CD19-directed CAR (Kebriaei et al.,
2012). This study is currently underway and the results are expected with great excitement.

SB mediated transfer of pigment epithelium-derived factor (PEDF) into retinal and iris
pigment epithelial cells in vitro enabled long-term expression and secretion of PEDF (Johnen et
al., 2012). These results stablished a basis for a current gene therapy clinical trial coordinated by
the European consortium TargetAMD. This trial aims to use ex vivo SB-mediated gene transfer of
PEDF to treat the exudative form of age-related macular degeneration (AMD). In this disease, a
neovascularization of the choroid results in damage to the retinal pigment epithelium (RPE) cell
layer in the eye, ultimately causing death of the photoreceptor cells and blindness. PEDF is an
anti-angiogenic molecule naturally secreted by RPE cells that prevents blood vessel growth.
Increased expression of PEDF therefore protects against choroidal neovascularization and
provides a treatment alternative for AMD patients. Although RPE cells in AMD patients are
already damaged, iris pigment epithelial (IPE) cells are viable and much more abundant and
accessible. They are functionally similar to RPE cells and can be transplanted in the subretinal
space, where they can form a monolayer and functionally substitute for damaged or lost RPE
cells. IPE cells will be extracted from the patients’ iris, nucleofected with a SB vector to stably
transfer PEDF and re-implanted into the subretinal space within the same surgery.

1.5.1.4 Biosafety of SB for gene therapy

Gene therapy clinical trials based on transfer of autologous HSC engineered ex vivo with
retroviral vectors have resulted in the development of leukemia due to insertional oncogenesis in
X-linked severe combined immunodeficiency (SCID-X1) (Deichmann et al., 2007; Hacein-Bey-
Abina et al., 2008; Hacein-Bey-Abina et al., 2003; Howe et al., 2008), chronic granulomatous
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disease (CGD) (Stein et al., 2010) and Wiskott-Aldrich syndrome (WAS) patients (Braun et al.,
2014).

Retroviral vector integrations causing trans-activation of proto-oncogenes in the
engineered HSCs due to the non-random vector insertion pattern (Deichmann et al., 2007,
Schwarzwaelder et al., 2007) and the high activity of the retroviral enhancer elements (Howe et
al., 2008) were the cause of the adverse events, which resulted in the death of some patients. On
the other hand, some patients were successfully treated from the hematopoietic malignancies and
recovered from the underlying genetic disorders thanks to the HSC gene therapy treatment
(Hacein-Bey-Abina et al., 2008).

Clinical trials of autologous HSC-gene therapy using newer generation gamma-retroviral
and lentiviral vectors with lower enhancer activity have so far resulted in much better outcomes
regarding vector genotoxicity in WAS (Aiuti et al., 2013), metachromatic leukodystrophy (Biffi et
al., 2013) and SCID-X1 patients (Hacein-Bey-Abina et al., 2014), although long-term studies on
leukemogenesis still need to follow.

Opposite to HSC-gene therapy trials using early generation retroviral vectors, clinical
trials for adoptive cancer immunotherapy based on viral-mediated gene transfer into T cells have
not resulted in oncogenic transformation (June, Blazar, & Riley, 2009). This is likely due to the
fact that, in contrast to HSC, which need to repopulate multiple hematopoietic lineages upon
engraftment, mature T cells are non-dividing and thus probably resistant to transformation
(Cattoglio et al., 2010; Newrzela et al., 2008; Recchia et al., 2006).

It is therefore clear that, besides efficacy, biosafety considerations regarding genotoxicity
are of utmost importance in the design and selection of appropriate vectors for each kind of gene
therapy scenario. In addition, minimizing the risks is desirable for any trial.

In this regard, SB benefits from a very close-to-random genomic integration profile and
does not preferentially integrate into transcriptionally active sites, coding regions or regulatory
regions of genes. It is therefore less prone to induce genotoxicity in comparison to integrating
viral vectors (e.g. HIVV-derived lentivirus, MLV or retrovirus) or other transposon systems like
piggyBac (X. Huang et al., 2010; Moldt et al., 2011; Staunstrup et al., 2009; Vigdal, Kaufman,
Izsvak, Voytas, & lvics, 2002; Yant et al., 2005; Zhang, Muck-Hausl, et al., 2013). That makes
SB safer than all other integrating vectors currently used for therapeutic gene transfer. It is also
important to note that SB derived from fish genomes and is evolutionarily very different from
human Tcl/mariner elements. SB transposase proteins do not bind class Il transposon sequences
in the human genome (reviewed in (Hackett, Largaespada, Switzer, & Cooper, 2013)).
Furthermore, SB ITRs have very little enhancer/promoter activity and are thus unlikely to coax
trans-activation of nearby transcriptional units by themselves (Dalsgaard et al., 2009; Walisko et
al., 2008).

It may seem paradoxical that SB has also been used for somatic mutagenesis screens in
mice in order to find candidate cancer genes. However, those studies have used genetically
predisposed mouse lines harboring underlying cooperative mutations. Alternatively, multi-copy
transposon insertions have been used to produce multiple genetic alterations in the same cell upon
transposon re-mobilization. Also, the transposon cassettes used for mutagenesis screens were
specifically designed to induce oncogenic transformation upon insertion into host genes (Hackett
etal., 2013)

Nevertheless, the risk of genotoxicity cannot be completely eliminated when using non-
targeted transgene integrations. Obviously, the ideal scenario for gene therapy is the targeted
correction of mutations in the endogenous gene using site specific nucleases in combination with
homology directed DNA repair (HDR). The realization of gene editing as a feasible treatment
alternative is a topic of intense investigation and new technological developments in the last years
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have brought into picture a large number of applications in gene therapy. However, safety issues
regarding especially off-target events, which could result in the disruption of undesirable loci, are
still an important concern and need to be addressed before clinical trials are earnestly
contemplated.

1.5.1.5 Cargo capacity, cost-effectiveness and transgene silencing

Although large transgenes are delivered less efficiently (lzsvak, lvics, & Plasterk, 2000;
Swierczek, lzsvak, & lvics, 2012) no upper size limit has been established for SB system. It has
been used to deliver sequences of up to ~100 kb when combined with bacterial artificial
chromosomes (BACs) for human ES cell transgenesis (Rostovskaya et al., 2012).

Unlike transgenes contained within some viral long terminal repeats (LTRS) that are
rapidly subject to silencing upon integration, the SB transposon ITRs do not trigger transgene
silencing following genomic insertion. Silencing events can nevertheless occur and are influenced
by the site of insertion and the cargo sequence. The latter can be prevented by careful cassette
design and avoidance of viral promoters/enhancers (Garrison, Yant, Mikkelsen, & Kay, 2007).

Last, regarding large-scale production of clinical-grade vectors, SB has the advantage of
being a plasmid-based system. Therefore the lower manufacturing costs and production time as
well as the higher certainty about lot homogeneity likely represent an important advantage against
the manufacture of clinical-grade viral vectors.
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2 Aim of the study

We sought to develop an ex vivo cell-based gene therapy approach to treat dysferlinopathy using a
non-viral vector system for full-length dysferlin transfer. We selected SB transposon as a gene
delivery tool due to its biosafety features and gene transfer efficacy. Our concrete goal was to
restore dysferlin expression in dysferlin-deficient mouse myoblasts ex vivo and to transplant them
into a mouse model of dysferlinopathy in order to reconstitute the protein in skeletal muscle in
vivo.

We also aimed to investigate culture models that would enable the ex vivo expansion and
genetic manipulation of human satellite cells in order to render them flexible and effective for
cell-based gene therapies in patients.
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3 Materials and Methods

CHAPTER 3. MATERIALS AND METHODS

3.1 List of antibodies

. . Stock Working
Antibody Species Company Cat. No. conc. dilution
dysferlin mouse Novocastra NCL- 180 1:1000 WB
C-terminus (monoclonal) Hamlet pg/ml '
dysferlin rabbit 0.5 1:200 IF cells
N-terminus (monoclonal) abcam ab124684 mg/ml | /1:100 tissue
mouse NCL- .
fast MyHC (monaclonal) Novocastra MHCF n.s. 1:500 WB
. mouse . DLN- 200 .
PAN-actin (monoclonal) Dianova 07272 ug/ml 1:2000 WB
alpha-tubulin mouse Sigma-Aldrich | T5168 - 1:3000 WB
(monoclonal)
Pax7 mouse DSHB pax7 | SN L1100 1R tissue
(monoclonal) glycerol
laminin rabbit Sigma-Aldrich L9393 0.69 1:.200 IF
(polyclonal) mg/ml tissue
human rabbit Epitomics ab i 1:2000 IF
Lamin A/C (monoclonal) P 108595 tissue
anti-mouse-HRP goat Thermo Scientific | 31432 0.8 1:5000 WB
(polyclonal) mg/ml
anti-rabbit-HRP goat Thermo siae2 | 28 1 1:5000wB
(polyclonal) Scientific mg/mi
anti-mouse- donkey Rockland 610-732- 1 )
IRDye800 (polyclonal) | Immunochemicals 124 mg/ml 1:5000 WB
anti-rabbit- donkey Jackson 711-165- 15 1500 I
Cy3™ (polyclonal) | Immunoresearch 152 mg/ml '
anti-mouse- donkey . . 2 )
AlexaFluor®s55 | (polyclonal) life technologies | A31570 mg/ml 1:500 IF
anti-rabbit- donkey . . 2 ,
AlexaFluor®647 | (polyclonal) life technologies | A31573 mg/ml 1:500 IF

Western blot (WB), immunofluorescence (IF), supernatant (SN).

3.2 Plasmid vectors & cloning

The SB100X expression vector was previously described (Mates et al., 2009). The pT2-CAG-
GFP and pT2-EF1a-GFP were available in the laboratory. The SB-based reporter vector pT2-
CAG-IRES-GFP (pLICUL) (map in page 89) was Kindly provided by Angélica Garcia Pérez,

(laboratory of Dr. Zsuzsanna Izsvak).
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The SB-based reporter vectors for assaying promoter activities in H2K A/J myoblasts
were constructed as follows: for cloning of pT2-Spc5-12-GFP, the Spc5-12 promoter sequence
(Li, Eastman, Schwartz, & Draghia-Akli, 1999) was extracted from pAAV-Spc5-12-huDys-co
(map in page 89, kindly provided by Prof. George Dickson, Royal Holloway, University of
London, UK) with Xbal. It was later inserted into pT2-CAG-GFP previously digested with Spel +
Nhel in order to remove the CAG promoter and isolate the fragment containing the plasmid
backbone with the SB ITRs and the GFP CDS + poly(A) signal.

For cloning of pT2-SV40-GFP, the SV40 promoter sequence was extracted from pGEM-
T-SV40 (plasmid map in page 89) (kindly provided by Julia Rugor, laboratory of Dr. Zsuzsanna
Izsvak) with Eagl + Nhel. The 256 bp fragment was inserted into pT2-CAG-GFP previously
digested with Notl + Nhel in order to remove the CAG promoter.

The SB-based vectors for full-length dysferlin transfer were constructed as follows: for
cloning of pT2-2Spc5-12-hDYSF _v1-GFP, the hDYSF vl coding sequence (accession
#DQ267935) was extracted from the pDONR221:15803 plasmid (provided by The Jain
Foundation) with Spel + Notl and cloned into an empty transposon-based plasmid (containing the
SB ITRs) previously digested with Xbal + Notl (resulting vector - pT2-hDYSF_v1). The Spc5-12
promoter sequence was extracted from pAAV-Spc5-12-huDys-co with Xbal. Two copies of the
~400 bp sequence were inserted in tandem in a 5° to 3 orientation into pT2-hDYSF_v1 digested
with Spel (resulting vector - pT2-2Spc5-12-hDYSF_v1). The IRES-GFP-poly(A) sequence was
PCR-amplified from pLICU1 with Pfu Ultra Il Fusion DNA polymerase (Agilent) using the
forward 5’-ATCTGCGGCCGCTAGCCAATTCCGCCCCTC-3¢ and reverse 5’-TCTTGCGG-
CCGCTGTACAACTAGTCGATCCCTCTTAAGTACCAC-3’ primers. The resulting PCR
fragment was digested with Notl and inserted into pT2-Spc5-12-hDYSF_v1 previously digested
with Notl.

For cloning of pT2-Spc5-12-hDYSF_v1-GFP, the Spc5-12 promoter was extracted from
pPAAV-Spc5-12-huDys-co with Xbal and a single copy of the sequence was inserted into pT2-
hDYSF_v1 (resulting vector - pT2-Spc5-12-hDYSF_v1). The sequence containing the single
Spc5-12 promoter and the 5 region of hDYSF_v1 was extracted from pT2-Spc5-12-hDYSF_v1
with EcoRV + Xbal. The ~4.6 kb fragment was inserted into pT2-2Spc5-12-hDYSF_v1-GFP,
which had been previously digested with EcoRV + Xbal in order to remove the matching
sequence containing the double Spc5-12 promoter.

For cloning of pT2-Spc5-12-hDYSF_c-GFP, the 5’ region of hDYSF_c was extracted
from the pDONR221:15803 plasmid (kindly provided by The Jain Foundation) containing the
hDYSF _c (original) transcript variant (accession #NM_003494*). The resulting 643 bp fragment
was inserted into pT2-Spc5-12-hDYSF_v1-GFP previously digested with Pmel + Xbal in order to
remove the 5’ region of hDYSF_v1.

3.3 Cell culture

H2K A/J and control (wt) myoblasts (Cohen et al., 2012) were kindly provided by Dr. Terence
Partridge, from the Children's National Medical Center, Washington DC, USA. Primary human
myoblasts were obtained from the laboratory of Prof. Simone Spuler. If not stated otherwise,
cells were cultured in a humidified CO, incubator at 37°C with 5% CO..

3.3.1 Culture and differentiation of H2K myogenic cells
H2K myaoblasts were cultured on dishes coated with 0.1% gelatin from porcine skin (Sigma-
Aldrich) diluted in sterile PBS. For coating, enough gelatin was poured onto the dish in order to
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cover the entire surface. The gelatin-containing plates were incubated at 33°C for at least 30 min.
After this time, the excess of gelatin was removed by aspiration and the media and cells were
immediately added to the dish. H2K myoblasts were routinely tested for mycoplasma by PCR as
described in (Young, Sung, Stacey, & Masters, 2010) and all experiments shown here were done
with mycoplasma-free cells.

To allow proliferation, H2K myoblasts were cultured at 33°C and 10% CO, in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 4.5g/L D-Glucose, GlutaMAX™ and pyruvate
(Gibco™, life technologies) containing 1x Antibiotic-Antimycotic (Gibco™, life technologies),
20% fetal calf serum (FCS, PAA), 2% chick embryo extract (CEE, US Biological, C3999) and
200 U/ml of y-interferon (Merck Millipore, 1F005). Cells were passaged every 2-3 days using
0.05% trypsin-EDTA (Gibco™, life technologies) and were not allowed to reach a confluence
higher than 70% to avoid differentiation. For maintenance of H2K myoblasts in proliferative
conditions, all culture steps, including trypsinization, were performed at 33°C.

For differentiation, cells were cultured and passaged for 7 days at 37°C and 5% CO; in
proliferation media without y-interferon. For differentiation, the media was switched to DMEM
containing 1x Antibiotic-Antimycotic, 5% horse serum (HS, Gibco™, life technologies) and 2%
CEE.

3.3.2 Transfection of H2K A/J myoblasts

H2K A/J myoblasts were transfected with a Neon® Transfection System (life technologies) in
sterile conditions. For determining the optimal electroporation settings, the Neon® 24-well
optimization protocol was used first. The protocols number 6 (1100 mV, 30 ms, 1 pulse) and 19
(1050 mV, 30 ms, 2 pulses) were selected due to their optimal ratio between transfection
efficiency and cell viability and were used for assaying the activity of various promoters in H2K
AJ/J myoblasts (Figure 4. 1). Afterwards, all experiments were performed with protocol number 19
(1050 mV, 30 ms, 2 pulses). For electroporation, cells were washed with PBS, detached with
trypsin, collected in DMEM media containing 20% FCS and counted. They were centrifuged and
resuspended in PBS for a second wash in order to remove all traces of media. They were
aliquoted in sterile tubes according to the number of cells needed for each transfection (each
sample was transfected with the corresponding plasmid or mix of plasmids) and were centrifuged
again. They were resuspended in buffer R (Neon® Transfection System, life technologies)
containing plasmid DNA and electroporated according to the manufacturer’s instructions.
Immediately after electroporation, cells were plated in gelatin-coated dishes containing H2K
myaoblast proliferation media.

3.3.3 Routine flow cytometry

Routine flow cytometry to monitor expression of GFP was performed using a FACSCalibur™
flow cytometer (BD Biosciences) using appropriate settings to detect GFP. When the
measurements were performed in different days, the instrument settings needed to be modified
slightly to optimally adapt to the analyzed cell populations. However, when a comparison is
shown (e.g. percentage and mean fluorescence intensity at day 2 post-transfection in Figure 4. 1
or percentage of GFP expressing cells at day 3 and at day 11 in Figure 4. 4) the measurements
were obtained in the same day with the exact same settings. Analysis of the flow cytometry data
was performed with the Cellquest Pro™ (BD Biosciences) and FlowJo softwares.

37



CHAPTER 3. MATERIALS AND METHODS

3.3.4 Sorting of stably transfected H2K A/J myoblasts

Sorting of GFP expressing H2K A/J myoblasts was done with a FACSAria™ flow cytometer (BD
Biosciences). Pre-sorting cell preparation was done under sterile conditions. Sorting was
performed in non-sterile conditions since a sterility-compatible cell sorting station was not
available at the institute. For sorting, the cells were washed with PBS, trypsinized and collected in
DMEM containing 20% FCS. They were centrifuged and resuspended in PBS containing 2% FCS
and 100 pg/ml Primocin™ (InvivoGen) to avoid contamination by Gram+ and Gram- bacteria,
mycoplasmas and fungi. After sorting, they were collected in DMEM containing 20% FCS and
100 pg/ml Primocin™, They were kept on ice until plating. For at least three days after sorting,
they were cultured in proliferation media containing 100 pg/ml Primocin™ instead of 1x
Antibiotic-Antimycotic.

3.3.5 Human muscle biopsies

Muscle biopsies were obtained during hip surgery from individuals without neuromuscular
disorders or for diagnostic purposes after due approval by the Charité Internal Review Board. The
skeletal muscle tissue was dissected and transferred into solution A (30 mM HEPES, 130 mM
NaCl, 3 mM KCI, 10 mM d-glucose, and 3.2 uM Phenol red) for storage at 4°C until isolation of
HMFFs or primary myoblasts was performed.

3.3.6 Culture and differentiation of human primary myoblasts

Primary human myoblasts were isolated and purified in the laboratory of Prof. Simone Spuler as
described previously (Schoewel et al., 2012). The muscle biopsy specimens were minced and
subsequently digested in a solution containing 254 U/ml Collagenase CLS Il (Biochrom AG), 100
U/ml Dispase Il (Roche) and trypsin/EDTA at 37°C for 45 minutes. Cells were grown in skeletal
muscle growth medium (SMGM, Promocell) supplemented with 10% FCS (Lonza), 2.72 mM
GlutaMAX™ and gentamicin (400 pg/ml) (Gibco™, life technologies). Myaoblasts were purified
using anti-CD56 ab-coated magnetic beads (Miltenyi Biotech). Differentiation into myotubes was
induced in DMEM containing 2% horse serum.

3.3.7 lIsolation and culture of HMFFs

HMFFs were prepared in the laboratory of Prof. Simone Spuler as described in (Marg et al.,
2014). Muscle biopsy specimens were mechanically dissected using miniature forceps under a
stereomicroscope (Leica Microsystems) and carefully loosened to obtain bundles of fibers or
single fibers. Those were cut with miniature scissors to obtain HMFFS of ~3 mm in length.
HMFFs were cultured on ibiTreat 8-well p-Slides (ibidi, 80826) in SMGM supplemented as
described in 3.3.3.

3.3.8 Transfection of HMFFs

HMFFs were co-transfected with 900 ng of a GFP reporter SB transposon-based vector (pT2-
CAG-GFP) and 90 ng of an expression vector for SB100X in SMGM. The plasmids were diluted
in 100 ul Opti-MEM® (Gibco™, life technologies) and 3 pl X-tremeGENE™ HP transfection
reagent (Roche). The mix was incubated for 25 minutes at R.T., mixed well and added to the
HMFFs on a 12-well culture dish. The medium was replaced by fresh SMGM 24 h after
transfection. Images of the transfected fiber fragments shown in Figure 4. 24 were taken 2 and 7
days after transfection.
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3.4 SDS-page and immunoblot

For protein purification, cells were plated on 6-well plates. Prior to or after differentiation into
myotubes, they were lysed on ice with RIPA buffer (50 mM Tris-HCI, 150 mM NacCl, 0.1% NP-
40, 0.1% SDS, 0.1% sodium deoxycholate and protease inhibitors). The protein concentration was
determined using a BCA Protein Assay Kit™ (Pierce) and following the standard protocol
according to the manufacturer’s instructions. For each sample, 10 pg of protein diluted in sample
buffer (0.25 M Tris-HCI, 50% Glycerol, 5% SDS, 0.05% bromophenol blue and 10% freshly
added B-mercaptoethanol) were loaded onto an 8% poly-acrylamide gel. Proteins were separated
in denaturing conditions and transferred to a PVDF membrane using a wet electroblotting system
(Bio-Rad) in Tris-glycine buffer containing 10% methanol and 0.1% SDS. Following transfer, the
membrane was incubated for 1 h at R.T. in TBST solution containing 5% dry milk powder
(blocking buffer). After blocking, the membrane was incubated with the corresponding primary
antibodies diluted in blocking buffer (anti-dysferlin NCL-Hamlet, 1:1000, overnight at 4°C / anti-
fast MyHC 1:500, 1 h at R.T. / anti-PAN-actin 1:2000, 1 h at R.T.). Three washes of 10 min with
TBST were performed after incubation with the primary antibody. Incubation with horse radish
peroxidase (HRP)-conjugated secondary antibodies against mouse 1gG (Thermo Scientific,
31432) and rabbit IgG (Thermo Scientific, 31462) diluted 1:5000 in blocking buffer was
performed at R.T. for 1 h. Afterwards, the membrane was washed 5 times as described previously,
incubated with Amersham™ ECL™ Prime Western Blotting Detection Reagent (GE Healthcare,
RPN2232) for 5 min and imaged using a STELLA 3200 system (Raytest). Images were processed
using Adobe Photoshop CS5. Modifications were applied to the full image (all the lanes). Since
the molecular weight of dysferlin and fast MyHC is very similar (237 kDa and 223 kDa,
respectively), immunolabeling with the anti-fast MyHC antibody was done following incubation
of the membrane with stripping buffer (60 mM Tris-HCI, 2% SDS and 0.7% p-mercaptoethanol)
for 30 minutes at 60°C and re-blocking (Figure 4. 6-A).

The western blot in Figure 4. 6-B was performed using a gradient 8-16% Tris-Glycine
Gel (life technologies EC60485B0OX). Transfer was done onto a nitrocellulose membrane using a
semi-dry electroblotting instrument (BioRad) for 45 min at 18 V. The membrane was incubated
overnight at 4°C with primary antibodies against dysferlin (NCL-Hamlet, 1:500) and alpha-
tubulin (Sigma-Adrich T5168, 1:3000) diluted in blocking buffer. The membrane was incubated 1
h at R.T. with a secondary antibody against mouse 1gG labelled with IRDye800 (Rockland
Immunochemicals 610-732-124). It was developed with a chemiluminescence western blot
imager (LI-COR).

3.5 Mouse experiments

B6.Cg-Dysf™ Prkdc®®/J (Scid/blAJ) mice homozygous for the dysf"™ and prkdc™™ alleles were
purchased from The Jackson Laboratory (Bar Harbor, Maine, USA) and inbred in our SPF animal
facility. NOD.Cg-Prkdc™ 112rg™“%/JicTac (NOG) were purchased from Taconic Biosciences
(Bomholtvej, Denmark) before each experiment. Mouse experiments were performed under the
license numbers G0016/13 and GO0035/14. Mice were kept in a temperature and humidity
controlled SPF animal facility with a 12 h light/dark cycle and free access to food and water in
accordance with the German animal protection laws.

3.5.1 Focal irradiation

Focal irradiation of mouse hind limbs prior to transplantation of H2K myoblasts and HMFF was
performed as described in (Marg et al., 2014). All mice were treated with a single X-radiation
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dose using a CyberKnife image-guided robotic radiosurgery system (Accuray Inc.). Female 6-
week-old NOG mice were anesthetized with ketamine-xylazine in PBS (9 mg/ml ketamine, 1.2
mg/ml xylazine) with an i.p. dose of 160 ul/20 g of body mass. To reproducibly guide the
radiation robot to the mouse hind limbs, an acrylic glass block with surface fiducial markers was
constructed. A computed tomography (CT) scan, with 0.75-mm slice thickness, was conducted
using a dedicated CT scanner (Siemens Emotion) to calculate the digitally reconstructed
radiographs (DRRs). The CT scan served to design the proper radiation protocol according to the
desired dose of 18 Gy and distribution in the three-dimensional target area (the mouse’s hind
limb), sparing the adjacent body parts. The anesthetized mice were placed on the acrylic block,
which had attached fiducial markers for superimposing the live positioning images with the
previously calculated radiograms. The radiation procedure of each hind limb was conducted
within approximately 5 minutes.

3.5.2 Transplantation of H2K myoblasts into Scid/blAJ mice

For transplantation, cultured H2K myoblasts were washed with PBS, detached with trypsin and
collected in DMEM containing 20% FCS. They were centrifuged and resuspended in DMEM
containing 2% FCS. Female 11-15-week old Scid/blAJ mice were injected intraperitoneally (i.p.)
with a solution containing ketamine-xylazine (9 mg/ml ketamine, 1.2 mg/ml xylazine) in sterile
PBS at a dose of 160 ul/20 g of body mass. Once anesthesia was effective, the area below the
knee was shaved and disinfected with isopropanol. 30 ul of cell suspension were injected with a
syringe coupled to a 26 gauge hypodermic needle in an approximately 20 degrees angle roughly
in the middle of the tibialis anterior muscle. In muscles that were additionally subjected to
cardiotoxin injury, injection of 40 pl of 10 uM cardiotoxin (Latoxan) dissolved in sterile PBS was
performed 1-2 minutes after cell injection.

3.5.3 Transplantation of HMFFs into NOG mice

Mice were injected i.p. with a solution containing ketamine-xylazine (9 mg/ml ketamine, 1.2
mg/ml xylazine) in sterile PBS at a dose of 160 ul/20 g of body mass. Once anesthesia was
effective, the area below the knee was shaved and disinfected with isopropanol. A longitudinal
incision of approximately 4 mm was performed in the tibialis anterior muscles with a scalpel, and
HMFFs containing 4-8 muscle fibers were placed inside the muscle in parallel to the mouse’s
fibers. The muscles were closed without sutures and the overlying skin was sutured with
polyglycolic acid threads (MARLIN violett HR22, USP 4/0, EP 1.5 threads; Catgut GmbH).

3.5.4 Freezing of mouse muscles and preparation of cryosections

Mice were sacrificed by neck dislocation at the indicated time points. The tibialis anterior muscles
were dissected with the aid of tweezers and scissors and cut in two halves (proximal-1 and distal-
I1) with a blade following a transversal plane. Each half was separately embedded in gum
tragacanth (10% Gum Tragacanth (Merck Millipore, 1.08405.0500), a few granules of Crystal
Thymol (Synopharm, 222575-0003) and 5% glycerin in dH,0) and mounted on cork plates with
the cutting surface facing the top. The embedded muscles were first immersed in chilled
isopentane for ~12 s for cryopreservation and afterwards immediately transferred to liquid
nitrogen. Frozen muscles were then kept at -80°C for long-term storage. The frozen muscles were
sectioned with a Leica CM3050S Cryostat.
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3.6 Immunofluorescence and histological stains

The histological stains (H&E, Gomori’s trichrome, NADH and acid phosphatase) were performed
by Kornelia Gréning in the laboratory of Prof. Simone Spuler.

3.6.1 Dysferlin immunostaining in cultured myoblasts and myotubes

For immunofluorescence staining, H2K myoblasts were plated and induced to differentiate on 8-
well pslides (ibidi, 80826). Prior to fixation, they were washed with PBS at R.T. for 5 min. They
were fixed for 5 min in 100% methanol at -20°C, washed with PBS at R.T. and blocked with 1%
BSA/PBS for 1 h at R.T. They were incubated overnight with an antibody against the N-terminal
part of dysferlin (abcam, ab124684) diluted 1:200 in 1% BSA/PBS. The wells were washed 3
times with PBS for 5 min at R.T. and incubated with a Cy3™-conjugated secondary antibody
against rabbit 1gG (Jackson ImmunoResearch, 711-165-152) diluted 1:500 in PBS for 1 h at R.T.
Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, D9564,
0.1pg/ml) diluted 1:5000 in PBS for 10 min at R.T. The wells were then washed 4 times in PBS,
sealed with parafilm and kept with sufficient PBS at 4°C until imaging.

3.6.2 Dysferlin immunostaining in mouse muscle cryosections

6 um transversal cryosections were air dried for at least 30 min at R.T. They were fixed for 5 min
in acetone at -20°C, allowed to dry and blocked with 1% BSA/PBS for 1 h at R.T. They were
incubated overnight at 4°C with an antibody against the N-terminal part of dysferlin (abcam
ab124684) diluted 1:100 in 1% BSA/PBS. The sections were washed 3 times with PBS for 5 min
at R.T. and incubated with a Cy3™ -conjugated secondary antibody against rabbit 1gG (Jackson
ImmunoResearch, 711-165-152) diluted 1:500 in PBS for 1 h at R.T. Nuclei were counterstained
with Hoechst 33258 diluted 1:5000 in PBS for 10 min at R.T. The sections were then washed 4
times in PBS and once in ddH,0 for 5 min, and mounted on glass slides with Aqua Poly/Mount
(Polysciences, Inc).

3.6.3 Pax7/laminin immunostaining in mouse muscle cryosections

6 um transversal cryosections were air dried for at least 30 min at R.T. They were fixed for 5 min
in 4% para-formaldehyde (PFA) diluted in PBS, washed with PBS for 5 min, allowed to dry for
~10 min and blocked with 5% BSA plus 3% donkey serum in PBS for 45 min at R.T. They were
incubated overnight with antibodies against Pax7 (mouse, DSHB supernatant diluted 1:1 in sterile
glycerol) diluted 1:10 and laminin (rabbit, Sigma-Aldrich, L9393) diluted 1:200 in 1% BSA/PBS.
The sections were washed 3 times with PBS for 5 min at R.T. and incubated in darkness with
secondary antibodies against mouse 1gG (AlexaFluor®555, life technologies) diluted 1:500 and
rabbit 1gG (AlexaFluor®647, life technologies) diluted 1:500 in PBS for 1 h at R.T. Nuclei were
counterstained with Hoechst 33258 diluted 1:5000 in PBS for 10 min at R.T. The sections were
then washed 4 times in PBS and once in ddH,0 for 5 min, and mounted on glass slides with Aqua
Poly/Mount (Polysciences, Inc).

3.6.4 Human lamin A/C immunostaining in mouse muscle cryosections

Immunofluorescence stating of human lamin A/C on cryosections of muscles grafted with HMFFs
and image acquisition were performed by Dr. Andreas Marg according to the protocol published
in (Marg et al., 2014). 6 um muscle cryosections from grafted muscles were fixed in 3.7%
formaldehyde and incubated in 5% goat serum diluted in PBS for 45 min. The sections were
incubated with an anti-human lamin A/C antibody (rabbit, Epitomics, ab 108595) diluted 1:2000
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for 4-16 hours at 4°C. The sections were washed with PBS and incubated with a Cy3™.-
conjugated secondary antibody against rabbit 1gG diluted 1:1000 in 1% BSA in PBS for 45
minutes at R.T.

3.6.5 H&E staining in mouse muscle cryosections

Hematoxylin & Eosin (H&E) staining allows visualization of nuclei in blue, connective tissue in
lighter pink, normal myofibers in dark pink and basophilic fibers in blue. 6 um transversal
cryosections were fixed in 10% buffered formalin for 1 minute, washed with dH,0, stained with
filtered Gill’s IT Hematoxylin solution (Merck, 1.05175.0500, modified according to GILL II) for
1 minute and washed again with dH,O. Afterwards, they were rinsed consecutively with acid
alcohol (0.8% glacial acetic acid in 80% methanol), dH,O, 2.5% saturated lithium carbonate
(Merck, 1.05680.0250) diluted in dH,O, 80% and 100% methanol. They were stained with 0.5%
alcoholic Eosin Y (Fa. Waldeck, 2C284) diluted in 50% ethanol for 3 minutes. The stained
sections were subsequently dehydrated in ethanol, cleared in xylene, and mounted with Vitro-
Clud® (Langenbrinck).

3.6.6 Gomori’s trichrome staining in mouse muscle cryosections

Gomori’s one-step trichrome staining (Engel & Cunningham, 1963) allows visualization of
myofibers in greenish blue, collagen in light green, nuclei in red, myelin in foamy red, axons in
blue and the intermyofibrillar network in dark red. 6 pum transversal cyosections were stained for
5 minutes with Gill’s Hematoxylin solution (Merck, modified according to GILL Il), washed with
dH,0, stained with filtered Gomori’s trichrome solution (Sigma-Aldrich, HT10316) for 10
minutes and differentiated in 0.2% acetic acid until clear. The stained sections were subsequently
dehydrated in 95% and 100% ethanol, cleared in xylene, and mounted with Vitro-Clud®
(Langenbrinck).

3.6.7 NADH staining in mouse muscle cryosections

The B-Nicotinamide adenine dinucleotide (NADH) tetrazolium reductase (NADH-TR) reaction
stains the intermyofibrillar matrix, which appears as a reticular network. Normal type | fibres
show high enzymatic activity and appear darker, whereas type Il fibres show low enzymatic
activity, displaying a lighter stain. 6 um transversal cryosections were placed for 30 minutes at
37°C in incubating solution containing 0.5 mg/ml NADH (Sigma-Aldrich, N9410-15VL), 0.1%
nitrotetrazolium blue chloride (Sigma-Aldrich, N6876), 15 mM NaCl and 10 mM phosphate
buffer in dH,0. The sections were subsequently rinsed with 30% - 60% - 30% acetone, once with
dH,0 and mounted with Kaiser’s glycerol gelatine (Merck).

3.6.8 Acid phosphatase staining in mouse muscle cryosections

Acid phosphatase stain ((Burstone, 1958), modified by Barks, 1960) allows visualization of
muscle fibers in light green, whereas lysosomes and lipofuscin deposits, which have acid
phosphatase activity, appear in red. 6 um transversal cryosections were kept in incubating
solution (see composition below) for 60-70 minutes at 37°C. The sections were then washed in
dH,0 for 5-10 minutes and counterstained in filtered 2% Methyl Green Stain (Newcomer Supply
12253) for 3-5 minutes. The stained sections were subsequently dehydrated in 95% and 100%
ethanol, cleared in xylene, and mounted with Vitro-Clud® (Langenbrinck).
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Incubating solution (pH 4.7-5.0):

e 1.6 ml diazonium salt solution (1:1, 4% sodium nitrite in dH,O (Merck,
1.06549.0100) : 4% pararosaniline (Sigma-Aldrich, P-1528) in 2N HCI)

e 5 ml veronal acetate (2% sodium acetate-3H,0O + 3% sodium barbiturate (Sigma-
Aldrich, B5934) in dH,0)

e 1 ml substrate solution (1% naphthol ASB1 phosphate (Sigma-Aldrich, N2250) in
dimethyl formamide (AppliChem, A3676.0500))

e 13 mldH,0O

3.7 Image acquisition and processing

All image-containing figures were built in Adobe Illustrator CS5 and image graphics were added
in Adobe Illustrator CS5.

3.7.1 Histological stains on cryosections

Images from histological stains on mouse muscle cryosections were acquired with a Leica DM
LB2 microscope (Leica Microsystems) and processed with Adobe Photoshop CS5. All
modifications were applied to the whole image.

3.7.2 Immunofluorescence stains on cultured cells and cryosections
Images from immunofluorescence stains on cultured cells and mouse muscle cryosections were
acquired with a Zeiss LSM 700 confocal microscope and processed with Zen 2012 (both from
Carl Zeiss). Modifications were applied to the whole image.

3.7.3 Analysis of the number of dysferlin positive fibers

Images of dysferlin immunostaining on cryosections from grafted muscles were first processed in
Zen 2012 to obtain slightly overexposed images in order to visualize all dysferlin positive fibers.
The resulting processed images were opened in ImageJ and the dysferlin positive fibers were
counted manually with the cell counter plugin. The criteria for inclusion or exclusion of positively
stained structures in the counting procedure are shown below.
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not counted counted There is some error when counting areas with very
compacted fibers, like the ones indicated here

Figure 3. 1: Analysis of the number of dysferlin positive fibers in grafted muscles.

Examples of images used for counting dysferlin positive fibers in cryosections of grafted Scid/blAJ muscles. Left
image: the asterisks indicate examples of clearly distinguishable stained fibers included in the analysis. The circles
indicate examples of stained structures not recognized as fibers due to their morphology and thus not included in the
analysis. Right image: some examples of areas with very compacted stained fibers are encircled. In those areas the
identification of single fibers is occasionally difficult and thus some error can be expected in counting.
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4 Results

4.1 Assessment of promoter activities in H2K myoblasts

The choice of a suitable promoter to drive transgene expression in target cells or tissues is
a critical step in the design of expression cassettes for gene transfer in in vivo or ex vivo settings.
In order to decide on an appropriate cassette design for full-length dysferlin expression in
myogenic cells, | tested the efficiency of various promoters in driving the expression of a reporter
gene in H2K A/J myoblasts. For that purpose, | constructed two vectors carrying a reporter gene
under the control of the Simian virus 40 regulatory region sequence (SV40 promoter) or the
synthetic promoter ¢5-12 (Spc5-12) (Li et al., 1999). These two promoters were chosen because
of their small sequence length. Although SB transposon does not have a strict cargo size
limitation, the length of the transposon sequence influences the efficiency of transposition and
sequences larger than 8 kb are delivered less efficiently (Izsvak et al., 2000). Full-length dysferlin
cDNA, as mentioned previously, spans 6.2 kb. Minimizing the size of the promoter was thus
important to restrict the overall length of the transposon cassette and enhance genomic integration
upon co-transfection with SB100X transposase. The vectors contained a TurboGFP transgene
(improved variant of the GFP protein from the copepod Pontellina plumata) driven by the
corresponding promoter and followed by a poly(A) signal, all flanked by the SB transposon ITRs.

The Spc5-12 promoter was constructed by random assembly of evolutionarily conserved
sites responsible for tissue specificity of adult skeletal muscle promoters (serum response element
of skeletal a-actin promoter, MEF-1, MEF-2 and TEF-1 binding sites) and was previously shown
to drive strong transgene expression in vitro in myoblasts and myotubes (Li et al., 1999) and in
vivo in mouse myofibers (Foster et al., 2008; Koo et al., 2011). Additionally, I utilized two SB
transposon-based vectors available in the laboratory, where TurboGFP was driven by either the
constitutive human elongation factor 1 alpha (EF1a) promoter or the hybrid viral CMV immediate
enhancer/B-actin (CAG) promoter. All the vectors had the same backbone and only the promoter
sequence was different. After optimizing electroporation using the 24-well optimization protocol
for adherent and suspension cell lines of the Neon® Transfection System, | selected two
electroporation protocols (Figure 4. 1) for further experiments using H2K A/J myoblasts. |
transfected 5*10° H2K A/J myoblasts with 500 ng of transposon plasmid (pT2-CAG-GFP, pT2-
EF1a-GFP, pT2-SV40-GFP and pT2-Spc5-12-GFP). Three days after transfection, | performed
FACS analysis to determine the percentage and mean fluorescence intensity values of GFP
expressing cells as readout of promoter activity. The values are indicated in Table 4. 1.

Non- pT2-CAG- pT2-SV40- pT2-Spc5-12-
transfected GFP GFP GFP pT2-EFla-GFP
% Fl % Fl % Fl % Fl % Fl
1100mV 30ms 1 pulse 0 - 43,79 | 325,22 | 1341 | 3243 | 3571 | 96,36 | 20,82 | 4951
1050mV 30ms 2 pulses 0 - 64,44 | 950,47 | 40,43 | 69,51 | 57,16 | 248,87 | 55,88 | 126,08

Table 4. 1: Promoter activities in H2K A/J myoblasts.

The values indicate the percentage (%) of GFP expressing cells and the mean fluorescence intensity (FI) of the GFP
positive population assessed by FACS three days after transfection of H2K A/J myoblasts.
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Figure 4. 1: Cloning of SB transposon-based reporter constructs and assessment of promoter activities in H2K
AJ/J myoblasts.

(A) pT2-Spc5-12-GFP and pT2-SV40-GFP vectors. Green arrows indicate the GFP CDS. Orange and red arrows
indicate the Spc5-12 and SV40 promoters, respectively. Light pink arrows following the GFP CDS indicate the SV40
poly(A) signals. Dark pink arrows flanking the expression cassette in opposite orientations indicate the SB transposon
5’ and 3’ ITRs. SB transposon vectors containing a transgene cassette flanked by the SB ITRs are named as pT2. (B)
Percentage of GFP expressing cells and (C) mean fluorescence intensity of the GFP+ cell population assessed by FACS
three days after transfection of H2K A/J myoblasts with the GFP reporter vectors using two different electroporation
protocols.

Based on the results obtained with the reporter vectors we considered the Spc5-12
promoter most suitable for driving expression of full-length dysferlin in our ex vivo gene transfer
approach. The favorable criteria were its tissue specificity, high level of activity in H2K A/J
myoblasts and short sequence (<400 bp) compared with the EF1a and CAG promoters (> 1kb).

4.2 Construction of vectors for dysferlin gene transfer

I constructed SB-transposon based vectors for transfer of full-length hDYSF _c (original) and
hDYSF_v1 cDNAs into dysferlin null myoblasts to restore expression of dysferlin. | constructed
bicistronic vectors where full-length dysferlin was followed by a TurboGFP CDS, which served
as a reporter to positively select by FACS the cells carrying integrated transposon cassettes and
therefore stably expressing dysferlin. GFP was preceded by an Internal Ribosome Entry Site
(IRES) sequence to allow simultaneous translation of both cistrons.
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5'ITR 345..119

3'ITR9224..9451

pT2-2Spc5-12-hDYSF_v1-GFP
12251 bp

A

hDYSF_v1 1229..7475

IRES 7520...8110

pT2-5pc5-12-hDYSF_c-GFP
11880 bp

3'ITR 8853...9080

hDYSF_c 861...7103
/
IRES 7149...7739

5'ITR 10736...10510

hDYSF_v1 11252..5615

pT2-Spc5-12-hDYSF_v1-GFP
11883 bp

3'ITR 7364..7591

IRES 5660...6250

Figure 4. 2: Bicistronic SB transposon-based vectors for transfer of full-length dysferlin.

Orange arrows indicate the Spc5-12 promoter. Dark blue and red arrows indicate the human DYSF_v1 and DYSF_c
cDNAs, respectively. Light blue arrows indicate the IRES sequence. Green arrows indicate the GFP CDS. Light pink
arrows indicate the SV40 poly(A) signals. Dark pink arrows indicate the SB transposon ITRs. The vector names and
sizes in base pairs (bp) are indicated in the figure.
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Expression of the unique ORF was under the control of Spc5-12 regulatory sequence. A
vector resulting from an insertion of two copies of the Spc5-12 promoter in the same orientation
during the cloning process was also used to compare the efficiency of transgene expression
(Figure 4. 2).

hDYSF_c and hDYSF_v1 are the first (~73%) and second (~13%) most abundant mMRNA
isoforms in human skeletal muscle, respectively (Pramono et al., 2009). However, the relative
levels of the corresponding protein isoforms are not known because of the lack of antibodies that
can specifically recognize either isoform. Some insights into the functional differences have been
provided by studies on the crystal structure and the Ca®* and phospholipid binding properties of
the two alternative C2A domains. However, not much is known about the real implications of
these C2A domain variants for the function of dysferlin in different tissues or contexts.

4.3 Transfer of full-length dysferlin into H2K A/J myoblasts

We selected H2K A/J myoblasts (Cohen et al., 2012) as a dysferlin deficient cell model to
establish the proof-of-concept study of ex vivo SB-based full-length dysferlin gene transfer. H2K
AJJ (Figure 4. 3) are conditionally immortalized mouse myoblasts derived from a mouse strain
generated by crossing the dysferlin-null A/J mouse line with the H-2K"tsA58 (immortomouse)
line (Jat et al., 1991). This immortomouse line harbors an expression cassette for the tsSA58
thermosensitive SV40 large T antigen under the control of the ubiquitous H-2K® promoter, whose
transcriptional activity is enhanced by Interferon-y (IFN-y). tsA58 is degraded at temperatures
higher than 33°C. Therefore, when cultured in permissive conditions (33°C and in the presence of
IFN-v), cells derived from the immortomouse strain are immortalized.

N

A/J (dysf -/-) Immortomouse

- Conditionally immortalized cells

Immorto-A/J : Immorto-wt :

dysf-/-)
(dys H2K A/ (plysk=+i+] H2K wt

cells cells

l Thermolabile SV40 large T-antigen

Figure 4. 3: Derivation of dysferlin-null (A/J) and control (wt) H2K myoblasts.

The conditionally immortalized myoblasts are derived from the F2 generation of crosses between the H-2K"tsA58
immortomouse strain and the dysferlin-null A/J strain (homozygous for the dysf"™ knock-out allele). Muscle satellite
cells are isolated from control (immorto-wt) and dysferlin-null (immorto-A/J) mice of the F2 generation harboring the
H-2KPtsA58 allele and homozygous for the dysferlin wild-type (dysf+/+) or the dys"™ (dysf-/-) allele, respectively.
The cells are expanded ex vivo in permissive conditions and their myoblast progeny is conditionally immortalized by
the expression of the tSA58 thermolabile SV40 large T antigen.

48



CHAPTER 4. RESULTS

However, if switched to non-permissive conditions (higher temperatures and absence of
IFN-y) they can no longer proliferate indefinitely. H2K cells are also suitable for mouse
transplantation studies because, due to the higher body temperature of mice, they are unable to
form tumors in vivo (Jat et al., 1991). H2K myogenic cells derived from immortomice have been
previously shown to have an extensive proliferative capacity in vitro when grown in permissive
conditions (Morgan et al., 1994). They undergo myogenic differentiation when cultured in fusion
media under non-permissive conditions and can robustly engraft when transplanted into injured
mouse muscle (Morgan et al., 1994; Muses, Morgan, & Wells, 2011a).

4.3.1 Selection of stably transfected cells

The next step was to deliver full-length dysferlin into dysferlin-null H2K A/J myoblasts using the
SB system. | first determined the time course during which GFP+ events not due to stable
transposon integrations could no more be detected in the absence of SB100X. For this purpose |
transfected H2K A/J myoblasts with pT2-2Spc5-12-hDYSF_v1-GFP in the presence or absence
of an expression vector for SB100X transposase. As a control, | used a reporter vector where the
GFP CDS was preceded by an IRES sequence and driven by the CAG promoter. | monitored the
GFP signal in the transfected populations by flow cytometry for 14 days. 11 days after
transfection, GFP+ events in the cells not transfected with SB100X were barely detected,
indicating that all positive events were due to stable integrations of the transgene cassettes (Figure
4. 4). It must be noted that random genomic integrations of the plasmid not mediated by the
transposase can occur at a low frequency.

Next, | transfected H2K A/J myoblasts with the three full-length dysferlin transfer vectors
(pT2-2Spc5-12-hDYSF_v1-GFP, pT2-Spc5-12-hDYSF_v1-GFP and pT2-Spc5-12-hDYSF_c-
GFP, vector details in Figure 4. 2). As control, | transfected cells with the above mentioned
reporter vector in order to have a control population of engineered cells expressing only GFP. |
electroporated H2K A/J myoblasts with equimolar amounts of transposon vectors (~500 ng of
dysferlin transfer vectors and 250 ng of reporter vector per 5%10° cells) and a 1:10 mass ratio
(transposase:transposon) of an expression vector for SB100X transposase (pCMV/(cat)-T7-
SB100X). 7-11 days after transfection, | selected the stably transfected cells by FACS based on
their GFP signal. The percentage and intensity of GFP were low in cells transfected with the
dysferlin transfer vectors in comparison with cells transfected with the reporter. This could be due
to the large size of the dysferlin transfer vectors, which likely limits transfection rates.
Additionally, the inefficiency of the IRES to enable translation of the second cistron when
preceded by a very large cistron could also impact the detection of transfection events. It was
therefore necessary to enrich the populations throughout various rounds of cell sorting (Figure 4.
5-B).

| obtained cell populations highly enriched in GFP expressing cells for pT2-2Spc5-12-
hDYSF_v1-GFP and pT2-Spc5-12-hDYSF_c-GFP. | also selected cells stably transfected with
the reporter vector (pLICU1). | was not able to enrich any of the samples transfected with pT2-
Spc5-12-hDYSF_v1-GFP due to their very low percentage of GFP+ cells (Figure 4. 5-A).
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Figure 4. 4: SB transposition in H2K A/J myoblasts.

H2K A/J myoblasts were transfected with pT2-CAG-iresGFP (pLICU1) and pT2-2Spc5-12-hDYSF_v1-GFP in the
presence or absence of an expression vector for SB100X transposase. GFP expression was monitored by FACS during a
time course of 14 days. At day 11 after transfection, GFP+ cells could not be detected in samples transfected only with

the transposon vectors without SB100X.
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Figure 4. 5: Sorting of stably transfected H2K A/J myoblasts.
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(A) For each vector, the transfected cell populations before sorting (7-8 days after transfection) are shown on the left
and the same populations after enriching for GFP expressing cells throughout 2-4 sorting steps are shown on the right.
The sample IDs of the cell populations after sorting are indicated in bold letters on the corresponding plots. (B)
Example illustrating the subsequent sorting steps for selection of GFP expressing H2K A/J myoblasts transfected with
pT2-2Spc5-12-hDYSF_v1-GFP and SB100X transposase (sample ID: hDYSF_v1-2+).

51




CHAPTER 4. RESULTS

4.3.2 Analysis of dysferlin protein expression in the cells enriched for

reporter expression

Next, we analyzed the H2K A/J myoblasts selected by FACS based on their GFP signal for
expression of transgenic dysferlin. We performed immunoblot on protein lysates with an antibody
against C-terminal dysferlin. 1 confirmed expression of dysferlin_vl and dysferlin_c in the
corresponding sorted populations. Expression of transgenic dysferlin driven by Spc5-12 promoter
was stronger in differentiated myotubes (Figure 4. 6-A). As expected, dysferlin was absent in
protein lysates from non-corrected H2K A/J myoblasts transfected only with SB100X and
pLICU1L and sorted for GFP expressing (pLICU1+) and non-expressing (pLICU1-) cells (Figure
4.6).
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Figure 4. 6: Analysis of dysferlin expression in selected H2K A/J myoblasts and myotubes.

(A) Western blot of corrected H2K A/J myoblasts and myotubes (hDYSF_v1-1+ and hDYSF_v1-2+). Human primary
and mouse H2K wt myoblasts were used as control for endogenous dysferlin expression. Unmodified H2K A/J
myoblasts (pLICU1-) or myoblasts harboring only a GFP reporter (pLICUL1+) were used as negative control for
dysferlin expression. Protein lysates were collected at day 0 (before switching from proliferation to fusion media) and at
day 3 of differentiation. The membrane was hybridized with an antibody against C-terminal dysferlin. Fast myosin
heavy chain was used as a marker of differentiation. Actin was used as a loading control. (B) Western blot of corrected
H2K A/J myotubes (hDYSF_c-1+ and hDYSF_v1-3+). The membrane was hybridized with an antibody against C-
terminal dysferlin. Alpha-tubulin was used as a loading control.

4.3.4 Dysferlin localization in “corrected” myoblasts and myotubes

Next, I analyzed the localization of dysferlin in “corrected” myotubes. Proper localization cannot
be fully assessed in vitro because dysferlin is predominantly a myofiber protein. However, it is
also expressed at a lower level in vivo and in vitro in satellite cells and myoblasts prior to and
during differentiation (De Luna et al., 2004). There, dysferlin is present both at the membrane and
the developing T-tubule network in forming myotubes and myofibers (Y. Huang et al., 2007;
Klinge et al., 2010; Klinge et al., 2007). | performed an immunofluorescence staining to visualize
dysferlin in H2K wt, dysferlin-null and corrected H2K A/J myotubes. As seen in Figure 4. 7,
dysferlin staining appeared stronger in the two populations of corrected myoblasts analyzed than
in wild-type myotubes, and was absent in non-corrected H2K A/J myotubes, confirming the
results obtained by western blot. In wild-type myotubes, dysferlin was visible primarily at the
membrane with a faint cytoplasmic stain.
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Figure 4. 7: Dysferlin localization in corrected H2K A/J myotubes.

dysferlin

+ DAPI

(A) Confocal microscopy images showing dysferlin expression in H2K control (wt), dysferlin-null (A/J) and corrected
(hDYSF_v1-1+ and hDYSF_v1-2+) myotubes. Cells were immunostained with an antibody against dysferlin (red).
Nuclei were counterstained with DAPI (blue). Scale bars: 20 um. (B) Higher magnification depicting in detail the
localization of dysferlin in corrected H2K A/J cells (hDYSF_v1-1+). Dysferlin is enriched in the membrane of some
myotubes and differentiating myoblasts. It is also strongly detected in the cytoplasm of all cells. Scale bars: 20 um.

In corrected myotubes, dysferlin was strongly detected both at the membrane and in the
cytoplasm of myoblasts and myotubes (Figure 4. 7). Also, it was enriched at the membrane of
some cells. This localization pattern is similar to that described for wild type dysferlin, suggesting
that transgenic dysferlin may be functional.
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4.4 Development of a local irradiation protocol for mice

Engraftment of donor cells following myoblast transplantation is usually enhanced by induction
of a regenerative environment in the recipient muscle. The transplanted cells are then recruited to
the ongoing muscle regeneration process and can contribute to the repair of damaged myofibers or
to the generation of new myofibers. However, if the endogenous satellite cells are fully
functional, as is the case in several muscle disorders, they compete with the cells of donor origin,
reducing their contribution to myofibers and their colonization of the satellite cell compartment
(Briggs & Morgan, 2013). The latter is required for a long term therapeutic effect. Some of the
acute injury models commonly used to induce a regenerative response in muscle, such as snake-
venom derived myotoxins or concentrated salt solutions like BaCl,, damage the myofiber
structure (Duchen, Excell, Patel, & Smith, 1974; Stringer, Kainer, & Tu, 1971) but are harmless
to the nerve terminals (Duchen et al., 1974) and the satellite cells (Boldrin et al., 2012). On the
other hand, muscle irradiation has long been used as a method to prevent muscle regeneration in
mouse models (Weller, Karpati, Lehnert, & Carpenter, 1991). Whilst inactivating the satellite
cells present in the muscle, irradiation does not have evident short-term effects on the postmitotic
myonuclei and seemingly preserves myofiber integrity (Morgan, Hoffman, & Partridge, 1990;
Morgan, Pagel, Sherratt, & Partridge, 1993). We and others have reported that engraftment and
contribution to muscle formation of cells transplanted into mouse skeletal muscle is greatly
enhanced by inactivation of endogenous satellite cells by radiation (Boldrin et al., 2012; Boldrin
et al., 2009; Gross & Morgan, 1999; Marg et al., 2014; Meng et al., 2014; Ross et al., 2012).

We aimed to develop a local and precise irradiation protocol for mice in order to affect
only the muscles target for transplantation and spare the rest of the body. For this purpose we used
a Cyberknife image-guided robotic linear accelerator generally used for highly precise
radiosurgery procedures in patients. For treatment planning, we performed a computed
tomography (CT) scan of one C57BL/6 mouse of approximately the same age and weight as the
recipient mice for the transplantation experiments. According to the CT, an irradiation protocol
was established to deliver a three-dimensional total dose of 18 Gy to the mouse hind limb with
minimal dispersion into neighboring tissues. This radiation dose was previously reported as
optimal for engraftment of donor myoblasts (Boldrin et al., 2012). The maximum, minimum and
average doses in the target zone, as well as the percentage spreading of the radiation dose into
surrounding areas are indicated in Figure 4. 8.

24h after radiation, irradiated and non-irradiated tibialis anterior muscles of C57BL/6
mice were challenged with cardiotoxin. Extensive regeneration, indicated by a majority of
centrally nucleated fibers, was visible in control muscles only injected with cardiotoxin. However,
irradiation resulted in a complete failure to regenerate muscles 8 days after cardiotoxin-induced
acute injury. This indicates that the endogenous satellite cells were robustly inactivated by the
irradiation procedure. No effects of radiation were visible in the non-cardiotoxin-injured muscles
9 days after the focal delivery of 18 Gy (Figure 4. 8).
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Figure 4. 8: Local irradiation of mouse hind limbs for inactivation of endogenous satellite cells.

(A) Computer screenshot showing the positioning of the mouse in an acrylic glass block with fiducial markers on the
surface to guide the radiation robot and (B) the distribution of the radiation dose in the target (red) and proximal (green
to white) areas. (C) Maximum, minimum and average three-dimensional radiation dose in the target area (the mouse
hind limb). (D) Gomori’s trichrome stain of tibialis anterior muscle cryosections from mice subjected to 18 Gy
radiation only or followed 24h later by injection of cardiotoxin. Muscle histology showed that irradiated muscles failed
to regenerate after acute injury. Muscles were collected for histological analysis 9 days after irradiation (D is modified
from (Marg et al., 2014)). Scale bars: 100 pum.

4.5 Transplantation of corrected myoblasts into Scid/blAJ
mice

After confirming restoration of dysferlin expression in H2K A/J myoblasts in vitro, we further
wanted to assess their capacity to reconstitute dysferlin protein in vivo in a mouse model of
dysferlinopathy. For this purpose, | performed transplantation of the corrected myoblasts into the
tibialis anterior muscle of dysferlin-null Scid/bIAJ (B6.Cg-Dysf"™Prkdc*“*/J) mice (Farini et al.,
2012). We chose this mouse line because of its immunocompromised phenotype, which would
allow us to perform non-allogeneic grafts without the need for chemically induced immune
suppression.

The success of myoblast transplantation depends on the survival and engraftment of the
transplanted cells, their contribution to myofibers and their ability to repopulate the satellite cell
niche (Briggs & Morgan, 2013). As mentioned previously, various injury regimes have been
routinely used to enhance engraftment of donor-derived cells in skeletal muscle. Some of those
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treatments, like injection of cardiotoxin or notexin, induce acute damage to the myofibers
resulting in degeneration and necrosis (Duchen et al., 1974; Stringer et al., 1971). Acute damage
inflicted by injection of myotoxins induces muscle regeneration and presumably boosts the
participation of the transplanted cells in the repair and de novo formation of myofibers, thereby
augmenting the number of donor-derived fibers. However, if the endogenous satellite cells are not
functionally impaired, they are likely to hinder the contribution of the donor derived cells to
muscle regeneration and compete for the colonization of the niche during maturation of the newly
formed fibers. The same competition for the satellite cell niche exists in non-injured muscle with
viable satellite cells (Briggs & Morgan, 2013). Alternatively, the satellite cell niche can be
modulated by ablation of the endogenous stem cells (e.g. by radiation) and their replacement by
donor-derived cells. It has been described that this process is time sensitive, since long-term
disruption of the niche, for example by inactivating the endogenous satellite cells through
radiation, renders it permanently non-functional. This can be prevented by repopulation of the
nice by donor-derived satellite cells in a short time window after irradiation (Boldrin et al., 2012).

Studies performed in different mouse strains and using diverse types of myogenic cells as
a source of grafting material have shown that different injury regimes may be suitable for each
kind of experimental setup, mouse strain and cell type (Briggs & Morgan, 2013).

That prompted us to explore various injury models in order to identify the best suited for
transplantation of H2K myoblasts in the skeletal muscle of Scid/blAJ mice (Figure 4. 9). This
included 1) injection of cardiotoxin, 2) local irradiation and 3) both.

A

< day-1 =
18 Gy

< day0 *;}

Cell injection

dayo —

Cell injection

Figure 4. 9: Transplantation scheme and injury regimes for grafting of H2K myoblasts into Scid/blAJ mice.

(A) The host tibialis anterior muscles were injected with cardiotoxin simultaneously to cell injection. Muscles were
collected 14 days after transplantation (n = 5). (B) The host tibialis anterior muscles were irradiated with 18 Gy one day
prior to transplantation (n = 8). On the same day of transplantation, half of the muscles were injected with cardiotoxin
(n = 4) and half were not (n = 4). The muscles were collected for analysis 3 weeks (n = 4) or 6 weeks (n = 4) after
transplantation. In total, each group (injury model + time point of analysis) consisted of 2 mice.

4.5.1 Engraftment of corrected H2K A/J myoblasts and dysferlin

reconstitution in grafted muscles of Scid/blAJ mice
We first aimed to determine the number of donor myoblasts sufficient for robust engraftment in
the host muscles. | performed a series of transplants in five 11-12-week-old female Scid/blAJ
mice, where either 1*10° or 3*10° myoblasts were injected into a single tibialis anterior muscle
simultaneously with cardiotoxin. Both left and right tibialis anterior muscles of five mice were
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injected with either myoblasts or only carrier solution. All muscles were injected with
cardiotoxin. Two muscles were injected with 1*10° and three muscles with 3*10° corrected H2K
A/J myoblasts (hDYSF_v1-2+). As a control for this first series of grafts | also transplanted 1*10°
or 3*10° H2K wild-type myoblasts into two muscles each. As a control, another muscle was
injected with carrier solution without cells. | collected and cryopreserved the muscles 14 days
after transplantation. | prepared cryosections of the collected muscles and performed
immunofluorescence staining to detect dysferlin in myofibers, which would indicate successful
engraftment of donor myoblasts and restoration of dysferlin protein in the host muscles. | found
>100 dysferlin positive fibers in cryosections of one muscle injected with 3*10° corrected H2K
A/J myoblasts (Figure 4. 10). Only 2-3 dysferlin positive fibers were found in cryosections of
another muscle injected with 3*10° corrected myoblasts. No dysferlin positive fibers were found
in muscles injected with 1*10° corrected myoblasts, with wild type myoblasts, or with carrier
solution.

dysferlin + bright field

+ Hoechst

Figure 4. 10: Engraftment of corrected H2K A/J myoblasts and expression of dysferlin in grafted Scid/blAJ
muscles injured with cardiotoxin.

Confocal microscopy images of cryosections prepared from one grafted tibialis anterior muscle immunostained with an
antibody against dysferlin (red). Nuclei were counterstained with Hoechst (blue). The muscles were collected 14 days
after transplantation and cardiotoxin injection. Scale bars: 200 um (top) and 50 um (bottom).
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Next, | performed a second series of transplants in mice that had been locally irradiated
with a dose of 18 Gy as described in Figure 4. 8, one day before transplantation. Given that
dysferlin positive fibers were only found in muscles injected with a higher number of donor
myoblasts in the previous transplant series, | injected 3*10° corrected myoblasts (hDYSF_v1-2+)
into pre-irradiated tibialis anterior muscles of 12-15-week-old female Scid/blAJ mice (n = 8). Half
of the mice (4/8) received a cardiotoxin injection in their grafted tibialis anterior muscles
simultaneously to cell transplantation. Two muscles (2/8) that had received a transplant without
injection of cardiotoxin and two muscles (2/8) that received both cardiotoxin and donor cell
injections were collected and cryopreserved 3 weeks after transplantation. The remaining four
muscles (two with and two without cardiotoxin injection) were collected and cryopreserved 6
weeks after transplantation.

dysferlin + bright field

3 weeks

6 weeks

Figure 4. 11: Engraftment of corrected H2K A/J myoblasts in pre-irradiated muscles of Scid/blAJ mice.

Confocal microscopy images of cryosections prepared from grafted tibialis anterior muscles and immunostained with
an antibody against dysferlin (red). Nuclei were counterstained with Hoechst (blue). Dysferlin positive fibers are
distributed in longitudinally arranged groups, likely along the wound created by the injection trajectory, in muscles
collected 3 weeks (top images) and 6 weeks (bottom images) after transplantation. Scale bars: 200 um.

Next, we prepared cryosections of the collected muscles and performed immunostaining
to detect dysferlin. In muscles pre-irradiated but not injected with cardiotoxin, we found ~30-90
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and ~50 dysferlin positive fibers 3 and 6 weeks after transplantation, respectively (Figure 4. 11).
The dysferlin positive fibers were distributed in longitudinally arranged groups in all muscle
samples. This distribution may correspond to the regenerating area in the wound created by the
injection trajectory through the muscle. Detailed analysis of the number of dysferlin positive
fibers per stained cryosection and the distribution along the length of the grafted muscles can be
found in Figure 4. 13.

Interestingly, the engraftment of the transplanted cells and the number of donor-derived
myofibers were greatly enhanced by applying a double injury regime. With this model, ablation of
the recipient muscles’ endogenous satellite cells was accompanied by the induction of
regeneration in response to acute damage. In all grafted muscles pre-irradiated with 18 Gy and
injected with cardiotoxin, donor-derived fibers covered a large area of the cryosections both 3 and
6 weeks after transplantation. We found up to 1102 dysferlin positive fibers in cryosections from
muscles collected after 3 weeks and up to 1029 after 6 weeks (Figure 4. 12). Detailed numbers of
dysferlin positive fibers per stained cryosection can be found in Figure 4. 13.

dysferlin

+ bright field

3 weeks

6 weeks

Figure 4. 12: Engraftment of corrected H2K A/J myoblasts in muscles pre-irradiated and injected with
cardiotoxin.

Confocal microscopy images of cryosections prepared from grafted tibialis anterior muscles and immunostained with
an antibody against dysferlin (red). Dysferlin positive fibers cover a large area of the cryosections from grafted muscles
collected both 3 weeks (top images) and 6 weeks (bottom images) after transplantation. Scale bars: 200 pum.
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The number of dysferlin positive fibers was consistent in all muscles grafted following
the same injury regime, and was much higher in muscles that had been pre-irradiated and injured
with cardiotoxin simultaneously to cell transplantation (Figure 4. 13 and Table 4. 2). We analyzed
the distribution of dysferlin positive fibers along the length of the grafted muscles. The injection
point was roughly in the middle of the muscle. We found that a large number of dysferlin
expressing myofibers spread throughout several hundreds of um in muscles that were co-injected
with cardiotoxin (Figure 4. 13-B and Figure 4. 14). The maximum transversal area covered was
approx. 1000 x 800 um (mouse ID = 9). We found dysferlin expressing fibers spreading up to ~5
mm throughout the longitudinal axis of grafted muscles.

Mouse ID  Treatment” Time (weeks)  Max. dysf+ fibers®
1 CTX 2 111
2 CTX 2 3
3 CTX 2 0
4 CTX 2 0
5 CTX 2 0
6 CTX + 18Gy 6 387
7 CTX + 18Gy 6 1029
8 CTX + 18Gy 3 477
9 CTX + 18Gy 3 1102
10 18 Gy 3 89
11 18 Gy 3 32
12 18 Gy 6 51
13 18 Gy 6 49

Table 4. 2: Transplantation of corrected H2K A/J myoblasts in Scid/blAJ mice.

ACardiotoxin injection (CTX) and/or 18 Gy irradiation; ®maximum number of dysferlin positive fibers in a single
cryosection of the corresponding muscle (detected in confocal microscopy images of cryosections stained with an
antibody against dysferlin).
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Figure 4. 13: Counts of dysferlin
positive fibers in cryosections of
grafted muscles.

Total number of dysferlin positive
fibers in cryosections of grafted
tibialis anterior muscles (A) pre-
irradiated with 18 Gy or (B) pre-
irradiated and injured with
cardiotoxin simultaneously to cell
injection. 6 pum cryosections were
prepared from each muscle and
stained with an antibody against
dysferlin. The dysferlin positive
fibers were counted on the
confocal microscopy images of
cryosections immunostained with
an antibody against dysferlin. For
freezing, the muscles were
divided in two halves (I/11) along
a transversal  plane, and
cryosections were prepared from
each half starting from the middle
of the muscle towards the tendon.
The drawing represents the
tibialis anterior muscle. The
numbers of the cryosections
analyzed from each muscle are
indicated in grey. The position of
the  cryosections along the
drawing intends to represent their
physical distribution in the muscle
(not in scale). The numbers of
dysferlin positive fibers found in
each individual cryosection are
indicated in black. Each vertically
aligned group of [cryosection —
number  of  dysf+  fibers]
corresponds to one grafted tibialis
anterior muscle of one mouse (n =
2 per injury regime and time point
of analysis). The mouse ID is
indicated on top of each column.
One muscle (No.8, Il) was
sectioned until the end and the
distribution of dysferlin positive
fibers along the muscle is shown
as a function of the real distance
in um.  I: proximal half of the
muscle. 1l: distal half of the
muscle. Red: largest number of
dysferlin positive fibers found in
one cryosection of the
corresponding muscle.
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Figure 4. 14: Distribution of donor-derived myofibers along the grafted muscles.

Confocal microscopy images of cryosections from one muscle (treated with 18 Gy + cardiotoxin injection) 3 weeks
after transplantation. The cryosections were immunostained with an antibody against dysferlin (red). The drawing
represents the tibialis anterior muscle. The numbers of the cryosections corresponding to each image are indicated in
grey. The numbers of dysferlin positive fibers found in each cryosection are indicated in black above the cryosection
number. I: proximal half of the muscle. I1: distal half of the muscle. Scale bars: 200 um.

We decided to further compare the expression level of dysferlin in donor-derived
myofibers of grafted muscles to the endogenous level of dysferlin protein in mouse wild type
muscles. For that purpose, | simultaneously stained cryosections of grafted tibialis anterior
muscles and from C57BL/6J quadriceps muscles with an antibody against dysferlin and imaged
them with the same confocal microscope and settings. | found the levels of dysferlin to be much
higher in donor-derived myofibers from muscles grafted with corrected H2K A/J myoblasts than
in myofibers of wild type muscles (Figure 4. 15-A).
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Figure 4. 15: Dysferlin expression level in donor-derived myofibers of grafted muscles.

dysferlin

dysferlin

dysferlin

(A) Confocal microscopy images of cryosections from quadriceps muscles of a C57BL/6J mouse and one grafted
tibialis anterior muscle of a Scid/blAJ mouse (treated with 18 Gy + cardiotoxin injection) 3 weeks after grafting of
corrected myoblasts. The cryosections from the control and grafted muscles were simultaneously stained with an
antibody against dysferlin (red) and the images were obtained with the same microscope and settings for both the lower
and the higher magnifications. Scale bars: 200 um (top images) and 50 um (bottom images). (B) Confocal microscopy
images of cryosections from quadriceps muscles of a C57BL/6J mouse (same areas as in A) obtained with different
microscopy settings to better visualize the pattern of dysferlin protein (red) immunostaining in wild type mouse
muscles. Scale bars: 200 pum (left) and 50 um (right).
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4.5.2 Dysferlin localization in donor-derived myofibers

A proper localization is crucial for the function of any protein. In skeletal muscle in vivo,
dysferlin localizes at the sarcolemma (Anderson et al., 1999) and the T-tubule network (Ampong
et al., 2005; Y. Huang et al., 2007; Kerr et al., 2013; Klinge et al., 2010; Klinge et al., 2007;
Piccolo et al., 2000; Roche et al., 2011) of myofibers. The function of sarcolemmal dysferlin has
been classically associated with the repair of membrane wounds (Bansal et al., 2003). On the
other hand, potential roles for dysferlin in T-tubulogenesis during muscle regeneration and in the
maintenance of the T-tubule structure in mature fibers have been described more recently (Kerr et
al., 2013; Klinge et al., 2010). Importantly, the localization pattern of dysferlin observed in
muscle sections may vary depending on the fixation and immunostaining procedures (Roche et
al., 2011).

I examined the localization of human dysferlin in donor derived myofibers from grafted
muscles of Scid/blAJ mice, and found it predominantly enriched at the membrane of most
dysferlin expressing myofibers. Some of the fibers with a sarcolemmal staining of dysferlin also
presented a fainter cytoplasmic stain in the form of irregularly distributed puncta (Figure 4. 16
and Figure 4. 17). However, in some of the fibers we could observe a cytoplasmic stain in a
regular reticular pattern (Figure 4. 17) characteristic of intracellular dysferlin.

dysferlin + Hoechst

N . .

6 weeks

Figure 4. 16: Dysferlin localization in grafted muscles.

Confocal microscopy images of cryosections from grafted tibialis anterior muscles of Scid/blAJ mice (18 Gy +
injection of cardiotoxin) 3 and 6 weeks after injection of corrected H2K A/J myoblasts. The cryosections were
immunostained with an antibody against dysferlin (red). Nuclei were counterstained with Hoechst (blue). Scale bars: 50
pm.
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dysferlin

Figure 4. 17: Distinct patterns of
dysferlin localization in donor-
\ derived myofibers.

High  magnification  confocal
microscopy images of dysferlin
(red) immunostaining in donor-
derived myofibers from muscles
grafted with corrected H2K A/J
myoblasts. In all fibers dysferlin
was enriched at the sarcolemma.
Some of the fibers presented an
irregular punctate cytoplasmic stain
(top images) and others presented a
cytoplasmic stain in a regular
reticular pattern characteristic of
intracellular ~ dysferlin  (bottom
images). The cryosections were
immunostained with an antibody
against dysferlin (red). Nuclei were
counterstained with Hoechst (blue).
Scale bars: 10 pm.

We hypothesized that the finding of dysferlin in irregular intracellular puncta in some
fibers could be due to an inability of our staining method to properly label cytoplasmic dysferlin
or to the presence of protein aggregates due to the high level of dysferlin in donor-derived
myofibers.

4.5.3 Histological features of grafted muscles
Next, we examined the histological features of the grafted muscles. It should be noted that the
onset of symptoms in Scid/blAJ mice is approximately at 5 months of age. The examined mice
were 11-15 weeks old at the time of transplantation and the muscles were collected for analysis 3-
6 weeks later. Therefore, the pathological features characteristic of dysferlin deficient skeletal
muscle should be very mild or not yet apparent in those mice.

Grafted muscles injured only with cardiotoxin and collected after 2 weeks displayed the
typical characteristics of regenerating muscles, with a majority of centrally nucleated fibers.
Donor derived, dysferlin expressing myofibers did not have any distinctive histological features
from non-donor-derived fibers (Figure 4. 18-B and Figure 4. 19).

The dysferlin positive fibers found in grafted muscles subjected only to 18 Gy radiation
were easily identified in the histological stains due to their distribution in clusters along what
appeared to be the injection trajectory. Moreover, they presented distinctive histological
characteristics from non-donor-derived myofibers and had features of regeneration such as central
nucleation with big nuclei, small size, irregular architecture and stronger NADH stain. In contrast,
the surrounding areas of non-donor derived fibers had barely any centrally nucleated fibers and
were not histologically different from non-grafted muscles irradiated with 18 Gy (Figure 4. 18-B
and Figure 4. 19).
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A 18 Gy + CTX

Gom.Trich.

dysferlin

dysferlin Figure 4. 18: Histology of grafted
) muscles.

(A) Bright field images of H&E,
Gomori’s trichrome and NADH
stains on cryosections from one
grafted tibialis anterior muscle
(treated with 18 Gy + CTX) collected
6 weeks after transplantation. The
areas of donor-derived fibers are
separated by a discontinuous black
line. A confocal microscopy image
of a dysferlin immunostaining from
the same muscle is shown as
reference on the left. Scale bars: 200
pum (left), 500 pm (middle), 100 pm
(right). (B) Images of dysferlin
immunostaining and H&E or
Gomori’s trichrome staining, in
cryosections of muscles injured with
18 Gy or CTX and collected 3 and 2
+Hoechst weeks after grafting, respectively.
The images on the left and right are
from the same areas containing
donor-derived  fibers. A more
detailed histological analysis of those
areas is shown in figure 4.18. Scale
bars: 100 um (top), 50 pm (bottom).

18 Gy
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Figure 4. 19: Histological features of donor-derived myofibers.

Bright field images of H&E, Gomori’s trichrome and NADH stains performed on cryosections from tibialis anterior
muscles of Scid/blAJ mice. The muscles were grafted under different injury regimes and collected at the indicated time
points after transplantation of corrected H2K A/J myoblasts. The images show areas containing dysferlin positive
myofibers of donor origin. Sections of a non-grafted tibialis anterior muscle from an age-matched Scid/blAJ mouse
irradiated with 18 Gy and collected 3 weeks later are shown above as control. Scale bars: 50 um.

In grafted muscles that were pre-irradiated and injured with cardiotoxin, the large areas
enriched in donor-derived myofibers were clearly distinguishable from the areas with no dysferlin
expressing fibers regarding architecture of myofibers and connective tissue and fiber type
distribution. Both regions seemed to be separated by an area of connective tissue and
mononuclear cell infiltrates (Figure 4. 18-A). When closely examining areas of the grafted
muscles that contained mainly donor-derived fibers, we found that the overall architecture was
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irregular in muscles collected either 3 or 6 weeks after grafting. Most of the fibers were centrally
nucleated (best noticeable in the H&E stain), had very variable fiber sizes and were strongly
stained with NADH, without any clear distinction of fiber types. The connective tissue was
increased as evidenced by the Gomori’s trichrome stain. The acid phosphatase stain shows that
these areas contained positively stained foci, indicative of macrophage infiltration or lipofuscin.
They were not present in the areas lacking donor-derived fibers from the same muscles. The
stained foci appeared to be not within muscle fibers but rather in the interstitium (Figure 4. 20).
Positively stained acid phosphatase granules could also indicate myofiber necrosis. However,
necrotic myofibers generally display a pale Gomori’s trichrome and NADH stain, which does not
appear to be the case in those areas (Figure 4. 19).

dysf neg. fibers dysf pos. fibers dysf pos. fibers
6 weeks - 18 Gy + CTX 3 weeks - 18 Gy + CTX 6 weeks - 18 Gy + CTX

Figure 4. 20: Acid phosphatase foci in areas formed by donor-derived myofibers.

(A) Bright field microscopy images of an acid phosphatase stain in cryosections prepared from grafted muscles
subjected to 18 Gy radiation and CTX injection and collected 3 or 6 weeks after transplantation of corrected H2K A/J
myoblasts. The middle and right images show areas formed mostly by donor-derived myofibers. The left image shows a
representative area without donor-derived fibers from the same muscle as the one shown on the right image. Scale bars:
50 pm.

4.5.4 Donor-derived Pax7+ cells in the grafted muscles
The intrinsic turnover of myonuclei during both homeostasis and regeneration of skeletal muscle
is further increased in muscle disorders that induce a degenerative environment (Morgan &
Zammit, 2010). Since myonuclei are postmitotic, a long-term therapeutic effect of cell
transplantation can only be achieved by repopulation of the satellite cell compartment with the
cells of donor origin, which would ensure a long-lasting contribution of the latter to muscle
regeneration in pathological circumstances.

| analyzed the satellite cell compartment of the muscles that received a graft following
local irradiation, which would have presumable ablated the endogenous satellite cells. As
mentioned in page 15, satellite cells are unequivocally identified in skeletal muscle by their
expression of the transcription factor Pax7 (Seale et al., 2000) and their localization beneath the
basal lamina of myofibers (Mauro, 1961). However, they can also migrate between fibers and
muscles during development (Hughes & Blau, 1990) and regeneration (Watt et al., 1987). |
performed immunostaining of Pax7 and the basal lamina component laminin in cryosections from
grafted muscles. Since it was not possible to obtain a high quality double immunostaining of Pax7
and dysferlin or Pax7 and GFP, first | stained various cryosections along grafted muscles with an
antibody against dysferlin. Once | confirmed the continuous presence of large areas with dysferlin
positive myofibers along grafted muscles, | stained serial cryosections before and after with
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antibodies against Pax7 and laminin. | utilized the images of dysferlin immunostaining as a
reference to find areas enriched in donor-derived myofibers (Figure 4. 21). | found numerous
Pax7 expressing cells in some areas enriched in dysferlin positive fibers. The myofiber
architecture of those areas was not fully organized and the same was true for the basal lamina, as
indicated by the laminin immunostaining (Figure 4. 22). However, some Pax7 positive cells
appeared to be located beneath the basal lamina of forming myofibers, and most were interstitial
(Figure 4. 22-C).

grafted TA muscle, 6 weeks - 18 Gy + CTX

bright field bright field

dysferlin laminin

Figure 4. 21: Overview of laminin immunostaining in areas of donor derived myofibers in grafted muscles.

Confocal microscopy images of the same area in serial cryosections from one tibialis anterior muscle collected 6 weeks
after transplantation of corrected H2K A/J myoblasts (injury regime: 18 Gy + cardiotoxin). The cryosections were
immunostained with antibodies against dysferlin (left, red) and laminin (right, red). The square and asterisks mark the
same areas of the muscle in the two images. Scale bars: 200 pm.
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A laminin B

C Hoechst laminin

Figure 4. 22: Pax7+ cells in the vicinity of donor-derived myofibers in grafted muscles.

Confocal microscopy images of one cryosection from one grafted tibialis anterior muscle (same as in Figure 4. 21)
immunostained with antibodies against Pax7 (yellow) and laminin (red). Nuclei were counterstained with Hoechst
(blue). (A) Overview of laminin (red) immunostaining. Scale bar: 200 um. (B) Higher magnification of an area from A
containing numerous Pax7+ (yellow) cells. Scale bar: 50 um. (C) Higher magnification of two areas with abundant
Pax7+ (yellow) cells from B. One Pax7 expressing cell (arrow) appeared to be located underneath a basal lamina (red)
structure and the rest are interstitial. Scale bar: 10 um.

The GFP signal was detectable, although faint, in dysferlin expressing myofibers.
Additionally, we found that lipofuscin, which was enriched in donor-derived areas of grafted
muscles, accumulated also around nuclei, producing a strong green autofluorescence. This made
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the identification of donor-derived satellite cells based on their GFP expression (unstained)
unviable. We concluded that, in order to attain definitive proof of the presence of donor-derived
satellite cells, a double GFP/Pax7 or dysferlin/Pax7 staining would be necessary.

4.6 Human satellite cells for muscle regeneration and gene
therapy

In the previous sections | have described a therapeutic strategy for the treatment of
dysferlinopathy based on ex vivo gene transfer into muscle. The results of this proof-of-concept
preclinical study have provided evidence of dysferlin protein reconstitution in the skeletal muscle
of a disease model in vivo using mouse myoblasts as a source of grafting material. In order to
make our approach more relevant for therapy, we ultimately aim to target and phenotypically
correct human muscle stem cells.

In our recently reported method for isolation of human muscle fiber fragments (HMFFs),
we do not use any enzymatic digestion, thus preserving the basal lamina. The satellite cells
contained in their niche within these HMFFs extensively proliferate in culture, maintaining their
expression of Pax7 for prolonged periods of time ex vivo (Marg et al., 2014).

4.6.1 Regenerative potential of human satellite cells in HMFFs

In order to assess the regenerative potential of these ex vivo expanded human satellite cells, we
performed intramuscular transplantation of HMFFs in NOG mice. We chose this mouse strain
because of its total absence of adaptive immunity and compromised innate immunity, which make
it a suitable model for xenograft studies. Unlike SCID mice, they do not show leakiness of T and
B lymphocytes with increasing age and are therefore very unlikely to develop immune rejection
against grafts (Ito et al., 2002). We transplanted HMFFs derived from four biopsy donors and
cultured for 5-7 days into tibialis anterior muscles of 6-8 week old female NOG mice (n = 23).
The recipient muscles were either not subjected to any injury regime or pre-irradiated with 18 Gy
using the focal irradiation protocol described in Figure 4. 8. We used a human-specific antibody
against the nuclear envelope protein lamin A/C in order to identify human nuclei in the grafted
muscles. In muscles grafted without irradiation and collected either 3 or 7-8 weeks after
transplantation, we found a small number of human nuclei (Table 4. 3). Almost all of them were
interstitial and were not part of myofibers (Figure 4. 23). However, in muscles that were irradiated
with 18 Gy before transplantation of HMFFs, we found a much larger number of human nuclei
either 3 or 7-8 weeks after grafting (Table 4. 3).

. Donor-
Donor® Irradiation Successful Human cells Human cells derived
dose transplantations® | after 3 weeks® | after 7-8 weeks® )
myofibers
44 f A7 No 9/10 5-150 5-50 No
53m 9 Gy 1/3 5-50 n.t. No
53m, 64 f 18 Gy 8/10 5-300 5-300 Yes

Table 4. 3: Transplantation of HMFFs in NOG mice.

AAge in years and gender; Btransplants with human cells per total number of transplanted tibialis anterior muscles;
Cnumber of human nuclei per cryosection. f, female; m, male; n.t., not tested. Table modified from (Marg et al., 2014).
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Some of the human nuclei were interstitial, but many were participating in regeneration or
integrated in myofiber structures at later time points (Figure 4. 23). We also performed
transplantation of HMFFs in tibialis anterior muscles of NOG mice irradiated with a lower dose
of 9 Gy. However, the engraftment was much less efficient than with 18 Gy, as indicated by the
lower number of human nuclei found 3 weeks after transplantation. We also failed to detect
human nuclei forming part of myofiber structures or participating in regeneration. This suggests
that 9 Gy were not sufficient for ablation of the host muscle’s satellite cells (Table 4. 3).

No irradiation 18 Gy 18 Gy
3 weeks 3 weeks 7 weeks

Figure 4. 23: Engraftment of human satellite cells in muscles from NOG mice.

Confocal microscopy images of human lamin A/C immunostaining in cryosections from grafted tibialis anterior
muscles of NOG mice. The muscles were collected 3 or 7 weeks after transplantation. Human cells were located in the
muscle interstitium 3 weeks after transplantation in non-irradiated muscles (left images). In muscles pre-irradiated with
18 Gy, many human nuclei were part of myofiber structures 7 weeks after transplantation (right images) and some were
forming myotubes 3 weeks after transplantation (middle images). This figure is modified from (Marg et al., 2014).

4.6.2 Transfection of human satellite cells in HMFFs

Next, we asked whether human satellite cells could be genetically manipulated ex vivo in HMFFs.
In muscle disorders where gene transfer would be of therapeutic benefit, ex vivo engineering of
human satellite cells while maintaining their regenerative potential would be a great advancement
towards harnessing autologous transplantation as a therapy.

We showed that numerous fluorescent cells, likely satellite cells, were present within
HMFFs transfected with a transposon-based Venus reporter vector and SB100X transposase.
Moreover, the fluorescent cells persisted for several weeks and gave rise to myotubes once they
migrated outside of the HMFFs and formed colonies, indicating that they preserved their
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myogenic capacity (Marg et al., 2014). Here, | show the presence of abundant GFP+ cells in
HMFFs 7 days after transfection with pT2-CAG-GFP and SB100X transposase (Figure 4. 24).

A GFP bright field C arp bright field

B GFP +bright field

Figure 4. 24: Transfection of human satellite cells in HMFFs.

Confocal microscopy images of GFP+ (green) cells in HMFFS transfected with pT2-CAG-GFP and an expression
vector for SB100X transposase. (A) High magnification of GFP+ cells, presumable satellite cells, inside of a fiber
bundle 2 days after transfection. (B) Z-stack showing numerous GFP+ cells within a fiber bundle 7 days after
transfection. (C) Enlarged image from B**. The HMFFs often contract forming globular structures after several days in
culture.

The possibility to introduce DNA vectors in human satellite cells within HMFFs offers a
very encouraging platform towards genetic manipulation of cells highly relevant for therapy. In
the future, we hope to be able to introduce larger therapeutic cassettes such as the CDS of genes
that are mutated in some muscular dystrophies, e.g. dysferlin, into human satellite cells ex vivo,
and transplant them into the skeletal muscle of disease models.

73



CHAPTER 4. RESULTS

74



CHAPTER 5. DISCUSSION

5 Discussion

Dysferlinopathy is a devastating disease for which no therapy is available. It is caused by
mutations in a single gene, DYSF (Bashir et al., 1998; J. Liu et al., 1998). Therefore restoring
dysferlin expression through gene therapy holds great promise as a treatment. However, the large
size (~6.2 kb) of the dysferlin coding sequence hampers the use of viral vectors for gene transfer
approaches to treat dysferlinopathy. Transfer of a truncated but partially functional minidysferlin
into dysferlin-null mice using AAV vectors restored the membrane repair deficit in myofibers
(Krahn et al., 2010) but did not improve the muscle pathology (Lostal et al., 2012). Thus, gene
therapy approaches need to be based on restoration of full-length dysferlin. Our aim was to
develop a cell-based gene therapy approach for full-length dysferlin reconstitution in the skeletal
muscle of dysferlin-null mice. We have focused our investigation on ex vivo engineering of
dysferlin-null mouse myoblasts using SB as a gene transfer tool.

Dual AAV vector strategies have been used with success to restore dysferlin protein in the
skeletal and cardiac muscles of dysferlin-null mice (Grose et al., 2012; Lostal et al., 2010;
Sondergaard et al., 2015). The last reports have additionally provided very encouraging results in
non-human primates, suggesting that this strategy could be soon translated into a clinical
application (Sondergaard et al., 2015). However, AAV vectors target mature muscle fibers but not
satellite cells, and are non-integrating. On the one hand, this represents an advantage because they
generally pose no risk of insertional mutagenesis, even though random vector integrations can
occur at low frequency (Mingozzi & High, 2011). However, muscle tissue homeostasis includes
recycling of myonuclei, which are provided by activation and proliferation of satellite cells.
Mouse skeletal muscle has been shown to undergo less myonuclei turnover between 12 and 20
months of age, although the extent of this decrease depends on the muscle. Also, satellite cells do
contribute to generate new myonuclei even in sedentary muscles of aged mice albeit with varying
frequencies (Keefe et al., 2015). The extent of myonuclei turnover and its variation with age,
however, have not been studied for human skeletal muscle. Besides, disease conditions that
promote degeneration, like dysferlinopathy or other muscular dystrophies, are likely to induce a
higher degree of myonuclei turnover (Morgan & Zammit, 2010). Accordingly, a greater number
of centrally nucleated fibers expressing markers of regeneration can be observed in muscle
biopsies from dysferlinopathy patients (Chiu et al., 2009). This means that non-self-replicating
episomal vectors, like AAV genomes, will be progressively eliminated as myonuclei are replaced.
Therefore, a long-term therapeutic effect would require repeated vector administrations. Second
exposures to the vector would likely result in immune responses against the viral capsid and the
need for immunosuppression.

A drawback of gene transfer or trans-splicing approaches is that typically only one coding
sequence is supplied. For a gene like DYSF, coding for multiple transcript variants and protein
isoforms, restoring the expression of only one isoform may not be sufficient for fully rescuing
function. For example, the cleavage of dysferlin to generate mini-dysferlinc7,, which has an
important role in membrane repair, is done in the domain encoded by the alternatively spliced
exon 40a (Redpath et al., 2014). Also, the C2A and C2Av1 domains likely have a different
function based on their differential Ca?* and phospholipid binding affinities (Fuson et al., 2014).
In ex vivo and in vivo gene addition as well as trans-splicing approaches, it could be considered to
deliver vectors or transplant engineered cells carrying various cDNA variants. In this way, all or
most protein isoforms could be expressed in the target tissue.
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Exon skipping has worked well for restoring dystrophin expression in animal models and
has resulted in a moderate protein rescue in patients (van Deutekom et al.,, 2007). For
dysferlinopathy, exon skipping has been successfully used to restore proper dysferlin mMRNA and
protein through targeting of exons 32 and 44 (Dominov et al., 2014; Wein et al., 2010). However,
unlike dystrophin mutations, responsible for DMD and BMD, disease-causing mutations in DYSF
are scattered all along the gene and there is no mutational hot-spot (Cacciottolo et al., 2011,
Krahn et al., 2009). This is an important consideration when designing strategies to restore
dysferlin function through gene therapy. Also, the knowledge about the dispensability of domains
in dysferlin protein in relation to conservation of protein function is not yet clear. An additional
limitation of exon skipping approaches is the consideration of each antisense molecule as an
individual medicinal product by the FDA. Therefore, each one of them needs to undergo a
separate clinical development to be used in patients. Even if successful, exon skipping does not
operate at 100% efficiency.

Unlike CD133+ cells or mesoangioblasts, which have demonstrated a robust engraftment
capacity in skeletal muscle tissue when delivered both locally and systemically (Diaz-Manera et
al., 2010; Galvez et al., 2006; Guttinger et al., 2006; Negroni et al., 2009; Sampaolesi et al., 2006;
Torrente et al., 2004), satellite cells and myoblasts can only be transplanted directly into the
muscle (Briggs & Morgan, 2013). Also, they are available in low numbers and they lose part of
their regenerative potential when cultured ex vivo prior to re-implantation (Briggs & Morgan,
2013). These factors clearly limit their therapeutic use in regenerative medicine. However, they
are the true myogenic cell population and the best characterized from all the muscle stem cell
types (Tedesco et al., 2010; Yin et al., 2013). Alike satellite cells, CD133+ cells also lose
regenerative potential after ex vivo expansion (Meng et al., 2014). A very important factor
regarding the choice of cell type in regenerative therapies for skeletal muscle is that satellite cells
are indispensable for adult muscle regeneration. Their ablation in adult muscle abolishes the
regenerative activity of other cell types with known regenerative potential (Lepper et al., 2011,
Sambasivan et al., 2011). There have been remarkable advances in myogenic cell derivation from
human and mouse iPS cells, seemingly overcoming some of the limitations of satellite cells and
myoblasts for regenerative medicine. For example, these induced myogenic cells are derived from
highly proliferative pluripotent cells which can be genetically engineered and are an unlimited
source of starting material. Also, once derived into a myogenic lineage, they can still be expanded
in vitro and they can engraft in skeletal muscle following systemic transplantation. However,
intramuscular transplantation is still the most effective (Filareto et al., 2013). The optimization of
protocols for myogenic cell derivation appears to have succeeded in the generation of committed
progenitors that do not form tumors upon engraftment (Darabi et al., 2012; Darabi & Perlingeiro,
2014). However, there are still many safety concerns in the use of iPS-derived cells for
regenerative medicine.

Dysferlinopathy affects only certain groups of muscles that vary depending on the clinical
manifestation (see page 11). Some of those muscles are accessible for intramuscular cell
injections. Importantly, it has been shown in mice that the environment of mature adult dystrophic
muscle is receptive for donor satellite cell engraftment and long-term contribution to regeneration
(Boldrin et al., 2009). Also, mouse satellite cells that reside in dystrophic muscles of aged mdx
mice, retain their regenerative capacity. They can engraft with similar efficiency to satellite cells
isolated from healthy muscles once they are transplanted into a non-dystrophic muscle
environment (Boldrin, Zammit, & Morgan, 2015). It remains to be determined whether this is also
the case for satellite cells from dysferlin deficient muscle and whether dysferlinopathic human
muscle in late stages of disease progression could still support robust donor-cell engraftment.
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Another open question is whether the expression of a therapeutic dysferlin transgene in
the context of a dysferlin deficient muscle, even in autologous settings, could trigger an immune
response against the non-self-epitopes of the restored protein. Humoral and cellular immunity
against dystrophin have been shown for dystrophin gene therapy (Gilchrist, Ontell, Kochanek, &
Clemens, 2002; Mendell et al., 2010).

Regarding the vector system, we have chosen SB because of its large cargo size and
remarkable gene transfer efficacy in numerous cell types. SB also has a close-to-random genomic
integration profile. This makes it probably the safest integrating vector currently available
regarding risk of genotoxicity (see page 29). Also, it benefits from the simple and inexpensive
manufacture of plasmid-based systems. This is a clear advantage for large-scale production of
clinical-grade vectors. These biosafety and vector production features make SB very suitable for
gene therapy. Obviously, the gold-standard for gene therapy of monogenic disorders is in situ
correction of mutations through gene editing. However, the currently available gene editing tools,
although powerful, are not yet sufficiently characterized for clinical applications in gene therapy.
In contrast, SB is already a relevant vector system utilized in ongoing clinical trials.

5.1 Dysferlin transfer into dysferlin-null myoblasts

5.1.1 Vector design and full-length dysferlin transfer efficacy

I constructed SB-based vectors for full-length dysferlin transfer under the control of the synthetic
Spc5-12 promoter. We chose this promoter sequence to drive expression of dysferlin due to its
high level of activity in H2K A/J myoblasts and myotubes as well as its short sequence (<400 kb).
Transgene expression driven by this synthetic promoter has been shown to occur both in cardiac
and skeletal muscle, with no apparent bias towards fast or slow fiber types (B. Wang et al., 2008).
Spc5-12 is made of an assembly of transcription factor binding sites that confer tissue specificity
to striated muscle genes (Li et al., 1999). Therefore, it is thought to be muscle-specific, although
this has not been extensively tested. Even if desirable, for our experimental design it is not strictly
necessary to have a promoter sequence that drives expression exclusively in muscle. The reason
for this is that engineered cells are injected directly into the skeletal musculature and are unlikely
to engraft elsewhere, provided that a pure myoblast population is transplanted. However, donor
myoblasts should ideally engraft as satellite cells to provide a long-term therapeutic effect. In this
scenario, expression of the transgene should not disturb donor-derived satellite cell function.

The results of this study show that Spc5-12-driven transgene expression is higher in
differentiated myotubes than in proliferating myoblasts in vitro. In grafted muscles, dysferlin was
highly expressed in donor-derived myofibers. We have not yet been able to unequivocally
determine whether the Pax7+ cells present in the vicinity of donor-derived myofibers are indeed
of donor-origin. If so, it would be important to analyse dysferlin expression in engrafted donor
derived satellite cells. This could be achieved either by high quality double immunostaining of
dysferlin and satellite cell markers (e.g. Pax7, VCAML, syndecan4) (Tedesco et al., 2010; Yin et
al., 2013) or by isolating them from grafted muscles and studying them ex vivo.

Muses et al. showed that myogenic H2K 2B4 cells derived from immorto-wild-type mice
were efficiently transfected (30%) with Lipofectamine, although the efficiency was substantially
higher (50-70%) using nucleofection (Muses et al., 2011a). In experiments with H2K A/J
myoblasts, | obtained very poor transfection rates using X-tremeGENE (Roche) or jetPRIME
(Polyplus), which worked very efficiently and showed very low toxicity for transfection of other
cell types (data not shown). That prompted me to establish an electroporation protocol using GFP
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reporter vectors, which resulted in efficient transfection and SB-mediated transposition (Figure 4.
1 and Figure 4. 4). However, in comparison with the SB-based constructs containing only a GFP
reporter, transfection of the full-length dysferlin transfer vectors was inefficient (Figure 4. 4 and
Figure 4. 5). Thus, sorting of engineered cells harbouring the full-length dysferlin transgene
required extensive expansion of the transfected cells. This represents a considerable limitation
when engineering primary myoblasts. The inefficient transfection may be in part due to the large
size of the transposon plasmids.

Additionally, the Spc5-12 regulatory sequence showed a robust activity when driving
expression of a GFP reporter in H2K A/J myoblasts. We also observed an enhanced activity of
two tandem Spc5-12 copies (Figure 4. 5). This is not entirely surprising due to its synthetic
nature. However, expression of dysferlin in the selected cells was robust and higher than in H2K
wild-type myoblasts and myotubes in all the sorted populations analysed (Figure 4. 6). Thus, poor
expression of the GFP reporter is likely caused by an inefficient translation of GFP mediated by
the IRES. This might also hinder the detection of all positive transfection events.

For future experiments aiming to transfer large transgenes with SB transposon into cells
with limited proliferative capacity, a different vector design might be considered. For example, it
is possible to utilize two promoters to drive expression of the therapeutic transgene, in this case
dysferlin, and the reporter gene. This strategy has the disadvantage of increasing the size of the
transposon cassette by adding a new promoter and poly(A) signal. Also, expression of the reporter
would not necessarily imply expression of the therapeutic gene. Some short viral promoters, like
SV40 (~200 bp), may be suitable for maintaining a similar sequence length of the cassette but
viral promoters frequently trigger transgene silencing in eukaryotic genomes (Papadakis, Nicklin,
Baker, & White, 2004). Another option would be to use self-cleaving peptides (Szymczak et al.,
2004) so that the two transgenes are translated together as one protein product. The resulting
protein is cleaved to generate two individual products. Some drawbacks of this approach are that
cleavage does not occur at 100% efficiency and that the coding sequence needs to be slightly
modified, so a thorough analysis of protein functionality is required.

Nevertheless, even if very useful to monitor and select engineered cells in proof-of-
concept studies, a therapeutic transgene cassette for clinical gene therapy should not contain any
fluorescent reporter. An indirect strategy to enrich for engineered cells is to tag the transposase or
incorporate a fluorescent reporter in the transposase expression vector. This strategy might be
beneficial for avoiding a reporter gene in the transposon plasmid. In this regard, an important
observation is that the rate of stably transfected cells in the presence of SB100X was high when
normalized to the initial transfection efficiency. However, much less transposase plasmid was
transfected in comparison with transposon plasmid considering molar ratio or total mass. This
suggests that the limiting factor is not transfection of the small SB100X expression vector or
cellular expression of the transposase but rather transfection of the larger vectors or IRES-
mediated translation of GFP. Therefore, adding a fluorescent reporter as a tag to the transposase
or as an independent ORF in the transposase expression vector may be suitable when transferring
small transposon cassettes. However, it might not be useful to indirectly enrich for cells
harbouring insertions of large transposon cassettes. Also, careful examination of transposase
activity when modifying its coding sequence with a tag should be performed to ensure that it
remains fully functional.

An alternative that might be useful in this scenario is to add a reporter gene in the
backbone of the transposon-containing plasmid. In this way, selection of the cells transfected with
the transposon could be performed between 2 and 5 days after transfection, before the fluorescent
signal from non-integrated cassettes starts to decline. Expression of the reporter gene from an
independent ORF would likely provide a stronger fluorescent signal, more suitable for selection.
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Although indirect, samples enriched through this method would be likelier to contain cells with
stable transposon integrations. Also, the promoter driving expression of the reporter gene, even if
susceptible to silencing, would not influence the transgene cassette once this was integrated.
Moreover, cells stably expressing the reporter due to random genomic insertions of the plasmid
backbone could later be eliminated by FACS sorting.

Since cells transfected with the dysferlin transfer vectors contained a fairly low
percentage of GFP expressing cells before sorting (Figure 4. 5), it is possible that the enriched
populations are not truly heterogeneous in terms of transposon integrations but rather contain only
a few clones. To answer this, a transposon insertion site analysis needs to be performed on single
expanded clones from the sorted populations.

The most effective method to provide comprehensive information about population
clonality and insertion sites would be splinkerette-PCR (Devon, Porteous, & Brookes, 1995; Uren
et al., 2009). It consists on digesting the genomic DNA with restriction enzymes that do not cut
within the terminal region of the transposon ITRs. A double stranded DNA linker fragment with
known sequence is cut with the same restriction enzyme to provide compatible ends and ligated to
the digested genomic DNA. Ligation results in the formation of hybrid DNA fragments containing
genomic + linker DNA. Transposon ends and their neighbouring genomic sequences can then be
amplified with a nested PCR, using primers specific to the linker and the transposon ITRs. This
PCR will produce amplicons of different sizes depending on the genomic sequences flanking the
transposon insertion. Each band can then be isolated and sequenced to determine the transposon
insertion site(s). This method requires monoclonal populations, namely homogeneous regarding
transposon insertions. It is sensitive but may not detect all integrations, as it relies on the
efficiency of the PCR to amplify the corresponding sequence. Ultimately, the most robust method
to determine transposon copy number is southern blot.

Information on transposon copy number and insertion sites would also be important to
determine how many integrated copies of the full-length dysferlin transfer cassettes driven by
Spc5-12 are necessary for robust transgene expression.

Although provided in small amounts, the transposase expression vector can also randomly
integrate in the genome of the target cells. Despite the fact that SB100X does not bind class Il
transposon sequences in the human genome (Hackett et al., 2013), this would be highly
undesirable for obvious reasons. First, it could excise or remobilize the integrated therapeutic SB-
transposon cassettes. Second, it could elicit immunogenicity and third, it could cause cellular
toxicity (Galla et al., 2011). To eliminate this risk in a clinical setting, the source of transposase
should be in vitro transcribed mRNA instead of a DNA expression vector.

5.2 Engraftment of corrected H2K A/J myoblasts in

Scid/blAJ muscles and dysferlin reconstitution

Transplantation of H2K A/J myoblasts carrying the full-length hDYSF vl transgene into the
tibialis anterior muscles of Scid/blAJ mice resulted in successful engraftment at all the examined
time points (2, 3 and 6 weeks). We determined engraftment efficiency based on the presence of
donor-derived myofibers. Those could be detected based on their expression of dysferlin. In fact,
this study shows so far the most robust reconstitution of dysferlin protein in myofibers of
dysferlin-null mice using transplantation of either wild type or engineered cells. The injury model
applied to the recipient muscles played a major role in the extent of donor cell engraftment.
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The most abundant literature reports on myoblast transplantation into skeletal muscle
have been performed on the dystrophin-null mdx mouse strain or immunocompromised mice with
the mdx mutation. The presence and progressive increase of revertant fibers with age is
characteristic of dystrophinopathy both in patients and in the mdx mouse. Revertant fibers in
DMD/BMD patients and mice are myofibers that spontaneously express dystrophin protein and
are labelled with anti-dystrophin antibodies (Hoffman, Morgan, Watkins, & Partridge, 1990;
Nicholson, 1993). They are thought to be product of alternative splicing or secondary mutations
that restore protein expression. However, the mechanism through which they appear in clusters
and progressively increase in number is not yet fully understood. The presence of revertant fibers
has been a confound variable in the interpretation of grafting results whose readout was based on
dystrophin reconstitution in the mdx model. Xenograft studies of human cell grafting into mouse
skeletal muscle have relied on immunolabeling with anti-human specific antibodies to detect
donor-derived myofibers (Marg et al., 2014; Meng, Adkin, Xu, Muntoni, & Morgan, 2011; Meng
et al., 2014; Negroni et al., 2009). It has recently been shown that the widely used anti-human
spectrin antibody, thought to be specific for human spectrin expressed at the sarcolemma of
donor-derived myofibers, also recognizes regenerating mouse fibers. This is probably due to the
presence of spectrin motifs in utrophin, a protein homolog to dystrophin that is expressed only at
the NMJ of mature myofibers but present along the complete sarcolemma in developing or
regenerating fibers (Rozkalne et al., 2014). These examples illustrate the need for cautious
conclusion-drawing in the interpretation of grafting results.

We based our detection method on the presence of dysferlin expressing myofibers in the
grafted muscles. In dysferlin-null mouse models the existence of revertant fibers has not been
reported, nor has it been demonstrated in patients. Mice carrying a homozygous dysf"™ allele do
not express any dysferlin protein (Farini et al., 2012; Ho et al., 2004). In accordance to that, we
have not seen any dysferlin positive fibers in non-grafted muscles of Scid/blAJ mice that were
either uninjured, only irradiated or only injected with cardiotoxin. Therefore, we are confident
that our readout for engraftment is reliable.

Although H2K myoblasts are only conditionally immortalized and are thus not expected
to form tumors in vivo, spontaneous transformation or some cells during in vitro culture could
occur. Immortalized C2C12 myoblasts have been shown to rapidly form tumors when
transplanted into tibialis anterior muscles of mdx nu/nu and non-dystrophic beige/nu/Xid mice
(Morgan et al., 2002). In those studies, tumor formation was especially evident in muscles that
had been irradiated with 18 Gy three days before cell transplantation. In our immunosuppressed
dysferlin knock-out model, we did not observe any tumors in the grafted muscles or the
surrounding tissues at any of the examined time points and with any of the injury models. This
strongly suggests that the transplanted cells had not undergone spontaneous transformation in
vitro.

5.2.1 Effect of the injury models on donor cell engraftment

We found that 18Gy irradiation one day before grafting plus injection of cardiotoxin simultaneous
to cell transplantation was the most efficient injury model in promoting donor cell engraftment
and contribution to myofibers.

It is well known that inactivation of the endogenous satellite cells of the host muscles by
radiation or cryoinjury enhances the engraftment of the donor cells (Boldrin et al., 2012; Gross,
Bou-Gharios, & Morgan, 1999; Gross & Morgan, 1999). We chose a radiation dose of 18 Gy
because it has been described in several studies as optimal to promote donor cell engraftment in
mouse skeletal muscle (Boldrin et al., 2012). Also, inducing regeneration in response to acute
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damage inflicted by injection of myotoxins has been used to boost engraftment of transplanted
cells (Briggs & Morgan, 2013). However, studies on transplantation of freshly isolated mouse
satellite cells into the muscles of mdx nude mice showed no significant increase in engraftment
when the recipient muscles were injected with notexin in addition to 18 Gy radiation (Boldrin et
al., 2012).

Some muscle pathologies affect satellite cell function either directly due to mutations in
genes important for their maintenance or indirectly by generating a hostile environment. For
example, in some muscular dystrophies where the disease causing mutation does not affect
satellite cells, their function can still be compromised by over-use (Morgan & Zammit, 2010). It is
possible that the efficiency of different injury models in promoting donor myoblast engraftment in
different mouse strains depends on the rate of myonuclei turnover of the host muscles. Besides,
different cytokine release, muscle environment or immune response in different strains and
genetic backgrounds could also play a role. If the host muscle is continuously subject to
regeneration, donor myoblasts may be recruited more efficiently to myofibers without the need to
experimentally induce regeneration.

A recent study reported that engraftment of human pericytes or CD133+ cells in muscles
of Rag2’/ychain’IC5  or dystrophic mdx nude mice showed no significantly differences between
muscles that had been cryodamaged or irradiated + cryodamaged prior to cell transplantation.
However, both injury models promoted donor cell engraftment and contribution to myofibers
more robustly than 18 Gy radiation alone. Importantly, this study used stringent criteria for
identification of human derived fibers, consisting on double human lamin A/C and human
spectrin labelling (Meng, Bencze, Asfahani, Muntoni, & Morgan, 2015). In a double
dystrophin/utrophin knock-out mouse model, miPS cell-derived myogenic progenitors robustly
engrafted in uninjured skeletal muscle following either intramuscular or systemic transplantation
(Filareto et al., 2013). Several other studies of H2K myoblast transplantation in various mouse
models have successfully used irradiation alone as injury model (Beauchamp, Morgan, Pagel, &
Partridge, 1999; Morgan et al., 1994; Muses et al., 2011a). The source of this striking variation in
the effect of different injury models on donor cell engraftment may be in part technical. However,
the fact that this variation has been reported in various studies performed by the same team and
with very similar experimental conditions strongly indicates that different injury models are best
suited for different mouse strains and donor cell types.

Dysferlinopathic muscle also undergoes degeneration and progressive atrophy, but the
muscle pathology in dysferlin deficient mouse models is mild compared to the human situation
(Bittner, Anderson, et al., 1999; Ho et al., 2004). Also, the onset of dystrophic symptoms in A/J or
Scid/blAJ mice is at around 5 months of age (Farini et al., 2012; Ho et al., 2004). This could
explain why we detected only a few dysferlin expressing fibers clustered in areas seemingly
undergoing regeneration in grafted muscles that were only irradiated (Figure 4. 11). Other studies
in Scid/blAJ mice have reported extensive engraftment of mouse mesoangioblasts following
intramuscular transplantation into muscles injured only with cardiotoxin (Diaz-Manera et al.,
2010). Meregalli et al. showed a very limited extent of donor cell engraftment after
transplantation of control and engineered human blood-derived CD133+ cells into notexin treated
muscles of Scid/blAJ mice that had not been irradiated (Meregalli et al., 2013).

It is an open question whether human muscle would support sufficient engraftment of
donor cells, either in autologous or in allogeneic grafts, if endogenous satellite cell function was
not compromised. The injury models applied here are experimental and serve the purpose to study
the effect of the muscle environment in the engraftment of donor cells, but they could not be
applied to patients. However, if needed, it might be possible to apply other types of treatments to
render patients’ muscles receptive recipients of cell grafts while avoiding irreversible tissue
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damage. For example, exercise could induce a regenerative response in dystrophic muscles. In an
intramuscular transplantation approach, a milder dose of focal radiation could be considered in
order to promote engraftment of donor cells proximal to the site of injection. However, although
radiation has long been used for bone marrow transplantation, long-term effects of radiation in
human skeletal muscle are not well-studied. Even if myofibers were not harmed, radiation could
affect surrounding structures and resident cells important for long-term maintenance of tissue
architecture and homeostasis like blood vessels, connective tissue, fibroadipogenic progenitors
and nerve terminals among others.

Importantly, we found that the injury model also had a major impact on the histology of
the grafted muscles. In muscles irradiated and injured with cardiotoxin, donor-derived fibers built
a whole new area of muscle tissue with clearly distinctive histological features (Figure 4. 18).
Interestingly, those areas appeared to be still undergoing regeneration even 6 weeks after
grafting/cardiotoxin injury. Also, the tissue architecture was irregular and not fully restored. This
could be due to the fact that H2K myoblasts were expanded for numerous passages ex vivo and
may have lost part of their regenerative capacity. Also, grafted muscles that were irradiated and
injured with cardiotoxin had areas where tissue architecture appeared completely normal, likely
because cardiotoxin did not reach the full muscle. That might also explain why those areas were
devoid of donor-derived fibers. It is possible that tissue architecture at later time points after
transplantation would be better restored. The imperfect histology of the newly-built muscle may
be overcome by grafting primary satellite cells that have not been cultured for long before re-
implantation.

5.2.2 Distribution of donor-derived myofibers in grafted muscles

We observed large areas of donor-derived myofibers in grafted muscles that were irradiated with
18 Gy and treated with cardiotoxin (Figure 4. 12). We could find dysferlin expressing fibers
covering up to approximately 1000 x 800 um in a transversal plane and up to about 5 mm in a
longitudinal plane. The overall length on a mouse tibialis anterior muscle is about 7-8 mm.

Transplantation studies in dystrophin knock-out mice have shown that dystrophin protein
expressed in donor-derived myofibers spreads only a short distance from the dystrophin
expressing nuclei in fibers with a mosaic of host and donor myonuclei (Blaveri et al., 1999;
Partridge & Morgan, 2014). This was shown by isolating myofibers from mdx nu/nu mouse
muscles ~3-7 weeks after transplantation of wild-type H2K myoblasts labelled with nLacZ. The
spread of nuclear-localizing p-gal from a nucleus that encoded it to non-donor derived nuclei was
~200 um and dystrophin protein was detected only as far as the nuclear-localizing -gal in most
fibers (Blaveri et al., 1999). According to these reports, the widespread longitudinal distribution
of dysferlin expressing fibers we observed in our grafts suggests that donor myoblasts migrated
large distances along the length of the muscle and fused to existing or new fibers far from the
injection site. However, the extent of spreading of different proteins along the length of a
myofiber might vary and it could also depend on their expression level.

Some studies have determined in detail the overall distribution of donor-derived
myonuclei along the length of grafted muscles. For example, in the aforementioned study by
Blaveri et al., some isolated myofibers contained nLacZ positive nuclei along their entire length
after grafting of labelled H2K myoblasts (Blaveri et al., 1999). Also, Negroni et al. reported a
maximum longitudinal spreading of human lamin A/C+ nuclei of ~4.8 mm and ~6.2 mm 4 weeks
after grafting of human myoblasts, and human CD133+ cells, respectively, into cryoinjured
muscles of Rag2™ yC"C5 mice. This spreading was determined by analyzing cryosections
from the grafted muscles and was very similar to the spreading of human spectrin+ fibers in the
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same muscles (Negroni et al., 2009). In our experiments of HMFF transplantation into irradiated
tibialis anterior muscles of NOG mice, we found a maximum spreading of human lamin A/C+
nuclei of 800 x 400 x 400 um (Marg et al., 2014). Here, transplantation was performed by
surgical implantation of human satellite cell-containing HMFFs instead of injection of cell
suspensions. Thus, the extent of donor cell migration along grafted muscles greatly varies
depending on the experimental conditions and the transplanted cell type.

5.2.3 Dysferlin expression and localization in donor-derived myofibers
We found dysferlin localized both at the membrane and cytoplasm of donor-derived myofibers.
Membrane labelling was more prominent in most of the fibers. This is in accordance with other
studies describing dysferlin as a sarcolemmal protein (Anderson et al., 1999; Matsuda et al.,
2001). However, several more recent studies have described a homogeneous labelling of dysferlin
at the T-tubule membranes in regenerating and mature muscle fibers (Kerr et al., 2013; Klinge et
al., 2010). Also, one of those studies highlighted the connection between the immunolabeling
technique and the detection of T-tubule-associated dysferlin in mouse and human skeletal muscle.
Especially, an optimal labeling of cytoplasmic dysferlin in mouse muscles seems to require
perfusion fixation with para-formaldehyde and antigen retrieval followed by immunostaining with
an antibody against C-terminal dysferlin. This type of fixation appears to better preserve the
sarcomere and T-tubule architecture (Roche et al., 2011).

The detection method used in this study was based on immunolabeling with an antibody
against N-terminal dysferlin in muscles not fixed prior to cryopreservation. Nevertheless, we have
observed various patterns of cytoplasmic dysferlin distribution in myofibers of grafted muscles. In
many fibers, dysferlin labelling in the cytoplasm followed an irregular punctate pattern, whereas
in others it appeared more homogeneous (Figure 4. 17). The presence of dysferlin in irregular
puncta might be due to an inability of our detection method to properly label cytoplasmic
dysferlin, or to the presence of protein aggregates because of overexpression. This needs to be
addressed by co-staining with other proteins or by labelling with antibodies against C-terminal
dysferlin in para-formaldehyde fixed sections.

It is important to point out that in dual AAV-based dysferlin gene transfer studies, the
pattern of human dysferlin localization in mouse skeletal muscle differs from that of endogenous
mouse dysferlin. The human protein shows a more prominent cytoplasmic labeling (Lostal et al.,
2010; Sondergaard et al., 2015). Also, we have transplanted engineered myoblasts expressing the
human dysferlin_v1 isoform. This isoform constitutes about 13% of total dysferlin in human
skeletal muscle at the mRNA level (Pramono et al., 2009). Since antibodies specific to the C2A or
C2Av1 domains of dysferlin are not available, the relative abundancy of the v1 and canonical
protein isoforms has not yet been determined. It is also not known whether their localization
pattern is identical. The same is true for the other predicted dysferlin isoforms based on the
known mRNA splice variants.

5.2.4 Expression level of dysferlin in donor-derived myofibers

Previous studies on cell transplantation have never succeeded to restore dysferlin protein in the
skeletal muscle of dysferlin-null mice to more than ~20% of wild-type levels (Diaz-Manera et al.,
2010; Flix et al., 2013; Kong et al., 2004; Leriche-Guerin et al., 2002; Meregalli et al., 2013). We
found a very robust and sustained expression of dysferlin in myofibers 3 and 6 weeks after
transplantation of corrected H2K A/J myoblasts. Donor-derived fibers expressed dysferlin protein
at levels substantially higher than those for endogenous dysferlin in wild-type muscles (Figure 4.
15). It has been shown that overexpression of dysferlin in skeletal muscle has detrimental effects.
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Transgenic mice with ectopic overexpression of full-length human dysferlin (36 to 176-fold of
endogenous mouse dysferlin levels) driven by the human skeletal a-actin promoter show severe
kyphosis, hind-limb atrophy and dehydration. They also show upregulation of ER-stress markers
and histological features of a non-necrotic, congenital myopathy with reduced myofiber diameter,
increased connective tissue and more central nuclei (Glover et al., 2010). Also, over-physiological
expression of minidysferlin following AAV delivery into dysferlin-null mice resulted in more
central nucleation and worsening of dystrophic features. However, although minidysferlin restores
membrane repair, it does not recapitulate the function of full-length dysferlin (Lostal et al., 2012).
Nevertheless, an over-physiological expression of dysferlin in grafted muscles could be
detrimental. Thus, a therapeutic approach should ideally restore the protein to levels close-to-
physiological in muscle fibers.

An important consideration for our approach is that engineered cells are transplanted into
a dysferlin deficient muscle environment. Even in a best case scenario of robust engraftment,
myofibers of grafted muscles will most likely be formed by a mosaic of donor-derived and host
nuclei. Therefore, in order to achieve a close-to-physiological expression in the tissue, donor-
derived nuclei may need to produce more protein. Some studies have shown an improvement of
membrane repair in dysferlin-null mouse muscles grafted with mouse mesoangioblasts and
engineered human CD133+ cells even if dysferlin was restored to only ~10% of wild-type levels
(Diaz-Manera et al., 2010; Meregalli et al., 2013). However, it has been shown that the outcome
of membrane repair does not correlate with the improvement of locomotor parameters or
dystrophic features (Lostal et al., 2012).

In our approach, the level of dysferlin expression by corrected myoblasts may also be
controlled by establishing conditions favorable for single copy transposon insertions. However, a
correlation of transposon copy number, insertion site and level of transgene expression in our
model still needs to be addressed. For this purpose, determining the insertion sites and expression
levels of dysferlin in clonal populations of engineered myoblasts would be required.

5.3 Contribution of donor-derived cells to the satellite
cell compartment

Repopulation of the satellite cell compartment is required for a long-term therapeutic effect and
contribution of donor cells to the regeneration of the recipient muscles. Since H2K myoblasts
needed to be cultured extensively before transplantation, we were surprised to observe areas with
numerous Pax7 expressing cells in the vicinity of donor-derived myofibers (Figure 4. 22). The
fact that the host muscles were irradiated before grafting suggests that this Pax7+ cells were of
donor origin. Previous studies on transplantation of ex vivo expanded H2K myoblasts into mouse
skeletal muscle have shown that they can engraft as satellite cells and endure serial
transplantations. Moreover, they contributed to subsequent rounds of acute injury-induced
regeneration in the recipient muscles (Morgan et al., 1994; Muses et al., 2011a).

However, although high radiation doses incapacitate satellite cells, it has been shown that
some can survive radiation. Those escapers can contribute to muscle regeneration in irradiated
host muscles or when isolated and re-implanted into other recipient muscles (Boldrin et al., 2012;
Muses et al., 2011a). Therefore, it still needs to be unequivocally determined whether the Pax7+
cells we observed in grafted muscles are of donor origin or endogenous satellite cells that escaped
radiation.
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As mentioned previously, we have so far not succeeded to obtain a high quality double
immunolabeling of GFP/Pax7 or dysferlin/Pax7. In vitro, GFP expression in corrected H2K A/J
myoblasts was detected by FACS. However, under the microscope it was only visible after
differentiation into myotubes (data not shown). In vivo, we found that GFP expression in donor-
derived fibers was faint and only clearly distinguishable from the background in cryosections of
some grafted muscles. Moreover, lipofuscin foci, which also have green autofluorescence, were
abundant in regenerating areas of grafted muscles that had been injured with cardiotoxin and
accumulated also around nuclei. This hampered the identification of donor-derived satellite cells
based only on GFP expression without immunolabeling. Some studies have based the
identification of donor-derived satellite cells on expression of GFP (Chang et al., 2009; Filareto et
al., 2013). According to our experiments, a double immunostaining using secondary antibodies
with an emission wavelength other that within the green spectrum would be preferable.

5.4 Human satellite cells for muscle regeneration and
gene therapy

We have developed a novel method for isolation and culture of human satellite cells within their
natural niche in HMFFs. In contrast to previous methods based on single cell culture (Montarras
et al., 2005), our method allowed extensive expansion of human satellite cells that maintained
Pax7 expression for a long time period in culture (Marg et al., 2014). These HMFFs engrafted in
mouse muscles and incorporated into myofibers, as indicated by the presence of numerous
myonuclei of human origin. Importantly, ablation of the host satellite cells by radiation with 18
Gy was also required for robust engraftment and contribution to muscle regeneration of human
cells in the NOG model. However, human cells within HMFFs engrafted robustly without
cardiotoxin injury of the recipient muscles (Figure 4. 23). We did not study a potential additional
effect of irradiation plus cardiotoxin in this model. It is important to note that, in those
experiments, the muscles were injured by the transplantation procedure itself, which consisted on
opening an incision to introduce the HMFFs. We also showed that human satellite cells engrafted
as Pax7+ cells following transplantation. Moreover, HMFFs isolated from human biopsies that
were stored for several weeks at 4°C not only were enriched 100% in myogenic cells but also
contained viable satellite cells with enhanced regenerative potential upon transplantation (Marg et
al., 2014).

One limitation, however, is the limited migration of donor cells from the site of
transplantation. We found a maximum spreading of human lamin A/C+ nuclei of 800 x 400 x 400
um in the grafted muscles (Marg et al., 2014). A recent study showed that it is possible to enhance
satellite cell motility upon transplantation through stimulation of Wnt7a/Fzd7 signaling during ex
vivo culture prior to reimplantation (Bentzinger et al., 2014). Thus, it might be possible to enlarge
the area of dissemination of a graft in our model by modulating certain biological parameters.

We showed that human satellite cells could be transfected in the fiber fragment culture
system, and that numerous GFP+ cells were present throughout the fiber bundle 7 days after
transfection (Figure 4. 24). A drawback of engineering satellite cells within HMFFs is that it is
not possible to precisely determine the frequency of engineered cells. Also, unless optimized
culture conditions allow to outgrow human satellite cells from HMFFs while fully maintaining
their regenerative capacity, it is not possible to enrich for engineered cells through sorting. Thus,
gene transfer efficiency needs to be addressed in detail and further improved. Importantly, cells
transfected with a SB-based reporter vector and SB100X transposase gave rise to myotubes in
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culture 35 days after transfection, showing that they were stably engineered and that they
preserved their myogenic capacity (Marg et al., 2014). Future experiments will need to address
the feasibility of delivering therapeutic cassettes for gene therapy of muscular dystrophies.

Our results show that HMFFs overcome various limitations of traditional myoblast
culture regarding ex vivo expansion and successful engraftment of human satellite cells following
intramuscular transplantation. This culture system is a remarkable advance towards the use of
human satellite cells for autologous and allogeneic grafts. Those could be tremendously beneficial
for individuals with muscular dystrophies, trauma-induced muscle injuries or muscle dysfunction
due to advanced age.

5.5 Relevance of the study

We have used a clinically relevant vector system for dysferlin gene transfer into dysferlin-null
mouse myoblasts. We have succeeded in restoring full-length dysferlin in vitro an in vivo
following transplantation of the corrected myoblasts into the muscle of dysferlin-null mice. We
have also dissected the influence of the host muscle environment and injury model in the success
of myoblast transplantation in dysferlin-null skeletal muscle. Last, we have developed a novel
isolation and culture method for human satellite cells that addresses many of the limitations of
previously existing methods.

Altogether, this study provides the first proof of robust dysferlin reconstitution in skeletal
muscle through a cell-based gene therapy approach. It also provides the first proof of dysferlin
reconstitution in vivo using a non-viral vector for gene transfer. Moreover, the development of a
novel culture system for human satellite cells that enables expansion, genetic modification and
robust engraftment has put at our disposal a very promising tool for genetic correction and
grafting of patient-derived cells.
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6 Future prospects

In this study, I have shown that expression of full-length dysferlin was restored in dysferlin-null
H2K A/J myoblasts enriched in reporter expression by FACS sorting. | have performed a
characterization of corrected myoblasts and myotubes expressing hDYSF_v1. | have transplanted
them into the skeletal muscle of Scid/blIAJ mice and shown that they robustly engrafted and
reconstituted dysferlin protein in vivo. Next, | want to characterize the corrected H2K A/J
myoblast populations expressing hDYSF_c. These cells are a very valuable tool to study the
localization and function of canonical and v1 dysferlin. Transplantation of those cells into
Scid/blAJ mice could also provide very relevant information on in vivo localization and function
of both protein isoforms.

| have shown that corrected H2K A/J myoblasts were able not only to reconstitute
dysferlin in vivo but also to give rise to full areas of donor-derived muscle following
intramuscular transplantation in Scid/blAJ mice. These results have proven that ex vivo genetic
correction of dysferlin-null myoblasts with SB is a feasible and promising strategy for gene
therapy of dysferlinopathy. The next step would be to translate these results into primary satellite
cells in order to test whether this approach is efficient and safe enough for a future clinical
application. We plan to use our validated SB-based vectors for ex vivo engineering of freshly
isolated dysferlin-null mouse satellite cells and patient-derived satellite cells in our novel HMFF
culture model. For this purpose, we will work on optimization of gene transfer into those primary
cell types. If this step is successful, we would like to perform transplantation of engineered
primary cells into the skeletal muscle of Scid/blIAJ mice in order to analyze dysferlin
reconstitution and muscle histology at later time points. This will serve to find out whether the
dystrophic features of dysferlinopathic muscle can be slowed down or fully rescued by
transplantation of engineered satellite cells.

A question that needs to be answered is whether SB-mediated transfer of transgenic
dysferlin restores membrane repair in myofibers. To answer this, a laser wounding assay in
isolated myofibers of grafted muscles should be performed. Ultimately, dysferlin reconstitution in
skeletal muscle should lead to an amelioration of clinical symptoms and an improvement of
muscle force parameters. This can be tested by in situ muscle force and fatigue resistance
measurements in grafted tibialis anterior muscles. However, in order to obtain relevant results in
this type of assay, transplantation of corrected myoblasts should be performed in conditions where
tissue architecture is fully restored. This is still a challenge for all cell therapy approaches for
skeletal muscle.

Altogether, we hope that those results will make a substantial contribution to the field of
dysferlinopathy and ultimately translate into the advancement of genetic therapies to treat this
disease.
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