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Summary

Miyoshi myopathy (MM), limb girdle muscular dystrophy 2B (LGMD2B) and distal anterior
compartment myopayh (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 o
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 sequence2dfle Dysferlinis a 237kDa 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 maintaininge ttransversetubule structurein myofibers. Besides
alterations of thse two functions, defects in dysferlin cause increased inflammatory attack to
muscle fibers thereby enhancing the muscle pathology.

Muscle regeneration relies on muscle stem cellsedaltellite 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 expressi@f the transcription factor Pax7, they damisolated based on
specific surface markers and have a robust engraftment potential when transplanted into
regenerating muscles. Therefore, autologous or allogeneic satellite cell and myoblast
transplantatiorare envisioned as promisinggerapeuticalternatives. 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 geiséetrapproaches
because most viral vectors used in gene therapy have a lower cargo c&laejping Beauty
transposon is a neviral bi-component vector system consisting of a transposon DNA sequence
and a transposase proteifihe transposasexcises tk transposon from a donor plasmid and
integrates it into the target genon®nce he transposon can be engineered to carry any sequence
of interest Sleeping Beautig very valuable as a genetic tool for stable gene traasfihas been
widely used in gee therapySleeping Beautgystemcanbe used téntegrate transgenes up to ~8
kb with high efficiency. It is therefore wedluited for delivery of fullength dysferlin.

In this work, | developed a nerral cellbased gene therapy approach for
dysferlinopathy. UsingSleeping Beautyransposon, | transferred the fidihgth human dysferlin
cDNA into dysferlin deficient H2K A/J mouse myoblasts, leading to restoration of dysferlin
protein expressiorin vitro. | transplanted the corrected myoblasts into eljisf deficient
Scid/blAJ mice following local irradiation of the recipient muscl€kis step was necessaxy
ablate the endogenous satellite callsl promote engraftment of ttransplanteaells. | found up
to ~90 dysferlin expressing myofibers 3 afdveeks postransplantation.Inducingregeneration
in the recipient muscles simultanebuwo cell transplantatioby injection ofcardiotoxin a snake
venom toxin that causes acute damage to myofibers, fugtiteenced engraftment of the donor
cells. Inmusclestreated withcardiotoxin in addition to irradiation, | found up to ~1000 denor
derived myofibers 3 and 6 weeks after graftiwich were present almost along the entire length
of the muscles Moreover, | found numerous Pax7+ cellsn the vicinity of donorderived
myofibers in he grafted muscles. Given that recipiemiscles were irradiated prior to grafting,
this suggests that donor myoblasts were able to repopulateositeatellite cell compartment
upontransplantationEngraftment as satekitcells would ensure loAgrm contribution of doner



derived cells to muscle regeneratidrhese results show the feasibility of letegm full-length
dysferlin reconstitution in skeletal muscle throwgtvivogene transfewith Sleeping Beauty



Zusammenfassung

Miyoshi Myopathie (MM), Gliedergurteldystrophie 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 Diysf€en verursacht werdebiese
muskularen Erkrankungewerden unér dem Begriff Dysferlinopathieusammengest und
betreffen die proximale und/oder die distaMuskulatur der Extremitaten. Durch eine
zunehmende Schwachung und Atrophie der Muskeln Baienten normalerweise bereits 15
Jahre nach Krankheitsbeginn an den Rollstuhl gebunden. Behandlungsmaéglichkeiten gibt es hier
keine. Das DysferlirGen umfasst einen 1%®-Bereich der genomischen DNA auf Chromosom
2p13 und beinhaltet 55 Exons mit eindtodierenden 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 TTubul i Struktur i n den Muskel fasern. Aube
Dysferlinprotein die Entzlindungsanfalligkeit der Muskelfasern.

Die Regenerationsfahigkeit mo Muskeln beruht auf den Muskelstammzellen
(Satellitenzellen) und ihren Abkémmlingen, den Muskelvorlauferzellen (Myoblasten). Bei
Muskelverletzungen, z.B. durch schwere Verwundungen oder durch Muskelerkrankungen,
vermehren sich diese Zellen extensiv um gleschadigte Gewebe zu reparieren. Satellitenzellen
sind durch die Expression des Transkriptionsfaktors Pax7 gekennzeichnet. lhre Isolation basiert
auf spezifischen Oberflachenmarkern. Zudem haben sie ein hohes Anwachspotential, wenn sie in
sich regeneri@endes 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 zigle
Gentherapie hier sehr erfolgversprechend. Allerdings werden Gentransferversuche durch die
Gr°be der kodierenden Dysferlinsequenz erschwe
Gentherapiezwecke benutzt werden, eine zu geringe Ladungskapesiiaen. DasSleeping
Beauty Transposon ist ein niciirales 2Komponenten Vektorsystem, welches aus der DNA
Sequenz des Transposons und einem Transposase Protein besteht. Die Transposase schneidet das
Transposon aus dem Donorplasmid heraus und integgen das Zielgenom. Da das Transposon
so verandert werden kann, dass es jede Zielsequenz beinhalten k8ieepsig Beautgin sehr
wichtiges, nichivirales, genetisches Werkzeug, das einen stabilen Gentransfer ermdglicht und
deshalb haufig in der étherapie verwendet wird. Durch dakeeping Beaut$ystem kann ein
biszu8 b grobes Transgen effizient integriert we.l
vollstandigen DysferlifGens sehr gut geeignet.

Im Rahmen dieser Arbeit habe ich einethvEe entwickelt, welche einen nielitalen
zellbasierten Ansatz zur Gentherapie von Dysferlinopathien erméglicht. Durch Nutzung des
Sleeping Beautyfransposons ist es mir gelungen, die vollstdndige humane Dysferlin <DNA
Sequenz in Dysferlhdefiziente HX A/J Myoblasten der Maus zu transferieren und die
Dysferlinexpressiorin vitro wieder herzustellen. Die so korrigierten Myoblasten habe ich in
Dysferlin-defiziente Scid/blAJ Mause transplantiert, in denen der Empfangermuskel zuvor lokal
bestrahlt wurde. [Bser Schritt war notwendig, um die Anzahl der endogenen Satellitenzellen zu
verringern und das Anwachsen der transplantierten Zellen zu ford&n/N8chen nach der
Transplantation konnte ich eine Dysferlinexpression in bis zu 90 Muskelfasern nach&aigen.

Xi



gleichzeitig zur Transplantation stattfindende Injektion des Zellgiftes Cardididtxite zu einem
wesentlich verbesserten Anwachsen der Donorzellen. Muskeln, welche zusatzlich zur Bestrahlung
noch mit Cardiotoxin geschadigt wurden, wiesen 3 bis @0 nach der Transplantation bis zu
1000 Dysferlin exprimierende Muskelfasern auf. Zudem kondlte in den transplantierten
Muskeln eine Vielzahl von Pax7 positivetellen in der Umgebunger von den Spendezellen
abgeleieten Myofibrillen identifizieren Da der Empfangermuskel vor der Transplantation
bestahlt wurde, deutet dies darauf hin, dassdas Satellitenzellkompament des
Empfangermuskels nach der Tsphantation wieder neu besiedelt wurd®as Anwachsen der
Myoblasten als Satellitenzellen wirdiaher einen dauerhaften iBag der Spendeeflen zur
Regeneration des Muskels belegebiese Ergebnse zeigen, dass einRekonstruktion des
vollstdndigen Dysferlin Proteins in Skelettmuskeln dur€eeping Beautyvermittelten
Gentransfemaoglich ist

Xii
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CHAPTER 1. INTRODUCTION

1 Introduction

1.1 Dysferlinopathy

The termdysferlinopathyencompasesseveralautosomal recessiveuscle diseases caused by
mutations in dysferlin. Those includeijshi myopathy (MM) (J. Liu et al., 1998Matsuda et
al., 1999, limb girdle musculardystrophy 2B (LGMD2B)(Bashir et al., 1998J. Liu et al., 1998
anddistal anteriorcompartmentnyopathy (DACM)(llla et al., 200}

1.1.1 Clinical and histological aspects of dysferlinopathy

The clinical presentation of dysferlinopgtis strikingly variableregardingthe types of muscles
involved andthe degree okeverity.The age of onset also varies between the patients, but is most
common duringor afterpuberty.Depending on which muscles are affected first, the patients can
be classified into LGMD2B, MM or DACMHowever some patients have combined phenotypes
and arer forms with unusual presentatioawve also been reported.

A common charactesiic of dysferlinopathy patients ishéghly increasedevel of seum
creatine kinase (CKa marker of muscle damagekK levelscanalsobe moderately elevated in
asymptomatic carriersThe histological and ultrastructuralterations of skeletal muscleea
common for MM, LGMD2B and DACM patients. They were fidigscribed by Miyoshi and
colleaguegMiyoshi, Kawai, Iwasa, Kusaka, & Nishino, 198éhd include

Decreased number of fibers and replacement thy-filbrous tissue

Marked variation iimydfiber size

Fiber splitting

Presence of necrotic filtgrsome associated with phagocytosis

Increased number of regenerating fibeith centralized myonuclei

Absence of 'ragged red' filegrnemaline bodies or rimmedhcuoles which are

characteristic of other myopathies

No apparent abnormalities in the intramuscular nerves

7 Atrophy and degeneration of type 1 and Z2efh but no obvious fibe type
predominance or type grouping

7 Disorganization of the intermyofibrillaretwork

7 Zig-zag irregulaty and streaming of the-dand as well asarrowing of myofibrils
due to loss of myofilaments

7 Increased number of mitochondria and dilatation of the sarcoplasmic reticulum and

transverse tubulerftubule system in areas where nfifrils had disappeared

40 d d4d4dd

=

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

1.1.1.1The distal myopathiesi MM and DACM
The distal myopathes area group of muscle disorders characterized by progressive muscle
weakness and atrophy presenting in distal muscles of the limbg he British neurologist Sir
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William Richard Gowers was the first to formally use thesm to describe a case of distal
weakness in 1908Gowers, 190R Two of those disorderdyiM (J. Liu et al., 1998Matsuda et
al., 1999 andDACM (llla et al., 200}, 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., 19868 MM patientsusualy presentwith muscle weakness and
atrophy leading to motor dysfunction during early adolescence to young adultiosdle
weakness can be accompanieddisturbance of gaitendency to falanddifficulty in standing
up, running fast and climbing stair§he affected muscles in tHewer parts of the legdike
gastrocnemius and soleusecomevery thin due to prominent wastingThe muscle atrophy
eventually spreatto the proximalimb musclesduringdisease progress.

In DACM, the most severelyaffected muscles are those thie anterior compartment
group (lllarioshkin et al., 200D The disease a | s odistalanydpahy witlh anteriotibial
onseto, was first described in 2001 as a new f ol
by mutationsn dysferlin(llla et al., 200}

1.1.1.2The limb girdle muscular dystrophiesi LGMD2B

LGMD defines agroup of muscle diseasescaused by mutations in different genes and
characterized bprogressie weakneswith onset inthe proximal musclesf the limbs The dstal
muscles can bmvolvedin later stagesf disease progressioleart and respiratory muscles may
also be affected, whilst facial and extraocular muscles are spared. The onset al clinic
manifestations is variable but typicallymoongenital and amuscle biopsy isisuallyneeded to
establish differential diagnosis wibuchenneand other forms of muscular dystrophy.

Regarding nomenclature, autosomal dominant forms of LGMD are desigasLGMD1
and autosomal recessive as LGMD2. The assignment of aikt&ren in chronological order
corresponding to the identification of the associated locus. Sehfetly one LGMD loci have
been identified, eight of them autosomal dominant adhc@osomal recessivéhe autosomal
recessive forms of LGMD have a cumulative prevalence of 1:15D06€ autosomal dominant
forms represent less than 10% of all LGMEeviewed in (Nigro & Savarese, 201 As
mentioned before, dysferlin mutations are responsible for LGMD type 2B.

A brief histoy of the LGMDs theterm LGMD was introduced in the 1950s by Walton
and Nattrass(Walton & Nattrass, 1994to describe @& autosomal recessive andery
heterogeneouslinical condition The heterogeneity othe LGMDs would later be confirmed
when the first LGMD loci were discovere&ate Bushby published in 1995 a unifying
compilation of criteria for the diagnosis of LGMBushby, 199% The inclusion criteria were:

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

2. Autosomal dominant or recessive inheritance

Greatly elevated Chevelsin recessive cases and less elevatetbminant 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, nameuchenne muscular dystrophy (DMD) or its milder phenotypic variant
Becker muscular dystrophy (BMDand 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 ammyrh of LGMD.
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1.1.2 Genetic basis of dysferlinopathy

The humandysferlin gene PYSH was discovered id998 in two independent studi¢Bashir et

al., 1998 J. Liu et al, 1999 that cameafter 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 ne®MD2 locus in
chromosome 2pBashir 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 resudltobtained in two independent studies suggested that there may
be a common genetic origin for LGMD2B and MM.

Weiler and colleaguefound two independent mutant allelés an inbred aboriginal
Canadian kindred with members affected by muscular dystropmsistent with either MM or
LGMD (Weiler et al.,, 19956 The two mutations, howeveould not explain theclinical
variability between the patientsuggeshg that the phenotypidifferences couldoe due to
additional factors.

Linkage analysison anotherlarge and highly consanguineous Russian famiyh
membersaffected byclinical, histological and ultrastructural symptomwiseither MM or LGMD2
pointed towards common locus in chromosome @lfarioshkin et al., 1995 the sameahat had
beenpreviouslyassociated withGMD2B (Bashir et al., 1996

1.1.2.1Discovery of the dysferlin gene

The definitive discovery of a causative géae MM and LGMD2B would not come until 1998,
when twostudies by the groups of Kate Bushby armb&t H. Brown identified dysferlin as a
new protein coding gene that was mutatedath disease¢Bashir et al., 1998J. Liu et al.,
1998.

In the work by Bashir et al(Bashir et al., 1998 the haplotype information of a
previously described family allowetthe mappingof the LGMD2B critical genomic regioto
chromosome 2pl13. Two yeast artificial chromosomes (YACs) were used to find expressed
sequence tag&STs) mapping to this regidhat were expressed in skeletal mustlas allowed
the identification of & kb transcript expressed predominantly in skeletal muscle but also present
in other tissues

In a simultaneously published work, Liu et al. used a previously construétéderived
artificial chromosomgPAC) contig spanning th&M/LGMD2B candidate regiomand analysed
polymorphic markers found in MM familie® find out the preciséocus (J. Liu et al., 1998
Derived from this locus hey identified a 6.%b transcript vith an open reading frame (ORF) of
6,243 bp predicted to encode 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 gae frame but +7Bp downstream.

Sincethe predicted protein was homologdosthe C. elegans protein férexpressed in
primary spermatocytehe newprotein wasnamed dy s f er | i n éassdciated, feiyiket r op hy
protein The genavas assigned theymbolDYSF(J. Liu et al., 1998

1.1.2.2DYSF mutations and lack of genotypephenotype correlation

Diseasecausing mutations ilDYSFspan the entire length of the gene wdth absence ofdt

spos and are strikingly variable in their clinical manifestati@acciottolo et al., 201 XKrahn et

al.,, 2009. The same mutations have been associated with different degrees of severity, ages of
onset or types of muscles involvédeyhanBirsoy et al., 2@5; Krahn et al., 2000 In 2009, a
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dysferlin mutation analysis done in the largest patient cohort screened tiil34fgratientsvith
suspected GMD2B or MM) identified 212 deleterious mutatign®ostpresent at a homozygous
or compound heterozygous pattewhich had no apparent correlatisith the observed MM and
LGMD2B phenotypeg¢Krahn et al., 2000

Very recently, nutations in dysferlin have been associated with more infrequent clinical
presentations such as congenital muscular dystrophy (GE@&)hanBirsoy et al., 2015Paradas
et al., 2009 CeyharBirsoy and colleagues reported in 2015 a case study of two siblings with a
CMD phenotypeand complete absence of dysferlin proteaused by a mutatiopreviously
associated toases ohdultonset hypelCKemiaandLGMD.

A secondary reduction in dysferlin protein aaecturin muscular dystrophies caused by
alternative gendefectssuch agxaveolin3 (CAV3 mutations which causé GMD1C (Matsuda et
al., 2001). Nevertheless, study performedn 65 patients with a LGMD/MM phenotyphowed
that a marked reduction of Dysferlin protein (<20%) in skeletal musataused primarily by
DYSFmutationg(Cacciottolo et al., 2031

1.2 Dysferlin

1.2.1 DYSFgene and dysferlin transcript variants

DYSFspars over 150 kb of genomic DNA in chromosorpl3.3p13.1and comprise85 exons
(Aoki et al., 2001 Bashir et al., 1998]. Liu et al., 1998 509 genomic variants are registered in
theLeidenMuscularDystrophyPages databaséatfp://www.dmd.nl).

Fourteentranscript variants have so far been identified as arising from the human
dysferlin genethrough alternative splicing and usage of two differentseaption start sites
(TSS) (Pramono et al., 2009Exon 1 of DYSFencodestte first C2 domairof dysferlin C2A.

The use ofthe alternative TSScontainedwithin intron 1 and preceded by a consenskiszak
sequenceincorporates 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
MRNA remains the sae (Pramono, Lai, Tan, Takeda, & Yee, 2006

In addition, seven processed mRNA variants are generated from each of the two pre
MRNAs transcribedrom the two T5S. The two variants with canonical splicing d0& SFand
DYSF_v1 transcribed respectively from the canonical and the alternaiieenoter The
remaining transcriptare produced by alternative splicing inducing exclusion of exo(Salani
et al., 2004, in-frame inclusion of alternative exon 5a w®&onizationof a sequencelerived from
intron 5 and inframe inclusion of alternative exon 40a, derived fromoimtd0(Pramono et al.,
2009.

These protein coding variants are differentially essed depending atevelopmental
stage, tissue type and disease condififtnamono et al., 200®ramono et al., 20Q%alani et al.
20049). Expression analysis by Northern blot conducted with probes specific to exddYIS&for
DYSF_videntified the presence of transcripts detectedly by either one of theprobes in
samples fronvarious tissues. Thdngest transcript of7.5 kb was always present in skeletal
muscle Likewise, gRFPCR analysis on mRNA samples from human skeletal muscle and blood
revealed a different abundancy of the fourteen transcript variants in those (i&surasno et al.,
2009.
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1.2.2 Dysferlin protein
Dysferlin belongs to the ferlin family, an ancient family of lar@2@0 240 kDa) proteins with
roles in vesicle trafficking and fusion that are present in all eukarkotgdoms and protozoans.
Mammals have six ferlin gene&drlL1li L6), DYSF being FerlL1l Ferlins are the proteins
containing the highest number of tandem C2 domainrg (epending on the proteinfhese
domains function in lipid and protein binding and enaracteristic of proteins involved in vesicle
fusion One such example the synaptotagminswhich contain two of those structural motifs.
Ferlin proteins also contain a singlass transmembrane domain in thekte@ninus for
anchoring to the membran&hey are divided into two subgroups accordimgthe presence or
absence of alysF domain. The most studied family members amgoferlin, otoferlin and
dysferlin (reviewed in(Lek, Evesson, Sutton, North, & Cooper, 2)12

Myoferlin is required for myoblast fusion during muscle development and regeneration
Otoferlin is involved in vesicle fusion in therar hair cells of the cochle&here,it localizes to
the presynaptic membrane and is thought to participate Jhdegendent vesicle exocytosis for
neurotransmitter release. Defects in otoferlin cause profound deafness in humans ghdlkngte
al., 2013.

Dysferlin, as predicted based on its amino acid sequéna€,37 kDa protein(Anderson
et al., 1999 It is expresed early during human fetal development being deteced by
immunolabehg on lysates ofetal limbtissuesalready at embryonic age®weekslin rat protein
lysates, the flillength protein is strongly detected skeletal muscle, heaandkidney and to a
lesser extent in stomach, lung, uterus, livgleenand nervous tissue (cerebellum, brain stem,
spinal cord and sciatic nervejaint smallerbands(~40-60 kDg are alsadetectedn lysates from
brain stemspinalcordand sciatic nervegossibly indicating the presence of smaller isoforms. In
human it has been detected by immunolabeling in protein lysatesadf term placentakeletal
muscle(Anderson et al., 199%nd blood monocytg#lo et al., 2002

In skeletal muscle tissue, dysferlmalreadyexpressedn culturedhuman myoblasts and
in satellite cells from muscle biopsypecimens althowgh to a much lesseextent thanin
differentiated myotubes and myofibgfde Luna, Gallardo, & llla, 20Q4Salani et al., 2004
Dysferlin is absent or expressed at very low levels in skeletal muscle of dysferlinopathy patients
(Anderson et al., 199Matsuda et al., 199%ainzof et al., 2001l The expressionf dysferlin in
blood monocytes correlaevith that of skeletal musclé@his allowsthe use of blood samples for
diagnosisof dysferlinopathy when good quality muscle biopsies are not ava{@bléardo et al.,
2012 Ho et al., 2002

1.2.2.1Dysferlin domain structure
The C2 domains of the ferlin family proteins otoferlin, myoferlin and dysferlin bind to lipid
bilayers andactively promote remodeling ahembrane structuse These alterations enable a
variety of processes likmembrane fusin or recruitment of other proteiimssolved inmembrane
trafficking (Marty, Holman, Abdullah, & Johnson, 2013

Dysferlin contains seven C2 domain82A to C2G (Therrien, Dodig, Karpati, &
Sinnreich, 200% All of them display C&" binding activity albeit with very different affinities
The most sensitivenes areghe C2A and C2C domainfAbdullah, Padmanarayana, Marty, &
Johnson, 20%4Fuson et al.,, 20t4Marty et al., 2018 The protein also containtree Fe
domains (FerA, FerB and Ferlpne C-terminal single passtransmembrane domaira short
extracellular domain antvo dysF domais (Figure 1.1), oneinserted into the other by gene
duplication(Ponting, Mott, Bork, & Copley, 20Q1Cristal structurs are only available fathe
humandysferlin innerdysF domainSula, Cole, Yeats, Orengo, & Keep, 2)ldnd for the C2A
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and C2Av1 domains(Fuson et al., 2094 They were solved with high resolutiooy molecular
replacementusing the NMR structure of the inner Dys&nd C2A domainsof 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 fdif in their C&" binding activity. C2A
containsa highaffinity C&* binding site that stabilizes the domain and a set ofdfimity Ca’*
binding sites responsible for interactions with the negatively charged lipid memi@antnhe
contrary,C2Av1 binds to negatively charged lipids in a?Oadependent maram. Nevertheless,
studies in C2C12 myoblasts have shown that thelémigjth dysferlin isoforms containing either
C2A or C2Avl are equally active in their membrane targeting actiitison et al., 2024
Mutations in certain C2 domains of dysferlin can cause protein aggregation due to misfolding and
formation of amyloid deposits in skeletal mus@gpuler et al., 2008

1.2.2.2Dysferlin protein localization in skeletal muscle
In skeletal muscle tissuelysferlin was firstdescribedas a membrane proteof muscle fibers
(Anderson et al., 1999However, dditionally to its classic sarcolemmal distributi¢frigure 1.
2), many authors have reported intracellular localization afysferlin in muscle fibersRecent
studies have detected a significant amourdysfferlin at the tubule membrane@-igure 1.5),
where it aligns with the dihydropyridine receptor (DHPR) and the Ryanodine Receptor (RyR)
present at the triad®\mpong, Imamura, Matsumiya, Yoshida, & Takeda, 2005Huang et al.,
2007 Kerr et al., 2013Klinge et al., 2010Klinge et al., 2007Roche et al., 20)1

A secondary reddion and/or abnormatytoplasmicstaining pattern oflysferlin has also
been observedh dystrophin glycoprotein complexDGC) r el at ed my o-phantdh ioe s
sarcoglycanopathies and DMD/ BMD) as wel |l as
or Amuscul dPiccok Wedre; Foml,&yCampbell, 2000

1.2.2.3Dysferlin function in membrane repair

The most widely studied role for dysferlin in skeletal muscl@as-dependent membrane repair.
Bansal et al. first showed thdiet sarcolemma of some fibers wsmaged in ysferlin knockout
mice When injectd with the membrane impermeatye Evans blue (EBD), dysferlinull
muscles showed &igher dye uptakecompared to control muscle3he sitesof disrupted
sarcolemman dysferlinopathic musclesereenriched indysferlin and hadvesicles accumulated
undeneath(Bansal et al., 2003They demonstrated that proppembrane resealing impaired
in dysferlin-null myofibers by developing a functional assalyereby istated muscle fibers were
injured with a laser in the presence thie membrandmpermeant dye FM-#3. Thismolecule
fluoresces when bound to lipidic bilayers and serves as an indicator of increasedeznbiane
at wound sites, whicts removed afterepar (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 ohecryosectionfrom a C57BL/6J quadriceps musdl@munostained with an antibody
against dysferlin (red). Nuclei were counterstained \Ri&kP| (blue). Scale bars: @ um

Several studies have shown that following membrane injury, dysferlin rapidly relocates to
the wound site. Throughout differentiation ofouse C2C12myoblasts dysferiin localizes
predominantly to the develam T-tubule systemHowever, in response to membrane wounding
using glass beads,translocateto the plasma membraaad accumulatest the sites of injury in
a C&'-dependent fashiorfKlinge et al., 200¥. In muscles ofzebrafish embryos, dysferlin
localizes to the sarcolemma and thetdbules in undamaged fibers response to laser induced
injury in vivo, itrelocaes r api dly to the membrane | esion.
transmembrane domaiasit does not occuin truncation mutants lacking this part of the protein.
In addition to dysferlin, mnexins 6(Anxa6)and 11aAnxalla)alsorelocateto the #&e of injury
with a fast kineticsMoreover, both dysferlin and Anxa6 are required for the accumulation of
other annexins at the wod and a correct formation ofr@pair patcti{Roostalu & Strahle, 20)2

Complete repaiand resolution of a membrane wound in normal myotubespisrtedlya
slow process that involves dysferlin and*Gdepeneént formation of a repair dona the injury
sitefor over 60 minutes poshjury. This raised ridged structuigenriched in anneriAl and F
actin, and progressively accumulates dysferlin and the membgeamer EHdomairrcontaining
protein EHD2(Marg et al., 201p

Dysferlin interacts with @veolin3 and the Ti-partite motif (TRIM) family protein
mitsugumin 53 (MG53in skeletal muscle celi€ai et al., 2009Matsuda et al., 200Matsuda et
al., 2013. Disruption of this complex leads to membrane repair def€etiset al., 200P Therole
MG53 in sarcolemmal repaivas further characterizeéd a model of ballisticshduced membrane
injury in human myotubeglLek et al, 2013. Dysferlin and MG53 compartments interact and
form a condensed lattice encircling the membrane lesions. This proc€sé-isependentas
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chelation of C& with EGTA or blocking of voltag@ated calcium channels (VGCCs) impairs the
recruitment dboth dysferlin and MG53 to the wound site.

0s 364 s 106.4 s 166.4 s 216.4s

wt
+ Ca2+

wt
- Ca2+

Time after laser injury

Figure 1.3: Membrane resealing is impaired in dysferlin deficient skeletal muscle.

Laser woundingassayon single muscle fibers isolated fromild-type fwt) and dysferlipnull (dysf/-) mice. The
membrane damage was inducet=a20 sin the presencer absence of G4 Compared tavild-typefibers, dysferlin

null fibers are incapable of repairing the membrane lesion and continue to accumulate endomembrane, as indicated by
the ircreasing signal frorAM 1-43fluorescent dye dt= 216.4 s (white arrowsModified from(Bansal et al., 2003

Interestingly, myotube damage induces the dalpzediated cleavage of fuliéngth
dysferlin to produce a ~72 kDa-t€rminal isoform mini-dysferlinc7,, that accumulates at the
lesion in a C& dependent manndtek et al., 2018 This cleavageis done by calpaini the
alternatively spliced exon 40& dysferlin and itis not specific to myotubes botcursalso in
other cells like human umbilical cord endothelial vein cells (HUVEC), mouse astrocytes and
microdia, or secondary human oligodendrocytes (MO3.Mg)tably, human myotubesubjected
to ballistics injury accumulateexon 40acontaing dysferlin around thenembranewounds
(Redpath et al., 20)4

Both the actin cytoskeletofMcDade, Archambeau, & Michele, 201dnd microtubules
(McDade & Michele, 2014are involved in the trafficking of dysferioontaining vesicles during
repair. The role of the actin cytoskeleton was uncovered byithvaging using a fusion protein
with a pHsensitive GFP reportars aC-terminaltag todysferlin (dysfpHGFP)(McDade et al.,
2014. In myofibers of transgenic mice expressinlysFpHGFR injury trigges a rapid
recruitment ofdysferlin derived mainly from the sarcolemma in the vicinity of the wound.
Inhibition of actin polymerization by Cytochalasin D blsthis trafficking and impagresealing
of the membraneéMicrotubulemediated trafficking of dyfsrlin-containing vesiclesiresponse to
injury is dependent on thkinesin heavy chain motor, KIF5Brhese compartments fuséth
lysosomes to form large cytoplasmic vesicles adjacent to the lesion and throughout the cytoplasm.
This could be observed Hive-cell imaging and fast freezing in rat L6 myotuligécDade &
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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 ifikely dueto a lower number of membranproximal
lysosomes Also, dysferlinrnull mouse myoblastshow reduced injurytriggered lysosomal
exocytosis.It is noteworthy thatASM restors the membrane repair deficit of patiedgrived
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 membrane2) In responsea membrane damagend subsequent €ainflux, dysferlin and MG53, aided
by annexins, mediate the exocytosis of vesitdesrds thenembrane wound and the vesiglesicle fusion to generate
larger membranous structuré8) A me mbr ane ftpreseattiedembrane vioondMiodifidd from(Han,
2011).

Finally, as mentionedoreviously the C2A and C2Avl domains of dysferlimave
differential C&* binding affinities and C&*-dependent or independent phospholipid binding
properties. This has begmoposedas a mechanism faroncurrentactivity of both domaingn
tightly regulating the membrane repair procgasson et al., 2094
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1.2.2.4T-tubule associated functions
Dy s f e r-tubule Bcalizalion has been precisely defined by overexpressiegrhal or N
terminal tagged pHluoridysferlin (a pHsensitive &GP fused to dysferlin) in isolated adult
mouse myofibers. These experiments showed that dysferlin is bound tetubeld membrane
with its Gterminus exposed to the extracellular spéi€err et al., 201R Dysferlin deficient
myofibers of A/J and Bla/J mice show and inability to cope with experimentally induced osmotic
stressinjury (OSI). In these mouse models, G&luses an uncontrolled influx of extracellular
Ca™*, altering C&" signaling and ultimately leading to a disruption of theuBule network. This
effect is ablated by removal of extracellular?Cay treatment with diltiazem (an-type C&"
channel blocker that prevents the entry of‘Ghrough the DHPR) or by reexpression of full
length dysferlin in dysferlimull myofibers(Kerr et al., 2018

During early regeneration of adultat skeletal musclenduced ly myotoxin injury;
dysferlin localizespredominantlyto the cytoplasm of myotubes and myofibefhere it is
enriched in longitudinal structures identified adubules by the presence of DHPR later
stages of regeneration, andgce theprocess is cometed dysferlin labelling is more prominent at
the sarcolemma of mature fibeBysferlin is also increased in the cytoplasmrefenerating
human fbers labelled with neonatal myosin heavy chaiesmin and laminit) 5Klinge et al.,
2010.

t-tubule lumen

QQQ.QQ.O..I‘

triad junctional space
AePecoreReae eeean

4
sarcoplasmic reticulum

frow

dysferlin ~ DHPR cavd annexin1 RyR Bin1

Figure1.50 Model for dysf er |-tubolémsembranesal i zati on at the T

Dysferlin is anchoredto the membranewith its C-terminal domain exposedtowards thelumen of the T-tubule.

Dysferlin is located ircloseproximity to proteinsof thetriad junction the DHPR (anchored to the-Tubule membrane)
and theRyR (in the sarcoplasmicreticulun), which are part of the excitatimontraction couphg mechanism

Dysferlin is also nearby or associated with its known interaction partners caveolin3, anneXislaMbdified from

(Kerr, Ward, & Bloch, 201%

A similar cytoplasmicredistributionin regenerating fiberdas been rapted for the
dysferlin interactors AHNAK(Y. Huang et al., 20Q7and Caveolii3 (Klinge et al., 2010
Matsuda et al., 2001
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In zebrafish embryoknockdownofdy sf er I in using morpholinos
myofiber development at early developmental stadgémwever, it causes major pathogenic
changes in myofiber ultrastructure, such as vesicle accumulation and disorganization of the
myofibrils and the Ttubule system. Interestingly, knockdown of Anxafiso involved in
membrane repaigffeds myofiber ultrastruitire butproduces a milder phenotypean dysferlin
knockdown(Roostalu & Strahle, 20)2

This differential localizationtogether with the ultrastructural changes in the&udule
network observed in dysferlin deficient oae models suggest a role for dysferlin in T-
tubulogenesiand in maintaining the-tubule structure in mature fibers

1.2.2.5Dysferlin, 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 inhibitorydecayaccelerating 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 correlate with the finding that the sarcolemma
of both murine and human dysferdieficient muscle fibers is devoid of DAF/CD®/enzel et
al., 2009. The lack of these complement inhibitory factors promotes the depositidgheof
membrane attach complex C5NMAC, the end product ahe complement pathway activation
evenon ronnecrotic muscle cellgHan et al., 201,0Wenzel et al., 2005 Also, incubation of
myotubes derived from control and dysferlinopathy patients marmal human serum resedtin
complemenimediated lysis of the dysferlideficient myotubes, an effect that coddd partially
inhibited by preincubation with antiCD55 antibodie§Wenzel et al., 2005

Similarly, Hanet al.found that the complement factors C1q, CFB and C4 are elevated in
the muscle of dysferlimull SJL/J as compared to control mideescue oflysferlin expression
specifically in skeletal msclenot only reversgthe myopathic changes dysferlinnull micebut
also restorethe normal expression levels of the complement factors C1gA and NIg#8over,
knockout of the central component of the complement pathway, C3, in dygfietlinmice,
athough having no effects on the membrane repair capacity of myofibers, is enough to ameliorate
the muscle pathologyrhis, however, is not true for ablation of the terminal complement factor
C5, thus suggesting that it is not the terminal activation®ttttmplement pathway but rather of
its central component C3 that contributes to disease progression in dysferlin@pathgt al.,
2010.

The induction of alternate vesicle trafficking pathwayin dysferlindeficient muscléas
also been proposed tontribute to the inflammatory milieu of dysferlinopathyibhgreasing the
releag of pro-inflammatory moleculesHuman skeletal muscle lacking dysferlin shows an
increase in the synaptotagrrlike protein Slp2a/SYTL2 and its effector, the small GTPase
Rab27A,which are involved in vesicle traffickingAn up-regulation of Rab27A and Slp2a in
dysferlinopathic muscle could be a compensatory mechanism of vesicle traffiokimembrane
repar in the absence of dysferl{iKesari et al., 2008

In addition, a increased expression of proteins of the inflammasome corhpleaiso
been observed in muscle from LGMD2B patients and SJL/J mice compared to their control
counterparts and to DMD amddxmuscle, respectivel{Rawat et al., 2000 The inflammasome
mediates the activation of inflammatory caspases and processing of theflgronatory
cytokine preinterleukin (ILy1 b t o mh b Myobtastslisblated from dysferlin deficient
SJL/J mice show constitutive expression ofllilb  a t el mdicatihgethe presence of basal
inflammasome activityin response to lipopolysaccharide (LPS) stimulation, SJL/J myoblasts and
myotubes display significantly higher levels of-1lb and i ncreased secreti

11



CHAPTER 1. INTRODUCTION

control myoblastsThis effecthas been attributed primarily to defects in dysfedince shRNA
knockdown of dysferlin in wildype muscle cells and in a macrophage cell line also leads to
increased IE1 b s e c(Rasvat ieb a., 2000 A proposed model is that thimcreased
inflammasome activity in the absence of dysferlin may be mediated by activation-lietoll
receptors (TLR) These would be activateby proinflammatory molecules sedesl due to
leakagethrough thedamaged membrane and to #iferementionednduction of a compensatory
vesicle trafficking pathway involving Rab27A and SIfR&sar et al., 2008Rawat et al., 2010

Human dysferlinopathic muscle has mandiltrating mononuclear and dendritic cells
This observation goes along with the finding that monocytes isolated from ®iigJhave a
higher phagocytic activity in comparison to control mouse monocytes when incubated with
fluorescently labelledE. coli bacteria. Knockdown of dysferlin in wilekype mouse macrophages
leads to increased phagocytic activifiagaraju et al., 2008 In human monocytes and
macrophages, ydferlin expressionis upregulated during differentiatiomnd plays a role in
regulating cell adhesion and motilifge Morree et al., 20)3In differentiated THP1 cells, a
monocytelike leukemia cell dysferlin isstrongly acumulated at celtell contactsKnockdown
of dysferlin affect intercellularinteractions by upegulating the expression of integrins and
fibronectin, thereby leading to a strong decrease in cell adhesion. As a result, dysferlin depleted
cells are more motileThis increase in cell maotility has also heebservedn vitro in primary
macrophages from LGMD2B patients compared to control macropldgégorree et al., 20)3
Altogether, this suggests that thehanced 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 dysferlinopatlogs not seem to estricted tannate
immunity. Dysferlin-null Scid/blAJ mice, which lack and B lymphocytebut hase a normally
functioning innate immunityhave adelayed and milder myopathic phenotype tkiagir control
immunocompetent strainthe Bla/J mice These mildermyopathic features includereduced
number of necrotic fibers,decreasedohagocytosis andess variation in myfiber size The
skeletal muscle of Scid/blAJ mice also shows a decreased complement deposition and a lower
percentage of prinflammatory M1 macrophages @aomparison to immunocompetdsia/J mice
(Farini et al., 201p It is known that the resolution tfeinflammatory process that accompanies
acute injuryinduced muscle regeneration is delayed in dysferlin defiti mouse models
compared withwild-type mice (Chiu et al., 2009 Interestingly Scid/blAJ mice also display a
faster clearing of inflammation upon injection of notexin compareBl&d) mice(Farini et al.,
2012.

1.2.2.6Dysferlin function in muscle growth, regeneration and myoldst fusion
Dysferlinopathic muscle showdelayedregeneration(Chiu et al., 2009 defects in myoblast
fusion (Cohen, Cohen, & Partridge, 2Q1Remonbreun et al., 201&nd failure to respond to
growth factor stimulatioffDemonbreun et al., 2011Some of tlese defects are tightly connected
to the immune response alterati@misserved in dysferlinopathic muscle.

The muscle biopsies of dysferlinopathy patients slowigher perentage (56.3%) of
fibersin late stages of regeneratioompared with biopsies taken fradn&MD2A, DMD/BMD
and LGMD2I patient{Chiu et al., 200p Moreover, @peiiments performed onlysferlin-null
C57BL/10.SJEDysf mice have showm lower amount of infiltrated mononuclear cells at early
stages of regeneration (3 days pwmsftotoxin injection). This wasaccompanied by a failure to
resolve the inflammatory process aadielayed removal of necrotiibers compared to control
muscle. Additionally, regenerating dysferlmll muscle displayseduced specific force and
maximum isometric force Neither the expression pattern of satellite cell activation and
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differentiation markersnor myoblast tomyotube/myofiber dision are alteredin regenerating
dysferlinnull muscle. Howevergysferlin deficient myoblastshowaltered secretion of the pro
inflammatory cytokine MCHL (Chiu et al., 2009 It therefore appears that the regeneration defect
of dysferlinopathic muscle isaused blterations in theecruitment ofinflammatorycells that is
necessary for early regeneration.

On the other &nd, another studyshowedthat in vitro differentiated myotubes derived
from dysferlin-null mice had smaller diameters and contathsignificantly fewer nuclei than
those ofwild-type mice. This wasreflectal by lower transcript levels of differentiationankers
during early and late stages moi/oblastdifferentiation. Thesein vitro differentiation defects are
linked to anincreasedMa B si gnal i-ngl i nmgygkfast sn I nhibitio
with celastrol rescues the fusion defiitcultured myoblast$Cohen et al., 20)2In line with
those findings, the glucocorticoid receptor agonist dexamethasone has been shown to enhance
dysferlin expression and promote differentiation of C2C12 myob(Bstanto et al., 2010

Dysferlin deficient A/J mice have increased levels of té& o Bctivator TNF-U
However, treatment o&/J mice with celastrol, although decreasing muscle inflammation, did not
improve muscle function and overall had rather detrimental ef{@iténgham et al., 201p
Therefore, targeting inflammation alodees not appear to laeviable therapto improve muscle
function in dysferlinopathy

1.2.2.7Dysferlin function in the heart

Dysferlin is also necessary flaser injuy-inducedmembrane repair in mouse cardiomyocytas
addition the cardiac muscle of aged dysfestinll mice shows moreecrotic fibers and a higher
degree offibrosis and collagen deposits comparisorto agematched controlsAged dysferlin

null mice also present increasel@vels ofserum troponin T, a marker for active cardiac muscle
necrosis They show an alteretksponse to stress exergiseduced heart rate, increased left
ventricular enesystolic volume and appearance of sporadic EBitive mycytes(Han et al.,
2007). Dysferlin-null mouse hearts also shawduced mechanical stress resistance as well as
altered expression of-disc and signal transductiqproteinswhencompared to wileype nouse
hearts. Surprisingly, however, they do not present histological abnormalities. Wenzel et al.
showed thatysferlinopathy patients carccasionallypresentwith cardiac abnormalitiesuch as
dilated cardiomyopath with left ventricular hypertrophyand altered left ventricular function
(Wenzel et al., 2007

1.2.2.80ther functions of dysferlin

The sea urchin homolog of dysferlihas been implicated in membrane injtniggered
intercell ul ar si gn a l-delh gmbrgogEoviandlareis, iKoushik,rPuhy, & st a g e
Vogel, 2010. This process seems to be mediated b§ @élux through opening of voltage

gated C4& channels in the wounded cell in response to membrane depolarizatirin Tarn

likely triggers exocytosis of ATP from the wounded blastomere, inducing® Gpikes in
neighboring cells. Dysferlin has been proposed to play a role in the release @oAfBMing

vesicles, as morpholinos against sea urchin dysferlin inhibit this intercellular sigridiisgffect

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 myefs 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 palielysium and the
whole muscle is itsélsurrounded by the epimysium. Each myofiber is at the same time covered
by a protein envelope callddhsal lamina, which is composed of extracellular matrix proteins like
laminins, collagens and fibronectin.

Myofibers are syncytial cellshat contain muliple postmitotic nuclei within a large,
continuous cytoplasm. Thegre mostly composed ahyofibrils, longitudinal assemblies of
sarcomeresSarcomeresire contractile units egaining actin and myosin filaments that overlap
and interconnect to allow sarmoere shortening, responsible for contraction in response to signals
from the motor neurons. Following the release of neurotransswitéhe neuromuscular junction
(NMJ), myofibers undergo membrane depolarization, which trigge/d @éease from the
saroplasmic reticulum (SR) and indessarcomere 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 stiwres 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 proganitaisfined by
a different gene expression signature (reviewg@entzinger, Wang, & Rudnicki, 202

Adult muscle is a highly plais 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 tar&spon
these routine challenges. In conditions of severdoanmkrsistent 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 remiodmth situations adult muscle requires
its stem cells, the satellite celiMauro, 196). They are capable of extensive proliferation to
generate myoblastghich will fuse to exsting fibers or to one another in order to generate new
fibers (reviewed in(Yin, Price, & Rudnicki, 2018. 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 byiptammatory
macrophages, which clear the cellular debris, and afterwards binertimatory
macrophage 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 o 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 €.g. developmentamyosin 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 migratenardsthe peripheryYin et al., 2013

3) Tissue remodeling and maturation of new myofibersif regeneration proceeds as
normal, at the end of the process the structure of the regenerated muscle is
indistinguishable from that before the injuiyin 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 thir very defined position underneath the basal lamina and closely in contact with the
sarcolemma of muscle fibef8lauro, 196). Morphologically, they are characterized by their
large nucleato-cytoplasmic ratio, small nucleus with condensed interphase chromatin and few
organelles, indicative of their quiescent state and low transcriptional a¢®ahyultz, Gibson, &
Champion, 1978

bright field laminin  Hoechst + bright field

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

Confocal microscopy images of one cryosection fai®&cid/blAJ mouse tibialis anterior misémmunostained with
antibodies against Pax7 (yellow) and laminin (red). Nuclei were emtained with Hoechst (blugPne satellite cell
(yellow) appears adjacent to the myofiber and beneath the basal lamin&¢add)bas: 20 um.

The paired boxranscription fator Pax7 is the bona fide and unequivoaerker of
satellite cells in adult muscle fibers. It is expressed by all satellite cells, both quiescent and
activated, of many organisms, includimpuse(Seale et al., 200@ndhuman(Marg et al., 2014
McLoon & Wirtschafter, 200B Some but not all satellite cells also express R®eaaix et al.,

2009.

Satellite cells constitute only-&% of the total nuclei in a nsale fiber. Upon muscle
injury, they are activated, exit quiescence and proliferate to regenerate the damaged tissue. This
complex, stegby-step process depends on multiple niche factors and intricate crosstalk of
signaling pathways (reviewed {Brack & Rando, 2012Yin et al., 2013). During development
and regeneration, satellite cells can not only act withiir trgginal basal lamina unit but also
migrate to other fibers and even musc{eluighes & Blau, 1990Watt, Magan, Clifford, &
Partridge, 198) 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 contireuto proliferate extensively and fuse to myofibers during
the phase of posthatal muscle gro@tim et al., 2013.

Once established, the size of the satellite cell pool, in terms of numbers of satddlite cel
per fiber, remains constant and functional throughout the life of an organism, with theioriuncti
being impaired only at very oladge (SousaVictor et d., 2014. Therefore, in addition to
generating precursors that eventually differentiate and fuse to myofibers during tissue
homeostasis and regeneration, they need teee#iw and return to quiescence in order to ensure
the maintenance of the stem Icebmpartment(Shea et al., 2030 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 @recursor cellrespectively(Conboy, Karasov, & Rando,
2007 Kuang, Kuroda Le Grand, & Rudnicki, 20Q7 Shinin, GayraueMorel, Gomes, &
Tajbakhsh, 2006 Experiments in isolated myofibers have demonstrated that, during these two
types of cell division, the orientation ofatdividing cells with respect to the longitudinal axis of
the fiber varies. During asymmetric divisions, the diving cells are perpendicular to the fiber in an
apicatbasalorientation(Kuang et al., 2007

Myoblast
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Myf5*MyoD*
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cells
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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 expregsatigeription 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 geumnmexteus 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, Dialslanera, Messina, & Cossu, 2010

A subset of satellite cells expressing higher levels of Pax7 showsndom segregation
of DNA strands during cell divisiornThis occurgossibly to minimize the risk of mutations ireth
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 sterfCogiboy et al., 20Q07Rocheteau,
GayraudMorel, SiegiCachedenier, Blasco, & Tajbakhsh, 20%Binin 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 dismuptine skeletal muscle tissukhis isfollowed

by FACS purification using different markers or combinations of them. Someosé éine the
surface mar ker s CE&lRtiet &, 2008 fyridecanh(K. &K gTariaka et al.,
2009, CD34 and (Sdﬂtd’o, Coyomnasg KraftnVitorovic, & Blau, 2008r VCAM1

(Brohl et al., 201P Transplantable mouse satellite cells have also beenldirsaiated by FACS

from transgenic mice carrying a Pa&d-P reporte(Montarras et al., 2005Mouse myofibers

with their associated satellite cells have been isolated through emzytestie digestion and
dissection(Rosenblatt, Lunt, Parry, & Partridge, 1999 his method of isolation has enabled
intramuscular transplantation of myofib&ssociated mouse satellite cells in mice, whereby the
grafted cells gave rise to multiple doraerived satellite cells in the grafted tisstéhese cells
maintained their regenerative capacity throughout serial transplanté@ofigs et al., 200b
Freshlyisolated mouse satellite cells suitable for grafting have also been obtained by physically
stripping them from myofibergdissectedby enzymatic digestion (Boldrin, Neal, Zammit,
Muntoni, & Morgan, 2012Boldrin, Zammit, Muntoni, & Morgan, 2009

However, enzymatic treatments digest the proteins that form the basal lamina, therefore
disrupting the satellite deniche, which is an essential contributor to the biology of satellite cells.
The importance of the nicha maintaining satellite cell quiescence, stemness and regenerative
potential isevidence by the fadhat satellite cells in culture rapidly downregtethe expression
of Pax7 and upregulate markers of differentiation (reviewgBriggs & Morgan, 201§. Loss of
stemness in culture results in a much reduced engraftment efficiency of cultured satellite cells in
comparison with that of freshly isolated celldontarras et al., 2005 This inability forex vivo
expansion, together with their availability only in low numbers is a major hurdle in the therapeutic
useof satellite cells. Disruption of the laminasaleliminates the possibility to study the biology
of satellite cells in their natural microenvironment.

Isolation of humarmusclefiber fragments (HMFFs) containing satellite cells in their
niche from human muscle biopsiegithout any enzymatic treatmepteserveshe 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 prolif€retecan giveaise
to 2050 times more Pax7 pdisie cells after 510 days before they start to differentiate.
Transplantation oHMFFs into the irradiatedibialis anteriormuscles of humanized NOG mice
demonstratedhe robustengraftment camaty and contribution to muscle fibeod these cultured
human satellite cellsTherefore,loss of stemness can be circumventedekyvivo culture of
satellite cells in their nedisrupted nichéMarg et al., 2011

Human andnouse satellite cells are known to remain viable in the tissue for several days
after the death of an individudh the tissue devoid of continuous nutrients and oxygen supply,
they are presumed toave a selective advantage amater a deep quiescenat that further
enhances their regenerative capacity upon transplantation, demonstrated by their robust
engraftmenfollowing transplantation into mouse mus¢latil et al., 2012. Also, in contrast to
other noamyogenic cell types contained in muscle biopsies, like fibroblasts, human satellite cells
can survive for up to several weeks in biopsy specimens storef@CatThis hypothermic
treatment (HT) results in almost 100% myogenic cells ditwer fragments are dissected as
described previously and put into culture. Moreover, fiber fragments containing satellite cells
subjected to this proceduemgrafted morefficiently in irradiated NOG mascles andapopulate
the satellite cellcompartmenh (Marg et al., 201} These results are encouraging for the
applicability of human satellite cells in muscle regenerative therapies. Specially, the possibility of
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longterm storage of biopsy specimens, with its additional benefits, facilitates the handling and
transport of biopsies, improving availability both autologous anallogeneicsettings

However, an unresolved issue in satellite cell therapy is the iyabflithese cells to
transverse the blood vessels and engraft in skeletal muscle if delivered by any ways other than
transplantation directly into the muscle (reviewedBniggs & Morgan, 2013Yin et al., 201J).
Therefore, the current expectations for satellite cell transfer include only those conditions where a
clinical benefit could be achievedby injecting sém cells into groups of muscles that are
sufficiently accessible for this kind @dcal delivery.

1.3.3 Clinical trials of myoblast transplantation for muscular dystrophy
A number of clinical trials have assessed the safety and efficacy of transplantingeitipge
vivo expanded myoblasts in patients affectedddD 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 expoessn the grafted muscles(Briggs &
Morgan, 2013Tedesco et al., 20)0

Périé et al. have recently puhlied the results of ay2ar followup of a phase I/lla trial
on autologous myoblast transplantation for the treatment of dysphagia in oculopharyngeal
muscular dystrophy (OPMD) patientBerie et al., 2004 In OPMD, only a subset of muscles
(extraocular and pharyngeal) is affected. The patients received an intramuscular injeetxon of
vivo expanded myoblasts isolated from their unaffected muscles into the gaakrymusclesThis
resultedin a cell dosedepenént improvement in swallowing. This study is still ongoing under
the ClinicalTrials.gov Identifier NCT00773227.

Another phase /1l trial for allogeneic myoblast transfdo ithe extensor carpi radialis
muscle of DMD patients(NCT02196467 is currently in the recruitment phagglinical trials
using myoblasts have also been conducted for heart failure and stress ingmanrtnence
(Tedesco et al., 2010

1.3.4 Contribution of other cell types to skeletal muscle regeneration
Several other cell types have myogenic potential bothtro (when cecultured with myoblasts,
spontaneously or if induced to differentiate dipher means) anoh vivo during development or
regeneratiorfTedesco et al., 201¥in et al., 2013.

However despite the contribution of othetemcell typesto skeletal muscle regeneration
naturally or in transplantation studies, satellite cells are essential to adult muscle regeneration.
Ablation of Pax7 expressing celils two independent studiassing diphheria toxin completely
abolisted muscleregeneration following myotoxin injury. Moreover, transplantationtbercells
with known myogenic potential could not rescue the regeneration defect of the muscles devoid of
satellite cellgLepper, Partridge, & Fan, 201%ambasivan et al., 201 his finding is of utmost
importance when considering the potenbahefits and outcomes of stem cell transfer to treat
skeletal muscle disorders.

1.3.4.1Bone marrow stem cells

Bone marrowderived cells delivered by systemic of intramuscular injeatEmengraft and give
rise to myonuclei in dystrophic mice following musabgury. However, heir contribution to new
myonuclei is reportedly very inefficieriBittner, Schofer, et al., 199%errari et al., 1998 Two
phase I clinical trials for autologous transplantatibbone marrowderived mononuclear celis
DMD (NCT0224143% and LGMD (NCT0224571) patients are currently on the recruitment
phase.
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1.3.4.2Muscle side population (SP) dés

Muscle SP cells are a heterogeneous population of interstitial cells with myogenic poteitr@y
andin vivo when transplanted into regenerating mouse musdlesy arecharacterized by the
absence of CD45 andkit and the expression of Sda ABC@& and Pax7. Some cells expressing
those three markers and additionadijndecard have also been found in sublaminar positions
around myofibersTheyare thought to be a distinct population of satellite qélsakura, Seale,
Girgis-Gabardo, & Rudnicki, 2002 They have been shown to engrafid restore expression of
dystrophin in irradiatedhuscles of mdxmice following systemic delivergGussoni et al., 1999

1.3.4.3PW1+ interstitial cells (PICs)

PICsare interstitial cells marked by PW1 expression and found in skeletal muscle. Although they

do not originate from Pax3 exps#sg embryonal progenitors, they are myogenigitro andin

vivo. They can give rise to myonuclei and repopulate the satellite cell compartment following
transplantation inteegeneratingnousemusclesMitchell et al., 201D A subpopulation of PICs

resident in muscle that expressP DGFRU has adi pogeni c instead
(Pannerec, Formicola, Besson, Marazzi, & Sassoon, )202\8/1 is also expressed in other
somatic stem and progenitor cells incen(Besson et al2011J), including satellite cell§Pannerec

et al., 2013 Expressionof PW1 has also been associatewith the myogenic potency of
mesoangioblast@onfanti et al., 2016

1.3.4.4Mesoangioblasts
Mesoangioblasts afdargevesselassoa@ted cells that originate from the embryonic dorsal aorta
They can differentiate into several mesodermal tissues like bone, cartilage, smooth, cardiac and
skeletal musclén vivowhen transplanted into mice. They express CD3dit and Flk-1 and can
beisolated, cultured and expanded for prolonged time peiiod#ro (De Angelis et al., 1999
Minasi et &, 2002. They are capable of extensive engraftment and muscle regeneration
following intramuscular or systemic transplantation into nfld@z-Manera et al] 201Q Galvez
et al., 2006 Guttinger, Tafi, Battaglia, Coletta, & Cossu, 200Bampaadsi et al., 2006
Sampaolesi et al., 2013

Encouraging preclinical results have been achieved in a mesoanglmdast gene
therapy approach for LGMD2E (caused by mutations in the DGC compbrsamtoglycan)in
this study, intraarterial injection of patient derived mesoangioblasts transduced with a lentiviral
vector esaarrrcyoi gnl gy &taoglydah mice gdve rise to a large none r  -o f U
sarcoglycan+ myofiber§Sampaolesi et al., 20R3Dystrophinnull mesoangioblasts have also
been genetically engineered to carry a human artificial chromosome (HAC) containing the
completehuman dyswphin locus with its own regulatory sequen&ystemic transplantation of
these corrected mesoangioblastdd Iéo robust engraftment, dystrophin reconstitution and
amelioration of the dystrophic phenotypenidixmice (Tedesco et al., 20)1

Owing to their robust regenerative capacitiye possibility of expanding and genetically
manipulating themex vivoand their ability to reach many groups of muscles wherctigje
systemically, they hold great promise for cell therapy of skeletal muscle disorders.

1.3.4.5Pericytes

Similar to mesoangioblasts, they aresselassociateccells, although pericytes are generally
found juxtaposed to small vessekhey are thought to retate the blood flow in capillaries
(Kutcher & Herman, 2009 They can differentiate into adipocytes, chondrogyasteoltasts and
skeletal muscle cell§Dellavalle et al., 2011Dellavalle et al., 2007M. J. Doherty et al., 1998
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FarringtonRock et al., 2004 Human control pericytes have been shown to engraft as myonuclei
or satellite cells following intrarterial ddivery into scidmdx mice They also restored
dystrophin expression in myofibereading to a functional phenotypic recovery of dystrophic
muscles(Dellavalle et al., 200). Dystrophn reconstitution inscidmdx mice has also been
achieved by transplantation of genetically engineered pericytes obtained from DMD patients and
transducedex vivo with a lentiviral vector carrying a human midystrophin transgene
(Dellavalle et al., 2007

1.3.4.6CD133+ cells (also called AC133)

Human ells with myogenic potential expressing the CD133 surface marker can be found in
peripheal blood and in the muscle interstitiufhey canbe expandedex vivoand participate in
muscle regeneration, forming myonuclei when delivered to mouse muscle directly or via the
blood circulation(Negroni et al., 2009Torrente et al., 2004 Alike mesoangioblasts, thegould
restore dystrophin expression and repopulate the satellite cell compartmemwinigll
transplantatiorinto scidmdxmice (Torrente et al., 2004

Ex vivo engineered patierderived CD133+ cells have also been shown t@store
dystrophinexpressiorand promote functional recovery s€idmdxmouse musclegBenchaouir
et al., 2007. A recent study also identified CD133 expressing cells unddgrribe basal lamina of
myofibers in control and dystrophic muscl@deng et al., 2014 These human musetierived
CD133+ cellscan robusty engraft following transplantation into irradiated and regenerating
musclesof severely immunocompromisedice Moreover, transplanted CD133+ cells generate
functional satellite cells capable of giving rise to a large number of etarored myofibers after
subsequent round$ muscle injury.

However, as occurs with satellite cells, theirvivo myogenic potential is reduced after
prolongedex vivoculturing, limiting their availability for therapfMeng et al., 2014 A phase |
clinical trial reported the safety of autologous transplantation of mdscieed CD133+ cells in
DMD patients(reviewed in(Torrente et al., 20QY but so far no clinical studies have assessed the
safety or efficacy of allogeneic or genetically engineered CD133+ cell transfer.

1.3.4.7ES or iPSderived myogenic cells
Embryonicstem (ES) celland induced pluripotergtem (iPS) cellshave been used in muscle
regeneration studiegransplantation of either undifferentiated cells or cells previously derived
into myogenielike precursorsin vitro resulted in functional engraftment in the hosbuse
muscles(Bhagavati & Xu, 2005 Chang et al.,, 20Q9Darabi, Pan, et al.,, 201Darabi &
Perlingeiro, 2014Darabi, Santos, et al., 201&ilareto, Darabi, & Perlingeiro, 2012lt is well
established, however, that the transplantation of ES or iPS cells without previous differentiation
into committed progenitorgn vitro involves risk of tumorigenesis, as one thie defining
characteristicef pluripotentstemcells is th@ ahility to form teratomag vivo (Takahashi et al.,
2007 Takahashi & Yamanaka, 2006

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

Extensive effortshave been mad® understand the disease and develop feasible therapeutic
approachesThose arevidenced by thesubstantiaincrease irthe number opublications about
dysferlin and dysferlinopathy withi the last decade (The Jain Foundation website:
http://www.jainfoundation.org/aboutis/progressnetrics/numbetabsandpublications.

Unfortunately, howeverno effective treatment is available for patienthe recent
advances in cell transplantation for skeletal muscle disease and dysfunctiotie acldhical
translation of some of them, hold great hopes for the treatment of muscular dystrophy. Given that
dysferlinopathyis bound toa single causative genthe advancement of gene therapy has also
been regarded asnecessary and promising stephie 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 Lerich&uerin et al. in 2002. They found expression of human dysferlin,
recognized sgcifically by the Ham3/17B2 antibody, in #80% of fibers one month after
intramuscular transplantation of human myoblasts from healthy donorSCID mice. The same
study reported dysferlin reconstitution ini30% of fibers following transplantation ohouse
myoblasts expressinfj-galactosidasénto SJL mice immunosuppressed with FK5Q&riche
Guerin et al., 2002

A study published shortly after detected modest engraftmenéexmession of dysferlin
and humarspecific dystrophin 12 weeks after intravenous injection *df01human 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 proteim vivo has been achieved by intramuscular
transplantation of mesoangioblasts isolated from adiili-type mice into the muscles of
dysferlinnull Bla/J mice(Diaz-Manera et al., 2000 The donorerived cells were present in the
muscles 361 and 12 days after graftiraibeit surrounded by an inflammatory infiltrate, but were
no longer detected 3 weeks after transplantation, probably due to immune rejection. On the
contrary, injection ofmesoangioblasinto muscles or thdemoral artery of Scid/blAJ mice
resulted in sumessful engraftment and large areasloforderivedfibers after one month in all
target muscles Interestingly, cardiotoxint r e at me nt of t he host 6s mu s
increased the number of dorterived fibersHowever, he presence of numerodsnorderived
fibersonly rescuedlysferlin protein levelso ~20% of wild-type and did not lead ta significant
improvement of locomotor parameters. It did, nevertheless, partially rescue the memdpair
defectof myofibers.

Bone marrow transplantati (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 myBtieet al., 2013.

1.4.2 Gene transfer

Adencassociatedviral (AAV) vectorsof various serotypes have been widely used for gene
transfer into skeletal muscle due to their natural tropidowever, tkeir packaging size is limited

to 4.7 kb. Thatnarrows their utility for delivery of large transgenkke the coding sequence of
many genes mutated in muscular dystrophidgey are also neimtegrating vectors and would
therefore need to be repeatedlyragisteredD. Wang, Zhong, Nahid, & Gao, 20)14
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The large size of the dysferlin cDNA.Rkb) is ahurdle for packaging into viral vectors
of widespread use in gene therapy. However, the discovery of a naturally occurring truncated
dysferlin protein including the lastvo C2 and the TM domains with partially retained function
(Krahn et al., 201p0raised the possibilitpf mini-gene transfeusing AAV vectors, successfully
used for delivery of mini and micredystrophin in DMD models (Jarmin, Kymalainen,
Popplewell, & Dickson, 2014 This ~73 kDaprotein was found in a female dysferlinopathy
patient with late disease onset and mild phenotype totally lackindefgth d/sferlin. The
patient had a homozygous deletion of exo® the dysferlin gene anmtiRNA. Expression of
minidysferlin resulted from usage of a cryptic TSSHR2downstream of the native $SThis
enabledescue of the reading frame and use of the abstiop codon oDYSE Minidysferlinwas
robustly expressed and localizedthé sarcolemma and thettlibulesin muscles of A/J mice
following transfer via AAV Its expression led ta functional rescue of membrane repair in
mydfibersof AAV -injected musas(Krahn et al., 2010

However, it was later shown that expression of minidysferlin in skeletal muscle of
dysferlin null B6.A/3Dysf™ mice, although rescuinthe membrane repair deficit in isolated
myofibers, does not ameliorate dystraplieaturesin vivo, nor does it protect sarcolemmal
integrity from exercisenduced injury In fact, when expressed at levels higher than those
physiological for dysferlin invild-type muscle, minidysferlihas a detrimental effectesulting in
worsening of the dystrophic featur@gsstal et al., 2012 The same study assessed thesjimlity
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. Thisnirinsic property of AAV vectors has been exploited to deliver
transgenes that exceed the cargo size of one vector. This can be achieved &igmsrdpyicing
ofnonover |l apping transgene segment s, or by homol o:¢
3 g€equences to generate a-elhgth transgene. Each segment is encapsidated in one vector and
following coinfection of one cell with both vectors, the complete transgene is recongdutad
Yue, & Engelhardt, 2001

The dual vector strategy has allowed restoration oflémidjth dysferlin protein in mice
via trans-splicing or recombination using rAAV2/1 and rAAV2{Bostal et al., 201)) and AAV5
(Grose et al., 2002 respectively. Very recently, a further developed recombindtémed dual
AAVrh74 vector approach was used to successfully deliveddatith dysferlin into mice and
northuman primates. In this study, up to ~90% of myofiberewpasitive for dysferlin 6 months
after intramuscular delivery and ~70% after regional vascular delivery into the lower limbs of
129-Dysf” mice. Systemidleliveryvia the tail vein of B&#J mice also lead to protein restoration
in thetibialis 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 t
systemic vector delivery. Although dysferlin protein was only detected in the muscles injected
with both 506 and 30 vectors, detectable | evels o
PCR amplification of the viral genoméSondergaard 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 macaqiié®mse werepreviously confirmed to
have low baseline levels of T cells and antibodies agd#iesvtiral capsid and dysferlin. The
treatment resulted in robust overexpression of dysferlin exclusively in the injected saitol&
and 6 months. The authors reportédence of histological signs of toxicity or inflammation in
the treated muscles and no aberrant responses to the capsid or trafisgEmessultthus appear
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very encouraging for a potential clinical applicabiligithough repeated administrations of AA
vectors would likely induce an immune response against the viral capsid
Transfer of full engt h dysferlin driven by EF1U pr
myoblasts has been previously performiadvitro using apiggyBac transposon vector. The
myoblass were derived from uman iPS cellof MM patients by directed differentiation via
inducible expression of MyoD piggyBac-mediated delivery lead to detection of dysferlin phot
in western blot samples ehgineered myotubes, and to rescue of membraealieg(A. Tanaka
etal., 2013

1.4.3 Combined gene and cell therapy

The eficacy of engineered CD133+ cells for the treatment of dysferlinopathy has also been
asessed in a dysferlin deficient mouse moderegalli et al.,, 2018 In the study, blood
CD133+ cells from dysferlinopathy patients were transduced withtizitahvector carrying the
full-length human dysferlin cDNA driven by the human PGK1 promoter. The genetically
engineered cells were injected into notexin treated or untradidis anterior muscke of
Scid/blAJ mice.Transplantation resulted in ~30%irhan nuclei per section inotexin treated
muscles one month after cell injection and detectable expression of dysferlin mMRNA and protein
in all injected musclesHowever,dysferlin was only found in a patchy distribution in less than
10% of total myofibes. 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 donoiwerived cells, since transplantation of modified CD133+ cells fromthyeal
individuals yielded similar result§veregalli et al., 2013 Nevertheless, low levels of dysferlin
expression appeared to suffice for a partial rescubkeoiembrane repair capacity of fibers from
transplanted muscles, similar to what was previously rep{ied-Manera et al., 2030

1.4.4 RNA based therapies

Exon skipping in patient derived dysferlinopathic myoblasts led to successful mMRNA targeting
and removal of dysferlin exon 32, establishingaasisfor the further development of therapeutic
dysferlin exon skipping approach@&/ein 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|esmst 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 witha point mutation in intron 44
(c.4886+1249 (G>T)XDominov et al., 2014 The mutation gee rise to aberrant praRNA
splicing and inclusion of a 177 nt sequence between exons 44 and 45 (pseudoexon 44.1, PE44.1),
generating an iframe insertion of 59 additional amino acids within the C2F domain. The
insertion was thought to disrupt proteimétion, since the two patients had only one additional
disease causing mutation in the other allele. The u#Ois targeting possible exonic splice
enhancer (ESE) sequences of the novel pseudoexon resulted in blocking of the aberrant splicing
and produdbn of normal mRNA, increasing dysfer expressionin patientderived myotubes
(Dominov et al., 2014

Another approach that has successfully been used for dysferlin protein restoration is
spliceosomanediated RNAranssplicing (SmaRT).n a therapeutic context, this method aims to
replace the mutated part of the &RNA by manipulating the splicing process. This is achieved
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by providing a suitably designed pirans-splicing molecule (PTM) coding for the corresponding

part of the wildtype mature transcript. The PTM is targeted to the endogencusRIXA 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 prmRNA segment by the PT¥dncoded sequence, resulting in a repaired mRNA
(Puttaraju, Jamison, Mansfield, Gar@tanco, & 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: Spliceosomemediated RNAtrans-splicing to restore mutated dysferlin mRNA.

A PTM moleculecoding forthewild-type3 6 moi ety of dy s BB toaniintroniofsheendmgempest ed by it
dysferlin mRNAupstreanof the mutationThe splicing machinery will process the priRNA to produce either the

endogenous mature transcript (carrying the mutation) o6thaRTpr oduct , where the 36 moiety
MRNA has been exchanged by the PTM molecule therehyrirgsthe mutationCourtesy oDr. Attila Szvetnik

Using SmaRT, Philippi et al . moetyaf dysferlche d t o r €
MRNA downstream of exons 31 to 37 through exon Banssplicing enabled restoration of
dysferlin protein in paé@int derived myotubes transduced with lentiviral vectors carrying the
therapeutic PTMs. It also resulted in protein resicueivo when the PTMs were delivered via
rAAV2/1 into thetibialis anterior musclef dysferlinnull (B6.129Dys{™*"1J) mice. Howeer,
the protein could only be detected at low leatlthe sarcolemma of up to ~6% of fibers in the
treated muscle@hilippi et al., 201k

1.4.5 Relocation of nutated dysferlin

Mary dysferlinopathy patients havenissense mutations causing protein aggregation and
misfolding (Wenzel et al., 2006 formation of amyloid degsits(Spuler et al., 2008 and protein
degradation by the endoplasmic reticutassociated protein degradation machinery (ERAD)
(Fujita et al., 200) 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 thégrminus with thdransactivator of
transcription(TAT) cell-penetrating peptide from the human immunodeficiency virus type 1 to
allow transmembrane permeation and cytosolic targeting. Shori5ib@r) peptides with
sequence identical to the mutated protein segment and harboring the specific mutations caused a
partial relocation of mutated dysferlin from the HRoximal aggregates to the sarcolemma. This
relocation possibly accounts for a func@ improvement in membrane repair following
sarcolemmal injury in myotubes derived from two patients harboring missense mutations
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(Schoewel et al., 20)2 These mutationswere previously shown to cause dysferlin protein
misfolding and aggregation in addition to absence of sarcolemmal dy¢¥&dimzel et al., 2006

The complete mechanism by which short peptides specifically recapitulating the
mutations have a positive effect on mutated dysferlin is still poorly undersioeatment with
the corresponding peptides was shown to result in a downregulation of ERnstirksss in the
patientderived myotubes and a release of mutated dysferlin from the aggregates, thereby
allowing for a partial relocation to the membrane and functional rgStimewel et al., 20)2
The feasibility and effectivity of this approach getto be testedh vivo.

1.4.6 Rescue of mutated dysferlin from degradation
Some missense mutations in dysferlin render the protein susceptible to proteasonutidegra
thereby reducing its cellular levels and, consequently, leading to functional deficits caused by the
absence of dysferlifAzakir, Di Fulvio, Kinter, & Sinnrech, 2013. Augmenting the levels of
mutated dysferlin by inhibiting protein degradation has been shown to rescue theamemb
repair and fusion deficitén muscle cells derived from patientgith the DYSF Arg555Trp,
Gly426Arg or Gly299Arg missense mutats (Azakir et al., 2012 Azakir, Erne, Di Fulvio,
Stirnimann, & Sinnreich, 2034 This showed that the mutgmtotein, if rescued from degradation,
can retain part of its functionality and therefore be explaiteal therapeutic substrate in patients
harboringsimilar mutations.

Those resultencouragedn operabel singlearm clinical study evaluating the effeaf
the FDAi approved proteasome inhibitor bortezonmbdysferlinopathy patientsThe study was
performed on three 280-year old brothers with combined MM and LGMD2B phenotype,
homozygous for th®YSFArg555Trp missense mutation and with very low lewvaslysferlin
protein in muscle. They were administeradsingle 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 anddnauytes, 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 thpeutic effects did not appear to be exclusive to bortezomib,
sincethe in vitro results were confirmed with two other nevgemeration proteasome inhibitors
(Azakir et al., 2013

1.4.7 Increasing dysferlin expression

The dysferlin promoter contains a vitamin D response element (VDRE) consenstypeR3
sequencdéT. T. Wang et al., 20Q05Treatment with vitamin D3ncreasedlysferlin mRNA and
protein in a doselependent manner in mobilizgaeripheral blood monocytesPBM) and
myotubes derived from asymptomatic carriers with a siBf&F mutationthat causededuced
levels of dysferlin (less than 75% of controls). §bifectis 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., 202). Thein vitro results were confirmed in an op&bel 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 expresst@Mimfter 1

year of followup in the D3treated group. Despite the adverse effects resulting from excessive D3
intake observed in a previous stu@acobsen, Hronek, Schmidt, & Schilling, 2plthe authors
reported no adversevents as well as normal levels of blood calcium, creatinine, and urea during
treatment and followp.
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However, although no data is available on the administration of vitamin D3 to
dysferlinopathy patients, the treatméailed to increase protein levals vitro in patientderived
myotubes lacking expression of dysferlde Luna et al., 2092 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 Beautytransposon system

Transposons are mobile DNA sequences that can relocate within the genome thpoogbsa
called transposition. There are two main classes of transposable elefepatgling on their
moleailar mechanism of transposition

T Cl ass | or retrotransposons ope.fMeyrequitehr ough ¢
an RNA intermediate that is retrotranscribed to generate an additional dsDNA molecule
copy of the original transposon. This new transpasquencés then inserted inta new
position thereby amplifying the number of copies per genome. Retrotransposons account
for approximately 42% of the human genothender et al., 2001 Many of them are still
actively ij umpi ngo and ar e a cimdividuald er ab |l e
polymorphisms by generating genomic variability transmittable to the germline or by
transposing in somatic tissuéBabatz & Burns, 203,3arreira, Richardson, & Faulkner,
2014 Richardson, Morell, & Faulker, 2014 Venter et al., 2001

T CIl ass I or DNA transposons, on t he contr al
mechanism that does not require an RNA intermediate. They are directly excised from
onegenomic 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 inactivéLander et al., 2001

Sleeping BeautySB) is a DNA transposon member of the Tcl/mariner family and
originates from fish genomes. It wasactivated 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 ative jumping of a DNA transposon in contemporary mammalian gendivies,

Hackett, Pasterk, & lzsvak, 1997 After the reactivation of SB in 1998everal other DNA

transposons were similarly reconstructed and shown to be transpasitiggetent in vertebrate
genomes, like th&rog Prince (Miskey, Izsvak, Plasterk, & Ivics, 20p3harbinger (Sinzelle et

al., 2008, TcBusterand SPIN(ON) elementsi 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 ringtawo binding sites for the
transposase. The two ITRs flank an ORF that encodes the transposase protein, whose expression
is driven by its own regulatory sequer{bgcs et al., 199Y.

However, the transposon and transposase can be separated, providing a flexible genetic
tool that allows delivery of engineered transposon sequences from a DNA vector, mositfyeque
a plasmid, into the target genome. In this configuration, the SB transposase can mobilize any
sequence of interest that is flanked by the transposon (GRsbundzija, Izsvak, & lvics, 2011
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Ivics et al., 199Y. The transposase can be providedrams as an expression vector, mRNA or
recombinant protein.

Since SB was developed, both transposon and twaasp have been subject to
modifications in order to enhance their activiBaus, Liu, Heggestad, Sanz, & Fletcher, 2005
Zayed, lzsvak, Walisko, & lvics, 2004The most active variant of the transposase is SB100X,
generated through a mutational screen on the original SB transpdates et al.,, 2009
SB100X is highly active in gene transfer in numerous somatic and stem or progenitor cell types
(Mates et al., 20Q%ue et al., 2000

In addition to SB, the DNA transpos@iggyBac, derived from the cabbage looper moth
Trichoplusia nj is also capable of highly efficient gene transfer in human €ElIE. Doherty et
al., 2012 Grabundzija et al., 201XX. Huang et al., 2000and hasbeen widely exploited as a
genome manipulation to@Di Matteo et al., 2012

SB100X mRNA

Figure 1.9: Mechanism of transposition of SB in a@rans configuration.

When both components of the systame introduced into a celind the transposasis expressed (1)t is able to
recognize and bind the ITRs of the transposon sequ&pdéthen catalyzes the excision of the transpasorying the
gene of interest (GOHrom its donor locatior(3), most frequently a plasmid for gene transfer applications, and it
mediates its integration into the target genohe Most ransposases of the Tcl/marisepefamily, includingSB and

its hyperactivevariantSB100X, integrate transposecassettegto TA dinucleotides generating a target site duplication
upon insertior(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).

1.5.1.1Predinical studies usingex vivogene 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, 2005Transfer of theFanconi anemia complementation
group C (FAC) genanto patientderived lymphoblastoid cells using SB vectors resulted in
corredion of the DNA repair defects characteristic of FAC deficiency and provided a-gfoof
concept for gene therapy Banconi anemia type C using $Byland et al.2011). Ex vivogene
therapy of sickle cell a n e mi-Globir{ tusdehe intoibane t r ans f e
marrow derivechematopoietic stem cell$16C9 from a SCA patient resulted in a decrease of
sickling in mature red blood cells derived in vitro from HSS§eklocha, Wong, Belcher,
Vercellotti, & Steer, 2013

SB has also been used in pradfconcept studies foex vivogene therapy of muscular
dystrophies. @nditionally immortalized mouse myoblasts from dystrophin deficient mice were
stably transfected with a SB vector carrying a migdystrophin transgeneHowever,
intramuscular transplantation of these engineered myoblasts aintnouse of model of
dystrophhopathy thdxnu/ny resulted only in a moderate engraftment and expression of-micro
dystrophin in myofibers of grafted muscl@duses, Morgan, & Wells, 201)bMuch betterin
vivo results were achieved through -Bidiated delivery of a micratrophin transgeminto iIPS
cells derived from a utrophin/dystrophin double knactk (dKO) mouse line. Those were
subsequently differentiated vitro into myogenic progenitors by transiently induced expression
of Pax3. The corrected cells were capable of engraftmentnaab-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 theCDi@ donorderived
myofibers and the treated muscles showed avgal force paramete(Eilareto et al., 2013

Gene therapy not only includes transfer or repair of defective genes but also introduction
of transgenes that giect 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+ leukednia
lymphoma cellsin vitro and reduced tumor growth following grafting into {mediated
NOD/SCID mice(X. Huang et al., 2008

1.5.1.2SB-mediated gene transfelin vivo
In vivo gene transfer of fumarylacetoacetate hydrol#8&H) 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 typ&ethal liver diseaséMontini et
al., 2002 Pan, Ma, Zhang, Fan, & Li, 201&Vilber et al., 200Y. In vivo SB-mediated gene
delivery of human betglucuronidase or alphia-iduronidase in mouse models of
mucopolysaccharidosis types | and VII has also resulted in phenotypic corr@atimovich et
al., 2007 Aronovich et al., 2000

SB-basedin vivo delivery of coagulation factor VIII (FVIII) through hydrodynasniail
vein injections resulted in phenotype amelioration in mouse models of hemopfii®iet al.,
2009 L. Liu, Mah, & Fletcher, 20080hlfest et al., 2005
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Coupling of SBbased vectors with nanoparticles or with viral platforms has been
exploited in order to enhance the efficiencyirotivo delivery. Selective targeting of distinct cell
types in the liver via intravenously delivered ligaswhted nanocapsules carrying therapeutic SB
vectors restored expression of FVIII specifically in liver sinusoidal endothelial cells of hemophilia
A mice and resulteth partial phenotypic recover|Kren et al., 2000

Transfer of FVIII into the liver of mous@ausl et al., 2010Yant et al., 200pand dog
(Hausl et al., 2010models of heraphilia 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 tropismafaheapsidbut
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 intededsetive
lentiviral vectors(Moldt et al., 2011 Staunstrup et al., 200¥ink et al., 2009, baculovirugLuo
et al., 2012 Turunen, Laakkonen, Alasaarela, Airenne, & -Harttuala, 201 and additional
studies using adenovir§¥ant et al., 2002Zhang, MuckHausl, et al., 2013,3hang, Solank et
al., 2013. SB transposon cassettes have also been combined with the minicircle technology for
production of bacteriabackbone free DNA vectors by recombinat{@tnarma et al., 20).3

1.5.1.3Clinical trials using SB
The first clinical trials using SB transposon were initiatethe\USA at the MD Anderson Cancer
Center in Houston, Texa@Villiams, 200§, focusing on adoptive -Tell immunotherapy for
cancer. They are based on the delivery of CARs against CD19 into peripheral blood mononuclear
cells (PBMCs) from cancer patienis order to prompt recognition and cytotoxicity against
CD19+ malignant B cells. The first patients have already been treated with an autologous
transplant of modified tumespecific T cells expressing a CD#i#rected CAR(Kebriaei et al.,
2012. This study is currently underway and the results are expected with great excitement.

SB mediated transfer of pigment epitheligierived factor (PEDF) into retinal ands
pigment epithelial cellén vitro enabled longerm expression and secretion of PE(Bhnen et
al., 2012. These results stablished a basis for a curren¢ gherapy clinical trial coordinated by
the European consortium TargetAMD. This trial aims toaisgivoSB-mediated gene transfer of
PEDF to treat thexudativeform of agerelated macular degeneration (AMD). In this disease, a
neovascularization of éhchoroid 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
antiangiogenic molecule naturally secreted by RPE cells that prevents blood vesei. gro
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 moch 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 pate s 6 i r i s, nucl eofected widt
transfer PEDF and fienplanted into the subretinal space within the same surgery.

1.5.1.4Biosafetyof SB for gene therapy

Gene therapy clinical trials based on transfer of autologous HSC engineereivo with
retroviral vectors have resulted in the development of leukemia due to insertional oncogenesis in
X-linked severe combined immunodeficiency (S&D) (Deichmannet al., 2007 HaceinBey-

Abina et al., 2008HaceinBey-Abina et al., 2003Howe et al., 2008 chronic granulomatous
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disease (CGDjStein et al., 2010and WiskottAldrich syndrome (WAS) patient®8raun et al.,
2014.

Retroviral vector integrations causingansactivation of proteoncogenes in the
engineered HSCs due to the mamdom vector insertion patterfDeichmann et al., 2007
Schwarzwaelder et al., 200@nd the high activity of the retroviral enhancer elemédtsve et
al., 200§ 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 heietitapalignancies and
recovered from the underlying genetic disorders thanks to the HSC gene therapy treatment
(HaceinBey-Abina et al., 2008

Clinical trials of autologous HS@ene therapy using newer generation gameti@viral
and lentiviral vectors with lower enhancer activity have so far resulted in much better outcomes
regarding vector genotoxicity in WA@\iuti et al., 2013, metachromatic leukodystropl@iffi et
al., 2013 and SCIDX1 patients(HaceinBey-Abina et al., 201)% although longerm studies on
leukemogenesis still need to follow.

Opposite toHSC-gene therapy trials using early generation retedwectors, clinical
trials for adoptive cancer immunotherapy based on-wiediated gene transfer into T cells have
not resulted in oncogenic transformati@une, Blazar, & Riley, 2009This is likely due to the
fact that, in contrast to HSC, whichatketo repopulate multiple hematopoietic lineages upon
engraftment, mature T cells are roividing and thusprobably resistant to transformation
(Cattoglio et &, 201Q Newrzela et al., 20Q&Recchia et al., 2006

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

In this regard, SB benefits from a very cldsgandom genomic integtion profile and
does not preferentially integrate into transcriptionally active sites, coding regions or regulatory
regions of genedt is thereforeless prone tanduce genotoxicity in comparison to integrating
viral vectors (e.g. HIMderived lentivirg, MLV or retrovirus) or other transposon systems like
piggyBac(X. Huang et al., 2010Moldt et al., 2011 Staunstrup et al., 200¥igdal, Kaufman,

Izsvak, Voytas, & lvics, 20Q2yant et al., 2005Zhang, MuckHausl, 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 émaduily very different from

human Tcl/mariner elements. SB transposase proteins do not bind class Il transposon sequences
in the human genomdreviewed in (Hackett, Largaespada, Switzer, & Cooper, 2013
Furthermore, SBTRs havevery little enhancer/promotedaictivity and are thus unlikely to coax
trans-activation of nearby transcriptional units by themsef@asgaard et al., 200®Valisko et

al., 2008.

It may seem paradoxical that SB has also been used for somatic mutagenesis screens in
mice in order to findcandidate cancer genes. However, those studies have used genetically
predisposed mouse lines harboring underlying cooperative mutafittesnatively, multi-copy
transposon insertiorfsave been used produce multiple genetic alterations in the samieupen
transposon renobilization. Also, the transposon cassettes used for mutagenesis screens were
specifically designed to induce oncogenic transformation upon insertion into host(igankstt
etal., 2013

Nevertheless, the risk of genotoxicity cannot be completely eliminated when using non
targeted transgene integratior@oviously, the ideal scenario for gene therapy is the targeted
correction of mutations in the endogenous gesiag 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 broughinto picture a large number of applications in gene therapy. However, safety issues
regardingespecially offtarget events, which could result in the disruption of undesirable loci, are
still an important concern and need to be addressed before cliniglsl &re earnestly
contemplated.

1.5.1.5Cargo capacity, costeffectiveness and transgene silencing
Although large transgenes are delivered less efficie(itgvak, Ivics, & Plasterk, 20Q0
Swierczek, Izsvak, & Ivics, 20)Do upper size limit haBeen established for SB systemhits
been used to deliver sequences of up~1®0 kb when combined with bacterial iactal
chromosomes (BA§) for humanES cell transgenesiéRostovskaya et al., 2012

Unlike transgenes contained within some viral long terminal rep&diBs) that are
rapidly subject to silencing upon integratidhg SB transposon ITRs do not triggEansgene
silencing followinggenomic insertionSilencing eventsan nevertheless occur aa influenced
by the site of insertiomnd the cargo sequencihe latter can be prevented by careful cassette
design and avoidance of viral promoters/enhangeasrison, Yant, Mikkelsen, & Kay, 20D7

Last, regardinglargescale production of clinicajrade vectorsSB has the advantage of
being a plasmidbased system. Therefotiee lower manufacturing costand production timeas
well as the higher certainty abdot homogeneityikely represent an important advantage against
the manufacturef clinical-grade virdvectors
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2 Aim of the study

We sought to develop ax vivocell-based gene therapy approach to treat dysferlinopathy using a
nonviral vector system for fullength dysferlin transfer. We select& transposon as a gene
delivery tool due to its ibsafety features and gene transfer efficacy. Our concrete goal was to
restore dysferlin expression in dysfertieficient mouse myoblaséx vivoand to transplant them

into a mouse model afysfetinopathyin order to reconstitute the protein in skelatalsclein

vivo.

We also aimed to investigate culture models that would enabéxthigoexpansion 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 Material s and Methods

3.1 List of antibodies

- . Stock Working
Antibody Species Company Cat. No. cone. dilution
dysferlin mouse Novocastra | Ve | 180 149000 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 (monoclonal) Novocastra MHCF n.s. 1:500 WB
. mouse . DLN- 200 .
PAN-actin (monoclonal) Dianova 0727 ug/ml 1:2000 WB
alphatubulin mouse SigmaAldrich | T5168 - 1:3000 WB
(monoclonal)
Pax7 mouse DSHB pax7 | SN L1990 1R tissue
(monoclonal) glycerol
laminin rabbit SigmaAldrich | Lozez | 069 | L1:2001F
(polyclonal) mg/ml tissue
human rabbit Epitomics ab i 1:2000 IF
Lamin A/C (monoclonal) P 108595 tissue
ant-mouseHRP goat Thermo Scientific] 31432 | 28 | 1:5000 wB
(polyclonal) mg/m|
antirabbitHRP goat Thermo a1462 | %8 | 15000 wB
(polyclonal) Scientific mg/ml
antirmouse donkey Rockland_ 610732 1 1:5000 WB
IRDye800 (polyclonal) | Immunochemicals 124 mg/ml
antirabbit donkey Jackson 711-165 1.5 1:500 IE
Cy3™ (polyclonal) | Immunoresearch| 152 mg/ml '
antFmouse donkey . . 2 .
AlexaFluof555 | (polyclonal) life technologies | A31570 mg/ml 1:500 IF
antirabbit donkey . . 2 .
AlexaFluoP647 | (polyclonal) life technologies | A31573 mg/ml 1:500 IF

Westerrblot (WB), immunofluorescence (IF), supernatant (SN).

3.2 Plasmid vectors & cloning

The SB100X expression vectaras previously describe(Mates et al., 2009 The pT2-CAG-
GFP and pTZE F 1GFP were available in the laboratory. The-IS&ed reporter vector pT2
CAG-IRES-GFP (pLICUl) (map inpage89) was kindly provided by Ardlica GarciaPérez,
(laboratory of Dr. Zsuzsanna lzsvak).
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The SBbased reporter vectors for assaying promoter activities in H2K A/J myoblasts
were constructed as follows: for cloning of p$pc512-GFP, theSpc512 promoter sequence
(Li, Eastman, Schwartz, & Draghiskli, 1999) was extracted from pAA\Epc512-huDysco
(map in page 89, kindly provided by Prof. George Dickson, Royal Holloway, University of
London, UK) with Xbal. It was later insertexdto pT2CAG-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 CH®ly(A) signal

For cloning of pT2SV40-GFP, the SV40 promoter sequence wagacted from pGEM
T-SV40 (plasmid map ipage89) (kindly provided by Julia Rugor, labatory of Dr. Zsuzsanna
Izsvak with Eagl + Nhel. The 256 bp fragment was inserted into-@AB-GFP previously
digested with Notl + Nheih order to remove the CAG promoter.

The SBbased vectors for fulength dysferlin transfer were constructed as follows: for
cloning of pT22Spc512-hDYSF_viGFP, the hDYSF_v1 coding sequence (accession
#DQ267935) was extracted from the pDONR221:1580&smld (provided by The Jain
Foundation) with Spel + Notl and cloned into an empty transpbasad plasmid (containing the
SB ITRs) previously digested with Xbal + Notl (resulting veetpi2-hDYSF v1). The Spc512
promoter sequence was extracted frpAAV-Spc512-huDysco with Xbal. Two copies of the
~400 bp sequence wer e oi n3sbe rotrei gdHZhDMNASR ivebdigestath t ion
with Spel (resulting vector pT2-2Spc512-hDYSF_v1). The IRESSFRpoly(A) sequence was
PCRamplified from pLICUlwith Pfu Ultra Il Fusion DNA polymerase (Agilent) using the
f or wa-ATCTGEGGCCGCTAGCCAATTCCGCCCCTB 6 and FTEVTEC&EGe 50
CCGCTGTACAACTAGTCGATCCCTCTTAAGTACCAR3 6 pr i menmesltng PCR e
fragment was digested with Notl and inserted into-§p2512-hDYSF v1 previously digested
with Notl.

For cloning ofpT2-Spc512-hDYSF_v1GFP, he Spc512 promoter was extracted from
pAAV-Spc512-huDysco with Xbal and a single copy of the sequence was insémtedpT2
hDYSF v1 (resulting vector pT2-Spc512-hDYSF_v1). The sequence containing the single
Spc512 promoter and thé 6 r ef (hDY&M viwas extracted fronpT2-Spc512-hDYSF_v1
with EcoRV + Xbal. The ~46 kb fragment was inserted infl 2-2Spc512-hDYSF_v1-GFP,
which had been previously digested wittoRV + Xbal in order to remove the matching
sequence containing the doulslpc512 promoter.

For cloning ofpT2-Spc512-hDYSF_cGFP, the5 6 r efchDYSRc was extracted
from the pDONR221:15803lasmid (kindly provided by The Jain Foundatia@ontainingthe
hDYSF_c(original) transcript varianfaccession #NM_003494*The resultingg43 bpfragment
was inserted intpT2-Spc512-hDYSF_v1-GFP previously digested witmel + Xbalin order to
removethés 6 r efgOYBMvV1

3.3 Cell culture

H2K A/J and contrb(wt) myoblasts(Cohen et al., 20)2wvere kindly provided by Dr. Terence
Partridge from the Children's National Medical Center, Washington,{SA. Primary human
myoblasts were obtained from the laboratory of Prof. Simone Spuler. If not stated otherwise,
cells were cultureth ahumidified CO, incubatorat 37C with 5% CQ.

3.3.1 Culture and differentiation of H2K myogenic cells
H2K myoblasts were cultured on dishezated with 01% gelatinfrom porcine skin(Sigma
Aldrich) diluted in sterile PBS. For coating, enough gelatin was pouredtioattish in order to
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cover the entire surface. The gelationtaining plates were incubated at@Jor 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 tasPCR
described inYoung, Sung, Stacey, & Masters, 2)-nd all experiments shown here were done
with mycoplasméree cells.

To allow proliferation, H2K myoblasts were cultured38C and 10% C&nDul becc o6 s
Modi f i ed MeHiang (DMBEM) with 45g/L DGl ucos e, GlutaMAXE and
( Gi bc o E, nolbgie$) eontaireng hx Antibioidnt i mycotic ( Gi bcoE, | if
20% fetal calf serum (FCS, PAA), 2% chick embryo extract (CEE, US Biological, C3999) and
200 U/ nmterfermri (Merck Millipore, IFO05). Cells were passaged eveB/days using
0.05% trypsirREDTA ( Gi bcoE, I i f e t eabbotved dol reaghi aecanjluenaen d we |
higher than70% to avoid differentiationFor maintenance of H2K myoblasts in proliferative
conditions, all culture steps, including trypsinization, were perform88°€.

For differentiation, cells were cultured and passaged for 7 days@t&8wl 5% CQ@in
prol i fer at i o nAnterieeod. Foadiffeventiation,the media was switched DMEM
containing1x Antibiotic-Antimycotic, 5% horse serunfHS, Gibcd , l'ife dDand2h ol ogi €
CEE

3.3.2 Transfection of H2K A/J myoblasts

H2K A/J myoblasts were trsfected with a NeShTransfection System (life technologies) in
sterile conditions. For determining the optimal electroporation settings, the® Nexbwell
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
A/J myoblastgFigure 4.1). Afterwards, all experirants 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 sedowash 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. Tkey were resuspended in buffer Rlepr Transfection Systemlife technologies)
containing plasmid DNA and electroporated according to the manufaistuirestructions.
Immediately after electroporation, cells were plated in geldated dishes containing2K
myoblast proliferation media.

3.3.3 Routine flow cytometry

Routine flow cytometry to monitor expression
flow cytometer (BD Biosciences) using appropriate settings to detect GFP. When the
measurements were performigddifferent 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 daytPapsfction inFigure 4.1

or percentage of GFP expressing cells at 8land at day 11 ifrigure 4.4) the measurements

were obtained in the same day with the exact same setfinglysis of the flow cytometry data

was performed witlthe Cellquest Pi® (BD Biosciences) and FlowJmftwares.
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3.3.4 Sorting of stably transfected H2K A/J myoblasts

Sorting of GFP expressing H2K A/J myoblasts was done with a FACSAftav cytometer (BD
Biosciences). Prsorting cell preparation was done undgerile conditions. Sorting was
performed in nossterile conditions since a steriibompatible cell sorting station was not
available at the instituté&or sorting, the cells were washed with PBS, trypsinized and collected in
DMEM containing 20%-CS. Thg were centrifuged and resuspended in PBS containing 2% FCS
and 100 Og/ ml Pr i mavaidi confamir{ation b@rame énel Glambacteria,
mycoplasmas and funghfter sorting, they were collected DMEM containing 20% FCS and
100 pg/ml Primocii . They were kept on ice until plating. For at least three days after sorting,
they were cultured in proliferation media containia@0 pg/ml PrimocirE instead of 1x
Antibiotic-Antimycaotic.

3.3.5 Human muscle biopsies

Muscle biopsies were obtaineturing hip sumgery from individuals without neuromuscular
disorders or for diagnostic purposater due approval bthe Charité Internal Review Boarthe
skeletal muscle tissuwas dissected and transferréato solution A 80 mM HEPES, 130 mM
NaCl, 3 mM KCI, 10 mM eglucose, an® . 2 ¢ M P)lioe stomageat 4@ uhtil isolation of
HMFFs or primary myoblasts was performed.

3.3.6 Culture and differentiation of human primary myoblasts

Primary human myoblasts weiligsolated and purified in the laboratory Bfof. Simone Spuler as
descrbed previously(Schoewel et al., 2012 The muscle biopsy specimengre minced and
subsequentlgigested ima solution containing@54 U/ml Collagenase CLS (Biochrom AG, 100

U/ml Dispase Il (Roche) and trypsin/EDTA at 37°C for 45 minutes. Cells were grown in skeletal
muscle growth mediumSMGM, Promocell) supplemented with 10%CS (Lonza), 2.72 mM

Gl ut aMAXE and gent @imiEg lifentecindld®i®. Maplasts lwgre purified
using antiCD56 abcoated magnetic beads (Miltenyi BiotecBjfferentiation into myotubes was
induced in DMEM containing 2%orse serum

3.3.7 Isolation and culture of HMFFs

HMFFs were prepareth the laboratory ofProf. Simone Sgar as describedn (Marg et al.,
2014. Muscle biopsy specimens were mechanically disseaséty miniature forcepsnder a
stereomicroscopé€lLeica Microsystems) ahcarefully loosened tmbtain bundles of fibers or
single fibers. Those were cut with miniature scissors to obtain HMFFS afim in length.
HMFFs were culturedn ibiTreat 8-well p-Slides (ibidi, 8082 in SMGM supplementeés
described in 3.3.3.

3.3.8 Transfection of HMFFs

HMFFs were cetransfectedwith 900 ng of a GFP reporter SB transpoebased vector (pT2
CAG-GFP) and 90 ng of arxpression vector for SB100iK SMGM. The plasmids were diluted
i n 100-MEM® (GibgcE | life technologiesand 3& IX-tremeGENEM HP transfection
reagent (Roche The mix wasincubated for25 minutes atR.T., mixed well andadded tothe
HMFFs on a 12vell culture dish The medium was repted by fresh SMGM24 h after
transfectionImages of the transfected fiber fragments showRigure 4.24 were taken 2 and 7
days after transfection.
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3.4 SDSpage and immunoblot

For protein purification, cells were plated orwéll plates. Prior to or after differentiation into
myotubes, they were lysed on ice with RIPA buffer (50 mM-H@&, 150 mM NaCl, 01% NP-
40, 0.1% SDS 0.1% sodium deoxycholate aptbtease inhibito)s The protein concentration was
determined using CA Pot ei n As s ay aKd foll@ving tRé standard yprotocol
according to the mdoredcrasampldd e mofpreteindiiuted im saroplei on s .
buffer (0.25 M TrisHCI, 50% Glycerol, 5% SDS, 0.05% bromophenol blue and 10% freshly
a d d endgercaptoethanol) were loaded onto &b poly-acrylamide gel. Proteins were separated
in denaturing conditions aricansferred to VDF membrane using aetvelectroblottingsystem
(Bio-Rad) in Trisglycine buffer containing 10% methanol and 0.1% SBSlowing 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 (asdysferlin NCL-Hamlet, 1:1000, overnight at°€ / antr
fast MyHC 1:500, 1 h at R.T.ant-rPAN-actin1:2000,1 hat R.T.). Three washes of 10 min with
TBST were performed after incubation with the primary antibody. Incubationhaitbe radish
peroxidase KIRP)-conjugated scondary antibodies against mouse IgG (Thermo Scientific,
31432 and rabbit IgG (Thermo Scientific31462 diluted 1:5000in blocking buffer was
performed at R.T. for 1 h. Afterwards, the membrane was washed 5 times as described previously,
incubated withA me r s h a mE E C L EernMlottino BetetiensReagenBE Healthcare
RPN2232) for 5 min and imaged using a STELRZ00 system(Raytest)Images were processed
using Adobe Photoshop CS5. Modifications were applied to the full image (all the I8mes).
the molecular weight of dysferlin and fast MyHC is very similar (237 kDa and 223 kDa,
respectively), immunolabeling with the afaist MyHC antibody was done following incubation
of the membrane with stripping buffer (60 mM TFHEI, 2% SDS and 0.7%-mercaptoethanol)
for 30 minutes at 60°C and-bdocking (Figure 4.6-A).

The western blot ifrigure 4.6i B was performed using a gradieii6% TrisGlycine
Gel (ife technologie EC60485BOX) Transfer was @he onto a nitrocellulose membrane using a
semidry electroblotting instrument (BioRad) for 45 min at 18 V. The membrane was incubated
overnight at 4C with primary antibodies against dysferliNCL-Hamlet, 1:500) and alpha
tubulin (SigmaAdrich T5168 1:3000) diluted in blocking buffefThe membrane was incubated 1
h at R.T. with a secondary antibody against mouse IgG labelled with BRDyéRockland
Immunochemicals610-732-124). It was developedwvith a chemluminescerte western blot
imager(LI-COR.

3.5 Mouse experiments

B6.CgDysP™Prkdc®¥J (ScidblAJ) mice homozygous for thdysf™ andprkdc®®® alleles were
purchased from The Jackson Laboratd@gr(Harbor, MaineUSA) and inbred in our SPF animal
facility. NOD.CgPrkdc®™ 112rg"™*S"9JicTac (NOG were purchased frorffaconic Biosciences
(Bomholtvej, Denmarkpeforeeach experimentMouse experiments were performed under the
license numbers G0016/13 and GO0035/1Mlice were kept in a temperature and humidity
controlledSPFanimal facility with a 12h lightdark cycle and free access to food and water
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 (Marg et al., 2011 All mice were treated with a singl€-radiation
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doseusing a CyberKnife imageguided robotic adiosurgerysystem (Accuray Inc.)Female 6

weekold NOG mie were anesthetized with ketamixyazine in PBS (9 mg/ml ketamin&.2

mg/ml xylazine) with ai . p . dose of 160 Tokepr@dQciblyg guidefthebody ma
radiation robot to the mouse hind limlagy acrylic glass block with surface fiducial markesss

constructedA computed tomography (CT) scan, withy5mm slice thickness, was conducted

using a dedicatedCT scanner(Siemens Emotionto calculate thedigitally reconstructed

radiographs (DRRs)The CT scan served to design the proper radiatiomgybaccording to the

desired dose of 18 Gy and distribution in the ttdde me nsi on al target area ('t
limb), sparing the adjacent body parfBhe anesthetizednice were placedn the acrylicblock,

which hadattached fiducial markerfor sugerimposing the live positioning images withe

previously calculated radiogram$he radiationprocedureof each hind limbwas conducted

within approximately 5 minutes.

3.5.2 Transplantation of H2K myoblasts ino Scid/blAJ mice

For transplantation, cultured H2myoblasts were washed with PBS, detached with trypsin and
collected iInDMEM containing 20% FCS. They were centrifugad resuspended DMEM
containing 2% FCS-emale 1115-week old Scid/blAJ rice wereinjected intraperitoneally (i.p.)
with a solution ontainingketaminexylazine (9 mg/ml ketaminel.2 mg/ml xylazine)n sterile
PBSata dose of ofb&® masd On2zedanegthesia was effective, the area below the
knee was shaved and disinfected with isopropa8®tl of cell suspension were injedl with a
syringe coupled to a 26 gauggpodermic needlen an approximately 20 degrees angieghly

in the middle of the tildis anterior muscle.In muscles that were additionally subjected to
cardiotoxin injury, injection ofi0 pl of 10 uM cardiotoxi (Latoxan)dissolved insterilePBSwas
performed 12 minutes after cell injection.

3.5.3 Transplantation of HMFFs into NOG mice

Mice were injected i.p. with a solution containirketaminexylazine (9 mg/ml ketamine1.2
mg/ml xylazine)in sterile PBS aa des e o f 1 60D body Imasz.00ncg anesthesia was
effective, the area below the knee was shaved and disinfected with isoprdpdmditudinal
incision of approximately 4 mm was performed in the tibialis anteniascleswith a scalpeland
HMFFs contaning 4i 8 muscle fiberavere placed inside the musdle paralleltothemo us e 6 s
fibers. The mudes were closed without sutures artk bverlying skin wassutured with
polyglycolic acid threads (MARLINiolett 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 pointstifiaks anterior muscke
were dissected with the aid of tweezers and scissors and cut in two halves (ptadchaisal-

II) with a blade following a transversal plane. Each half was separately embeddgon

tragacanth(10% Gum TragacantifMerck Millipore, 1.08405.050)) a few granulesof Crystal

Thymol (Synopharm2225750003 and 5% glycerin in dk0) and mounted on ¢k plateswith

the cutting surface facing the tophe embedded musclesere firstimmersed in chilld

isopentanefor ~12 s for cryopreservatioand afterwardsimmediately transferred to liquid
nitrogen Frozen muscles were then kept&3°C for long-termstorage. The frozemuscles were
sectionedvith aLeicaCM3050S Cryostat.
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3.6 Immunofluorescence and histological stains

The histological stains (H&E, Gomori é6s trichro
by Kornelia Gréning in the laboratory ofd?r 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,8082§. Prior to fixation, they were washed with PBS at RoF.5 min. They
were fixed for 5 min in 100% methanol-&0°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 againsttémmiNal
part of dysferlin (abcamab124684 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 '®y&njugated secondary antibody
against rabbit IgG (Jackson ImmunoResearch; T83152) diluted 1:500 in PBS for 1 h at R.T.
Nuclei were counterstainedith 4',6-diamidino-2-phenylindole(DAPI, SigmaAldrich, D9564,
0.1ug/ml) diluted 1:5000 in PB$or 10 min at R.T. The wells were then washed 4 times in PBS,
sealed with parafilm and kept with sufficient PBS & 4intil 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 at20°C, allowed to dry and blocked with 1% BSA/PBS for 1 h at R.T. They were
incubated overnight at°€ with an antibody agast the Nterminal part of dysferlin (abcam
ab12468% diluted 1:100n 1% BSA/PBS. The sections were washed 3 times with PBS for 5 min
at R.T. and incubated with a Cy8-conjugated secondary antibody against rabbit IgG (Jackson
ImmunoResearch, 71165 152) diluted 1:500 in PBS for 1 h at R.T. Nuclei wereigterstained

with Hoechst 33258liluted 1:5000 in PBS for 10 min at R.T. The sections were then washed 4
times in PBS and once in dgBl for 5 min, and mounted on glass slides witiua Poly/Mount
(Polyscences, Inc).

3.6.3 Pax7/laminin immunostaining in mouse muscle cryosections

6 um transversal cryosections weiie driedfor at least 30 min at R.T. They were fixed for 5 min
in 4% paraformaldehyde (PFA) diluted in PB®ashed with PBS for 5 mirallowed to dy for
~10 minand blocked wittb% BSA plus 3% donkey serunm PBS for45 minat R.T. They were
incubated overnight withrdibodiesagainstPax7 (mouse, DSHBupernatant diluted 1:1 in sterile
glycerol) diluted 1:1Gnd laminin(rabbit, SigmaAldrich, L93R) diluted 1:200n 1% BSA/PBS
The sections were washed 3 times with PBS for 5 min at R.T. and incubadadknesswith
secondary antiboes against mouse 1gG (AlexaFI8665, life technologies) diluted 1:500 and
rabbit IgG (AlexaFludt647, life technadgies) diluted 1:500n PBS for 1 h at R.T. Nuclei were
counterstained witlHoechst 33258&liluted 15000 in PBS forlO min at R.T. The sectionsere
then washed 4 times in PBS and once inifbr 5 min, and mounted on glass slides with Aqua
Poly/Mount (Rlysciences, 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 praibtished

in (Marg et al.,, 2004 6 ¢ m nmoyesectiomsfrom grafted musclesvere fixed in 3.7%
formaldehydeand incubated in 5% goat serudiluted in PBS for 45 min.The sections were
incubated with anrdi-human lamin A/C antibody (rabbiEpitomics ab 1085954iluted 1:2000
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for 4-16 hours at 4°C. The sections were washed with PBS andubatedwith a Cy3™.-
conjugatedsecondary antibody against rabbit IgG dilutedOD@in 1% BSAin PBS for 45
minutesat 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 fixeth 10% buffered formalin for 1 minute, washed with,@H stained with
filtere d Gi Hemdtoaxylinsdlution(Merck, 1.05175.0500modified acceding to GILL Il) for

1 minute and washed agaivith dH,O. Afterwards, they were rinsed consecutively with acid
alcohol (08% glacial acetic acid in 80% methano), dH,O, 2.5% satuated lthium carbonate
(Merck, 1.05680.025pdiluted in dHO, 80% and 100% methanol. They were stained wii#«0.
alcoholic Eosin Y(Fa. Waldeck 2C284 diluted in 50% ethanol for 3 minute$he stained
sections weresubsequentlydehydrated in ethanol, cleared xglene, and mounted witNitro-
Clud® (Langenbrinck).

3.6.6 Gomoriés trichrome staining in mouse muscle cryosections

G o mo ronedtep trichrome staining (Engel & Cunningham, 1963allows visualization of

myofibers in greeish blue, collagen in light green, nuclei in red, myelin in foamy red, axons in

blue and thentermyofibrillar network in dark redé pm transversal cyosectiomgere stainedor

5minuteswithGi | | 6 s Hemat oxyl i n s orblingtoiGtLhll), (vddleed witk , modi f i
dH,O, stainedwith filtered Go mor i 0 s sblutiond3igmaAidech, HT10319 for 10

minutes and differentiated in 0.2% acetic acid until clear. stAmedsections wersubsequently

dehydrated in 95% and 100% ethanol, cleared in ®yland mounted withVitro-Clud®

(Langenbrinck).

3.6.7 NADH staining in mouse muscle cryosections

The b-Nicotinamide adenine dinucleotid®ADH) tetrazolium reductase (NADHR) reaction
gtains the intermyofibrillar matrixwhich appears as r&ticular network. Normal type | fibres
show high enzymtic activity and appear darkewhereastype |l fibres show low enzyaiic
activity, displaying a lighter stair6 um transversal cryosections were plaé@d30 minutes at
37°C in incubatingsolution containing & mg/ml NADH (SigmaAldrich, N941G-15VL), 0.1%
nitrotetrazoliumblue chloride (SigmaAldrich, N6876, 15 mM NaCland 10 mM phosphate
buffer indH,O. The sections were subsequently rinsed &@#6- 60%- 30% acetongonce with
dH,O and mounted withkk a i sgfyceilgelatine(Merck).

3.6.8 Acid phosphatase staining in mouse muscle cryosections

Acid phosphatase stair{Burstone, 1958 modified by Barks, 1960) allows visualization of
muscle fibers inlight green, whereas lpsomes and lipofuscin depositehich have acid
phosphatase activity, appear in red.ué transversal cryosectionsere kept in incubating
solution (see composition belogr 60-70 minutes at 37°CThe sections were then washad
dH,O for 5-10 minutesand counterstainedh filtered 26 Methyl Green StaifNewcomer Supply
12253 for 3-5 minutes The stainedsections weresubsequenthdehydrated in 95% and 100%
ethanol, cleared in xylene, and mounted Wittto-Clud® (Langenbrinck).
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Incubating solutior{fpH 4.7-5.0):

1 1.6 ml diazonium salt solution (1:1, 4% sodium nitrite in x@H(Merck,
1.06549.0100) : 4% pararosaniline (SigAldrich, P-1528) in 2N HCI)

1 5 ml veronal acetate (2% sodium acetat®O + 3% sodium barbiturate (Sigma
Aldrich, B5934) in dHO)

1 1 ml substratesolution (1% raphttol ASB1 phosphatéSigmaAldrich, N2250) in
dimethyl formamide (AppliChem, A3676.0500))

7 13mldHO

3.7 Image acquisition and processing

All image-containing figures were built in Adobe lllustrator CS5 and image graphics wdesl a
in Adobe lllustrator CS5.

3.7.1 Histological stains on cryosections

Imagesfrom histological stains on mouse muscle cryosections aegeiredwith a LeicaDM
LB2 microscope (Leica Microsystems and processed withAdobe Photoshop CS5. All
modifications wee 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 witA0Z@r{both from

Carl Zeiss) Modifications were applied to the whole image.

3.7.3 Analysis ofthe number of dysferlin positive fibers

Images of dysferlin immunostaining on cryosections from grafted muscles were first processed in
Zen 2012 to obtain slightly @vexposed 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 ¢if/plysi
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 numker of dysferlin positive fibersin grafted muscles.

Examples of images used for counting dysferlin positive fibers in ecioms of grafted Scid/bIAJ 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 morpholdgysarat 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 transfemva or ex vivosettings.
In order to decide on an appropriate cassette design fetefigth dysferlin expression in
myogenic cells, | tested the efficiency of various promoters in driving the expression of a reporter
gene in 2K A/J myoblasts For that purpose, | constructed twatggs carrying a reporter gene
under the control of th&imian virus 40 regulatory region sequer(&/40 promoter) or the
syntheticpromoterc5-12 (Spc512) (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 largenan 8 kb are delivered less efficienflgsvak et al., 2000 Full-length dysferlin
cDNA, as mentioned previously, spang &b. Minimizing the size of the prorter was thus
important to restrict the overall length of the transposon cassette and enhance genomic integration
upon cetransfection with SB100X transposase. The vectors contained a TurboGFP transgene
(improved variant of theGFP proteinfrom the copepodPontellina plumata driven by the
corresponding promoter and followed by a poly(A) signal, all flanked by the SB transposon ITRs.
The Spc512 promoterwas constructed by random assemblewblutionarily conserved
sites responsible fdissuespecifiagty of adultskeletal mus@d promotersgerum response element
ofs k e | @adtimpromaterMEF-1, MEF-2 andTEF-1 bindingsite§ and was previously shown
to drive strong transgene expressiorvitro in myoblasts and myotubédki et al., 1999 andin
vivo in mouse myofibergFoster et al., 200800 et al., 2011 Additionally, | utilized two SB
transposofbased vectors available in the laboratory, where TurboGFP was driven by either the
constitutive human el ongation f acG@MVimmgdiael p ha
e n h a nacte (QAB) promoterAll the vectors had theame backbone and only the promoter
sequence was different. After optimizing electroporation usin@4h&ell optimizationprotocol
for adherent andsuspension cellines of the Neon® Transfection Systenl selected two
electroporation protocolsF{gure 4.1) for further experiments using H2K A/J myoblasts.
transfected 5*10H2K A/J myoblasts with 500 ng of transposon plasmid (EP&G-GFP, pT2
E F 1GFP, pT2SV40-GFP and pTSpc512-GFP). Three days after transfection, | performed
FACS analysis to determine the percentage and mean fluorescence intensity values of GFP
expressig cells as readout of promoter activity. The values are indicateahie 4.1.

Nor+ pT2-CAG- pT2-SV40 pT2-Spc512-
transfected GFP GFP GFP pT2-EF1h -GFP
% FI % FI % FI % FI % FI
1100mV 30ms pulse 0 - 43,79| 325,22 13,41| 32,43| 35,71| 96,36 20,82| 49,51
1050mV 30ms dulses 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 celthentean 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 transposonbased reporter constructs and assessment of pronastactivities in H2K
A/J myoblasts.

(A) pT2-Spc512-GFP and pTXV40-GFP vectors. Green arrows indicate the GFP CDS. Orange and red arrows
indicate theSpc512 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
56 and SBdrandpdséhsvectors containing a transgene cassette flanked by the SB ITRs are name@ps pT2.
Percentage of GFP expressicells and (C) mean fluorescence intensity of the+G#eH 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 withe treporter vectorsve considered thé&pc512
promoter most suitable for driving expression of-fatigth dysferlin in ouex vivogene transfer
approach. The favorable criteria were its tissue specificity, high level of activity in H2K A/J
myoblastsand hort sequence (<400 bp) compared with the

4.2 Construction of vectors for dysferlin gene transfer

| constructed SBransposon based vectors for transfer of-ledigth hDYSF ¢ (original) and
hDYSF v1 cDNAs into dysferlin ndlmyoblasts to restore expression of dysferdiconstructed
bicistronic vectors where fulength dysferlin was followed by BurboGFP CDS, whichserved

as a reporter to positively select by FACS the cells carrying integrated transposon cassettes and
therefore stably expressing dysferli®@FP 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

pT2-2Spc5-12-hDYSF_v1-GFP

12251 bp

A

5'ITR 345..119

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 transposonrbased vectors for transfer offull -length dysferlin.

Orange arrows indicate tHgpc512 promoter Dark blue and red arrows indicate the hunb¥SF v1 and DYSF ¢
cDNAs, respectively. Light blue arrows indicate the IRES sequeBmeen arrows indicate the GFP CDS. Light pink
arrows indcate the SV4@oly(A) signals. Dark pink arrows indicate the SB transposon ITRs.vector names and
sizes in baspairs (bp) are indicated in the figure.
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Expression of the unigu@RF was under the control of Spd®2 regulatory sequence. A
vector resultig from an insertion of two copies of the Sgt® promoter in the same orientation
during the cloning process was also used to compare the efficiency of transgene expression
(Figure 4.2).

hDYSF c andhDYSF_viare the first (~3%) and second (~13%) most abundant mRNA
isoforms in human skeletal muscle, respectiiyamono et al., 2009 However, the relative
levels of the correspondinggiein 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 ttfé &@al phospholipid binding progies 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 sekcted H2K A/J myoblast§Cohen et al., 20)2as a dysferlin deficient cell model to
establish the proedf-concept study oéx vivoSB-based fullength dysferlingene transfer. H2K

A/J (Figure 4.3) are conditionally immortalized mouse myoblasts derived from a mouse strain
generated by crossing the dysfentinll A/J mouse line with théd-2K’tsA58 (immortomouse)

line (Jat et al., 1991 This immortomouse line harbors an expression cassette for the tsA58
thermosensitive SV40 large T antigen under the control of the ubiqui@k€ promoter, whose

transcriptional activity is enhanced by Interfeon (b FN t sA58 i s degraded at

higher than 33°C. Therefore, when cultured in permissive conditions (33°C and in the presence of

IFN-o) , cells derived from thed i mmortomouse strain
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 myoblastse derived from the F2 generation of crosses betweeh-i"tsA58
immortomousestrainandthe d/sferlin-null A/J strain (homozygous for theysf™ knockout allele) Muscle satellite
cells are isolated from contrimmorto-wt) and dysferlianull (immorto-A/J) mice of the F2 generation harboring the
H-2K"tsA58 allele and homozygous for the dysfemvild-type (dysf+/+) or thedysP™ (dyst/-) allele, respectively.
The cells are expandexk vivoin permissive conditions and their myoblast progeny is conditionally immortalized by
the expression of thisA58 thermtabile SV40 large T antigen
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However, if switched to nopermissive conditions (higher temperatures and absence of
IFN-2 ) they can n o l onger proliferate indefini:
transplantation studies because, tluéhe higher body temperature of mice, they @mable to
form tumorsin vivo (Jat et al., 1991 H2K myogenic cells derived from immortomice have been
previously shown to have an extensive proliferative c@pativitro when grown in permissive
conditions(Morgan et al., 1994 They undergo myogenic differentiation when cultured in fusion
media under nopermissiveconditions and can robustly engraft when transplanted into injured
mouse muscléMorgan et al., 199MusesMorgan, & Wells, 2011a

4.3.1 Selection of stably transfected cells
The next step was to deliver fdingth dysferlin into dysferlimull H2K A/J myoblasts using the
SB system | first determinedthe time course during which GFP+ events not due to stable
transposon integration®eld no morebe detectedn the absence of SB100X. For this purpbse
transfected H2K A/J myoblasts with pPSpc512-hDYSF _viGFP in the presence or absence
of an expression vector for SB100X transposAsea control, | used a reger vector where the
GFP CDSwas preceded by an IRES sequence and driven by the CAG promoter. | monitored the
GFP signal in the transfected populations figw cytometry for 14 days. 11 days after
transfection, GFP+ events in the cells not transfectett 8B100X were barely detected,
indicating that all positive events were due to stable integrations of the transgenes@igatee
4. 4). It must be noted that random genomic integrations of the plasmid not mediated by the
trarsposase can occur at a low frequency.

Next, | transfected H2K A/J myoblasts with the three-feigthdysferlin ransfervectors
(pT2-2Spc512-hDYSF_VviGFP, pT2-Spc512-hDYSF_viGFP and pTZSpc512-hDYSF_c-
GFP, vector details inFigure 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.
electroporatedH2K A/J myoblasts withequimolar amounts of transposon vectorSO@- rg of
dysferlin transfer vectorand 250 ngof reporter vectoper 5*10° cells) and a 1:10 mass ratio
(transposase:transposon) afh expression vector for SB100X transpos§s€MV(cat)T7-
SB100X).7-11 daysafter transfection| selectedhe stably transfeed cells by FACS based on
their GFP signal The percentagand intensityof GFP were lowin cells transfected with the
dysferlin transfer vectors in comparison with cells transfected with the reportecolihisbedue
to the large size of the dysferlitransfer vectos, which likely limits transfection rates
Additionally, the inefficiency of the IRES to enable translation of the second cistron when
preceded by a very large cistropuld also impact the detection of transfection evelhte/as
thereforenecessary to enrich the populasdhroughout various rounds of cell sortifgigure 4.
5-B).

| obtainedcell populations highly enriched in GFP expressing cletspT2-2Spc512-
hDYSF_vIGFP and pT5pc512-hDYSF_cGFP. | alsoselected cells stably transfected with
the reportevector (pLICU1) | was not able to enrich any of the samples transfected with pT2
Spc512-hDYSF_vEiGFP due to their very low percentage of GFP+ ¢Eligure 4.5-A).
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Pl

3 days
after transfection

8 days
after transfection

11 days
after transfection

Figure 4.4: SB transposition in H2K A/J myoblasts.

H2K A/J myoblastswere transfectedwith pT2-CAG-iresGFP HLICUL) and pT22Spc512-hDYSF_viGFP in the
presence or absence of an expression vector for SB100X transgi@sBsexpessiorwas monitored by FAC8uring a
time course of 4 days. At day 11 after transfecticBFP+ cells ould notbe 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.

(A) For each vector, the transfected cell populations before s¢riglays after transfectiordre shown on the left

and the same populations after enriching for GFP expressing cells throughgottihg steps arénswn on the right.

The sample IB of the cell populations after sorting are indicated in bold letters on the corresponding(B)ots.
Exampleillustrating the subsequenbrting steps for selection of GFP expressing H2K A/J myoblasts transfected with
pT2-2Spc512-hDYSF_vEGFP and SB100X transposase (saniplehDY SF v1-2+).
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4.3.2 Analysis of dysferlin protein expression in the cellenriched for

reporter expression
Next, we analyzed the H2K A/J myoblasts selected by FACS based on their GFP signal for
expressiorof transgenic dysferlinWe performed immunoblot on protein lysatggh an antibody
against C-terminal dysferlin. 1 confirmed expression of dysferlwvii and dysferlin_dn the
correspondingortedpopulations Expression of transgenic dysferliiniven bySpc512 promoter
was stronger in differentiated myotubdagure 4.6-A). As expected, dysferlin was absent in
protein lysates from neoorrected H2K A/J myoblasts transfected only with SB100X and
pLICUL and sorted for GFP expisg (ELICUL1+) and norexpressinggLICU1-) cells Figure
4.6).

A H2K A/J H2K A/J B
o “
& X X & B
‘éb % A\'I\A\W‘éo % A\:\A\W i
T & & E ST coomasie
@,\\/_\(_,\(,{"){').@r\%\g\(_,{'){')
CEIICIIIIIIN
[ .
- - -d .- dysferlin
o M Wb | fastMyHC
W e = w9 9 8 o | PAN-actin
day 0 day 3

Figure 4.6: Analysis of dysferlin expression in selected H2K A/J myoblasts and myotubes.

(A) Western blot of corrected 2K A/J myoblasts and myotubgdDYSF v1-1+ andhDYSF_v12+). Human primary
and mouse H2K wt myoblasts were used as control for endogenous dysferlin expression. UnmH@#ifieéd)
myoblasts(pLICU1-) or myoblastsharboring only aGFP reporter (pLICU1+) were used as natjve controlfor
dysferlin expressiarProtein lysates were collected at day 0 (before switcinarg proliferationto fusion media) and at
day 3 of differentiation. The membrane was hybridized with an antibody agatesiminal dysferlin. Fast myosin
heavy chain was used asmarker ofifferentiation.Actin was used asloading control(B) Western blot of corrected
H2K A/J myotubes {DYSFc-1+ andhDYSF_vi3+). The membrane was hybridized with an antibody against C
terminal dysferlin. Alphgubulin was used as a loading control.

434Dysferlin | ocalization in Acorrecte
Next, I analyzed the |l ocalization of dysferlin i
be fully assessenh vitro because dysferlin is predominantly gafiber protein. However, it is

also expressed at a lower lewelvivo andin vitro in satellite cells and myoblasts prior to and

during differentiationDe Lunaet al., 2004 There, dysferlin is present both at the membrane and

the developing Fubule network in forming myotubes and myofib€¥% Huang et al., 20Q7

Klinge et al., 2010Klinge et al., 200Y. | performed an immunofluorescence staining to visualize

dysferlin in H2K wt, dysferlinull and corrected H2KA/J myotubes. As seen iRigure 4.7,

dysferlin staining appeared stronger in the two populatidre®rrected myoblasts analyzéthn

in wild-type myotubes, and was absent in 4oonmrected H2K A/J myotubes, confirming the

resuls obtained by western blot. In witgipe myotubes, dysferlin was visible primarily at the

membrane with a faint cytoplasmic stain.
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A H2K wt H2K A/) A/) - hDYSF_v1-1+ A/J-hDYSF_v1-2+

B dysferlin + DAPI

dysferlin DAPI -.

Figure 4.7: Dysferlin localization in corrected H2K A/J myotubes.

dysferlin

+ DAPI

(A) Confocal microscopyniages showing dysferlin expression in Heshtrol (wt) dysferlinnull (A/J) and corrected
(hDYSF v1-1+ andhDYSF_vi2+) myotubes. Cells were immunostained with an antibody against dysferlin (red).
Nuclei were counterstained with DAPI (blue). Scale baésum. @) Higher magnification depicting in detail the
localization of dysferlin in corrected H2K AtElls (hDYSF_vil+). Dysferlinis enriched in the membrane séme
myotubes and differentiating myobladitss also strongly detected in the cytoplasfall cells.Scale bars20 pm.

In corrected myotubes, dysferlin was strigndetected both at the membrane and in the
cytoplasmof myoblasts and myotube&igure 4.7). Also, it was enriched at the membrane of
some cellsThis localization pattern is similar to that describedvidd type dysferlin,suggesting
thattransgenic dysferlimay be functional.
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4.4 Development of a local irradiation protocol for mice

Engraftment of donor cells following myoblast transplantation is lyseahanced by induction
of a regenerative environment in trexipientmuscle The transplanted cells atteenrecruited to
the ongoing muscle regeneration procass can contributi the repair of damaged myofibers or
to the generation of new myofiteer However,if the endogenous satellite cells are fully
functional, as is the case in several muscle disordersctmpete with the cells of donor origin,
reducing th& contribution tomyofibersand their colonization of the satellite cell compartment
(Briggs & Morgan, 2018 The latter isrequired fora longterm therapeutic effecBomeof the
acuteinjury models commonly used to induaeregenerative responseruscle, such asnake
venom derivedmyotoxins or concentrated salt solutions likBaCh, damage the myofiber
structure(Duchen, Excell, Patel, & Smith, 1978tringer, Kainer, & Tu, 1971but are larmless
to the nerve terminal@uchen et al., 1974and the satellite cell@Boldrin et al., 2012 On the
othe hand,muscle irradiation has longeen used as a method to prevent muscle regeneiation
mouse modelgWeller, Karpati, Lehnert, & Carpenter, 199Whilst inactivatingthe satellite
cells present in the muscliesadiationdoes not have evident shaoerm effects on the postmitotic
myonucleiand seeningly preseres myofiber integrity (Morgan, Hoffman, & Partridge, 1990
Morgan, Pagel, Sherratt, & Partridge, 1898/e and others have reported that engraftment and
contribution to muscle formation of cells transplanted intouseoskeletal muscle is greatly
enhanced by inactivation of endogenous satellite cells by radi@adrin et al., 2012Boldrin
et al., 2009Gross & Morgan, 199%arg et al., 2014Meng et al., 2014Ross 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 use
a Cyberknife imagguided 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 andasdiuht
recipient mice for the transplantation experiments. According to the CT, an irradiation protocol
was established to deliver a thr@ienensional total dose of 18 Gy the mouse hind limb with
minimal dispersion into neighboring tissues. This raoietdose was previously reported as
optimal for engraftment of donor myoblagBoldrin et al., 2012 The maximum, minimum and
average doses in the target zoas well as the percentage spreading of the radiation dose into
surrounding areas are indicatedrigure 4.8.

24h after radiation, irradiated and nAwraediated tibialis anteriormuscles of C57BL/6
mice were challenged with @hotoxin. 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 cardiatosad
acute injury. This indicates that the endogenous satellite cells were robustly inactivated by the
irradiation procedure. No effects of radiation were visible in thegawdiotoxininjured muscles
9 days after the focal delivery of 18 @igure 4.8).
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A B B
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C Minimum Average Maximum

Dose (mouse leq) 15.5 Gy 18.5 Gy 19.2 Gy
D 18 Gy + CTX

Figure 4. 8: Local irradiation of mouse hind limbs for inactivation of endogenous satellite cells.

(A) Computer screenshot showing the positioning of the mouaa &crylic glass block with fidied markerson 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 tdieeensional radiation dose in the target area (the mouse
hind | i mb). (D) G o mtibialis anseriot muisctednyosectioas frerh micensubedted to 18 Gy
radiation only or followed 24h later by injection of cardiotoxin. Muscle histology showed that irradiated muscles failed
to regenerate after aeuinjury. Muscles were collected for histological analysis 9 days after irradiation (D is modified
from (Marg et al., 201). Scale bars100 pum.

4.5 Transplantation of corrected myoblasts into Scid/blAJ
mice

After confirming restoration of dysferlin expression in H2K A/J myoblastsitro, we further

wanted to assess their capacity to reconstitute dysferlin pristeiivo in a mouse model of

dysferlinopathy. For thipurposel performed transplantation of the corrected myoblasts into the

tibialis anterior muscle of dysferlinull Scid/blAJ 86.CgDysf™Prkdc®/J) mice (Faiini et al.,

2012. We chose this mouse line because of its immunocompromised phenotype, which would

allow us to perform noiallogeneic grafts without the need for chemically induced immune

suppression.

The success of myoblast transplantation dependsesurvival and engraftment of the
transplanted cells, their contribution to myofibers and their ability to repopulate the satellite cell
niche (Briggs & Morgan, 2018 As mentioned previously, various injury regimes have been
routinely used to enhance engraftment of desenived cells in skeletal muscle. Sowiethose
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treatments, like injection of cardiotoxin or notexin, induce acute damage to the myofibers
resulting in degeneration and necrgédichen et al., 19745tringer et al., 19791 Acute damage
inflicted by injection of myotoxins induces muscle regeneration and presumably boosts the
participation of the transplanted cells in the repair dadovoformaton of myofibers, thereby
augmenting the number of dorderived 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 competetf@ colonization of the niche during maturation of the newly
formed fibers. The same competition for the satellite cell niche exists #imjusad muscle with
viable satellite cell§Briggs & Morgan, 201B Alternatively, the satellite cell niche can be
modulated by ablation of the endogenous stem cells (g.tadiation) and their replacement by
donorderived cells. It has been described that this process is time sensitive, sinternong
disruption of the niche, for example by inactivating the endogenous satellite cells through
radiation, renders it permartgnnon-functional. This can be prevented by repopulation of the
nice by donoerived satellite cells in a short time window after irradiaf{i®oldrin et al., 12).

Studies performed in different mouse strains and using ditgsesof 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 {Bpiggs & Morgan, 2013

That prompted us to explore variouguity models in order to identify the best suited for
transplantation of H2K myoblasts in the skeletal muscle of Scid/blAJ rRigeré 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 hosttibialis anterior muscke were injected with cardiotoxin simultaneously to cell injection. Muscles were
collected14 days after transplantation (n = 5). (B) The lib&lis anterior musclewere 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 wermot (n = 4). The muscles were collected for analysis 3 weeks (n = 4) or 6 weeks (n = 4) after
transplantation. In total, each group (injumpdel+ 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 fiviE2-Wdeekold female Scid/blAJ
mice, where eithe1*10° or 3*10° myoblasts were injected int singletibialis anterior muscle
simultaneously with cardiotoxin. Both left and rigftiialis anterior muscke of five mice were

56



CHAPTER 4. RESULTS

injected with either myoblasts or only carrier solution. All muscles were itgdc with
cardiotoxin. Two muscles were injected with 1*Ehd three muscles with 3*1@orrected H2K

A/J myoblastdhDYSF_v12+). As a control for this first series of grafts | also transplanted®*10

or 3*10° H2K wild-type myoblasts into two muscles eadts a control, anothemuscle 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 detegsiérlin in myofibers, which would indicate successful
engraftmenbf donor myoblasts and restoration of dysferlin protein in the host muscles. | found
>100 dysferlin positive fibers in cryosections of one muscle injected with®>3t®ected H2K

A/J myobhbsts Figure 4.10). Only 23 dysferlin positive fibers were found in cryosections of
another muscle injected with 3*16orrected myoblasts. No dysferlin positive fibers were found

in muscles injected with 1*f0corrected myoblds, 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 oryosections prepared from one graftimialis anterior musclémmunostained with an
antibody against dysferlin (red). Nuclei were counterstained with Hoechst (blue). The muscles were collected 14 days
after transplantation and cardiotoxin injectionalgdars: 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 describedHRigure 4.8, one day before transplantatioGiven that
dyderlin positive fibers were only found in muscles injected with a higher number of donor
myoblasts in thgrevious transplant series, | injected 3*b@rrected myoblasthDYSF_vi2+)
into preirradiatedtibialis anterior musckeof 1215weekold femaleScid/blAJ mice (n = 8)Half
of the mice (4/8) received a cardiotoxin injection in their graftéhialis anterior muscke
simultaneously to cell transplantation. Two mus¢®8) that had received a transplant without
injection of cardiotoxin and two makes (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 afterransplantation.

dysferlin + bright field

3 weeks

6 weeks

Figure 4.11: Engraftment of corrected H2K A/J myoblasts in preirradiated muscles of Scid/blAJ mice.

Confocalmicroscopy images of cryosections prepared from graiéalis anterior muscke and immunostaed with
an antibody against dysferlin (red). Nuclei were counterstained with Hoechst Disferlin positive fibersare
distributed in longitudinallyarranged groups, likelglongthe wound created by the injection trajectary muscles
collected 3 veeks (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 pireadiated but not injected with cardiotoxiwe found ~3090
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and ~50 dysferlin positive fibers 3 and 6 weeks after transplantation, respedtigelse(4.11).
The dysferlin positive fibers were distributed in longitudipadirranged groups in all muscle
samples This digribution may correspond to the regenerating area in the wound created by the
injection trajectory through the muscle. Detailedalysisof the number ofdysferlin positive
fibers per stained cryosection and the distribution along the length of the grafsetes can be
found inFigure 4.13.

Interestingly, the engraftment of the transplanted cells and the number ofdigived
myofibers were greatly enhanced by applyandouble injury regimeWith this modelablation of
the eci pi ent muscl es o endogenous satellite cel
regeneration in response to acute damage. In all grafted musclesagiged with 18 Gy and
injected with cardiotoxin, doneatterived fibers covered a large area of the septions both 3 and
6 weeks after trasplantation. We found up to 11@®sferlin positive fibers in cryosections from
muscles collected after 3 weeks and up@89after 6 weeksKigure 4.12). Detailed numbers of
dysferlin posiive fibers per stained cryosection can be founéigure 4.13.

dysferlin

+ bright field

3 weeks

6 weeks

Figure 4. 12 Engraftment of corrected H2K A/J myoblasts in muscles prdrradiated and injected with
cardiotoxin.

Confocal microscopymages of cryosections prepared from gratibalis anterior muscke and immunostained with
an antibody against dysferlin (red). Dysferlin posifiloers cover a large area of the cryosectiftom grafted muscles
collectedboth 3 weeks (top images) adweeks (bottom images) after transplantation. Scale bars: 200 um.
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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 baaadieded and injured
with cardiotoxin simultaneously to cell transplantatiéig(re 4.13 andTable 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 muscl&/e found that a large number of dysferlin
expressing myofibers spread throughout several hundreds of pm in muscles that-ingreted
with cardiotoxin Figure 4.13-B and Figure 4.14). The maximum transversal area covered was
approx. D00 x800 um (mouse ID = 9). We found dysferlin expressing fibers spreading up to ~5
mm throughout the longitudinal axis of grafted muscles.

Mouse ID  Treatmerft Time (weeks) Max. dysf+ fiber§

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 myoblastsin Scid/blAJ mice.

ACardiotoxin injection (CTX) and/or 18y irradiation ®maximum number of dysferlin positive fibers in a single
cryosection of the corresponding muscle (detected ifocal microscopy images of cryosections stained with an
antibody against dysferlin)
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Figure 4.13: Counts of dysferlin
positive fibers in cryosections ol
grafted muscles.

Total number of dysferlin positive
fibers in cryosections of grafted
tibialis anterior muscke (A) pre
irradiated with 18 Gy or (B) pre
irradiated and injured with
cardiotoxin simultaneously to cell
injection. 6 um cryosections were
prepared from each muscle and
stained with an antibody against
dysferlin. The dsferlin positive
fibers were counted on the
confocal microscopy images of
cryosections immunostained with
an antibody against dysferlirFor
freezing, the muscles were
divided in two halvegl/Il) 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 pogive fibers found in
each individual cryosection are
indicated in black. Each vertically
aligned group of [cryosectioii
number of dysf+ fibers]
corresponds to one graftétialis
anterior muscl®f one mouse (n =
2 per injury regime and time point
of aralysis). The mouse ID is
indicated on top of each column.
One muscle (No.8, IlI) 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
musde. II: distal half of the
muscle. Red: largest number of
dysferlin positive fibers found in
one cryosection of the
corresponding muscle.
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dysferlin
891 dysf+ fibers 1102 dysf+ fibers 452 dysf+ fibers
Section 70 (1) Section 30 (I) Section 30 (Il

S~

Figure 4. 14: Distribution of donor -derived myofibers along the grafted muscles.

Confocal microscopy images of cryoseat from one muscle (treated with 18 Gy + cardiotoxin injection) 3 weeks
after transplantation. The cryosections were immunostained with an antibody against dysferlith@ged)awing
represents thébialis anterior muscleThe numbers of the cryosect®corresponding to each imageeindicatedin

grey. The numbers of dysferlin positive fibers found in each cryosectiondicatedin blackabove the cryosection
number. |: proximal half of the muscle. II: distal half of the musstale bas: 200 um.

We decided tofurther compare the expression level of dysferlin in deaferived
myofibers of grafted muscles to the endogenous level of dysferlin protein in mouse wild type
muscles. For that purpose, | simultaneously stained cryosections of gtisftds 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 donoerived myofibers from muscles graftevith corrected H2K A/J myoblasts than
in myofibers of wild type musclegigure 4.15-A).
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A wild-type quadriceps grafted TA

o wild-type quadriceps

Figure 4. 15: Dysferlin expression level in donorderived myofibers of grafted muscles.

dysferlin

dysferlin

dysferlin

(A) Confocal micbscopy images of cryosections from quadriceps muscles of a C57BL/6J mouse and one grafted
tibialis anterior musclef a Scid/blIAJ mouse (treated with 18 Gy + cardiotoxin injection) 3 weeks after grafting of
corrected myoblasts. The cryosections from thetrob 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 magnificationScale bas: 200 um(top images) and®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 \eildntyse
musclesScale bas: 200 um(left) and ® pum (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 muschvo,
dysferlinlocalizes atthe sarcolemméAnderson et al., 199%ndthe T-tubulenetwork(Ampong
et al.,, 2005Y. Huang et al., 20Q7Kerr et al., 2013Klinge et al., 2010Klinge et al., 2007
Piccolo et al., 2000Roche et al., 20)1of myofibers. The function of sarcolemmal dysferlin has
been classically assmted withthe repair of membrane wound8ansal et al., 2003 On the
other hand, potential roles for dysferlinTrtubulogenesisluring muscle regenerationcgim the
maintenance of the-fubule structure in mature fibers have been described more re(artiyet
al., 2013 Klinge et al., 2010 Importantly, the localization pattern of dysferlin observed in
muscle sections may vary depending on the fixation and immunostaining proc@Rioces et
al., 201).

| examined the localization of human dysferlin in donor derived myofibers from grafted
muscles of Scid/blAJ miceand found it predominantly enriched at the membrane of most
dysferlin expressing myofibers. Some of theefdbwith a sarcolemmal staining of dysferlin also
presented a fainter cytoplasmic stain in the form of irregularly distributed pufigiard 4.16
and Figure 4.17). However, in some of the fibers we ttwbserve a cytoplasmic stain in a
regular reticular patterri={gure 4.17) characteristic of intracellulatysferlin

dysferlin + Hoechst

Figure 4. 16: Dysferlin localization in grafted muscles.

3 weeks

6 weeks

Confocal microscopyniages of cryosections from graftédbialis anterior muscke 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 (redcl®were counterstained with Hoechst (blu&)ale bas: 50

pm.
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dysferlin + Hoechst + bright field
’ B L, T P Figure 4. 17: Distinct patterns of
Vel | 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 presentedh a
irregular punctateytoplasmic stain
(top images) and others presented a
cytoplasmic stainin a regular
reticular pattern characteristiof
intracellular  dysferlin ~ (bottom
images). The cryosdohs were
immunostained with an antibody
against dysferlin (red). Nuclei were
counterstained with Hoechst (blue).
Scale bas: 10 pm.

We hypothesized that the finding of dysferlin in irregular intracellular puncta in some
fibers could be due to an indity of our staining method to properly labgjtoplasmicdysferlin
or to the presence of protein aggregates due to the high level of dysferlin inddoived
myofibers.

4.5.3 Histological features of grafted muscles

Next, we examined the histological feasrrof 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 1115 weeks old at the time of transplantation and the muscles were collected for analysis 3
6 weeks late 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 charactertics of regenerating muscles, with a majority of centrally nucleated fibers.
Donor derived, dysferlin expressing myofibers did not have any distinctive histological features
from nondonorderived fibersigure 4.18-B andFigure 4.19).

The dysferlin positive fibers found in grafted muscles subjected only to 18 Gy radiation
were easily identified in the histolmgl stains due to their distribution in clusters along what
appeared to be the injection jgetory. Moreover, they presented distinctive histological
characteristics from nedonorderived myofibers and had features of regeneration such as central
nucleation with big nuclei, small size, irregular architecture and stronger NADH Istaiontrast
the surrounding areas of noionor derived fibers had barely any centrally nucleated fideds
were not histologically different from negrafted muscles irradiated with 18 @igure 4.18-B
andFigure 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 6s trichrome and
stains on cryosections from one
grafted tibialis anterior muscle
(treated with 18 Gy + CTX) collected
6 weeks after transplantation. The
areas of donedeived 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 ba260
pum (left), 500 pm(middle), 100 um
(right). (B) Images of dysferlin
immunostaining and H&E or
Gomori 6s trichr ome stain
cryosection®f 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
donorderived fibers. A more
detailed histological analysis of those
areas is shown in figure 4.18cale
bars:100 um(top), 50 um(bottom).

18 Gy

CTX

66



CHAPTER 4. RESULTS

H&E Gom. Trichrome NADH

non-grafted
18 Gy - 3 weeks

grafted
CTX - 2 weeks

grafted
18 Gy - 3 weeks

grafted
18 Gy + CTX
3 weeks

grafted
18 Gy + CTX
6 weeks

Figure 4. 19: Histological features of donorderived myofibers.

Bright field i mage somenand NARHE stainGpenfoomed ob sryosections fiidnalis 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. Tlegeés show areas containing dysferlin positive
myofibers of donor origin. Sections of a Rgraftedtibialis anterior musclédrom an agematched Scid/blAJ mouse
irradiated with 18 Gy and collected 3 weeks later are shown above as cacdtel bag: 50 um

In grafted muscles that were greadiated and injured with cardiotoxin, the large areas
enriched in donederived myofibers were clearly distinguishable from the areas with no dysferlin
expressing fibers regarding architecture of myofibers and caweetissue and fiber type
distribution. Both regions seemed to be separated by an area of connective tissue and
mononuclear cell infiltratesF{gure 4.18-A). When closely examining areas of the grafted
muscles that contained maindonorderived fibers, we found that the overall architecture was
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irregular in muscles collectegither3 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 nwaggdyst

stained with NADH, without any clear distinction of fiber types. The connective tissue was
increased as evidenced bige atichpbospBataseostahovsthat r i c hr om
these areasontainedpositively stained fogiindicaive of maagophage infiltration or lipofuscin

They werenot present in the areas lacking dederived fibers from the same muscles. The

stained foci appeared to be not within muscle fibers but rather in the interstiigong 4.20).

Pogtively stained acid phosphatase granules could also indicate myofiber necrosis. However,
necrotic myofibers generally display a pale Gomga
appear to be the case in those afeapire 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 donederived myofibers.

(A) Bright field microscopy images of an acid phosphatase stain in cryosections prepared from grafted muscles
subjected to 18 Gy radiati 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 byakmad myofibers. The left image shows a
representative area without dorderived fibersfom the same muscle as the one shown on the right irBagke bas:

50 pum.

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 musclesdrders that induce a degenerative environngtirgan &
Zammit, 2010. Since myonucati are postmitotic, a lonterm 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 ldiagting contribution of the latter to muscle
regeneation 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 satelliteAsells.
mentionedin page 15, satellite cells are unequivocally identified in skeletal muscle by their
expression of the transcription factor Pd$eale et al., 20Q0Gand their bcalization beneath the
basal lamina of myofiber@Mauro, 196). However, they can alsmigrate between fibers and
muscles during developmefiiughes & Blau, 1990and regeneratiofWatt et al., 198y |
performed immunosining 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 grafekbsnwith 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. | utilizée images of dysferlin immunostaining as a
reference to find areas enriched in dederived myofibers Kigure 4.21). | found numerous

Pax7 expressing cells in some areas enriched in dysferlin positive fibers. The myofiber
archtecture of those areas was not fully organized and the same was true for the basal lamina, as
indicated by the laminin immunostainingrigure 4.22). However, some Pax7 positive cells
appeared to be located beneath the basal &aofifiorming 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 imag of the same area in serial cryosections frontibiais anterior muscleollected 6 weeks

after transplantation of corrected H2K A/J myoblasts (injury regime: 18 Gy + cardiotoxin). The cryosections were
immunostained with antibodies against dysfe(left, red) and laminin (right, redThe square and asterisks mark the
same areas of the muscle in the two ima§eale bas: 200 um.
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A laminin B Hoechst laminin bright field

L3

C Hoechst laminin

Figure 4.22 Pax7+ cells in the vicinity of donorderived myofibers in grafted muscles.

Confocal microscopy images of one cryosection from one gréfiedis anterior musclésame as irFigure 4.21)
immunostained with antibodies against Pax7 (yellow) and laminin (red). Nuclei were counterstdmétbegdhst

(blue). (A) Overview of laminin (red) immunostainirgcale bar200 um. (B) Higher magnification of an area from A
containing numerous Pax7+ (yellow) celcale bar50 um. (C) Higher magnification of two areas with abundant
Pax7+ (yellow) cis from B. One Pax7 expressing cell (arrow) appeared to be located underneath a basal lamina (red)
structure and the rest are interstitBtale bar10um.

The GFP signal was detectable, although faint, in dysferlin expressing myofibers.
Additionally, we found that lipofuscin, which was enriched in dederived areas of grafted
muscles, accumulated also around nuclei, producing a strong green autofluorescenoade€his
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the identification of donaederived satellite cells based on their GFP expreséimstained)
unviable. We concluded that, in order to attain definitive proof of the presence ofdkrnad
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 oex vivogene transfer into muscle. The results of fiigof-of-concept
preclinical studyhave providedvidenceof dysferlin protein reconstition in the skeletal muscle
of a disease modéh vivo using mouse myoblasts as a source of grafting matémialrder to
make our approach more relevant for thgrape ultimately aim to target and phenotypically
correct human muscle stem cells.

In ourrecently reportednethod for isolation of humanuaclefiber fragments (HMFFs),
we do not use any enzymatic digestion, tlpueserving the basal lamina. Tkatellite cells
containedin their nichewithin these HMFF®xtensively proliferatén culture, mantaining their
expression oPax7 for prolonged periods of tine& vivo(Marg et al., 2013

4.6.1 Regenerative potential of human satellite cells in HMFFs

In order toassess the regenerative potential of theesgivoexpanded 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 imnvaigty make

it a suitable model for xenograft studies. Unl&€ID mice, they do not shoveakiness of T and

B lymphocyteswith increasing agand are therefore very unlikely to develop immune rejection
against graftqlto et al., 2002 We transplanted HMFFs derived from four biopsy donors and
cultured for 57 days intatibialis anterior muscke of 68 week oldfemale NOG mice (n = 23).

The recipient muscles weedther not subjected to any injury regime or-pradiated with 18 Gy
using thefocal irradiation protocol describéd Figure 4.8. We used a humaspecific antibody
against the nuclear envelope protein lamin A/C in order totiilgehuman nuclei in the grafted
muscles. In muscles grafted without irradiation and collected either 3-8mweeks after
transplantationywe found a small number dfumannuclei (Table 4.3). Almost all of them were
interstitid and were not part of myofibersigure 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 78 weeks after graftingr@ble 4.3).

. Donor
Donor® Irradiation Successf_ul Human cells Human cells derived
dose | transplantatiorfs| after 3 weekS | after 78 week$ .
myofibers
44 f, A7 f No 9/10 5-150 5-50 No
53 m 9 Gy 1/3 5-50 n.t. No
53 m, 64 f 18 Gy 8/10 5-300 5-300 Yes

Table 4.3: Transplantation of HMFFs in NOG mice.

AAge in years and gendéftransplants with human cells per total number of transplantealigilzsinterior muscles;
“number of human nucleiercryosectionf, female; m, male; n.t., not tested. Table modified f(dtarg et al., 2014
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Some of the human olei were interstitial, but many weparticipating in regeneratiaor
integrated in myofiber structures at later time poinEgyre 4.23). We also performed
transplantation of HMFFs itibialis anterior muscke of NOG mice irrdiated with a lower dose
of 9 Gy. However, the engraftment was much less efficient thanlBitBy, 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 strupts or participating in regenerationhis suggests
that 9 Gy were not sufficient fTabled®8bl ati on of

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

Figure 4.23: Engraftment of human satellite cellsn muscles from NOG mice.

Confocal microscopy images d¢fuman lamin A/C immunostaining in cryosections from graftiéihlis anterior

muscle of NOG mice. The muscles were collected 3 or 7 weeks after transplantation. Human cells were located in the
musck interstitium 3 weeks after transplantation in4roadiated muscles (left images). In musclesimadiated with

18 Gy, many human nuclei were part of myofiber structures 7 weeks after transplantation (right images) and some were
forming myotubes 3 wés after transplantation (middle images). This figure is modified {idarg et al., 201}

4.6.2 Transfection of human satellite cells in HMFFs
Next, we askeavhetherhuman satellite cellsouldbe genetically manipulatesk vivoin HMFFs.
In muscle disorders where gene transfer would be of therapeutic bexefito engineering of
human satellite cells while maintaining their regenerative potential would be a gvaatament
towards harnessing autologous transplantation as a therapy.

We showed that numerous fluorescent cells, likely satellite ceise presentvithin
HMFFs transfected with a transposoased 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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myogeniccapacity (Marg et al., 2014 Here | show the presence of abundant GFP+ cells in
HMFFs 7 days after transfection with pCAG-GFP and SB100X transposaségure 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 @FP+ (green) cells iHMFFS transfected with pFEAG-GFP and an expression
vector for SB100X transposase. (A) High magnificationG#iP+ cells, presumable satellite celisside of a fiber
bundle 2 days after transfection. (B}skack showing numerous GFP+ cells within a fiber bundle 7 days after
transfection. (C) Enlarged image front*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 cassetteas the CDS of genes
that are mutated in some muscular dystrophies, e.g. dysferlin, into human satelliex célig
and transplant them into the skeletal muscle of disease models.

73



CHAPTER4. RESULTS

74



CHAPTER 5. DISCUSSION

5 Discussion

Dysferlinopathy is a devastating disease for whiththerapyis available. It is caused by
mutations in a single gen®YSF (Bashir et al., 1998J. Liu et al., 198). Therefore restoring
dysferlin expressiothrough genegherapyholds great promisas a treatmentHowever, the large
size (~6.2 kb) of the dysferlin coding sequence hampers the use of viral vectors for gene transfer
approaches to treat dysferlinopat Transfer of a truncated but partially functionahidysferlin
into dysferlinnull mice using AAV vectors restalethe membrane repair defidih myofibers
(Krahn et al., 201pbut did not improve the muscle patholofiyostal et al., 2012 Thus gene
therapy approaches need to be based on restoration dérfgth d/sferlin. Our aim was to
develop a celbased gene therapy approach for-fetigth dysferlin reconstitution in the skeletal
muscle of dysferlimull mice. We have focused our investigation ex vivoengineering of
dysferlinrnull mouse myoblasts using $B a gene transfer tool.

Dual AAV vector strategies have been used with success to restore dysferlin protein in the
skeletal and cardiac muscles of dysferlul mice (Grose et al.,, 2032Lostal et al., 2010
Sondergaard et al., 2013 he last reports hawadditionally provided very encouraging results in
nonhuman primates, suggesting that this strateguld be soon translated into a clinical
application(Sondergaard et al., 20L3However, AAV vectors tget mature muscle fibeksit not
satellite cellsand are notintegrating. On the one hand, this represents an advantage because they
generally pose no risk of insertional mutagenesign thoughrandom vector integrations can
occurat low frequencyMingozzi & High, 201). 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 detveeeh 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 ageslbuiteiith varying
frequenciegKeefe et al., 20156 The extent of myonuclei turnover and its vaoa with age,
however, have not been aidied 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 turnov@viorgan & Zammit, 2010 Accordingly,a greater number
of centrally nucleated fibers expressing markers of regeneration can be observedclm mus
biopsies from dysferlinopathy patieniShiu et al., 2009 This means that neself-replicating
episomal vectors, like AAV genomes, will be progressively elatéd as myonuclei are replaced.
Therefore, a longerm 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 wans-splicing approaches is that typically only one coding
sequence is supplied. For a gene IIXKéSF, coding formultiple transcript variants and protein
isoforms, restoring the expression of only one isofonay not be suficient for fully rescuing
function For example, the cleavage of dysferlin to generate-dyisierlinc;,, which has an
important role m membrane repair, is done the domain encoded bthe alternatively spliced
exon 40a(Redpath et al., 20)4 Also, the C2A and C2Avl domains likely have a different
function based on their differential €and phospholipid binding affinitieguson et al., 204
In ex vivoandin vivo gene additioras well agrans-splicing approacheg, could be consideretd
deliver vectors or tranggnt engineered cells carrying various cDNA vaganih this wayall or
mostprotein isoforms could bexpressed 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 patiér#aa Deutekom et al., 2007 For
dysferlinopathy exon skippinghasbeen successiyl used torestoe proper dysferlin mRNA and
protein through targeting of exons 32 and(Béminov et al., 2014Wein et al., 201D However,
unlike dystrophin mutationsesponsible for DMD and BMD, diseasausing mutations ilDYSF
are scattered all along the gene and there is no mutationapdioiCacciottolo et al., 2011
Krahn et al., 2000 This is an important consideration when designing strategies to restore
dysferlin functionthroughgene therapy. Also, the knowledge about the dispensability of domains
in dysferlin protein in relation to conservationmbtein 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 develapent to be used in patients. Even if successful, exon skipping does not
operate at 100% efficiency.

Unlike CD133+ cells or mesoangioblasts, which have demonstaatdulist engraftment
capacity in skeletal muscle tissue when delivered both locally anelhsgally (Diaz-Manera et
al., 2010 Galvez et al., 20Q85uttinger et al., 20Q8\egroni et al., 2009%5ampaolesi et al., 2006
Torrenteet al., 2004, satellite cells and myoblasts can only be transplanted directly into the
muscle(Briggs & Morgan, 2018 Also, they are available in low numbers and they lose part of
their regenerative potential when culturex vivo prior to reimplantation(Briggs & Morgan,
2013. These factors clearly limit their therapeutic use in regenerative medicine. Howeyer,
are the true myogenic cell population and the best characterized from atuude stencell
types (Tedesco et al.,, 2010vin et al.,, 2013 Alike satellite cells,CD133+ cells also lose
regenerative potential aftexx 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 indispensabléor adult muscle regeneratioheir ablation in adult muscle abolishes the
regenerative activity of other cell typagth known regenerative potentifllepper et al., 2011
Sambasivan et al., 20LIThere have been remaiie advances in myogenic cell derivation from
human and mouse iPS &lkeemingly overcoming some of the limitations of satellite cells and
myoblasts for regenerative medicine. For example, these induced myogenic cells are derived from
highly proliferatve pluripotent cells which can be genetically engineered and are an adlimit
source of starting materiahlso, once derived into a myogenic lineage, they can still be expanded
in vitro and they can engraft in skeletal muscle following systemic tranggilamt However,
intramuscular transplantation is stitle most effectivg(Filareto et al., 2013 The optimization of
protocols for myogenic cell derivatioppears to have succeeded in the generation of committed
progenitors that do not form tumors upon engraftniBatabi et al., 201,2Darabi & Perlingeiro,
2014. However, there are still mangafety concerns in the use of iRfrived cells for
regenerative medicine.

Dysferlinopathy affects only certain groups of musdhegvary depending on the clinical
manifesation Gee page 11). Some of those muscles are accessible for intramuscular cell
injections. Importantly, it has been shown in mice that the environmerataf@adult dystrophic
muscleis recepive for donor satellite cell engraftment and lelegm contribution to regeneration
(Boldrin et al., 200R Also, mouse satellite cells that reside in dystrophuscles of agethdx
mice, retain their regenerative capacityiey canengraft with similar efficiency to satellite cells
isolated from healthy muscles once they are transplanted into alystrophic muscle
environmeni{Boldrin, Zammit, & Morgan, 2015 It remaingo be determined whether this is also
the case for satellite cells from dysferlin deficient muscid whether dysferlinopathibuman
muscle in late stages of disease progression could still support robustdtrmmgraftment.
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Another open question ishether the expression of a therapeutic dysferlin transgene in
the context of a dysferlin deficient muscéyen in autologous settingsould trigger an immune
response against the nealfepitopes of the restored protein. Humoral and cellular immunity
against dystrophin ha been shown for dystrophmene therapyGilchrist, Ontell, Kochanek, &
Clemens, 2002Mendell 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-tbgimsdom genomic
integration profile. This makes itprobably thesafest integrating vector currently available
regarding risk of genotoxicityseepage?29). Also, it benefits from the simple and inexpensive
manufactureof plasmidbased systemsThis isa clear advantage for largeale prodction of
clinical-grade vectors. These biosafety amatter production features make 8Bry suitable for
gene therapy. Obviously, the gedtandard for gene therapy of monogenic disordeis Etu
correction of mutations through gene editing. Howetrex,currently available gene editing tqols
although powerfulare not yet sufficiently characterized for clinical applications in gene therapy
In contrastSB is already aelevant vector systentilized inongoingclinical trials.

5.1 Dysferlin transfer into dysferlin-null myoblasts

5.1.1 Vector design and fultHlength dysferlin transfer efficacy

| constructed Skhased vectors for fulength dysferlin transfer under the control of the synthetic
Spc512 promoter. We chose this promoter sequence to drive exgresfsdysferlin due to its

high level of activity in H2K A/J myoblasts and myotulaesswell asts short sequenc&400 kb).
Transgenexpressiordriven by this synthetic promoter $ilaeen shown teccurboth in cardiac

and skeletal muscle, with no apparbras towards fast or slow fiber typ@. Wang et al., 2008
Spc512 is made of an assembly of transcription factor binding sites that confer tissue specificit
to striated muscle genéki et al., 1999. Therefore, it is thought to be musdpecific, although

this has not been extensivegsted Even ifdesirable, foour experimental design it is not strictly
necessary to have a promoter sequence that drives expression exclusively in muscle. The reason
for thisis that engineered cells are injected directly intostkeletalmusailatureand are unlikely

to engraft elsehere, provided that a pure myoblast population is transplanted. However, donor
myoblasts should ideally engraft as satellite cells to provide aterngtherapeutic effect. In this
scenario, expression of the transgene should not disturb-denigedsaellite cell function.

The results of this study show that Sgk&driven transgene expression is higher in
differentiated myotubes than in proliferating myoblastsitro. In grafted muscles, dysferlin was
highly expressed in donaterived myofibers. Wehave not yet been able to unequivocally
determine whether the Pax7+ cells present in the vicinity of ddeigved myofibers are indeed
of donororigin. If so, it would be important to anaby dysferlin expression in engrafted donor
derived satellite cedl This could be achieved either by high quality double immunostaining of
dysferlin and satellite cell markefs.g. Pax7, VCAM1, syndecanffjedesco et al., 201 Yin et
al., 2013 or by isolating them from grafted muscles and studying therivo

Muses et al. showed that myogenic H2K 2B4 cells derived from immaltetype mice
were efficiently transfected3Q%) with Lipofectamine, although the efficiency was substantially
higher (5070%) using nucleofectiorfMuses et al.,, 201})alIn experiments with H2K A/J
myoblasts, | obtained very poor transfection rates usirtgeiXeGENE (Roche) or je@ME
(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 transfecénd SBmediated transpositiorFigure 4.
1 andFigure 4.4). However, in comparison with the Siased constructs containing only a GFP
reporter, transfection of the fukkngth dysferlin transfer vectors wasfficient (Figure 4.4 and
Figure 4.5). Thus, sorting of engineered cells harbouring thelémbth dysferlin transgene
required extensive expansion of the transfected cells. This represents a considergtienlimi
when engineering primary myoblasts. The inefficient transfection may be in part due to the large
size of the transposon plasmids.

Additionally, the SpcEL2 regulatory sequence showed a robust activity when driving
expression of a GFP reporter in KI2/J myoblastsWe also observed aenhanced activity of
two tandem SpcA2 copies(Figure 4.5). Thisis not entirely surprising due to its synthetic
nature. However, expression of dysferlin in the selected cells was robusigaed than in H2K
wild-type myoblasts and myotubes in all the sorted populations andRigede 4.6). Thus, poor
expression of the GFP reporierlikely caused by amefficient translation of GFP mediated by
the IRES. Thignight 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 desigight be considered. For example,
is possible tautilize 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 pdigial. 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 dassette
viral promoters frequly trigger transgene silencing in eukaryotic geno(Ragpadakis, Nicklin,
Baker, & White, 2003 Another option would be to uselfseleaving peptide$Szymczak et al.,
2009 so that the two transgenes dranslated together as one protein product. fdselting
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 functiogasitrequired

Nevertheless, even if very useful to monitor and select engineered cells irofroof
concept studies, a therapeutic transgene cassette for clinical gene therapy should not contain any
fluorescent reporter. An indirect strategy to enrichefiogineered 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 tht the rate of stably transfected cells in the presence of SB100X was high when
normalized to the initial transfection efficiencdowever, much less transposase plasmid was
transfected in comparison with transposon plasmid considering molaroratodal 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 fluemtsreporter as a tag to the transposase
or as an independent ORF in the transposase expression vector may be suitable when transferring
small transposon cassettedowever, it might not be useful to indirectly enrich for cells
harbouringinsertions oflarge 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 artezpgene in the
backbone bthe transposogontaining plasmid. In this way, selection of the celsisfected with
the transposon couloe performed between 2 and 5 days after transfection, before the fluorescent
signal from norintegrated cassettes dtato 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 tansposon 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 genwsaitions of the plasmid
backbone could later be eliminated by FACS sorting.

Since cells transfected withthe dysferlin transfer vectors contained a fairly low
percentage of GFP expressing céléfore sorting Kigure 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 transposaeeiitionsite analysis needs to be performed on single
expanded clones from the &t populations.

The most effective method to provide comprehensive information about population
clonality and insertion sites would be splinkerd?@R (Devon, Poteous, & Brookes, 199%Jren
et al., 200%. It consists on digesting the genomic DMAth restriction enzymes that do not cut
within the terminal region of the transposon ITRs. A double stranded Diarlifragment 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 andrtheighbouring genomic sequences can then be
amplified with a nested PCRising primers specific to the linker and the transposors.|TRis
PCRwill produce amplicons of different sizes depending on the genomic sequences flanking the
transposon isertion Each band can then be isolated and sequenced to determine the transposon
insertion site(s). This method requires monoclonal populations, nhamely homogeneous regarding
transposon insertiondt is sensitive but may not detect all integratioas it relieson 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 howmany integratedcopies of the fullength dysferlin transfer cassettdriven by
Spc512 are necessary for robust transgene expression.

Although provided in small amounts, the transposase expression vector can also randomly
integrate in the genome of tharget cellsDespite the fact thasB100X does not bind class Il
transposon sequences in the human gen@rackett et al.,, 2003 this would be highly
undesirable for obvious reasomdrst, it could excise or remobilize the integrated therapeutic SB
transposon cassettes. Second, it could dleihunogenicityand third, it could cause cellular
toxicity (Galla et al., 20111 To eliminate this risk in a clinical setting, the source of transposase
should ben vitro transcribed mRNA instead of a DN&xpressiorvector.

5.2 Engraftment of corrected H2K A/J myoblasts in

Scid/blAJ musclesand dysferlin reconstitution

Transplantation of H2K A/J myoblasts carrying the -fatigth hDYSF_viltransgene into the
tibialis anterior muscke of Scid/blAJ mice resulted in successful engraftment ahe#xamined

time points(2, 3 and 6 weeks). We determined eftmment efficiency based on the presence of
donorderived myofibersThosecould be detecteddased ortheir expression of dysferlin. In fact,
this study shows so far the most robust reconstitution of dysferlin protein in myofibers of
dysferlinrnull mice usng transplantation of either wild type or engineered cells. The imagel
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 skeleté musc
have been performed on the dystrophidl mdxmouse 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 inntdg mouse.Revertant fibers in
DMD/BMD patients and mice are myofibers that spontaneously express dystrophin protein and
are labelled with antilystrophin antibodiegHoffman, Morgan, Watkins, & Partridge, 1990
Nicholson, 199R They are thought to be product of alternative splicing or secondary mutations
that restore protein expression. However, the mechanismgthnehich 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 neasidagised on
dystrophin reconstitutiom the mdxmodel. Xenograft studies of human cell grafting into mouse
skeletal muscle have relied on immunolabeling with-hothan specific antibodies to detect
donorderived myofibergMarg et al., 2014Meng, Adkin, Xu, Muntoni, & Morgan, 201 Meng
et al., 2014 Negroni et al., 2009 It has recently beeshownthat the widely used artiuman
spectrin antibody, thought to be specific for human spectrin expressed at the sarcolemma of
donorderived myofibers, also recognizes regenerating mouse fibers. Thisbizbfy 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 fibergRozkalne et al., 2034 These examples illustrate the need for cautious
conclusiondrawing in the interpretation of grafting results.

We based our detection method on the presence ofrlilysg#gpressing myofibers in the
grafted muscles. In dysferhnull mouse models the exesice of revertant fibers has not been
reported, nor has it been demonstrated in patients. Mice carrying a homodygB{i8allele do
not express any dysferlin psan (Farini et al., 2012Ho et al., 200% In accordance to that, we
have not seen any dysferlin positive fib@snongrafted muscles of Scid/blIAJ mice that were
either uninjured, only irradiated or only injected with cardiotoxin. Therefore, we are confident
that our readout foengraftments reliable.

Although H2K myoblasts are only conditionally immortalizedi are thus not expected
to form tumorsin vivo, spontaneous transformation or some cells durnngitro culture could
occur. Immortalized C2C12 myoblasts have been shown to rapidly tamors when
transplanted intdibialis anterior muscles aidx nu/nuand nondystrophicbeige/nu/Xidmice
(Morgan et al., 2002 In those studiesuimor formation was especially evident in muscles that
had been irradiated with 18y three days before cell transplantatibomour immunosuppressed
dysferlin knockout 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 fjuhe models This
strondy suggests that the transplanted cells had not undergone spontaneous transfénmation
vitro.

5.2.1 Effect of the injury models on donor cell engraftment

We found thatl8Gyirradiation one day before graftipdusinjection of cardiotoxin simultaneous
to cell transplantation wathe most efficientinjury modelin 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 engradnt of the donor cell@Boldrin et al., 2012Gross,
Bou-Gharios, & Morgan, 1999Gross & Morgan, 1999 We chose a radiation dose of 18 Gy
because it has been described in several stadieptimal tgoromote donor cell engraftment in
mouse skeletal musci@oldrin et al., 201p 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, 2018 However, studies on transplantation of freshly isolated mouse
satellie cells into the muscles ofidxnude mice showed no significant increase in engraftment
when the recipient muscles were injected with notexin in addition to 18 Gy radiBtirin 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 dystroghiwhere the disease causing mutatioes not affect
satellite cellstheir function can still be compromised by cuse(Morgan & Zammit, 201) It is
possible that the efficiency of different injury models in promoting donor myoblast engraftment in
different mouse straindepends orthe rate of myonuclei turnover of the host musclessites,
different cytokine releasemuscle environmenbr 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 efficienthytdibers without the need to
experimentallyinduce regeneration.

A recent studyeported thaengraftment ohuman pericytes or CD133+ ceils muscles
of Rag2/ o ¢ ¥C& iorndystrophicmdx nude mice showed nsignificantly differencedbetween
muscles that had been cryodamagedrmadiated+ cryodamagedprior to cell transplantation
However, both injury models promoted donor cell engraftment and contributiomyofibers
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, 2019n a double
dystrophin/utrophin knockut mouse modelmiPS cellderived myogenic progenitors robustly
engrafted in uninjured skeletal muscle following either intramuscular ograicstransplantation
(Filareto et al., 2013 Several other studies of H2K myoblast transplantation in various mouse
models have successfully used irradiatidone as injury modgBeauchamp, Morgan, Pagel, &
Partridge, 1999Morgan et al., 1994Muses et al., 201)aThe source of this striking variation in
the effect of different injury modetsn donor cell engraftment may be in part technical. However,
the fact that this variation has been reported in vargudies 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 avgtgasive atrophy, but the
muscle pathology in dysferlin deficient mouse models is mild compared to the human situation
(Bittner, Anderson, et al., 199Blo et al., 2003 Also, the onset of dystrophic symptoms in A/J or
Scid/blAJ mice is at around 5 months of ggarini etal., 2012 Ho et al., 2001 This could
explain why wedetectedonly a few dysferlin expressing fibers clustered in areas seemingly
undergoing regeneration in grafted muscles that were only irradfigaade 4.11). Other studies
in Scid/blAJ mice have reported extensive engraftment of mouse mesoangioblasts following
intramuscular transplantation into musclegured only with cardiotoxin(Diaz-Manera et al.,
2010. Meregalli et al.showed a very limited extent of donor cell engraftment after
transplantation ofontrol and engineered human blederived CD133+ cells into notexin tredt
muscles of Scid/blAJ mice that had not been irradifigztegalli et al., 2013

It is an open question whether human muscle would support sufficientftemegra 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 efigrant of donor cells, but they could not be
applied to patients. However, if needed, it might be possible to apply other tyfpeatofentgo
renderp at i e nt sréceptive secigients of cell grafts while avoiding irreversible tissue
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damage. For exaple, exercise coulthducea 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 inje¢fiowever, although
radiationhaslong been used for bone marrow transplantation,-teny effects ofradiationin
human skeletal muscle are not wetlidied. Even if myofibers were not harmed, radiation could
affect surrounding structures and residentscetiportant for longerm maintenance of tissue
architecture and homeostasis like blood vessels, connective tissue, fibroadipogenic progenitors
and nerve terminalamong others

Importantly, we found that the injury model also hach@orimpact on the tstology of
the grafted muscles. In muscles irradiated and injured with cardiotoxin,-derieed fibers built
a whole new area of muscle tissue with diealistinctive histological features-igure 4.18).
Interestingly, those raas appeared to be still undergoing regeneration even 6 weeks after
grafting/cardiotoxin injury. Also, the tissue architecture \Wweegular anchot fully restored. This
could be due to the fact that H2K myoblasts were expanded for numerous passagesnd
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. Thight also explain why those areas were
devoid of donowderived fibers. It is pofisle that tissue architecture ktter time points after
transplantatiorwould be better restore@he imperfect histology of the newhuilt muscle may
be overcome by graftg primary satellite cells that have not been cultured for long befere re
implantation.

5.2.2 Distribution of donor -derived myofibers in grafted muscles

We observed large areas of dorderived myofibers in grafted muscles that were irradiated with
18 Gy and reated with cardiotoxir{(Figure 4.12). We could find dysferlin expressing fibers
covering up to approximately000 x 800 um in a transversal plane ang toabout 5 mm in a
longitudinal plane. The overall length on a mouse tib@hterior muscle is abod8 mm.

Transplantation studies in dystrophin knamkt mice have shown that dystrophin protein
expressed in donaterived myofibers spreads only a short distance from the dystrophin
expressing nuclei in fiberg/ith a mosaicof host and donor myonucléBlaveri et al., 1999
Partridge & Morgan, 2004 This was shown by isolatingiyofibers frommdx nu/numouse
muscles~3-7 weeksafter transplantation ofvild-type H2K myoblasts labelled with nLacZhe
spread of nuclealocalizing b-gal from anucleus that encodétdto nondonor derived nuclei was
~2 0 0 amdndystrophin proteiwas detectednly as far as the nuclebocalizing b-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 andl ftes@xisting or new fibers far from the
injection site. However, the extent of spreading of differprateins along the length of a
myofiber might vary and itouldalso depend on their expression level.

Some studies have determined in detail the olvedstribution of donomerived
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 mydbasts(Blaveri et al., 1999 Also, Negroni et al. reported a
maximum longitudinal spreading of humamlin A/C+ nucleof ~4.8 mm and ~6.2 mm 4 weeks
after gafting of human myoblasts, and human CD133+ cells, respectively,cigtonjured
muscles ofRag2’ b € €5’ "mice This spreading was determined by analyzing cryosections
from the grafted muscles and was very similar to the spreading of human spebgis+rf the
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same muscle@Negroni et al., 2009 In our experiments of HMFF transplantation into irradiated
tibialis anterior muscles of NOG mice, we founanaximum spreading of human lamin A/C+
nuclei of8 00 T 4 00 (Marg ét@lQ 20&¥nHere, transplantation was performed by
surgical implantation of human satellite eetintaining HMFFs instead of injectionf @ell
suspensionsThus, 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 donotderived myofibers

We found dysferlinocalized both at the membrane and cytoplasm of ddaedved myofibers.
Membrane labelling was more prominent in most of the fibers. This is in accordance with other
studies describing dysferlin as a sarcolemmal protaimderson et al., 1999Matsuda et al.,
200]). However, several more recent studies have described a homogeneous labelling of dysferlin
at theT-tubule membranes in regenerating and mature muscle {ikerset al., 2013Klinge et

al., 2010. Also, me of those studies highlighted the connection between the immunolabeling
technigue and the detection oftdbuleassociated dysferlin in mouse and human skeletal muscle.
Esecially, an optimal labeling of cytoplasmic dysferlin in mouse muscles seemsgjuivere
perfusion fixation with pardormaldehyde and antigen retrieval followed by immunostaining with
an antibody against -@rminal dysferlin. This type of fixation appears to better preserve the
sarcomere and-Tubule architecturéRoche et al., 2001

The detection method used in this study was based on immunolabeling with an antibody
against Nterminal dysferlin in muscles not fixed prior to cryopreservatievertheless, 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 homogamed-igure 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 aggregaezsause obverexpression. Thineeds to be
addressed by estaining with other proteins or by labelling with antibodies againstr@inal
dysferlinin paraformaldehyddixed sections.

It is important to point out that in dual AAWased dysferlin gene transfer studies, the
pattern ofhuman dysferlin localization in mouse skeletal muscle differs from that of endogenous
mouse dysferlin. The human protein shows a more prominent cytoplasmic lathelgtal et al.,

2010 Sondergaard et al., 20L5AIso, we have transplanted engineered myoblasts expressing the
human dysferlin_v1 isoform. This isoform constitutes about 13% of total dysferliuman
skeletal muscle at the mRNA leM@ramono et al., 2009Since antibodies specific to the C2A or
C2Av1 domains of dysferlin are not available, thiatiee abundancy of the vl and canonical
protein isoformshas not yet been determined. It is also not knevirether 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 donorderived myofibers

Previous studies on cell transplantation have never succeeded to restore dysferlin protein in the
skeletal muscle of dysferkinull mice to more than ~20% of wiliype levelgDiaz-Manera et al.,

201Q Flix et al., 2013Kong et al., 2004LericheGuerin et al., 2002Meregalli et al., 2018 We

found a very robust and sustainexpression of dysferlin in myofiber3 and 6 weeks after
transplantation of corrected H2K A/J myoblasts. Dederived fibers expressed dysferlin protein

at levels substantially highénan those for endogenodsgsferlin in wildtype musclegFigure 4.

15). It has been shown that overexggi®mn of dysferlin in skeletal muscle has detrimental effects.
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Transgenic mice with ectopic overexpression of-etigth human dysferlin (36 tb76-fold of
endogenous mouse dysferlin levels) driven bythe ma n s facin grdmatéisholsevere
kyphoss, hindlimb atrophy and dehydratiohey also show upregulation of Efgess markers
and histological features af nornecrotic, congenital myopattwith reducednyafiber diameter,
increased connectitessue andnore central nucldiGlover et al., 2010 Also, overphysiological
expression oiminidysferlin following AAV delivery into dysferlirnull mice resulted irmore
central nucleation and worsening of dggtic featuresHowever, although minidysferlin restores
membrane repair, it does not recapitulate the function efdatith dysferlin(Lostal et al., 201
Nevertheless, an owphysiological expression of dysferlin in grafted muscles colokd
detrimental Thus, a therapeutic approach should ideally restore the protein to leveldoelose
physiological in muscle fibers.

An important consideration for our apgaich 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 dd@aved and host
nuclei. Therefoe, in order to achieve a cletgphysiological expression ithe tissue, doner
derived nuclei may need to produce more prot8ome studies have shown an improvement of
membrane repair in dysferimull mouse muscles grafted with mouse mesoangioblasts an
engineered human CD133+ cells even if dysferlin was restored to only ~10% dfpéltevels
(Diaz-Manera et al., 203MMeregalli et al., 2018 However,it has been shown th#tte outcome
of membrane repair does not correlate with the improvement of locomotor parameters or
dystrophic featuref_ostal et al., 201

In our approach, the level of dysferlin expression by corrected myoblasts may also be
controlledby establishing conditions favorable for single co@nsposonnsertions. However, a
correlationof transposon copy number, insertion site and level of transgene exprigssion
modelstill needs to be addressdebr this purposeajetermining the insertion sites and expression
levelsof dysferlinin clonal populations of engineered myoblastaild ke required

5.3 Contribution of donor-derived cellsto the satellite
cell compartment

Repopulation of the satellite cell compartment is required for atlermg therapeutic effect and
contribution of donor cells tthe regeneration of the recipient muscl&nce H2K myoblasts
needed tde cultured extensively before transplantatior were surprised to observe areas with
numerous Paxeéxpressingcells in the vicinity of donederived myofiberqFigure 4.22). The
fact that the hasmuscles were irradiated before grafting suggests that this Pax7+ cells were of
donor origin. Pevious studies on transplantationexf vivoexpandedH2K myoblasts into mouse
skeletal musclehave shown that they can engraft as satellite cellsand endure srial
transplantations. Moreover, thegontributel to subsequent rousdof acute injuryinduced
regeneration in the recipient musc{dtorgan et al., 1994Muses et al., 201)a

However, although high radiation doses incapacitate satellite cells, it has been shown that
some carsurvive radiation Those escapersan contribute to muscle regeneration irmadiaied
host muscles or when isolated andmplanted intootherrecipient musclegBoldrin et al., 2012
Muses ¢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 sucatedebtain a high quality double
immunolabeling of GFP/Pax7 or dysferlin/Pax7.vitro, GFP expression in corrected H2K A/J
myoblasts was detected by FACHowever,under the microscopé was only visibleafter
differentiation into myotubes (data notosim). 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 inregenerating areas of grafted muscles that had been injured with cardiotoxin and
accumulated also around nuclei. This hampered the identification of-derived satellite cells
based only on GFP expression without immunolabeling. Some studies have thased
identification of donomerived satellite cells on expression of GERang et al., 20Q¥ilareto 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 deveped 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 (Mituntarras

et al., 200%, our method allowed extensive expansion of human satellite cells that maintained
Pax7 expression for a lorigne period in culturgMarg 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 requiretbr 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 musclesSigure 4.23). We did not aidy a potential additional

effect of irradiation plus cardiotoxin in this model. It is important to note that, in those
experiments, the muscles wéngured by the transplantation procedure itself, which consisted on
opening an incision to introduce thévifFs. 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 viale satellite cells with enhanced regenerative potential upon transplarftdaom et

al., 2014.

One limitation, however, is the limited migration of donor cellenirthe site of
transplantation. We found a maximum spreading of human lamin A/C+ nu@6ébDof 400 x 400
€ mn the grafted musclg®larg et al., 201 A recent studghowedhat it is possible to enhance
satellite cell motility upon transplantation thigh stimulation ofWnt7a/Fzd7 signalingluring ex
vivo culture prior to reimplantatio(Bentzinger et al., 2034Thus, it might be possible to enlarge
the aea 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 Hutalle 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 allowo 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. rithparédls
transfected with a SBased 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 myogenapacity(Marg et al., 201 Future experiments will need to address
the feasibility of delivering therapeutic cassettes for gene therapy of muscular dystrophies.

Our results show that HMFFs overcomarious limitations of traditional myoblast
culture regardingx vivoexpansion and successful engraftment of human satellite cells following
intramuscular transplantation. This culture system is a remarkable advance towards the use of
human satellite cedlfor autologous and allogeneic grafifiose could be tremendously beneficial
for individuals with muscular dystrophies, trasinduced muscle injuries or muscle dysfunction
due to advanced age.

5.5 Relevance of the study

We have used a clinically relevanéctor system for dysferlin gene transfer ingesférlin-null

mouse myoblastsWe have succeeded in restoring delhgth dysferlinin vitro an in vivo
following transplantation of the corrected myoblasts into the muscle of dysfeidlimice. We

have als dissected the influence of the host muscle environment and injury model in the success
of myoblast transplantation in dysfedinll skeletal muscle. Last, we have developed a novel
isolation and culture method for human satellite cells that addressgsahghe limitations of
previously existing methods.

Altogether, this study provides the first proof of robust dysferlin reconstitution in skeletal
muscle through a ceblased gene therapy approach. It also provides the first proof of dysferlin
reconstittion in vivo using a norviral vector for gene transfer. Moreovéne development of a
novel culture system for human satellite cells that enables expansion, genetic modification and
robust engraftment has put at our disposalesy promising tool for geetic correction and
grafting of patienderived cells.
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6 Future prospects

In this study, | have shown that expression of-ietigth dysferlin was restored in dysfethinll

H2K A/J myoblasts enriched in reporter expression by FACS sorting. | havermpedoa
characterization of corrected myoblasts and myotubes exprdd3ii§F v1| have transplanted

them into the skeletal muscle of Scid/blAJ mice and shown that they robustly engrafted and
reconstituted dysferlin proteim vivo. Next, | want to charaetize the corrected H2K A/J
myoblast populations expressitdpYSF_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 redew information orin vivo localization and function

of both protein isoforms.

I 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 dorderived muscle following
intramugular transplantation in Scid/blAJ mice. These results have proveexhatvogenetic
correction of dysferlimull myoblasts with SB is a feasible and promising strategy for gene
therapy of dysferlinopathy. The next step would be to translate thests iesulprimary 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-B&ed vectors foex vivoengineering of freshly
isolated dysferlimull mouse satelliteells and patientlerived 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/blAJ 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 fedlgued by
transplantation of engineered satellite cells.

A question that needs to be answered is whethem8&iated transfer of transgenic
dysferlin restores membrane repair in myofibers. To answer this, a laser wounding assay in
isolated myofibers of gfted 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 testednbgitu 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 aldnge 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
diseas.
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8 Appendix

8.1. Plasmid maps
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