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Abstract

Duchenne Muscular Dystrophy is an X-linked genetic disorder characterised by

progressive muscle degeneration due to the absence of functional dystrophin

protein. Damaged muscle fibres are initially regenerated by satellite cells, the

principal muscle-resident stem cells, which give rise to committed progenitor cells

that differentiate and fuse with the damaged muscle fibre to introduce new

functional myonuclei. Satellite cells also self-renew to replenish the stem cell pool.

Autologous transplantation of genetically-corrected satellite cells presents an

attractive strategy to introduce a functional dystrophin copy into dystrophic

muscles and to replenish the stem cell pool with corrected satellite cells for a long-

term therapeutic benefit. Lentiviral vectors are suitable gene transfer vectors that

integrate their genome into the host chromosome and mediate stable transgene

expression in dividing and non-dividing cells. Long-term gene expression can be

hampered by promoter inactivation and undesirable position effects. Tissue-

specific promoters have been shown to reduce the risk of transcriptional silencing

and to increase the overall biosafety of transgene expression. In this study, I

investigated the potential of integrating lentiviral vectors to efficiently infect

quiescent satellite cells in order to confer stable expression of GFP in vitro and in

vivo. The effect of viral transduction and GFP overexpression on stem cell

properties was assessed. The performance of tissue-specific promoters was directly

compared with the strong viral promoter of the spleen focus-forming virus and

revealed the desmin promoter as an attractive non-viral alternative to confer stable,

high-level, muscle-specific expression in myoblasts and myofibres. An

ubiquitously-acting chromatin opening element (UCOE) has been reported to

negate position effects in hematopoeitic cells. Here, the UCOE failed to prevent

promoter down-regulation and did not significantly increase transgene expression

when it was combined with the desmin promoter. In summary, this work provides

useful information on suitable promoters to achieve stable transgene expression in

the myogenic linage.
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1 - Introduction

1.1 Skeletal muscle

1.1.1 Anatomy of skeletal muscle

Muscle is a contractile tissue derived from paraxial mesoderm making up more

than 40% of an average man’s body mass (Marieb & Hoehn 2007). It consists of

multiple filaments whose combined function is to produce force and cause motion

of either internal organs or the organism itself. Based on structure and appearance,

muscle can be classified into three distinct types: a) smooth muscle (e.g. lining the

walls of blood vessels and hollow organs), b) cardiac muscle (heart) and c) striated

skeletal muscle (e.g. limb muscles). Whereas smooth and cardiac muscles mediate

involuntary movements, which cannot be consciously controlled, skeletal muscle

contraction is voluntary and is regulated by somatic motor neuron activity. Skeletal

muscle is arranged in distinct muscles (e.g. quadriceps, biceps), which are fixed to

the skeletal bone by their proximal tendons and are enclosed by the epimysium.

Each muscle consists of regularly arranged muscle fibre bundles called fascicles

ensheathed by the perimysium. The fascicle is composed of single muscle fibres (1-

40mm in length, 10-50μm in width) - the contractile units of skeletal muscle -, 

which are surrounded by the endomysium. Muscle fibres comprise several

hundred terminally differentiated myonuclei, which are derived from fused

myoblasts that form a large syncytium – the myofibre - sharing the same plasma

membrane – the sarcolemma. Heterogeneity between multinucleated myofibres

exists and two major fibre types can be distinguished. Extrafusal fibres are the most

common type and comprise the typical fascicles to generate movement and

locomotion. In contrast, intrafusal fibres represent proprioceptors and monitor the

change in muscle length and position. Multiple intrafusal fibres are enclosed in a

muscle spindle, which is stretch-sensitive and conveys information via opening of

mechanically-gated ion channels. Each extrafusal fibre contains several myofibrils,
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which are composed of regularly arranged actin and myosin filaments making up 

the sarcomeres and creating repetitive dark and light bands that give striated 

muscle its typical name. Myofibrils within the muscle fibre are stabilised by the 

intermediate filament desmin, which ensures functional and structural integrity 

(Paulin & Li 2004). 

 

Figure 1.1| Muscle types and anatomy of skeletal muscle. 
(A) Muscle can be divided into three types based on its function and structure: smooth muscle, cardiac muscle and 
skeletal muscle. Muscle fibres can be 1-40mm in length and are multinucleated. Myonuclei are typically located at the 
periphery of the myofibre. L- longitudinal, T- transverse sectional plane. Striations, typical for skeletal muscle, are 
conspicuous. Images were adapted from the virtual slide box of University of Iowa, Department of Pathology. (B) 
Hierarchical schematic view of skeletal muscle anatomy. Skeletal muscle is composed of several contractile units, called 
myofibres, which are arranged in regular fascicles to ensure stability and contractility. Each myofibre comprises several 
myofibrils, which contain regularly arranged actin and myosin filaments creating the striated pattern and forming 
functional sarcomeres that mediate force generation. Adapted from Jennett et al. 1989, Human physiology (ISBN: 
9780443036965), Churchill Livingstone, Edinburgh. Inset is enlarged as a schematic in (C). Intermediate filaments, such 
as desmin bind to myofibrils through their Z-disk and ensure structural and functional integrity of myofibrils in the 
myofibre. Image is reproduced with permission from Dalakas et al. 2000, New England Journal of Medicine, Copyright 
Massachusetts Medical Society.    
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1.1.2 Muscle contraction and force generation

Myofibre contraction and force generation is mediated by the sarcomere. Each

sarcomere contains two distinct types of filaments: a) thin actin filaments and b)

thick myosin II filaments. In vertebrates, six highly conserved genes encode for

temporally-controlled, tissue-specific actin isoforms. Whereas α-actins are 

expressed in skeletal, cardiac, and smooth muscle cells, β-actin and γ-actin are 

mainly found in non-muscle tissue (Bertola et al 2008). Amongst the muscle-

specific actins, α-skeletal actin (ACTA1) is mainly expressed in skeletal muscle, 

whereas α-cardiac actin (ACTC1) is predominantly expressed in the heart. 

However, redundancy for these two proteins, especially during development, has

been reported. Actin filaments (F-actins) are generated by multimerisation of

globular actin molecules (G-actin) that form a long chain. Myosin II belongs to the

family of myosin motor proteins and is required for muscle contraction and

cytokinesis. The heavy chain comprises a typical head domain with ATPase

activity, a flexible neck domain to couple ATP hydrolysis with myosin movement,

and an α-helical tail domain to allow dimerisation of myosin molecules by the 

formation of coiled-coil rod-like structures. Multiple myosin II dimers align to form

bipolar thick filaments with the head domains located at both ends of the filament.

The myosin heads bind to the actin filament and, in the presence of more than 1μM 

calcium in the cytosol, move along the filament by energy release from hydrolysed

ATP thereby generating an orchestrated motion towards the (+) end of the filament,

referred to as power-stroke. The (+) end of the actin filament is anchored at the Z-

disk, the demarcation between adjacent sarcomeres, and thus is incapable of

sliding. As a result, actin filaments together with their Z-disks are pulled towards

the centre of the sarcomere, shortening the sarcomere up to 70% of their resting

length. Hydrolysis of ATP removes the myosin head domain from the actin

filament and, in the presence of calcium, allows re-initiation of another contraction

cycle. If the cytosolic calcium concentration is less than 1μM, the actin binding side 

for the myosin head domain is sterically blocked by the tropomyosin/troponin
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complex, which is tightly associated with actin thin filaments. If the calcium

concentration in the fibre is high, calcium binds to troponin and causes a sterical

shift of the whole complex thereby exposing the myosin II binding site on the actin

filament, so that contraction can occur. Thus, muscle contraction is dependent on

energy supply in form of ATP and calcium. The intracellular calcium concentration

in myofibres is tightly controlled (less than 0.1μM). Excessive calcium is stored in 

the sarcoplasmatic reticulum and only released into the cytoplasm once an action

potential reaches the neuromuscular junction and triggers the opening of voltage-

gated calcium channels at the sarcoplasmatic reticulum. The required ATP for

several contraction cycles is first metabolised from phosphocreatine, which is

stored in mitochondria and only lasts for seconds. Once phosphocreatine stores are

depleted, ATP can be generated through anaerobic glycolysis (glucose is

metabolised to pyrovate and ATP), or in the presence of sufficient oxygen by

aerobic glycolysis (glucose is metabolised to CO2, H2O and ATP) (Williams &

Branch 1998).

1.1.3 Muscle metabolism determines fibre function

Even though no major differences in the gross anatomy of muscle fibres exist, two

types of extrafusal fibres have evolved to fulfil specific contractile functions. Type I

fibres, also called “slow twitch” fibres, are rich in surrounding capillaries,

mitochondria and myoglobin supplying the muscle with more oxygen, thereby

sustaining aerobic function. These fibres appear red, have a slow contractile

velocity and are resistant to fatigue. Type II fibres are ‘fast twitch’ muscle fibres

and can be further divided into Type IIA, Type IIB and Type IIX fibres. Type IIA

fibres are very similar to Type I fibres, but contract five times faster than the ‘slow

twitch’ fibres. They are infrequently found in humans. Type IIB fibres contain only

few surrounding capillaries, mitochondria and myoglobin, therefore appearing

white. Oxygen supply to muscles containing type IIB fibres is reduced as anaerobic

metabolic processes are used to generate ATP, however, ATP hydrolysis is fast due
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to high myosin ATPase activity making the contraction velocity ten times faster

than in ‘slow-twitch’ muscles. Type IIX fibres are anaerobic with few mitochondria,

and are the fastest muscles in humans (Schiaffino & Reggiani 2011; Schiaffino et al

2007; Sciote & Morris 2000).

1.1.4 Myogenesis

During vertebrate myogenesis muscle precursor cells, referred to as myoblasts,

undergo succinct stages of determination, migration and terminal differentiation to

form mature muscle tissue. Three successive phases of muscle formation with

distinct functions can be distinguished. Firstly, during primary myogenesis

(embryonic day (E) 10.5-12.5) embryonic myoblasts fuse to form primary muscle

fibres thereby establishing a basic muscle structure and pattern. Secondly, fetal

myogenesis (E14.5-17.5) is important for prenatal muscle growth and maturation

(Biressi et al 2007a), which is mediated by fetal myoblasts. These progenitors are

functionally distinct from embryonic myoblasts (Hutcheson et al 2009) and fuse

with each other or already existing primary fibres to generate secondary fibres.

Despite being derived from different myogenic precursors, primary and secondary

fibres have distinct contraction speeds and myosin heavy chain (MHC)

compositions (Biressi et al 2007a). The third stage of myogenesis (postnatal

myogenesis) occurs after birth (P0 – onwards) and is mainly mediated by

progenitors, called satellite cells (see section 1.1.5).

During embryonic development, myogenic progenitor cells are derived

from blocks of paraxial mesodermal cells, referred to as embryonic somites, located

on either side of the neural tube (Bryson-Richardson & Currie 2008). Differentiation

of the somites occurs along the ventral-dorsal axis. Each newly-formed somite

rapidly differentiates into the ventral mesenchymal sclerotome (origin of cartilage

and bone), and the dorsal epithelial dermomyotome (origin of dermis, trunk and

limb muscles). Within the lateral hypaxial dermomyotome, the persistence of Pax3

expression, an important paired domain homeobox transcription factor, serves as a
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determination and survival signal for embryonic progenitors at E8 (Punch et al

2009). Whereas somite-derived precursors initially express Pax3, it soon becomes

restricted to cells of the dermomyotome (Lepper & Fan 2010). Progenitors that

express Pax3 up-regulate c-met which causes delamination of cells, and lbx1 which

is required for adequate cell migration into the limb bud (Punch et al 2009). In the

limb, Pax3 expression can be detected during E10.5-E13.5. On the contrary, down-

regulation of Pax3 expression in embryonic progenitors in the dermomyotome

initiates ventral translocation of cells and the formation of the primary myotome,

the first skeletal muscle in amniotic vertebrates (Tajbakhsh & Cossu 1997). The

myotome gives rise to epaxial muscles, which ultimately form the deep back

muscles.

The transcriptional network for progenitor specification and subsequent

muscle differentiation varies between muscles and is very complex, but a number

of key players have been identified through lineage analysis and knockout studies.

Mice lacking functional Pax3 expression do not develop any limb musculature due

to the lack of somite segmentation, dermomyotome formation and progenitor

migration into the limb bud (Hutcheson et al 2009; Messina & Cossu 2009; Relaix et

al 2004).

An additional important transcriptional specification factor, closely related

to Pax3 with partial redundancy, is Pax7 (Schafer 1994). Pax7 expression in the

central dermomyotome follows Pax3 expression at E9, and can be detected in the

limb in somite-derived progenitors from E11 onwards. Pax7 expression persists

during fetal myogenesis and the first Pax7-positive cells occupying the satellite cell

sublaminal position can be found around E16.5 (Lepper et al 2009). Whereas Pax3 is

down-regulated after E13.5 and only persists in a few satellite cell subsets of

specific muscle groups thereafter (Relaix 2006), Pax7 expression can still be

detected in adult satellite cells in postnatal muscles (Seale et al 2000). This indicates

that some satellite cells are derived from embryonic progenitors that have not

differentiated into muscle, but remained in their undifferentiated state to serve as a

reserve stem cell population during adulthood (Lepper & Fan 2010). Even though
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Pax3 and Pax7 share high homology, their roles in the sequential stages of

myogenesis are quite distinct. Lineage analysis of embryonic and fetal progenitors

showed that Pax3-positive embryonic progenitors are involved in the formation of

embryonic primary muscle fibres, but are also capable of generating endothelial

cells. On the contrary, Pax3-derived fetal progenitors expressing Pax7 participate in

the formation of fetal secondary muscle fibres (Hutcheson et al 2009) and are

lineage restricted to muscle from E12.5 onwards (Lepper et al 2009). The absence of

any aberrant limb muscle phenotype in Pax7 knockout mice underlines the

compensatory roles between Pax3 and Pax7. Despite no aberrant myogenesis, Pax7

null mice exhibited abnormal regeneration postnatally (Seale et al 2000),

particularly in juvenile mice up to postnatal day P21 (Lepper et al 2009; Wang &

Conboy 2009).

Several other myogenic determination genes have been identified in studies

with cultured fibroblasts, in which methylated genes were reactivated from their

methylated state (R. Davis 1987). Four major myogenic factors have been identified

by using this approach – MyoD, Myf5, myogenin and MRF4. All of these factors

belong to the family of basic helix-loop-helix (bHLH) transcription factors and are

referred to as muscle regulatory factors (MRFs). Pax3-positive, Lbx1-positive

myoblasts that migrate from the dermomyotome into the limb buds do not express

any MRFs until they reach the limb (Tashbash 1994). Upon arrival in the limb buds

at around E11, myoblasts initiate expression of Myf5 and MyoD, resulting in the

determination of myoblasts to the myogenic lineage. Both determination factors

show functional redundancy and can compensate for each other in knockout

studies, though myogenesis is delayed in the absence of either Myf5 or MyoD

(Rudnicki et al 1992). Mice lacking both Myf5 and MyoD expression display

complete absence of muscle progenitors and entirely lack skeletal musculature

(Rudnicki et al 1993). Whereas MyoD and Myf5 are required for precursor

determination, myogenin and MRF4 are essential for myoblast fusion and terminal

differentiation (Megeney & Rudnicki 1995). Mice lacking myogenin exhibit greatly

reduced muscle mass, as MyoD-expressing myoblasts cannot fuse (Hasty et al
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1993). In MRF4 null mice, myogenin compensates for the lack of MRF4 and no

major muscle phenotype exists (Zhang et al 1995). However, if MyoD is lacking in

MRF4 null mice, myogenin levels are not sufficient to recover the phenotype so

that myoblast fusion is prevented and muscle mass reduced (Rawls et al 1995). In

contrast to limb muscle formation derived from migrated progenitors from the

dermomyotome, formation of epaxial muscles from the primary myotome is

independent of Pax3, Pax7 and MyoD expression, but requires Myf5 to activate

MRF4 and myogenin expression for differentiation to occur. Myf5 expression in

these precursor cells can be detected as early as E8, when Pax3 expression is down-

regulated and cells start to translocate to form the myotome. Subsequent terminal

differentiation produces elongated mononucleated myocytes, which express

desmin and myosin (Tajbakhsh & Cossu 1997). Even though the function of the

myotome is not entirely clear, it might serve as a scaffold for subsequent muscle

growth (Punch et al 2009). Indeed, during primary myogenesis embryonic

myoblasts invade the myotome to differentiate into multinucleated myotubes, most

likely incorporating existing myocytes (Biressi et al 2007a). However, in

Myf5nlacZ/nLacZ mice that lack a primary myotome, myogenesis proceeded relatively

normally suggesting that the myotome is not essential for later stages of

myogenesis (Biressi et al 2007a).

It needs to be noted that the reason for the great degree of heterogeneity

between different muscles (with regards to fibre composition, metabolism,

contractile properties and regenerative capacities) lies mainly in their diverse

developmental origins. Thus, whereas limb and trunk muscles are derived from

somites, most muscles in the head do not share this origin. Furthermore, fibre type

specification in amniotic vertebrates occurs during fetal myogenesis and involves

β-catenin as a regulator. Slow myofibres are generated from secondary fibres in the 

presence of β-catenin, whereas block of β-catenin signalling results in the formation 

of fast myofibres (Hutcheson et al 2009; Wang & Conboy 2009).

During postnatal muscle development (P0 - P21), it is believed that a

heterogeneous pool of activated neonatal satellite cells, myoblasts and interstitial
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cells divide extensively to contribute to neonatal and juvenile muscle growth

(Biressi & Rando 2010; White et al 2010). Although the pool of myogenic

progenitors present in neonatal and juvenile muscle seems to be much more

diverse than initially predicted, satellite cells remain the primary source for

increasing muscle mass by myonuclei contribution to postnatal myofibres (Biressi

& Rando 2010; Moss & Leblond 1971). Once postnatal growth is completed, satellite

cells return to quiescence and occupy a sublaminal position between the myofibre

and basal lamina to serve as a functional stem cell population for muscle repair

throughout lifetime. This is supported by a reduction in sublaminal satellite cells

from approximately 30% in neonates to less than 5% in adult mice (Bischoff &

Heintz 1994; Seale et al 2000). Notably, even though the first sublaminal Pax7-

positive cells can be detected at the stage of late fetal myogenesis (E16.5), these

cells, together with neonatal satellite cells, differ significantly from adult satellite

cells with respect to their regenerative capacity (Biressi & Rando 2010).

Figure adapted from Hawke et al. 2001
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Figure 1.2| Phases of myogenesis and satellite cell development.

(A) Skeletal muscle is derived from paraxial mesoderm, which forms the embryonic epithelial somites located laterally

on both sides of the neural tube. Differentiation occurs along the ventral-dorsal axis. The ventral part of the somite

rapidly differentiates into the mesenchymal sclerotome, which ultimately gives rise to cartilage and bone. The dorsal part

differentiates into the dermomyotome (DM), which gives rise to skeletal muscle and the dorsal dermis. At the dorsal-

medial lip of the DM, cells translocate underneath the DM to form the epaxial myotome, which later gives rise to back

muscles. The ventral-lateral lip forms the hypaxial DM, from where cells expressing high levels of Pax3 translocate into

the limb buds to form the skeletal limb muscles. Figure adapted from Hawke et al. 2001, J Appl Physiol 91:534-551. (B)

Three phases of myogenesis can be distinguished: Primary, secondary and postnatal myogenesis. Embryonic Pax3-

expressing precursors give rise to primary fibres or endothelial cells. Fetal myoblasts are derived from embryonic

precursors, and express Pax7. Pax3-expression is mostly down-regulated. Fetal myoblasts fuse with primary fibres or

each other to form secondary fibres. First Pax7+ satellite cells underneath the basal lamina are detected around

embryonic day E16.5. Juvenile satellite cells contribute to postnatal growth until postnatal day P21, when they enter

cellular quiescence to form a reserve muscle-residing stem cell population for adult muscle repair. Heterogeneity

between adult satellite cells exists with regards to levels of myogenic marker expression, such as Myf5. Figure adapted

from Tajbakhsh et al. 2009, J Intern Med 266(4): 372-389.

1.1.5 Tissue damage and muscle regeneration

Once myogenesis and postnatal muscle growth have been completed, adult muscle

remains a stable tissue with very little turnover. It is estimated that 1-2% of

myonuclei are replaced per week to repair minor tears due to the day-to-day use of

the muscle (Schmalbruch & Lewis 2000). Nonetheless, adult muscle has also the

remarkable ability to regenerate major damage originating from extensive physical

activity, muscle trauma or innate genetic defects leading to chronic muscle

degeneration (Carlson 1973). Following an initial phase of necrosis and muscle

degeneration, a phase of extensive muscle repair is initiated (Chargé & Rudnicki
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2004). During the degenerative phase, the sarcolemma of myofibres is disrupted

and the muscle fibres become increasingly leaky, resulting in elevated serum levels

of myofibre cytosolic proteins, such as creatine kinase (Straub et al 1998; Straub et

al 1997). Indeed, an increase in creatine kinase serum concentrations serves as a

diagnostic biomarker for degenerative muscle diseases, such as muscular

dystrophies, or as evidence for excessive mechanical stress of the muscle (Zatz et al

1991; Zatz et al 1978). Additionally, the in vivo uptake of soluble dyes, such as

Evans blue, into the myofibre cytosol reliably confirms permeability of muscle

fibres and sarcolemmal damage (Hamer et al 2002). Following the disruption of the

myofibre membrane, cytosolic proteases, such as calpains, lyse the myofibre

(Belcastro 1993; Belcastro et al 1996; Belcastro et al 1998; Chargé & Rudnicki 2004).

6-8 hours post-injury, inflammatory cells, in particular neutrophils invade the

injury site and release chemotactic signals to attract other circulating inflammatory

cells (Fielding et al 1993). Macrophages follow neutrophil invasion at

approximately 48h post-injury and phagoctyose fibre debris to clear the injury site

(Orimo et al 1991). An additional function of macrophages is to support the

regenerative process by releasing soluble factors, such as leukaemia-inhibitory

factor (LIF) and interleukins, which enhance myoblast proliferation and

differentiation (Tidball & Villalta 2010). Muscle necrosis and infiltration of non-

muscle mono-nucleated cells are the main histopathological hallmarks following

muscle injury (Chargé & Rudnicki 2004).

Following the clearance of the injury site from fragmented fibres, a well-defined

repair process is initiated, which partly recapitulates developmental myogenesis

(Chargé & Rudnicki 2004). Even though in the last decade a number of muscle stem

cells with regenerative potential have been identified, the satellite cell remains the

principal stem cell to mediate muscle maintenance and repair (Boldrin & Morgan

2007).

Satellite cells were first described in the adult frog muscle by electron microscopy

(Mauro 1961) and soon after, their presence was also confirmed in other
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vertebrates, including rat and humans (reviewed in (Grounds & Yablonka-Reuveni

1993; Katz & Miledi 1961)). Satellite cells received their name due to their wedged

anatomical position between the myofibre and basal lamina and consequently were

postulated to play a crucial role in muscle regeneration. Soon after their discovery,

a number of early studies demonstrated the potential of satellite cells to terminally

differentiate into muscle in vitro and in vivo (Bischoff 1975; Lipton & Schultz 1979;

Moss & Leblond 1971; Snow 1978). It was shown that satellite cells occupy their

typical niche position between the sarcolemma and the basal lamina only in the

absence of injury, when satellite cells are mitotically quiescent (Schultz et al 1978).

In this state, the satellite cell cytoplasm is very small and their nuclear diameter in

humans is approximately 8μm (Watkins & Cullen 1988). However, in the presence 

of muscle injury, satellite cells become activated by signalling cues or mechanical

stress due to sarcolemmal rupture. Subsequently, with the help of extrinsic

signalling factors, adhesion molecules and matrix-metalloproteases, they migrate to

the site of injury, where they extensively proliferate, and eventually undergo

terminal differentiation by fusing with each other or with the damaged fibre

(Zammit et al 2004b; Zammit et al 2006b). Recently, the molecular signature of the

repair process has been unravelled in a number of in vitro experiments (Bischoff &

Heintz 1994; Borselli et al 2009; Carlson 1973; Chargé & Rudnicki 2004; Grounds &

Yablonka-Reuveni 1993; Zammit et al 2002). These results highlighted the high

similarities of adult muscle regeneration to developmental myogenesis, but also

initiated an ongoing debate about satellite cell heterogeneity. Despite there being

different subpopulations of satellite cells, a common transcriptional network

defining the regeneration paradigm was identified, suggesting a common function

in muscle repair.

1.1.5.1 Molecular signature of satellite cells during muscle regeneration

Amongst several other markers that have been identified in quiescent satellite cells,

Pax7 is expressed in nearly all satellite cells and is therefore regarded as a pan-

satellite cell marker (Boldrin et al 2010; Seale et al 2000; Zammit et al 2006a).
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Additionally, Caveolin-1, M-Cadherin, Integrin-α7, CD34, Syndecan 3-4 and Myf5 

have been detected in the majority of rodent quiescent satellite cells and can be

used to mark most, if not all, satellite cells (Biressi & Rando 2010; Tedesco et al

2010). Once satellite cells are activated, they re-enter the cell cycle in a manner

similar to embryonic myogenesis by up-regulation of either or both transcription

factors MyoD and Myf5 (Cornelison & Wold 1997). Up-regulation of MyoD

expression has been detected within 12-24h post-injury (Rantanen et al 1995;

Zammit et al 2002) and marks the transition from activated satellite cell to

proliferating myoblast. MyoD represents a major player in muscle regeneration

and functions as a master switch between myoblast expansion and commitment to

terminal differentiation (Tapscott 2005). It can recruit histone-modifying complexes

therefore repressing or activating genes downstream in the transcriptional

network. During continuous proliferation of satellite cell-derived myoblasts, MyoD

is associated with histone-deacetylases suggesting active repression of

differentiation-specific genes, such as myogenin, MRF4 and myosin (Tapscott

2005). Furthermore, MyoD levels are synchronised with cell cycle progression and

are highest at G1 when myoblasts are at the decision state of exiting the cell cycle

for terminal differentiation (Albini & Puri 2010). In the case of low serum levels and

the absence of growth factors, MyoD interacts with cell cycle inhibitors, such as the

retinoblastoma tumor suppressor (Rb). Interaction of MyoD and Rb blocks the up-

regulation of cyclin D1 during the G1 phase and delays cell cycle progression so

that important cyclin-dependent kinases (e.g. cdk4, cdk6), essential for G1 – S

phase transition, can be inhibited (Kitzmann & Fernandez 2001). Consequently,

myoblasts exit the cell cycle. MyoD and Rb also initiate expression of the myocytes-

enhancing factor MEF2, which in turn allows the recruitment of histone acetylases

to the MyoD transcriptional complex (Albini & Puri 2010). As a result, chromatin

structures of MyoD-downstream targets become transcriptionally-active and allow

MyoD binding to promoter regions of differentiation-specific genes (Tapscott 2005).

This stage marks the onset of myogenin expression and is followed by down-

regulation of Pax7, so that the myoblast has fully committed to differentiation
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(Biressi & Rando 2010; Zammit et al 2006a). Following commitment and cell cycle

exit, myoblasts fuse to form multinucleated myofibres. Myoblast fusion is a

complex process and involves cytoskeleton re-organisation, cell-cell adhesion and

semi-stable membrane structures (Geiger 1992). Following the successful

membrane fusion, satellite cell-derived nuclei are contributed to either existing or

newly formed fibres. These nuclei initially occupy a central position. Interestingly,

throughout satellite cell activation nuclei enlarge from 8μm to approximately 12μm 

of width, and elongate further as post-mitotic myonuclei during maturation of

myofibres (Watkins & Cullen 1988). Notably, myofibre maturation and associated

migration of centrally aligned myonuclei to the periphery is a slow process and

does not fully or at all occur in mice (Blaveri et al 1999; Carlson 2003), so that this

feature can only be used as a general marker for past regeneration. Conversely, in

rat muscles, most of the migration was completed within 25 days (Phillips et al

1990). Additional histological hallmarks to identify newly regenerated fibres are: a

typically small diameter, basophilic appearance due to increased protein synthesis

and the expression of embryonic/developmental forms of myosins (Collins et al

2005; Hall-Craggs & Seyan 1975; Whalen et al 1990). Once muscle regeneration is

completed, regenerated myofibres are indistinguishable from undamaged muscle

(Chargé & Rudnicki 2004). In addition to efficient muscle repair, neovascularisation

and successful innervation is required to fully reconstitute functionality of the

muscle. Indeed, it has been shown that factors stimulating angiogenesis positively

impact muscle regeneration (Banfi et al 2005; Banfi et al 2012; Borselli et al 2009;

von Degenfeld et al 2003).
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Figure 1.3| Satellite cells and muscle regeneration.

(A) Adult satellite cells (red) are muscle-resident stem cells located underneath the basal lamina (green). Myonuclei and

satellite cell nuclei are counterstained with DAPI (blue). (B) Following muscle injury, quiescent satellite cells (Pax7-

positive) are activated by expression of MyoD and subsequently participate in muscle repair. Symmetric division of

activated satellite cells and myoblasts gives rise to several myogenic progeny and leads to rapid myoblast expansion.

MyoD-positive myoblasts exit the cell cycle and initiate expression of myogenin and other MRFs to progress towards

terminal differentiation. Differentiating myoblasts fuse with each other or an existing myofibre to repair the damage and

to contribute new myonuclei to the injured fibre. A small subpopulation of activated satellite cells divides asymmetrically,

down-regulates MyoD expression and returns to quiescence to replenish the stem cell pool. Figure was adapted from

Tedesco et al. 2010 Journal of Clinical Investigation 120(1): 11-19. (C) Muscle regeneration is a well-defined process

and often used a model system to study tissue regeneration. Myotoxins, such as notexin or cardiotoxin are commonly

used to damage the muscle tissue. Myotoxin delivery and tissue injury is followed by rapid myonecrosis (within 12

hours) of muscle fibres (arrow) and a hypercellular response consisting of proliferating satellite cells or myoblasts, and

macrophages. Typical signs of muscle regeneration, such as small, basophilic, central-nucleated myofibres (arrow) can

be detected within 5 days after injury. The muscle architecture is largely restored by 10 days and the regenerated

muscle displays central-nucleated fibres with chains of centrally aligned nuclei (arrows). Although central nuclei

eventually leave their position and migrate to the fibre periphery, this is a slow process and does not occur in all murine

muscles. Figure displays the gastrocnemius muscle following cardiotoxin injury and was adapted from Hawke et al.

2001 Appl Physiol 91:534-551.
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1.1.5.2 Satellite cell self-renewal and asymmetric cell division

Early studies investigating the role of satellite cells in the in vivo regenerative

process demonstrated two subpopulations of satellite cells: a fast-growing

population that rapidly incorporated a BrdU label and progressed through the cell

cycle within 32 hours, and a second population that divided at a much slower rate

and did not completely incorporate the label (Schultz 1996). A non-fused,

mononucleated “reserve cell” population could also be detected in differentiation

assays in vitro (Baroffio et al 1996; Yoshida et al 1998). Following from these

reports, it was demonstrated in a well defined ex vivo single fibre model that all

satellite cells are synchronously activated (expressing Pax7 and MyoD), but that

after 48h a significant subpopulation of less than 20% myoblasts does not adopt

myogenin expression, but down-regulates MyoD and returns to quiescence

(Zammit et al 2004b). Concomitant down-regulation of Myf5 was also detected

(Yoshida et al 1998). It was postulated that this small subset of cells represents the

stem cell fraction of satellite cells capable of self-renewal. Further transplantation

studies confirmed that even though this myoblast population was cycling slowly in

vitro it was capable of rapid and extensive proliferation in vivo (Beauchamp et al

1999). Additionally, it was found that engrafted satellite cells can occupy the

typical niche compartment underneath the basal lamina (Montarras et al 2005). The

final evidence for the self-renewing capacity of satellite cells was provided when a

single myofibre with less than 10 adherent satellite cells was transplanted into

dystrophic mouse muscle and regenerated more than 100 myofibres as well as

contributed to more than a thousand myonuclei. Myofibre-associated satellite cells

successfully self-renewed and regenerated new fibres even after repetitive

destruction of donor-derived fibres using the myotoxin notexin (Collins et al 2005).

These studies confirmed that satellite cells represent a bona fide adult stem cell as

they fulfil the two main stem cell criteria:

1) They produce progeny with restricted myogenic potential that can

differentiate into muscle tissue.
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2) They are capable of self-renewal and produce daughter cells with the same

multipotency as the mother cell. They can therefore replenish the stem cell

pool throughout life (Weiner 2008).

However, the proof of concept that satellite cells self-renewed posed a new set of

questions of how asymmetric cell division is achieved and controlled. A number of

recent studies have attempted to address this question, but technical difficulties

and different model systems have led to controversial interpretations. Divergent

fates of two daughter cells originating from apparently symmetric cell divisions

can be achieved by intrinsic non-random DNA segregation, asymmetric

distribution of cellular proteins and signalling factors, or by extrinsic factors

(Tajbakhsh et al 2009). Importantly, the switch between asymmetric and symmetric

cell division needs to be tightly controlled as symmetric division may result in

exponential expansion or complete extinction of the self-renewing population and

thus the stem cell pool. Conversely, asymmetric cell division will result in linear

expansion as one self-renewing cell and one committed cell will be produced

(Tajbakhsh et al 2009). It is likely that this system is very dynamic and dependent

on a complex network of positive and negative regulators. Recent studies described

a non-random DNA segregation between self-renewing satellite cells and

differentiation-committed progeny (Charville & Rando 2011; Conboy et al 2007).

Daughter cells, which inherited the newly synthesised DNA strand, were more

prone to commit to terminal differentiation in contrast to the self-renewing cell,

which maintained the older template (Conboy et al 2007; Tajbakhsh et al 2009).

Additionally, Numb has been shown to be asymmetrically distributed during

mitosis resulting in a Numbhigh cell, which is committed to differentiation and a

self-renewing cell, which is low in cytosolic Numb. Notably, mutants of numb or

other genes involved in asymmetric cell division result in tumour formation

suggesting their potential function as a tumour suppressor gene (Gulino et al 2009).

Interestingly, Numb molecules are distributed equally during interphase and are

only asymmetrically organised during mitosis and chromosome segregation
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(Tajbakhsh et al 2009). Numb causes degradation of Notch-1, which is an important

regulator of satellite cell self-renewal and cell fate determination (Conboy et al

2003; Conboy & Rando 2002; Wen et al 2012). It has been shown that following

Notch-1 activation, its intracellular domain translocates to the nucleus to bind RBP-

Jκ, a transcriptional co-activator, to activate gene transcription of Hes/Hey and Pax7,

amongst others. Consistently, overexpression of Notch-1 down-stream targets

inhibits transcription of MyoD and other MRFs thereby actively maintaining

satellite cell quiescence and inhibiting commitment to differentiation (Wen et al

2012). Interestingly, it has been shown that Numb antagonises Notch-1, but has no

effect on Notch-3 (Beres et al 2011). As Notch-3 is expressed in only quiescent cells

but not in cycling cells it has been implied that it is required for cycling cells to

return to quiescence (Brack & Rando 2012). This further suggests that Numb is

involved in the asymmetric division of quiescent satellite cells, but less when cells

return to quiescence under the control of Notch-3. In contrast to Notch, Wnt-

signalling (e.g. by Wnt7a) promotes symmetric cell division via the non-canonical

planar cell polarity pathway and generates two self-renewing cells for exponential

expansion (Le Grand et al 2009). Conversely, the canonical Wnt/β-catenin pathway 

inhibits Notch signalling and promotes myogenic commitment (Brack et al 2008).

Given the complexity and variety of the Wnt signalling pathways, current research

is focused on the dissemination of its major players and their role in satellite cell

fate decisions and self-renewal. Recently, a number of muscle-specific microRNAs

have been discovered, which down-regulate gene expression and thereby fine tune

cell fate decisions, such as proliferation, differentiation or self-renewal (Boutet et al

2012; Cacchiarelli et al 2011; Cheung et al 2012). Finally, epigenetic changes and

differences in DNA repair mechanisms may play a role in asymmetric cell division

(Brack & Rando 2012; Zammit 2008). The complexity of controlling satellite cell fate

and function requires a thorough understanding of all networks and modulators

first before some of these pathways can be used to manipulate stem cell properties

and fate decisions (Kuang & Rudnicki 2008).
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1.1.5.3 Satellite cell heterogeneity

Satellite cells are defined by their anatomical position, however, recent studies have

revealed a high degree of heterogeneity between satellite cells resulting in distinct

functional and biochemical diversity between subpopulations of cells (Biressi &

Rando 2010; Zammit 2008). Even though self-renewal can be achieved by a

homogeneous satellite cell population adopting divergent fates as described by

Zammit and colleagues in 2004 (Zammit et al 2004b), recent evidence points to an

alternative model, in which discrete subpopulations of satellite cells exist with

distinct marker expression and self-renewing capacities. Expression analysis and

transplantation studies of single satellite cells revealed high variability between

clones and demonstrated that only 4% of transplanted single cells had an extensive

self-renewing and proliferative potential (Gilbert et al 2012; Sacco et al 2008).

Proliferation and expression analysis of rat satellite cells in vivo revealed a

population of immediately committed progeny that did not proliferate, but

activated myogenin expression within 12 hours post-injury (Rantanen et al 1995).

Additionally, a subset of more immature satellite cells required a 24h activation

period and cell cycle progression before they produced differentiation-competent

progeny. This finding suggested two populations in the satellite cell compartment:

an already committed population and a more stem cell-like population. An

additional study discovered a small subpopulation of satellite cells in the muscle

(~10%) that had never expressed Myf5 during development (Kuang et al 2007). This

subset of cells extensively engrafted and self-renewed in vivo, whereas the majority

of cells that had previously expressed Myf5 and therefore had some “myogenic

experience” during development only occasionally contributed to the satellite cell

reservoir. Furthermore, Myf5-negative cells were able to produce Myf5-positive

and Myf5-negative progeny suggesting a mechanism of asymmetric cell division in

these cells. Even though the applied genetic approach of Myf5-Cre recombination

in this study presents some caveats with respect to endogenous Myf5 expression, it

clearly demonstrates different proliferation and self-renewing capacities between

these two subsets of satellite cells. Another example of satellite cell heterogeneity
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based on transcriptional marker expression is a highly myogenic myofibre-

associated population that expresses β-integrin and CXCR4, but is negative for 

CD45, Sca-1 and Mac-1 (Cerletti et al 2008). Transplantation of cells sorted for these

markers was reported to result in the formation of donor-derived myofibres in vivo

and the participation of donor-derived cells in subsequent rounds of muscle repair.

As with the Myf5-negative population, these cells also gave rise to progeny

negative for CXCR4 and β-integrin, indicating that these factors mark a more 

primitive stem cell population (Biressi & Rando 2010). Notably, even though flow

cytometry and lineage tracing is a useful tool to untangle small subpopulations

with high myogenicity, a recent report has shown that the expression of cell surface

markers and transcription factors may be more dynamic than previously

anticipated, making it difficult to expand and characterise pure populations in vitro

(Meng et al 2011). Furthermore, even though analyses of satellite cell

subpopulations in the mouse based on molecular markers may discover highly

myogenic populations and subsequently may allow characterisation of their

regenerative potential and developmental origin, mouse and human satellite cell

markers differ significantly between each other, so that isolation procedures cannot

easily be transferred to the human muscle system (Boldrin et al 2010). In addition

to satellite cell populations expressing distinct sets of molecular markers,

heterogeneity also exists between satellite cells from different muscle groups or

fibre types. It was shown that satellite cell-derived myoblasts from masseter head

muscles and extensor digitorum longus (EDL) limb muscles differed in their gene

expression profiles and clonogenic capacity in vitro, but exhibited similar

efficiencies in their regeneration in vivo (Ono et al 2009). Additionally, slow-twitch

fibres generally contain more Pax7-positive satellite cells per fibre and generate

muscle more frequently in single myofibre grafts than satellite cells derived from

fast-twitch fibres (Collins et al 2005). Furthermore, satellite cells from fast-twitch

muscle give rise to fibres with fast myosin heavy chain compositions. In contrast,

slow-twitch fibres were shown to generate both fibre types (Collins 2006; Huang et

al 2006). Differences in proliferative rates and their differentiation potential in vitro
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do also exist between these two populations (Lagord et al 1998). Moreover, an

increased plasticity towards the adipogenic lineage was observed with satellite

cells derived from slow soleus rat fibres as compared to fast fibres (Yada et al 2006).

Even though there is convincing evidence that intrinsic differences between

satellite cells derived from muscles with different developmental origins exist,

distinct environmental cues in different muscles might account for the uneven

distribution. Additionally, epigenetic modifications determining plasticity and

myogenicity may be also altered by extrinsic factors (Biressi & Rando 2010).

1.1.5.4 The niche regulates satellite cell function

Quiescent satellite cells reside within a well-defined micro-compartment, referred

to as the “niche”, which exhibits very distinct biophysical properties and is

composed of a unique “cocktail” of ECM components and soluble growth factors

(Cosgrove et al 2009). Changes in the mechanical stiffness or in the availability of

signalling factors alter the defined satellite cell homeostasis and affect their

activation, migration and self-renewal. The satellite cell niche has a bipolar

arrangement and is composed of the myofibre sarcolemma on the apical side and

the extracellular lamina on the basal side (Kuang et al 2008). Both compartments

comprise a distinct set of signalling factors and expose the satellite cell to an

asymmetric distribution of growth factors and ECM components. This polarity has

also been observed in other stem cell systems and appears to be crucial for satellite

cell asymmetric cell division and self-renewal (Cosgrove et al 2009).

1.1.5.4.1 Satellite cell interaction with the basal lamina

Satellite cells communicate with the basal lamina and extracellular environment by

cell surface receptors that interact with ECM components and result in distinct

intracellular signalling cascades. The basal lamina is a mesh-like network of ECM

proteins with a distinct mechanical stiffness of ~12kPa, surrounding and protecting

the myofibre (Cosgrove et al 2009). It is composed of laminins, type IV collagen,
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fibronectin and proteoglycans (Boonen & Post 2008). Laminins are heterotrimers

and consist of an α, β and γ subunit. Laminin-211 (laminin-2, merosin) is specific 

for muscle and most of the mutations in the α2 subunit result in complete absence 

of the basal lamina in muscle and gives rise to a severe congenital form of

musclular dystrophy (Boonen & Post 2008; Hall et al 2007; Miyagoe et al 1997).

Laminins interact with type IV collagen via fibronectin, entactin and perlecan

(Smith & Ockleford 1994). Laminin-211 can also bind to cell membranes via

integrin receptors (Boonen & Post 2008). Integrins are expressed by satellite cells

and muscle fibres, and are linked to the intracellular cytoskeleton via adapter

proteins, such as talin and α-actinin (Conti et al 2009; Mayer 2003; Otey & Burridge 

1990; Otey et al 1990). They form heterodimers comprising an α and β subunit and 

are important regulators of satellite cell homing, activation, migration and

eventually fusion of myoblasts (Boonen & Post 2008). α7β1-integrin is expressed by 

quiescent satellite cells and binds directly to laminin-211 to convey information

regarding ECM biophysical properties and composition (Burkin & Kaufman 1999;

Schwander et al 2003). In addition to the interaction with integrins, laminin-211 can

also bind to α-dystroglycan, which together with β-dystroglycan and other 

proteins forms the large dystrophin-associated glycoprotein complex (DGC). α-

dystroglycan is expressed in satellite cells and muscle fibres (Cohn et al 2002; Ross

et al 2012) and plays a role in basement membrane organisation and assembly

(Sciandra et al 2003). As are the integrins, the DGC is associated with the

intracellular actin cytoskeleton and serves as a major component for signalling

between the ECM and the intracellular cytoskeleton of satellite cells (Lapidos et al

2004). In addition to the structural stability mediated by the ECM components of

the basal lamina, proteoglycans of the ECM can bind several other glycoproteins, in

particular soluble growth factors (e.g. bFGF) and ligands of signalling pathways

(e.g. Wnt ligands), which have been derived systemically or were secreted by

satellite cells or the myofibre. The presentation of this cocktail of factors in the

satellite cell niche creates a microenvironment, which can significantly mediate

satellite cell fate and function, as described below (Cosgrove et al 2009).



Introduction Chapter One

37

1.1.5.4.2 Satellite cell interaction with the myofibre

In addition to the basal interaction with the extracellular matrix, the satellite cell

takes advantage of several cell-cell signalling pathways to interact with the

myofibre on the apical side. For example, the myofibre expresses ligands of the

Delta family, which binds to the Notch receptor expressed by satellite cells thereby

activating the Notch signalling pathway and their downstream target genes

(Cosgrove et al 2009; Kuang et al 2007). Through this interaction, self-renewal,

asymmetric cell division and satellite cell proliferation can be controlled (Conboy &

Rando 2002). Additionally, an efficient cell-cell interaction between the satellite cell

and the myofibre is achieved by the mutual expression of the adhesion molecule

M-Cadherin, which plays a role in regulating satellite cell quiescence and myoblast

fusion (Cosgrove et al 2009; Hollnagel et al 2002; Kuang et al 2007; Tedesco et al

2010). Furthermore, mechanical and electrical signals can be transduced from the

host fibre and have been shown to regulate satellite cell function (Kuang &

Rudnicki 2008).

1.1.5.4.3 Extrinsic factors regulating satellite cell function

In addition to the direct binding of satellite cell receptors to components of the

basal lamina or the host fibre, external soluble factors tethered in the extracellular

space by proteoglycans of the ECM can serve as ligands to modulate satellite cell

function (Gilbert & Blau 2011; Kuang et al 2008; Kuang & Rudnicki 2008). For

example, nitric oxide (NO) and hepatocyte growth factor (HGF) are released by the

damaged myofibre and have been shown to activate quiescent satellite cells

(Tatsumi et al 1998; Tatsumi et al 2006). Similarly, the myofibre secretes SDF-1 that

binds to the satellite cell membrane receptor CXCR4 and initiates a migratory

response of activated satellite cells (Cosgrove et al 2009). Satellite cell function can

also be regulated by factors derived systemically from outside the myofibre niche.

Myostatin, a member of the TGF-β family, has been shown to enter the satellite cell 

niche through the circulation to inhibit satellite cell activation and consequently

muscle growth (McCroskery et al 2003). Additionally, basic fibroblast growth factor
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(bFGF) represses myogenic differentiation during myogenesis and has been shown

to stimulate cell cycle progression by up-regulation of cyclin D1 (Kitzmann &

Fernandez 2001). Moreover, insulin-like growth factor (IGF) is an important player

during muscle regeneration and stimulates myoblast proliferation and

differentiation (Mouly et al 2005; Mourkioti & Rosenthal 2005; Musaro et al 2004).

The number of growth factors and cytokines involved in satellite cell regulation is

constantly growing and underlines the complex cross-talk between different cell

types located in close proximity to the satellite cell niche and the tight control of

tissue homeostasis. Additionally, the satellite cell niche has been found to be in

close vicinity to vessels and the microvasculature, most likely to assure a rapid

modulation of the niche through the alteration of growth factor concentrations

(Christov et al 2007). Indeed, the oxygen concentration within the niche is greatly

reduced during muscle regeneration due to the delay in angiogenesis and inhibits

myoblast differentiation (Borselli et al 2009; Chakravarthy et al 2001). Finally,

interstitial cells and vessel-associated myoendothelial cells are close neighbours of

satellite cells and modulate satellite cell function through cell-cell interactions and

the secretion of extrinsic factors (Christov et al 2007; Kuang et al 2008).
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Figure 1.4| The satellite cell niche and microenvironment.

(A) The satellite cell niche is characterised by an asymmetric distribution of basal and apical signals. Basal signals are

mediated by the basal lamina and the extracellular matrix. Cell adhesion and extracellular, soluble factors can control

satellite cell fate and function. On the apical side, the satellite cell interacts with the myofibre and the sarcolemma.

Changes in the niche environment or the distribution of signalling factors can influence fate decisions of satellite cells.

Delta-Notch signalling between the myofibre and the satellite cell can control asymmetric cell division and self-renewal.

Vertical (i) but not horizontal (ii) positioning of the mitotic spindle gives rise to cells being exposed to either the basal or

the apical side, and also leads to asymmetric cell division. Figure adapted from Otto et al. 2009, Journal of Anatomy

215(5): 477-497. (B) In addition to the satellite cell niche, the composition of the extracellular matrix (ECM) controls

distribution of extrinsic signalling factors, such as growth factors and cytokines. Other cell types within the muscle

compartment derived from capillaries (pericytes, mesoangioblasts) or the interstitial space (PICs, SP cells, fibroblasts,

macrophages) have the potential to alter the satellite cell niche. Figure adapted from Kuang and Rudnicki, 2008. SC -

Satellite cell.

1.1.5.5 Satellite cell isolation and expansion ex vivo

Despite the importance of the satellite cell niche, ex vivo studies are required to

extensively expand satellite cells and their progenitors to obtain sufficient cell

quantities for transplantation studies, and to thoroughly understand satellite cell

activation, proliferation and differentiation responses. Satellite cells can be
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extracted from muscles by a number of methods, and isolation procedures can

differ significantly in terms of purity and yield (Yablonka-Reuveni 2011). The

highest purity is obtained when single, non-damaged myofibres are triturated from

a muscle that has been isolated by both tendons to protect fibres from damage

(Bischoff 1986; Rosenblatt et al 1995). Subsequent serial washes remove cell

contaminants, such as adherent interstitial or endothelial cells, so that a pure

population of satellite cells is released by physically breaking the basal lamina.

Alternatively the basal lamina can be enzymatically digested, however,

transplantation studies have consistently shown a remarkable loss of the in vivo

regenerative potential of satellite cells that have been exposed to proteolytic

enzymes (Collins et al 2005; Collins & Zammit 2009; Partridge 2003). Even though

the single fibre technique produces a very pure population of quiescent satellite

cells, it is labour-intensive and time consuming. A more rapid method is to isolate

muscle precursor cells and satellite cells from whole muscle by enzymatic

disaggregation and subsequent enrichment of the satellite cell population from the

muscle cell suspension. Enrichment of satellite cells can be achieved by pre-plating

cells for only a few hours to allow rapidly-adhering cells, such as fibroblasts to be

removed. However, even though highly myogenic cells may be enriched with this

procedure, it does not selectively exclude myogenic cell types, which are not

satellite cells (Jankowski et al 2001). A better distinction can be achieved by sorting

whole muscle cell suspensions for specific markers using flow cytometry cell

sorting (Yablonka-Reuveni 2011). The cell surface marker SM/C-2.6 has been

successfully used by Takeda’s group to isolate quiescent mouse satellite cells, in

which more than 95% express Pax7, but not MyoD (Fukada et al 2004). Satellite

cells can also be sorted based on the expression of CD34 and Pax7 (Montarras et al

2005), however, as whole muscle cell suspensions are sorted, the contamination

with non-myogenic, or non-satellite cells is likely. Transgenic mouse strains with

reporter gene expression in satellite cells can also greatly facilitate the isolation

procedure. The nestin-EGFP mouse (Day et al 2007), Pax3-EGFP mouse (Montarras

et al 2005; Relaix et al 2006) and Myf5-EGFP mouse (Biressi et al 2007b) have
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particularly proven useful for the isolation of embryonic, fetal or adult satellite cells

using flow cytometry cell sorting for GFP fluorescence. Notably, as mentioned

earlier, satellite cells exhibit a strong heterogeneity and sorting for specific

expression markers may only be possible in certain muscle groups or preferentially

select a particular subpopulation of satellite cells. For example, Pax3-dependent

GFP expression is found to a great extent in satellite cells of the forelimb muscles

and the diaphragm, but is almost completely absent in satellite cells of the

hindlimb muscles (Montarras et al 2005; Relaix et al 2006). Furthermore, GFP

protein is quite stable and may not always reflect the transcriptional activitiy of the

upstream promoter (Corish & Tyler-Smith 1999). An additional method to isolate

pure satellite cell populations and clones without pre-selection takes advantage of

the activation of satellite cells in adherent single myofibres. Satellite cells become

activated and migrate onto the cell culture dish where they can be expanded and

characterised. However, cell quantities remain very low with this technique, so that

it is less useful for expansion and cell transplantation studies, but more appropriate

for in vitro characterisation of cells and subpopulations (Collins et al 2009;

Rosenblatt et al 1995). In addition to adherent fibre cultures, myofibre suspension

cultures allow the analysis of individual resident satellite cells on their endogenous

host fibre substrate. In this model, satellite cells become activated, break through

the basal lamina and proliferate as clones adherent to the parent myofibre. This

method has been an invaluable tool for the dissemination of the myogenic

programme, which satellite cells undergo during postnatal regeneration (Collins et

al 2009; Zammit et al 2004b; Zammit et al 2002). However, it is not a suitable

technique for extensive satellite cell expansion or long-term satellite cell studies

(Yablonka-Reuveni 2011). After successful isolation, a number of transplantation

studies have aimed to assess the full myogenic and regenerative potential of

satellite cells or its specific subpopulations in vivo. Interestingly, even though no

difference in the in vivo regenerative potential has been detected between

transplanted quiescent satellite cells that had been either stripped from the

myofibre by non-enzymtical means or been transplanted on their host fibre with



Introduction Chapter One

42

their niche intact (Collins et al 2005), a rapid decline in the regenerative capacity

and proliferative potential has been detected when satellite cells and myoblasts

were expanded ex vivo (Kuang et al 2008; Montarras et al 2005; Rando & Blau 1994;

Sacco et al 2008). These findings clearly highlight the importance of the niche

environment and were further underpinned by the disappointing results of the first

myoblast cell therapy clinical trial, in which extensively propagated myoblasts

were transplanted into patients with Duchenne muscular dystrophy (reviewed in

Blau 2008; Gussoni et al 1992). Soon afterwards, it was discovered that removal of

satellite cells from their endogenous niche and ex vivo culturing lead to early

specification towards myogenic differentiation and consequently results in a rapid

loss of the satellite cell self-renewing potential (Kuang et al 2008; Montarras et al

2005). Subsequently, a great deal of research focused onto the modification of

standard culture conditions and the development of synthetically engineered

scaffolds to reconstitute the niche and to prolong satellite cell stem cell

characteristics in vitro (Cosgrove et al 2009). Serum-rich media up-regulate proto-

oncogenes, such as c-met, c-fos, c-jun and Id which are potent inhibitors of MyoD

and prevent commitment to differentiation (Kitzmann & Fernandez 2001).

Additionally, supplementation of cell culture media with growth factors can

prolong proliferation and prevent differentiation, provided that cell confluency is

low and cell-cell interaction is prevented (Allen et al 1984; Rando & Blau 1994;

Yablonka-Reuveni et al 1999; Yanagiuchi et al 2009). Notably, serum-rich media

and growth factors synchronise cell cycle progression between cells and lead to

preferential selection of highly proliferative cells, whereas self-renewing cells are

mainly lost under these conditions (Cosgrove et al 2009). Coating of cell culture

plastic with substrates containing essential ECM components, such as collagens

and laminins (laminin-111, laminin-211) have been shown to improve cell

proliferation and migration of primary myoblasts in vitro (Boonen & Post 2008;

Ekblom et al 2003; Rando & Blau 1994; Ross et al 2012). Indeed, MatrigelTM (BD

Biosciences) - a commercially available protein coating isolated from mouse

sarcoma – has been developed for the efficient propagation of primary cell cultures
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in vitro (see www.bdbiosciences.com). Matrigel contains a defined mixture of

important ECM components, in particular laminins, collagens and entactin, as well

as some growth factors that naturally occur in sarcomas. Even though substrates

can improve cell adherence and expansion, they do not satisfactorily mimic the

three-dimensional niche with its defined elasticity and asymmetric distribution of

signalling factors. Thus, they are suitable means for homogeneous cell expansion

but not for studying satellite cell biology (Cosgrove et al 2009). To overcome the

limitations of two-dimensional protein coatings, recent advances have developed

three-dimensional synthetic polyethylene glycol hydrogels with defined rigidities

that can contain additional ECM components and allow the controlled tethering of

defined growth factor combinations (Gilbert et al 2010). These bioengineered

culture platforms currently enable the detailed analysis of single satellite cell

biology and allow a controlled dissemination of regulatory biochemical signals

affecting satellite cell function (Gilbert et al 2012). Ongoing research focuses on the

development of 3D, “bipolar” scaffolds that will eventually further our

understanding of substrate polarity and its impact on asymmetric cell division and

self-renewal (Cosgrove et al 2009).

1.1.5.6 Studying muscle regeneration

1.1.5.6.1 Transgenic mice as tools to investigate muscle regeneration

A number of transgenic reporter mice have been developed to study regeneration

and self-renewal of satellite cells in more detail.

The 3F-nLacZ-2E transgenic (3FTG) mouse strongly expresses nuclear beta-

galactosidase (β-gal) under the myosin light chain 3F promoter and the 3’ 2E 

enhancer. Β-gal expression can be detected in all myonuclei of skeletal muscle and

partially in the heart, but expression is down-regulated in muscles lacking fast

fibres, e.g. the soleus or diaphragm (Kelly et al 1995). Thus, transplantation of

satellite cells derived from the 3FTG mouse allows the identification of donor-

derived myonuclei in the host mouse and marks the area of donor-derived

myofibres. Additionally, this strain allows the distinction of satellite cells from
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myonuclei in single myofibre cultures (Beauchamp et al 2000; Yablonka-Reuveni

2011). One disadvantage of this strain is the down-regulation of reporter gene

expression during in vitro propagation of satellite cells. Thus, this strain is a

valuable tool to study the in vivo myogenicity of freshly isolated satellite cells and

sorted subpopulations, but is less useful for transplantation studies of expanded

myoblast cultures (personal communication of Jennifer Morgan).

Another important transgenic mouse to study muscle regeneration is the

Myf5nLacZ/+ reporter strain. The Myf5nLacZ/+ transgenic mouse expresses heterozygous

nuclear β-gal under the endogenous Myf5 promoter and thus visualises all Myf5-

positive satellite cells as well as newly formed myonuclei in vivo (Tajbakhsh et al

1996). Satellite cells from this strain can be easily identified in adult single fibre

cultures. Additionally, Myf5-β-gal expression serves as a valuable marker to detect 

donor-derived satellite cells in vivo once regeneration has largely been completed,

which is typically 4 weeks post-injury (Collins et al 2005; Heslop et al 2001).

Other mouse models exist that use satellite cell specific promoters and GFP as a

reporter gene (Day et al 2007; Relaix et al 2006) or ubiquitous transgene expression

under a housekeeping promoter, such as the chicken beta-actin promoter (Okabe et

al 1997). These models not only facilitate the satellite cell isolation procedure, but

also allow the detection of donor-derived satellite cells and myofibres in vivo.
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Figure 1.5| Transgenic mice to study muscle regeneration.

(A) The 3F-nLacZ-2E reporter mouse expresses nuclear β-gal under the myosin light chain promoter MLC3F and can 

be used to distinguish β-gal-negative satellite cells (arrow) from β-gal-positive myonuclei in single myofibre cultures. 

Following the engraftment of 3F-nLacZ-2E-transgenic satellite cells into dystrophin-deficient mdx nude mice, donor-

derived fibres can be identified by dystrophin expression. Additionally, β-gal-positive myonuclei can be identified by X-

gal staining and confirm donor origin. Areas with overlapping dystrophin-positive fibres and β-gal-positive myonuclei 

verify donor-origin and exclude the possibility that dystrophin-positive fibres are revertant fibres of the host mouse. (B)

The Myf5nLacZ/+ reporter mouse expresses nuclear β-gal under the Myf5 promoter, which is active in quiescent and active 

satellite cells. This strain greatly facilitates the detection of satellite cells in single fibre cultures (arrow). Following the

engraftment of Myf5nLacZ/+ -transgenic satellite cells or myoblasts into mdx nude mice allows the identification of donor-

derived fibres based on dystrophin expression and the formation of donor-derived satellite cells in vivo based on X-gal

staining. Figures of the top panel and left image of the bottom panel derived from Collins et al. 2005, Cell 122(2): 289-

301.

1.1.5.6.2 Injury paradigms to study muscle regeneration

The striking regenerative capacity of muscle tissue makes it a suitable model

system to study regeneration and stem cell self-renewal in vivo. Muscle can be

injured in various ways, for example mechanically (e.g. by crushing, mincing), by

exposure to extreme temperatures (e.g. cryodamage), by excessive exercise (e.g.

treadmill running), or by naturally-occurring myotoxins, such as snake venoms

(Gayraud-Morel et al 2009; Plant et al 2006). Alternatively, transgenic mice with a

severe muscle pathology (e.g. dystrophic mice) can sometimes also be used as a

model to study regeneration. Importantly, even though snake venoms are

commonly used as myotoxins, they affect parenchymal cells, the interstitium and

the vasculature differently (Gayraud-Morel et al 2009). Whereas the extent of injury
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is difficult to control when mechanical injury paradigms are applied, snake venoms

allow the controlled administration of the myotoxin into a selected muscle and

facilitate local muscle damage as well as consistency between experiments (Plant et

al 2006). Amongst the snake venoms, cardiotoxin and notexin are the most widely

used myotoxins (Gayraud-Morel et al 2009). Cardiotoxins are protein kinase C

inhibitors derived from cobras, which perforate the muscle fibre sarcolemma and

cause excessive depolarisation of the myofibre followed by myofibre degeneration

(d'Albis et al 1988; Forouhar et al 2003). Within hours of intramuscular injection,

cardiotoxin destroys myofibres, but leaves the surrounding basal lamina largely

intact (Gayraud-Morel et al 2009; Plant et al 2006). Necrotic fibres are eliminated

from macrophages and activated satellite cells are recruited to the site of injury to

proliferate as myoblasts and to regenerate the myofibres within the basal lamina

tube at approximately 2 – 3 days post-injury (Gayraud-Morel et al 2009). Notexin

exerts its effects similarly to cardiotoxin, but has been described to be four times

more toxic than cardiotoxin (Plant et al 2006). It is a phospholipase A2, isolated

from the venom of the Australian tiger snake (Notechis scutatus) and hydrolises the

lipids of the myofibre sarcolemma, which causes depolarisation and fibre

degradation (Harris et al 2000; Harris & MacDonell 1981; Harris & Surprenant

1990). Furthermore, notexin is neurotoxic and blocks the release of the

neurotransmitter acetylcholine at the pre-synaptic site of the neuromuscular

junction (Harris et al 2000). Thus, notexin injury initiates muscle regeneration as

well as the restoration of the neuromuscular junction (Gayraud-Morel et al 2009).

Currently, it is not known whether cardiotoxin exhibits similar neurotoxic effects.

Both myotoxins lead to a calcium overload in the depolarised myofibre, followed

by the activation of calcium-dependent proteases and hypercontraction of fibres

(Gayraud-Morel et al 2009). The temporal and spatial characteristics of both

myotoxins have been well characterised and can be used to elicit highly

reproducible regenerative responses (Hawke & Garry 2001). However, a distinct

difference between both injury paradigms is the toxicity on mono-nucleated

satellite cells. Whereas cardiotoxin results in a 30-fold decrease of Myf5-positive
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satellite cells 18 hours post-injury, this has not been detected in notexin-injured

muscles (Gayraud-Morel et al 2007; Gayraud-Morel et al 2009). Thus, notexin

destroys myofibres, but spares mono-nucleated cells, such as satellite cells.

Notably, the effect of these myotoxins on other mono-nucleated cells, such as

inflammatory cells or interstitial cells, has not been studied in detail to date. In

addition to cardiotoxin and notexin, barium chloride (BaCl2) has been used as an

injury paradigm in some studies (Boldrin et al 2012; Hall et al 2010). In contrast to

cardiotoxin and notexin the regenerative response of BaCl2 is less well

characterised. However, it has been described that BaCl2 enters the intracellular

space through calcium-channels and accumulates in mitochondria to perturb

exocytosis and calcium release. This leads to degeneration of muscle fibres within 3

days (Gayraud-Morel et al 2009). Additionally, the local anaesthetic bupivacaine

has been used for muscle degeneration/regeneration studies and has been shown to

degenerate muscle fibres by interfering with the calcium homeostasis (Gayraud-

Morel et al 2009).

Irradiation of host muscles with ionising gamma radiation is commonly used to

induce DNA damage and protein lesions in dividing and non-dividing cells and, in

the case of sufficiently high doses, to block replication and to induce apoptosis

(Belli et al 2002; Gayraud-Morel et al 2009). High doses of irradiation of 18 Gy have

not altered overall muscle histology or myofibre integrity in adult mice, but have

impeded postnatal growth of P16 mice (Pagel & Partridge 1999). Notably, even

though quiescent satellite cells and myofibres seem to survive high doses of

irradiation, satellite cells – once activated - die after only very few cell cycles most

likely due to the accumulated DNA damage in the cell (Beauchamp et al 1999;

Gayraud-Morel et al 2009). Indeed, transgenic mice that exhibit a muscle pathology

(e.g. dystrophic mdx mice) and have most satellite cells activated and involved in

repair, display perturbed satellite cell replication and impaired repair following

irradiation with 18 Gy (Pagel & Partridge 1999; Wakeford et al 1991). Interestingly,

even after high doses of irradiation, muscles are still capable of regeneration in

response to severe injury (e.g. due to myotoxins) suggesting the presence of a
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subpopulation of radiation-resistant satellite cells in the muscle (Boldrin et al 2012;

Gross et al 1999; Heslop et al 2000; Neal et al 2012). However, propagation of these

cells in vitro has been difficult and their detailed characterisation is hampered by

their low abundance (Gayraud-Morel et al 2009). Finally, irradiation may also affect

other cell types present in the satellite cell niche or extrinsic factors. Indeed,

irradiation has also been shown to improve migration of transplanted donor cells

most likely due to the up-regulation of stimulatory factors (Cousins et al 2004;

Morgan et al 2002). Current investigations in our lab focus on the effects of

irradiation on the environment and will not only be useful to understand the injury

paradigm, but may also be beneficial for the improvement of cell therapies (Boldrin

et al 2012).

Due to its detrimental effect on endogenous host cells, irradiation has become a

useful tool to study cell engraftment of myogenic stem cells. In dystrophic mouse

models, in which degeneration is occurring and satellite cells are activated,

irradiation of host muscles with 16 – 20 Gy, typically up to 3 days prior to

transplantation have resulted in improved engraftment efficiencies and donor

satellite cell contribution to muscle regeneration (Boldrin et al 2012; Boldrin et al

2009; Collins et al 2005; Montarras et al 2005). Furthermore, an immunodeficient

background in host mice (e.g. nude, severe combined immunodeficiency (SCID),

Rag2-/γ chain-/C5-) increases transplantation efficiencies long-term and prevents 

donor cell rejection (Huard et al 1994; Partridge et al 1989). Muscle regeneration is

typically completed by 4 weeks (Collins et al 2005) and donor cell contribution can

be assessed. If donor cells were derived from a transgenic animal or genetically

modified ex vivo to express a marker gene either under the control of a ubiquitous

or muscle-specific promoter, expression of the reporter gene can be used to

quantify the number of newly regenerated myofibres in vivo (Cousins et al 2004;

Ehrhardt & Morgan 2005; Xu et al 2010). Additionally, if a disease model is used as

host for transplantation studies, the wildtype protein can be used as a marker for

donor contribution. For example, dystrophin – a protein localised to the
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sarcolemma – is commonly used as a marker for donor-derived muscle in

dystrophin-deficient mdx mice (Wallace et al 2008). Furthermore, the Y-

chromosome can be used in female hosts transplanted with donor cells derived

from male mice (Beauchamp et al 1997). Alternatively, neonatal myosin is a useful

marker to assess newly regenerated host and donor myofibres, however, this

marker is rapidly down-regulated by 7 days post-injury and can only be used to

quantify the number of early regenerated fibres when muscle repair has not been

fully completed (Collins et al 2005; Whalen et al 1990). As a gold standard, it has

been suggested to use at least two independent markers to confirm donor-origin

(Andersen et al 2011; Theise 2010). In addition to the contribution of donor cells to

muscle regeneration, self-renewal can be studied by re-injury of donor-derived

myofibres. Notexin has been proven useful in this approach as it induces myofibre

degeneration whilst sparing single satellite cells (Harris 2003; Harris et al 2000).

Thus, this injury paradigm can be used to assess the functionality and self-renewal

potential of donor cells in vivo and to demonstrate donor cell participation in

repetitive rounds of muscle regeneration (Boldrin et al 2009; Collins & Partridge

2005; Muses et al 2011a).

1.1.6 Sarcopenia

Despite the remarkable capacity of muscle tissue to undergo muscle regeneration,

the efficiency to do so slowly declines with age and as a consequence, muscle mass

is lost (Cruz-Jentoft et al 2010). Even though the impairment in tissue homeostasis

is mainly attributed to a dysfunction of satellite cell-mediated repair and

maintenance, it is currently under debate as to whether satellite cells experience an

intrinsic loss of regenerative ability or whether extrinsic factors and niche

remodelling impair adequate satellite cell regeneration (Collins et al 2007; Gopinath

& Rando 2008). Indeed, early and more recent studies have consistently shown that

whole muscle grafts and satellite cells derived from aged mice, which were

transplanted into young hosts or shared a circulation from a young mouse in
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parabiotic experiments could be rejuvenated and performed equally well as young

satellite cells (Boldrin et al 2012; Carlson & Faulkner 1989; Collins et al 2007;

Conboy et al 2005). Muscle atrophy and increased fibrosis is frequently detected in

aged muscles resulting in thickening of the basal lamina due to increased ECM

composition. Furthermore, elevated numbers of fibroblasts and adipocytes are

detected in aged muscles, which replace muscle tissue with fat and connective

tissue and lead to reduced muscle mass and function (Gopinath & Rando 2008).

These alterations in the satellite cell niche are likely to impede satellite cell function.

Concomitantly, it has also been shown that the number of Pax7-positive satellite

cells declines with age (Collins et al 2007; Shefer et al 2006). Instead, cells negative

for myogenic marker expression and rapidly undergoing apoptosis in culture

occupied the satellite cell niche suggesting loss of myogenicity or trans-

differentiation of a subpopulation of aged satellite cells. Notably, even though the

number of Pax7-positive cells was reduced, the great proliferative capacity of aged

Pax7-positive cells remained unaltered (Collins et al 2007). Interestingly, the lower

number of satellite cells per aged myofibre contributed to muscle regeneration

following grafting with a similar efficiency to a young myofibre with more satellite

cells. These findings strongly suggest a subpopulation of satellite cells specifically

retained for muscle repair throughout life (Boldrin et al 2012; Collins et al 2007). In

support of this hypothesis is a recent study, which found that a subpopulation of

satellite cells in pre-weaned mice does not contribute to muscle growth, but

remains quiescent and thus may be required for postnatal muscle regeneration

(Neal et al 2012). A more detailed understanding of the intrinsic and extrinsic

changes of the satellite cell and its niche will facilitate the development of

therapeutic interventions for tissue repair in diseased and aged individuals.

1.2 Muscular Dystrophies

In addition to sarcopenia and age-related muscle atrophy, reduction in muscle

mass can also be caused by mutations in genes encoding for important structural

muscle components. Structural stability during ongoing rounds of contraction and
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relaxation is mediated by the dystrophin-associated glycoprotein complex (DGC),

which links the myofibre intracellular cytoskeleton to the extracellular matrix

(Lapidos et al 2004; Michele & Campbell 2003). The DGC is a large membrane-

associated multi-protein complex and is required for signalling transduction

between the interior and exterior of the myofibre, as well as to “absorb” the

pressure on the myofibre during muscle contraction. Genetic mutations of any of

the major DGC components lead to dissociation of the membrane-bound complex,

instability of the myofibre during contraction and subsequently muscle

degeneration and an inflammatory response. Muscle degeneration is initially

followed by rounds of regeneration mediated by satellite cells. However, after

several alternating cycles of degeneration and regeneration, the satellite cell pool is

eventually exhausted and muscle is progressively wasted. Despite the huge variety

of mutations which can affect the disintegration of the DGC, the observed

phenotypes in affected muscle groups are very similar (Costanza & Moggio 2010).

The heterogeneous group of approximately 30 genetic disorders affecting the DGC

is therefore referred to as muscular dystrophies (MDs) (Cohn & Campbell 2000;

Emery 2002). However, the onset, severity of the disease and the muscle groups

affected can vary greatly between different MDs (McNally & Pytel 2007).
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Figure 1.6| The dystrophin-associated glycoprotein complex (DGC).

The DGC is a large protein complex that assembles various proteins and molecules to the sarcolemma. If any of these

components is absent or non-functional, structural integrity is lost and leads to various forms of muscular dystrophies.

More than 30 gene defects have been identified that lead to instability of the DGC and consequently a dystrophic

phenotype. Mutations in the gene for dystrophin result in Duchenne muscular dystrophy (DMD) or Becker muscular

dystrophy (BMD). Limb-girdle muscular dystrophies (LGMDs) develop when genes for any of the sarcoglycans are

mutated. Deficiency or absence of α2-laminin (merosin) results in a congenital form of muscular dystrophy (MDC). 

Abbreviations: COOH—carboxyl terminus; Cys—cysteine-rich domain; NH2—amino terminus; nNOS - neuronal nitric

oxide synthase, MEB – Muscle Eye Brain disease. Figure derived and adapted from the website www.what-when-

how.com/acp-medicine/diseases-of-muscle-and-the-neuromuscular-junction-part-1.

1.2.1 Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is the most common form of MD affecting 1

in 3500 newborn boys (Bushby et al 2010a; b; Muntoni et al 2003). It is caused by a

mutation in the dystrophin gene located on the X-chromosome (DMD; locus

Xp21.2) and therefore affects mainly boys, although 1 in 50 million females can

develop DMD due to either both alleles affected, or an inactivated X-chromosome
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(Hoffman et al 1987; Koenig et al 1987; Webb 2005). The dystrophin gene is the

largest gene in the human genome and comprises 2.6 million base pairs, spans 79

exons and results in a coding sequence of 14 kilobases (kb) (Muntoni & Wood 2011;

Partridge 2011). At least seven tissue-specific dystrophin promoters exist along the

dystrophin gene, each with a unique first exon, that generate various dystrophin

isoforms with shorter amino-termini (N-termini) and varying molecular weights

(71-427kDa) (Muntoni et al 2003; Nudel et al 1989). Additionally, alternative

splicing further increases the pool of isoforms (Lidov et al 1995; Surono et al 1999;

Surono et al 1997). Whereas most isoforms consist of a conserved carboxy-terminus

(C-terminus), an alternative 3’ polyadenylation site has been reported for the

71kDa isoform (Dp71) generating the shortest isoform of 40kDa with an altered C-

terminal end (Feener et al 1989; Tinsley et al 1993). Dystrophin isoforms can be

detected in multiple tissues at various developmental stages, but the 14kb full-

length dystrophin mRNA is predominantly expressed in skeletal, smooth and

cardiac muscle, and to a lesser extend in the brain (Davies et al 1995; Koenig et al

1987). The full-length 427kDa dystrophin protein is localised to the sarcolemma

and comprises four domains. The N-terminus, a long central spectrin-like domain

giving the protein a flexible rod-like structure, a cystein-rich domain and the C-

terminus. Dystrophin binds to F-actin through its N-terminus and to the

transmembrane receptor β-dystroglycan with its C-terminus. Β-dystroglycan 

heterodimerises with its extracellular binding partner α-dystroglycan, which links 

to laminin-211 or other extracellular proteins (e.g. agrin, perlecan, other laminins)

(Ervasti & Campbell 1993). Thus, dystrophin is an essential component for linking

the intracellular actin cytoskeleton to the DGC and consequently the ECM.

Depending on the effect of the mutations on the reading frame of the dystrophin

gene, full-length protein and isoform expression can be mildly or severely affected.

Most of the mutations are intragenic deletions (~60-65%) or duplications (~5-15%)

causing a frameshift in the mRNA transcript (Muntoni et al 2003). The remaining

cases are usually point mutations generating a premature stop (Muntoni et al 2003).

In case of in frame mutations, disease severity further depends on which protein
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domains are affected. Mutations in the N-terminal and central rod domain have

been shown to result in a mild to severe phenotype, whereas individuals with

mutations in the C-terminal end and cystein-rich domain are usually severely

affected, highlighting the importance of these domains (Davies et al 1995).

Interestingly, a hotspot for deletions has been identified between exons 44-55

(Nobile et al 2002; Sironi et al 2003; Toffolatti et al 2002). Mutations in the

dystrophin gene that lead to disruption of the reading frame or a premature stop

codon result in unstable transcripts and very low or no detectable truncated

protein. The lack of dystrophin results in the disassembly of the DGC and

subsequent consequences follow the typical hallmarks of MDs. Myonecrosis,

inflammation and muscle degeneration is initially compensated by repetitive cycles

of regeneration until the satellite cell pool is exhausted. Once regeneration has

failed, muscle tissue is replaced by fat and connective tissue (Partridge 2011) and

progressive muscle weakness becomes prevalent and marks the onset of DMD.

Diagnosis occurs normally in infants between 2-6 years when walking milestones

cannot be achieved and is confirmed by elevated serum creatine kinase levels and

genetic verification (Bushby et al 2010a; Emery 1993). Due to the rapid disease

progression, DMD boys are usually wheelchair-bound by the age of 12, and die of

cardio-respiratory failure in their late teens or early twenties, though

improvements in general medical care have extended their survival up to the late

twenties or even early thirties (Eagle et al 2002). Treatment options are still very

limited, mainly palliative, and no cure has been developed to date. Inherent

difficulties for the development of effective cures are the abundance of the muscle

tissue and the huge size of the dystrophin gene, which has hampered, for example,

gene therapy approaches. However, recent therapeutic interventions have greatly

benefitted from the detailed study of patients with “in-frame” mutations. These

patients develop a much milder disease, called Becker Muscular Dystrophy (BMD),

characterised by a later onset (during adulthood), milder progression and thus

prolonged survival (England et al 1990). Detailed research of mild BMD patients

has revealed that they commonly produce a functional, but shorter dystrophin
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molecule with intact N- and C-terminal domains, but deletions in the rod domain

indicating that the repeats in the central rod domain are largely dispensable

(Arahata et al 1991; Muntoni et al 2003). Although specific signalling sites for

neuronal nitric oxide synthase (nNOS) and phospholipids have been described in

the central rod domain (Lai et al 2009; Le Rumeur et al 2010; Wells et al 2003) that

might be lacking in shorter dystrophin constructs, mechanical stability is preserved

so that these deletions have been associated with a milder disease progression

(Batchelor & Winder 2006; England et al 1990).

Figure 1.7| Clinical and muscle pathology of DMD.

(A) Affected individuals are characterised by the lack of dystrophin (i) that rapidly leads to muscle degeneration (ii).

Degenerated muscle is initially regenerated, but is eventually replaced by connective tissue and fat (iii). (B) Clinical

manifestations typically become evident before the age of six and include body-wide muscle wasting, muscle

contractures in the heels and legs and enlarged calf muscles which are replaced with fat and connective tissue

(pseudohypertrophy). Muscle deformities in chest and back muscle (scoliosis) are frequently detected due to

progressive weakness. Children lose ambulation in their teens and die of respiratory or heart failure in their late twenties

or early thirties. (Left panel: DMD patient. Image derived from Emery,1993). Right panel shows a BMD patient with

milder symptoms due to shortened, but functional dystrophin protein.
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1.2.1.1 Animal models to study DMD

Preclinical research takes advantage of existing mammalian DMD animal models

to study disease phenotype and potential therapeutic strategies. The mdx mouse

model is a naturally occurring dystrophin-deficient mutant first described in 1984 

(Bulfield et al 1984). It carries a point mutation in exon 23 resulting in a premature

stop codon in the mouse dystrophin gene, therefore lacking the expression of the

muscle isoform (Hoffman et al 1987; Sicinski et al 1989). Immediate postnatal

development and muscle growth remains largely normal, however, a first acute

phase of muscle degeneration with visible muscle pathology and weakness can be

detected at 3 weeks after birth when mice are usually weaned (Cullen & Jaros 1988;

Deconinck et al 1997). At this stage the majority of satellite cells becomes activated

and participates in the regenerative response. As seen in DMD patients, mdx mice

show repetitive cycles of muscle degeneration and regeneration, and display

elevated levels of serum creatine kinase due to progressive myofibre degeneration

(Coulton et al 1988). Additionally, mdx mice develop a mild cardiomyopathy

(Bridges 1986; Coulton et al 1988). However, despite the authentic genetic

background, the disease phenotype is milder and fibrosis is less pronounced than

in DMD patients. Moreover, the life span of mdx mice is minimally reduced (17-

19%) compared to wildtype mice (Willmann et al 2009). How the mdx mouse

compensates for the loss of dystrophin is of interest two-fold: firstly, to understand

the disease progression in this animal model for future studies, and secondly to

discover possible therapeutic targets. Even though a more efficient regeneration

might account for the milder pathophysiology observed in the mdx mouse, a

compensatory up-regulation of utrophin - a paralogue of dystrophin expressed at

the sarcolemma during fetal development, and later in adulthood localised to the

neuromuscular and myotendinous junction – has also been detected (Blake et al

1996; Grady et al 1997). Interestingly, utrophin up-regulation was also detected in

muscle fibres of DMD patients, however, the utrophin levels detected are

insufficient to prevent muscle degeneration. Two groups have independently

generated a double-knockout mouse (utr-/-/mdx; dko) lacking dystrophin and
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utrophin expression (Deconinck et al 1997; Grady et al 1997). Both models exhibited

more pronounced muscle wasting than the mdx mouse, an impaired mobility and

premature death (Capote et al 2010). Thus, even though the model differs

genotypically from DMD patients, the dko mouse better recapitulates disease

progression of DMD. Similarly to the mdx mouse, the dko mouse has been used to

study muscle pathology and therapeutic strategies (Capote et al 2010; Goyenvalle

et al 2010).

Additionally to the mouse models, a naturally occurring mammalian canine model

is the Golden Retriever Muscular Dystrophy dog (GRMD) (Banks & Chamberlain

2008; Howell et al 1997; Kornegay et al 2012). A single nucleotide mutation in the

consensus splice site of intron 6 leads to skipping of exon 7 and a premature stop in

exon 8. In contrast to mdx mice, GRMD dogs suffer from a more rapidly

progressing form of disease similar to DMD patients, though significant variations

in the phenotypes exist (Ambrosio et al 2008). Affected dogs show progressive

muscle atrophy and weakness, gait abnormalities, fibrosis and a severe

cardiomyopathy that has not been detected in other DMD animals and therefore

presents a good model to study dystrophin restoration in the heart (Moise et al

1991). An additional recently identified canine DMD model is the Cavalier King

Charles Spaniels (CKCS) dog, which carries a missense mutation in the 5’ donor

splice site leading to exclusion of exon 50 and thus reading frame disruption

(Walmsley et al 2010). Given the genetic similarity to DMD patients, the CKCS dog

is a suitable model to study a number of therapeutic strategies aimed at the

exclusion of selected exons (see section 1.2.2.3.3), particularly of exon 51.

1.2.2 Therapeutic interventions and treatment

strategies for DMD

Despite the discovery of the genetic cause for DMD more than 20 years ago (Koenig

et al 1987; Koenig et al 1988), most interventions are rather supportive than curative
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(Khurana & Davies 2003). The current gold standard for treating DMD patients in

the clinic is the off-label prescription of corticosteroids, specifically prednisone,

prednisolone and deflacazort, which have been shown to reduce inflammation, and

to increase muscle regeneration and strength thereby delaying loss of ambulation

for up to two years (Manzur et al 2008; McNeil et al 2010). Despite the beneficial

effects on muscle performance, corticosteroids are associated with severe side-

effects limiting their ease of administration. Additionally, a number of

interventions that alleviate secondary complications of the disease are necessary to

mitigate side effects. Treatment recommendations from a multidisciplinary expert

panel for the management of DMD have been recently published to provide some

guidance on treatment regimes, dosage and durations (Bushby et al 2010a; b;

Bushby et al 2009). In addition to corticosteroids, a number of pharmacological

interventions, cell-based therapies and gene therapy approaches are currently in

pre-clinical and clinical development and promising clinical trials are already

underway. Indeed, several pre-clinical studies in the mdx mouse model indicate

that dystrophin protein restoration of 20% or more is sufficient to rescue the

dystrophic phenotype (Phelps et al 1995; Rafael et al 1994). Moreover, a study in a

human DMD family cohort revealed that dystrophin expression levels of already

30% prevent muscle weakness and a dystrophic phenotype, provided the

dystrophin protein expressed is normal (Neri et al 2007). These results raise the

hope for gene and cell-based therapies to one day being able to counteract the

progress of this debilitating disease.

1.2.2.1 Pharmacological interventions

As suggested by the compensatory elevated utrophin levels in mdx mice and DMD

patients, utrophin represented one of the first attractive targets to treat DMD.

Similarly to dystrophin, it binds to F-actin and β-dystroglycan, although in a 

different fashion and was hypothesised to be capable of functionally replacing

dystrophin. Indeed, up-regulation of utrophin by 3 to 4-fold in mdx mice

completely reversed the mdx phenotype and mice became indistinguishable from
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wildtype mice (Tinsley et al 1998). Subsequent research has led to a number of

strategies to increase utrophin levels. Amongst others, a large-scale drug screen has

revealed a compound, which has been further optimised by Summit plc (SMT

C1100) and will be tested in a phase I trial in DMD patients in 2012 (Fairclough et al

2011). In addition to utrophin, aminoglycosides have been demonstrated to allow

ribosomes to read-through premature stop codons thus allowing full translation of

the transcript until the appropriate terminal stop. This mechanism would restore

dystrophin expression in approximately 7-15% of DMD patients with nonsense

mutations, but would be ineffective for patients with deletions and duplications

(Malik et al 2010a; Muntoni et al 2003; Muntoni & Wood 2011). Gentamicin and

PTC124 (Ataluren, PTC Therapeutics) have both been tested in clinical trials;

however, despite promising dystrophin restoration in pre-clinical studies in the

mdx mouse (Kayali et al 2012; Welch et al 2007), clinical trial results were

disappointing, especially at higher doses, and clinical development ceased to allow

further optimisation of the compounds and the dose regime (Hirawat et al 2007;

Malik et al 2010b; Peltz et al 2009; Welch et al 2007). Finally, pharmacological block

of myostatin has been reported to greatly increase muscle mass in mice, although

force is not concomitantly increased (Amthor et al 2007; Bogdanovich et al 2002;

McCroskery et al 2003; Wang & McPherron 2012; Whittemore et al 2003). MYO-029

(Stamulumab, Wyeth Pharmaceuticals) has been tested in a phase I and II clinical

trial for a number of MDs, including BMD, but has not revealed any significant

improvements in muscle strength and function, so that the clinical development

was terminated (Wagner et al 2008). A more potent myostatin inhibitor, Follistatin,

is currently in pre-clinical and clinical development and alternative routes for

delivery, e.g. gene delivery by viral vectors, are currently explored to increase

treatment efficiency in patients. These results highlight the need for thorough pre-

clinical testing before moving into clinical trials, preferably from several

independent laboratories to verify the biological significance of selected candidate

drugs.



Introduction Chapter One

60

1.2.2.2 Stem cell therapy for DMD

In addition to pharmacological interventions, one promising strategy is to

introduce a functional dystrophin gene copy into the dystrophic myofibres or

satellite cells by myoblast or stem cell transplantation. Myogenic donor cells can be

derived from a healthy HLA-matched donor (syngeneic, allogeneic), or from the

DMD patient (autologous), which requires their genetic correction before

transplantation.

Figure 1.8| Stem cell therapy for the treatment of DMD.

Stem cells with myogenic potential hold great promise in the treatment of DMD. Myoblasts or other myogenic stem cells

from healthy, HLA-matched donors can be transplanted intramuscularly to restore dystrophin expression. Myogenic

cells capable of crossing the endothelial barrier can also be delivered systemically via the circulation. Allogeneic

transplantation requires immunosuppression of the recipient. Immunosuppression is not required when myogenic stem

cells with high regenerative potential are isolated from the patient, genetically-corrected ex vivo and re-administered

intramuscularly or systemically into the same patient. However, autologous transplantation requires gene therapy to

correct the genetic defect.
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1.2.2.2.1 Myoblast transplantation

The first proof-of-principle study was reported in 1989 and showed that wildtype

dystrophin-expressing muscle precursor cells could fuse with dystrophic myofibres

after transplantation into mdx mouse muscle thereby restoring dystrophin

expression (Partridge et al 1989). Subsequent research has led to a number of

experimental and clinical trials to explore the potential of donor-matched human

myoblast transplantation in DMD boys. Even though the procedure was well

tolerated, no or very limited dystrophin expression was detected in dystrophic

muscles even when subjects were immunosuppressed during cell administration

(Gussoni et al 1997; Gussoni et al 1992; Huard et al 1992a; Huard et al 1992b;

Partridge & Davies 1995). Even though technical reasons were thought to mainly

account for the negative results, three limitations associated with myoblast transfer

therapy (MTT) were identified. Firstly, it was demonstrated that the majority of

cells (up to 75%) die within 3 days after intramuscular injection (Fan et al 1996).

Secondly, myoblasts do not pass the endothelial barrier and do not migrate more

than 200μm from the injection site (Skuk et al 1999). Thirdly, cyclosporine in high 

doses has revealed to be cytotoxic for myoblasts (Hardiman et al 1993; Hong et al

2002), but without immunosuppression, allogenic grafts (from same species, but

genetically different donors) and xenografts (graft from different species) are

cleared by the host immune system within two weeks despite HLA-matched

donors (Huard et al 1992b; Partridge & Davies 1995; Peault et al 2007). Graft

rejection was demonstrated when human myoblasts and mouse myoblasts were

transplanted into alloincompatible host mice (Guerette et al 1995; Huard et al 1994).

Similarly, allogenic transplantation of monkey myoblasts into monkey hosts

resulted in cellular rejection in the absence of immunosuppression, although

donor-derived fibres persisted up to 1 year, when hosts were immunosuppressed

with the alternative immunosuppressant, tacrolimus (Skuk et al 2000).

Surprisingly, transplantation of human immunohistocompatible donor myoblasts

into human hosts also resulted in immunological rejection and highlighted the

need for immunosuppression even when HLA-matched grafts are used (Huard et
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al 1992b). An increase in administered cell numbers (up to 3x107 per mm3), repeat

injections, the use of alternative immunosuppressants (e.g. tacrolimus) and the co-

administration of myoblasts with matrix metalloproteases have all shown to

improve the efficiency of MMT (Morgan et al 2010; Peault et al 2007; Skuk &

Tremblay 2000). Using the improved protocol, a recent clinical trial has led to stable

dystrophin expression in the injected muscle for up to 18 months in more than 25%

of myofibres (Skuk et al 2006; Skuk et al 2007). Although multiple “high density”

injections were required per muscle to achieve sufficient outcome, the procedure

was well tolerated by 11 patients and no major complications occurred (Skuk et al

2006; Skuk et al 2007). One major drawback is that myoblasts need to be extensively

propagated in vitro to allow sufficient cell numbers to be transplanted. However,

this induces early senescence of myoblasts and reduces their myogenic and self-

renewing capacity in vivo (Machida et al 2004). Furthermore, despite moderately

improved migration and survival of myoblasts, MTT only allows the local

restoration of dystrophin in injected muscles, as myoblasts do not migrate from the

blood vessel into the dystrophic muscle. For a body-wide therapeutic effect,

however, systemic delivery of cells would be required, which makes myoblasts not

suitable for such an approach. A number of alternative sources of myogenic stem

cells have been identified, with some of them being able to pass the endothelial

barrier therefore allowing their systemic administration.

1.2.2.2.2 Side population (SP) and bone marrow cells

SP cells are a heterogeneous population of muscle lineage-restricted cells of

hematopoietic origin, which can be isolated based on specific cell surface markers.

More than 90% express the stem cell antigen (Sca-1), but lack expression of

hematopoietic markers, such as c-kit, CD45 and CD43 (Goodell et al 2005;

Montanaro et al 2003). SP cells can also be found in the bone marrow (BM), but are

transcriptionally distinct from bone marrow cells in some respect. Following the

intravenous administration of mdx mice via the tail vein, SP cells have been

demonstrated to have the ability to migrate into dystrophic muscles to regenerate
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donor-derived muscle fibres (Bachrach et al 2004; Gussoni et al 1999). SP cells

represent a distinct myogenic stem cell population from satellite cells as SP cells

can be isolated from skeletal muscles of Pax7-/- mice, in which adult satellite cells

are absent (Asakura et al 2002; Bachrach et al 2004; Seale et al 2000). Moreover,

following the injection of muscle SP cells into dystrophic or injured muscles, they

have been shown to give rise to Myf5-positive and Pax7-positive satellite cells in

vivo (Asakura et al 2002; Peault et al 2007). Interestingly, in contrast to myoblasts, in

vitro culturing of SP cells increased engraftment efficiencies compared to freshly

isolated SP cells and thus allows ex vivo expansion of cells without compromising

myogenicity in vivo (Bachrach et al 2006). Nevertheless, despite their ability to

migrate from the circulation into injured muscles, the level of dystrophin

restoration has not yet reached therapeutic significance (Peault et al 2007). In

addition to SP cells, bone marrow cells have been demonstrated to commit to the

myogenic lineage when they were co-cultured with myoblasts. Upon systemic

delivery into regenerating host mice, they were recruited to the injured muscle and

regenerated new muscle fibres, albeit at a low frequency (Ferrari et al 1998).

Further research revealed a CD45-positive cell subpopulation in BM with increased

myogenic potential, which may represent a resident muscle-derived stem cell

(MDSC) population (Gussoni et al 2002; McKinney-Freeman et al 2002). However,

in the presence of muscle injury, these cells reconstitute the hematopoietic system

at a much higher frequency than skeletal muscle, making them less ideal for the

treatment of muscle diseases (Camargo et al 2003; Corbel et al 2003).

1.2.2.2.3 AC133-positive cells (AC133+ cells)

An additional multipotent adult stem cell with myogenic potential has been

detected in circulating human blood and was identified by the expression of the

hematopoietic and neural stem cell marker prominin-1/CD133 or its precursor-

antigen AC133 (Torrente et al 2004). In co-culture experiments with myogenic cells,

AC133+ cells committed to the myogenic lineage and expressed early myogenic

markers, such as Pax7, Myf5 and MyoD. In contrast, AC133-negative cells did not
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exhibit myogenicity even in the presence of myogenic cells (Torrente et al 2004).

AC133+ cells express a variety of cell adhesion molecules, indicating their ability to

bind to and pass through the endothelium (e.g. L-selectin, P-selectin ligand (PSGL-

1)) (Gavina et al 2006). Indeed, following the intra-arterial delivery into mdx/SCID

mice, AC133+ cells migrated into the dystrophic muscles through binding to the

highly expressed vascular cell adhesion molecule VCAM-1 and restored

dystrophin expression in myofibres (Torrente et al 2004). Furthermore, they gave

rise to Pax7-positive or M-Cadherin-positive satellite cells located underneath the

basal lamina, indicating their potential to replenish the satellite cell pool (Torrente

et al 2004). More than 90% of AC133-sorted cells typically express the

hematopoietic stem cell marker CD34, confirming their hematopoietic origin.

Furthermore, given the correct environmental cues, these cells have shown to be

able to commit not only to the muscle lineage, but also to the endothelial and

hematopoietic lineage, confirming their multipotency and suggesting that fate

decisions are mainly controlled by extrinsic factors (Peault et al 2007). Notably,

AC133+ cells isolated from skeletal muscle as compared to blood exhibited an

increased engraftment efficiency and potency to regenerate dystrophin-positive

fibres following the intra-arterial delivery into mdx/SCID mice (Benchaouir et al

2007). In addition to their contribution to skeletal muscle regeneration, engrafted

AC133+ cells also promoted angiogenesis and capillarisation in diseased muscles

(Farini et al 2009). Interestingly, recruitment and “homing” of AC133+ cells is

strongly dependent on the presence of VCAM-1, which is usually highly expressed

on the endothelium during acute inflammation (Peault et al 2007). This aspect

might be useful in directing AC133+ cells to dystrophic or injured muscles, whilst

sparing uninjured tissue. Hence, extensive physical exercise of mice prior to

transplantation increases engraftment efficiencies and homing of AC133+ cells

(Peault et al 2007). AC133+ cells are currently going through an intensive phase of

in vitro and in vivo characterisation in mammalian DMD models and hold great

promise for a potential stem cell therapy. However, as with primary myoblasts the

in vitro proliferation capacity of blood-derived AC133+ cells was limited to only a
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few passages, although recent optimisation of culture conditions can enhance

expansion of AC133+ cells in culture (Torrente et al 2004).

1.2.2.2.4 Vessel-associated progenitor cells (mesoangioblasts, pericytes)

Additionally, multipotent stem cells closely associated with blood vessels have

been reported to possess myogenic potential in vitro and in vivo (Cossu & Bianco

2003). Mesoangioblasts have been initially isolated from the walls of the dorsal

aorta in mouse embryos, but can also be extracted from small blood vessels in

postnatal mouse skeletal muscle tissue (Cossu & Bianco 2003; Davies & Grounds

2006; Galvez et al 2006). Irrespective of the developmental stage from which they

are isolated, mouse mesoangioblasts can give rise to a number of mesodermal

tissues after transplantation into chick embryos, including muscle and exhibit an

extensive proliferation and self-renewal potential in vitro (Minasi et al 2002; Peault

et al 2007). Nevertheless, embryonic and postnatally-derived mesoangioblasts are

distinct populations in their expression of endothelial cell markers. Whereas

embryo-derived mesoangioblasts express endothelial markers, such as Flk1 and

CD34, mesoangioblasts derived from postnatal muscle tissue do not express

markers of the endothelial lineage, but exhibit expression of mainly pericyte

markers, such as alkaline phosphatase and neuro-glial 2 proteoglycan (NG2)

(Tonlorenzi et al 2007). Indeed human mesoangioblasts isolated from adult muscle

tissue are often referred to as “pericyte-derived cells” (Dellavalle et al 2007;

Tonlorenzi et al 2007). Adult mouse mesoangioblasts isolated from juvenile

muscles were delivered intra-arterially into dystrophic mice (α-sarcoglycan-null 

mice, a model for limb-girdle muscular dystrophy) and could morphologically and

functionally correct the dystrophic phenotype (Sampaolesi et al 2003). One distinct

advantage of mesoangioblasts is their widespread distribution along the muscle-

associated vasculature after intra-arterial delivery leading to enhanced engraftment

efficiencies and improved outcomes. Homing of mesoangioblasts can further be

improved by transient exposure to cytokines, such as SDF-1, HMGB-1 and nitric

oxide (Galvez et al 2006; Palumbo et al 2004; Sciorati et al 2006). Promising results
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in cell engraftment and dystrophin restoration were subsequently obtained with

embryonic and adult mesoangioblasts (murine and canine) engrafted into the

utr-/-/mdx dko mouse and the GRMD dystrophic dog, respectively (Berry et al 2007;

Cossu & Sampaolesi 2007; Sampaolesi et al 2006). These encouraging results led to

the detailed characterisation of human adult mesoangioblasts, and pericytes, a

myogenic subpopulation of human adult mesoangioblasts associated with small

microvessels in skeletal muscle, and paved the way for a proof-of-principle trial in

DMD patients, which is currently underway (Cossu & Sampaolesi 2007).

Interestingly, mouse pericytes have recently been shown to contribute to the

satellite cell pool during postnatal growth and during acute injury, and might

therefore represent an attractive stem cell for cell-based therapy targeted at juvenile

patients, such as DMD patients (Dellavalle et al 2011).

1.2.2.2.5 PW1+ interstitial cells (PICs)

Recently, an interstitial mulitpotent muscle-resident stem cell was identified, which

is characterised by the expression of PW1, a transcription factor involved in

embryonic myogenesis, postnatal muscle growth and cell stress responses (Relaix

et al 2000; Relaix et al 1998; Relaix et al 1996). PW1 expression is first detected in the

embryonic mesoderm, but is down-regulated during differentiation and can be

detected in adult satellite cells, as well as in an interstitial subpopulation, which is

Pax7-negative (Mitchell et al 2010). The latter are referred to as PICs. Despite the

absence of Pax7 expression, they exhibit a pronounced myogenicity in vitro and in

vivo, and participate in muscle regeneration with similar efficiencies to freshly

isolated satellite cells when delivered intramuscularly. Furthermore, PW1

expression in PICs is up-regulated during muscle regeneration, underlining their

role in muscle repair and postnatal growth. Importantly, even though PICs can

generate Pax7-positive, MyoD-positive progeny, they have been reported to be bi-

potent and can with similar efficiency also differentiate into smooth muscle

(Mitchell et al 2010). More recently, a PW1-reporter mouse revealed quiescent and

cycling PW1-expressing progenitor cells in a variety of other tissues, including the



Introduction Chapter One

67

central nervous system and the skin (Besson et al 2011). Commitment to the

myogenic lineage has been demonstrated to be highly dependent on Pax7, as PICs

isolated from Pax7-null mice failed to differentiate into muscle, but retained their

ability to become smooth muscle (Mitchell et al 2010). Furthermore, this mutant

showed a marked increase in PICs before the number of satellite cells declined in

this mouse model. Additionally, it was shown that the embryonic origin of PICs

differs from satellite cells, as PICs originally lack Pax3 expression, and only express

Pax3 once they commit to the myogenic lineage. Moreover, an in vivo analysis with

labelled PICs suggested that they give rise to Pax7-positive satellite cells and

efficiently replenish their stem cell pool (Besson et al 2011; Mitchell et al 2010).

They might therefore be hierarchically upstream of satellite cells and could

potentially be attractive targets for stem cell therapy. However, transplantation

studies thus far have used intramuscular injection for cell engraftment studies into

muscle, so that their ability to cross the endothelial barrier and thus, their

suitability for systemic delivery, has not yet been demonstrated.

1.2.2.2.6 Embryonic stem cells and iPS cells

In contrast to multipotent adult stem cells, embryonic stem cells (ESCs) are

pluripotent and can give rise to more than 200 different cell types derived from all

three germ layers (Thomson et al 1998). Thus, their ability for muscle regeneration

has seemed attractive. However, to direct ESCs towards the myogenic lineage they

have to be exposed to lineage-restricting myogenic factors, such as Pax3, Pax7 or

MyoD (Tedesco et al 2010). Alternatively, ESCs can be co-cultured with myoblasts

and thus are induced to the myogenic lineage by myoblast-specific secreted factors

(Bhagavati & Xu 2005). Using these techniques, myoblasts and satellite cell-like

cells were obtained in vitro (Barberi et al 2007; Chang et al 2009). Intramuscular

transplantation of induced ESCs generally regenerated skeletal muscle with only

little efficiency (Bhagavati & Xu 2005). However, a recent study has shown

improved engraftment efficiencies with human ESCs as compared to the earlier

studies and reported their contribution to the mouse satellite cell pool in vivo
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(Darabi et al 2012). Notably, ethical concerns associated with ESCs can now be

circumvented by using induced pluripotent (iPS) stem cells. In 2006,

overexpression of the four transcription factors Oct3/4, Sox2, c-myc and Klf-4 led to

the reprogramming of somatic mouse fibroblasts and gave rise to iPS cells

resembling ESCs (Takahashi & Yamanaka 2006). A year afterwards, this was also

accomplished in human cells and today iPS cells represent one of the most widely

used cell systems to study pluripotency, development and disease pathologies. One

advantage of iPS cells for regenerative medicine is the large quantity of specific cell

types that can be produced from healthy or diseased iPS cells (Darabi et al 2012).

Thus, these cells represent an attractive alternative to ESCs. So far, only very few

studies have investigated the in vivo potential of iPS cells to regenerate skeletal

muscle in vivo (Tedesco et al 2012), however, successful functional engraftment of

Pax7-induced iPS cells in skeletal muscles and contribution to the satellite cell

compartment has been reported from one group (Darabi et al 2012; Darabi et al

2011). Additionally, iPS cells generated from the mdx mouse were transfected with

a human artificial chromosome (HAC) expressing full-length dystrophin and

demonstrated successful dystrophin expression in subsequently formed teratomas

in vivo (Kazuki et al 2010). However, whereas iPS cells can be easily genetically-

corrected, they have been reported to be far more tumourigenic than their ESC

counterpart and a lot of research is currently focused on how to increase the

biosafety of these cells to allow their potential application in the clinic (Gutierrez-

Aranda et al 2010).

1.2.2.2.7 Other stem cells with myogenic potential

Additional multipotent stem cell sources exist with little or moderate myogenic

potential. Mesenchymal stem cells (MSCs) have been demonstrated to differentiate

into muscle, as well as into other tissues, such as bone, cartilage, fat and connective

tissue (Markert et al 2009), and recent studies indicate that MSCs are derived from

perivascular cells associated with blood vessels and express typical pericyte

markers, such as NG2 (Crisan et al 2008). As these cells concomitantly display
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immunosuppressive properties, they seemed suitable for cell-based therapies in

DMD models. However, so far the frequency to commit to the myogenic lineage

has been very low and below therapeutic benefit (Gang et al 2009). Other myogenic

populations have been identified, which are largely defined by their cell surface

marker expression and less by their anatomical location. As their myogenic

contribution to skeletal muscle regeneration was limited they will not be reviewed

here, but are discussed elsewhere (Tedesco et al 2010).

1.2.2.3 Gene therapy for DMD

In addition to stem cell therapy, gene therapy approaches exist, which are aimed to

either correct the mutation of endogenous dystrophin gene copies and transcripts

or to introduce a functional heterologous dystrophin copy to restore dystrophin

expression and DGC assembly. However, one major hurdle in the development of

clinically-relevant DMD gene therapy strategies has been the large size of the

dystrophin coding sequence or gene. To overcome the size limitations, recent

advances have used alternative approaches to conventional gene replacement

strategies and have led to promising results now being tested in numerous clinical

trials (Fairclough et al 2011).

1.2.2.3.1 Shortened dystrophins

More than 50% of the dystrophin structure is composed of the rod domain with

multiple spectrin-like repeats (Wu et al 2011). Although regulatory roles have been

implied for this domain and essential binding sites for signalling molecules have

been described in this region, BMD patients with “in-frame” deletions in the

internal rod domain retain significant functionality of the shortened dystrophin

molecule and thus present with a much milder phenotype (Helderman-van den

Enden et al 2010). Indeed one patient was found to have an internal deletion of

more than 5kb in the dystrophin rod domain. Despite lacking almost 50% of the

gene, dystrophin was correctly localised to the sarcolemma and the BMD patient

was still ambulant at the age of 61 (England et al 1990). It was therefore
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hypothesised that the rod domain is largely redundant and led to subsequent

developments of shortened mini- and microdystrophins (Wu et al 2011).

Transgenic mdx mice that expressed the shortened BMD-derived 6kb dystrophin

construct at only low levels of 20-30% still showed a remarkable protection from

the dystrophic phenotype and virtual absence of any morphological or biochemical

pathologies (Wells et al 1995). Subsequently, numerous minidystrophin constructs

with varying deletions were generated and compared in vitro and in vivo (Harper et

al 2002; Odom et al 2010a; Odom et al 2010b; Wang et al 2000a). A recent study

unequivocally demonstrated that systemic delivery of human minidystrophin into

mdx and utr-/-/mdx dko mice via an adeno-associated viral vector resulted in

amelioration of the dystrophic phenotype, functional recovery, increased mobility

and prolonged life span, in particular for the dko mouse (Wang et al 2009). In

addition to minidystrophins, further deletions of the rod domain led to

microdystrophins with only 4-5 spectrin-like repeats making them more suitable

for packaging into viral delivery vectors (Odom et al 2010a). Although

microdystrophins are not as functional as minidystrophins and do not restore full

strength, they can ameliorate the dystrophic phenotype similarly to

minidystrophin and significantly reverse the muscle pathology (Harper et al 2002;

Odom et al 2010a). These promising findings led to a recent clinical trial, in which a

minidystrophin encoding 40% of the original sequence was delivered to the biceps

of DMD patients using a recombinant adeno-associated virus (rAAV). Despite the

hopeful results in pre-clinical studies, this trial failed to establish stable, long-term

dystrophin expression in patients at 45 or 90 days post-injection and raised

questions regarding appropriate gene delivery and the possibility of

immunological rejection of the recombinant dystrophin protein when antigen-

presenting cells are transduced (Mendell et al 2010; Wilson 2010).



Introduction Chapter One

71

Figure 1.9| Micro- and minidystrophins.

The full-length dystrophin coding sequence is approximately 12kb and contains all functional domains, such as the N-

terminal (NT) actin-binding domain (ABD), the β-dystroglycan binding domain (DgBD) in the cysteine-rich domain (CR), 

four hinge domains (H1-4), as well as the dystrobrevin (DbBD) and syntrophin binding (SBD) sites. The central rod

domain comprises 24 spectrin-like repeats (1-24), which are largely dispensable and can be deleted up to 70% to give

rise to smaller, but functional mini- and microdystrophins. The truncated dystrophins comprise suitable sizes to be

packaged and delivered by gene transfer vectors. Figure derived from Muir and Chamberlain, 2009; Expert Reviews in

Molecular Medicine.

1.2.2.3.2 Gene correction in-situ

An additional strategy to correct the dystrophin gene on the genomic level is by

using sequence-specific endonucleases, such as meganucleases and zinc finger

nucleases. These can be designed to induce double strand breaks at a specifically

chosen site in the target gene, such as dystrophin. In cycling cells and mainly

during S-phase, these events trigger a process of homologous recombination, in

which the strand break is repaired by its sister chromatid (Convery et al 2005).

Endonucleases are therefore regarded as an attractive strategy to repair the

dystrophin gene in-situ by replacing the mutant gene with a fully functional

dystrophin donor copy, leaving it under the control of the endogenous dystrophin

promoter (Chapdelaine et al 2010; Rousseau et al 2011). However, this approach

does not circumvent the necessity to deliver a full-length dystrophin copy or its

miniature counterpart together with the endonuclease. An alternative DNA repair

mechanism is non-homologous end-joining (NHEJ), which mainly occurs in non-

cycling, quiescent cells in G0 or in dividing cells during G1-phase, when the sister

chromatid is not available (Convery et al 2005). This process is error-prone and as

such introduces small deletions or insertions leading to a frame-shift. It was

hypothesised that this frame shift could restore the reading frame of a mutated

gene, such as dystrophin in DMD. In contrast to the strategy pursued with

homologous recombination, this approach only requires the transient expression of
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the endonuclease to allow the potential restoration of a mutated dystrophin gene

(Chapdelaine et al 2010). In a proof-of-principle study, meganucleases specifically

designed to target a mutated dog dystrophin sequence moderately restored the

reading frame in myoblasts in vitro, but only infrequently in myofibres following

electroporation of the constructs in vivo. However, these experiments required the

transfection of the mutated dystrophin gene together with the meganuclease,

which may account for the low efficiency, particularly in vivo. Thus, by specifically

targeting the out-of-frame mutations with endonucleases, the reading frame can be

potentially restored specifically in patients with mutations in the redundant central

hotspot domain (Chapdelaine et al 2010).

1.2.2.3.3 RNA-based therapies for DMD

An alternative to correcting a mutated dystrophin gene on the genomic level is to

restore dystrophin expression at the mRNA level by modulating splicing of the

transcript. The strategy to restore the reading frame by skipping the mutated exon

was originally discovered in naturally-occurring revertant fibres, which are patches

of dystrophin-positive fibres infrequently detected in DMD patients and animal

models (Arechavala-Gomeza et al 2010; Hoffman et al 1990; Lu et al 2000;

Nicholson 1993; Yokota et al 2007). Dystrophins from revertant fibres were found

to have internal deletions, similar to those commonly observed in BMD patients,

and resulted from exclusions of exons surrounding the primary mutation,

favouring alternative splicing thus restoring the reading frame (Arechavala-

Gomeza et al 2010; Lu et al 2000; Yokota et al 2007). Soon after, it was discovered

that this mechanism can be favoured by using antisense oligonucleotides (AONs).

AONs have originally been used to knock-down genes by binding to the mRNA

target sequence initiating an RNaseH-dependent degradation of the mRNA:DNA

hybrid (Muntoni & Wood 2011). More recently, however, the backbone chemistry

of AONs has been improved to increase their half-life and to allow sterical

blockade of splice sites and consequently the exclusion of desired mutated exons



Introduction Chapter One

73

(Opalinska & Gewirtz 2002; 2003). Subsequently, restoration of the reading frame

by AONs has been successfully demonstrated for a number of genes, including the

dystrophin gene (reviewed in Wood et al 2010). Due to the large size of the

dystrophin gene, transcription requires several hours (<16 hours) and facilitates

modulation of splicing events by AONs (Muntoni & Wood 2011). Due to the

recovery of the reading frame, mRNA stability is increased, resulting in prolonged

translation of functional dystrophin protein (Muntoni & Wood 2011). First proof-of

principle studies using intramuscular injection or systemic delivery of AONs with

improved chemistries (2′-O-methyl phosphorothioate, 2OMe; phosphoro-

diamidate morpholino, PMO) into the mdx mouse model have demonstrated the

successful delivery into muscle fibres associated with partial dystrophin restoration

(Alter et al 2006; Lu et al 2003). Notably, PMOs are highly resistant to nucleases and

thus have increased serum stability, making them particularly suitable for systemic

delivery (Alter et al 2006). In vivo body-wide dystrophin restoration up to ~20%

was detected after PMO systemic delivery in the mdx mouse and the GRMD dog,

which was associated with functional improvement and reduced inflammation

(Alter et al 2006; Yokota et al 2009). These promising results led to a set of parallel

proof-of-principle clinical trials testing both chemistries (2OMe, PMO) in their

safety and efficiency to skip exon 51 (Muntoni & Wood 2011). Exclusion of exon 51

would restore the reading frame in 13% of patients with deletions in exon 50, 52 or

other suitable combinations. Intramuscular and systemic delivery of either AON

resulted in detectable dystrophin expression in DMD patients in a dose-dependent

manner, although dystrophin expression was found to be highly variable between

individual muscles (Cirak et al 2011; Goemans et al 2011; Kinali et al 2009; van

Deutekom et al 2007). A phase III pivotal trial and three other follow-up trials are

currently underway to define the exact dosing regime and to test safety and

efficacy of 2OMe in a large cohort of DMD patients (Muntoni & Wood 2011).

Simultaneously, a number of enhanced formulations have been described, which

take advantage of cationic peptides that are conjugated to the neutral PMO

backbone, and have been shown to increase uptake into cells (Muntoni & Wood
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2011). These new-generation PMOs (peptide-conjugated PMOs, PPMOs) have

demonstrated 100-fold higher efficiency in altering dystrophin splicing and led to

effective dystrophin restoration in all muscle groups, as well as in the heart

(Fletcher et al 2007; Wu et al 2008; Yin et al 2008). Furthermore, tissue-specific

peptides may direct PPMOs to defined tissues, such as the diaphragm or heart,

thereby reducing off-target delivery and improving exon-skipping efficiencies and

overall biosafety.

Figure 1.10| Exon-skipping for the treatment of DMD.

(A) Dystrophin expression requires the transcription of 2.6 million base pairs, splicing of 79 exons and their subsequent

translation to give rise to a fully functional dystrophin protein with all essential domains. (B) Deletions in the dystrophin

gene can lead to reading frame disruption resulting in the absence of functional dystrophin and the development of

DMD. (C) The disrupted reading frame can be restored with the help of sequence-specific antisense oligonucleotides

(AONs) that act on the splicing level. Through binding of AONs to their complementary sequence, they sterically block

essential splice sites, which ultimately lead to the exclusion of targeted exons. Exclusion of a particular exon or in some

cases multiple exons allows the restoration of the reading frame and gives rise to truncated dystrophin proteins that lack

parts of the dispensable rod domain, but contain all essential functional domains for linking the intracellular cytoskeleton

to the DGC.

1.3 Gene transfer vectors for DMD

One major challenge for current gene therapy strategies in DMD is to deliver the

functional dystrophin gene copy or AON to all muscles of the whole body. In

contrast to AONs that can be delivered systemically, therapeutic gene cassettes,

such as mini- or microdystrophins, have to be shuttled into cells or muscles with

the help of gene transfer vectors or by perforating the membrane to allow diffusion
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into the cell. Two major types of transfer strategies can be distinguished: a) non-

viral tools and vehicles, and 2) recombinant viruses.

1.3.1 Non-viral gene delivery

To allow sufficient DNA molecule delivery into the cell, the cell membrane

permeability can be altered by mechanical means, for instance by electroporation,

sonoporation or the gene gun. These techniques are suitable tools for localised

delivery, for example for shuttling a gene into cells ex vivo, but are less feasible for a

body-wide distribution of the transgenic cassette. Additional gene delivery

methods exist that are more suitable for systemic delivery. Nanoparticles take

advantage of their lipophilic structure, which allows them to fuse with the plasma

membrane to deliver transgenic gene cassettes or AONs into cells. In fact,

optimised nanoparticles have been shown to efficiently package AONs (2OMe) and

to improve biodistribution and dystrophin restoration after systemic delivery into

mdx mice (Ferlini et al 2010). One disadvantage with nanoparticles is that the

therapeutic gene is only delivered into the cell, but not integrated into the genome

and thus is lost in dividing tissue (Ivics & Izsvak 2006). This can be overcome by

using transposons –mobile genetic elements that can be found scattered across

genomes - to deliver therapeutic genes into cells. The Sleeping Beauty transposon, an

ancient transposon in the fish, has been extensively studied in the context of gene

therapy and, in contrast to nanoparticles, has the ability to randomly integrate its

DNA into the genome thereby mediating long-lasting gene expression particularly

in dividing cells (Liu et al 2004b; Liu & Visner 2007). A proof-of-principle study

used the Sleeping Beauty system to insert a reporter gene or microdystrophin into

myoblasts ex vivo and could demonstrate the successful transgene expression in

vivo up to 3 weeks following intramuscular myoblast transplantation into mdx nude

mice (Muses et al 2011a; b). Despite these promising results, Sleeping Beauty

transposons are composed of solely DNA making an efficient body-wide

distribution by systemic delivery challenging (Liu & Visner 2007).
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1.3.2 Recombinant viruses for gene delivery

Viruses have co-evolved with their host organisms to efficiently bind to and

introduce their viral DNA into the host cell as part of their viral replication cycle

(Friedmann & Roblin 1972). Recombinant viruses have therefore been soon

recognised as a potential strategy to deliver therapeutic genes into various cell

types with high efficiency. A number of viruses have been modified to delete

pathogenic genes thereby enhancing their biosafety and allowing transgenic

cassettes of various sizes to be incorporated. As these viruses differ from their

wildtype counterpart, they are referred to as recombinant viruses. Amongst others,

herpes simplex viruses, adenoviruses, adeno-associated viruses and viruses of the

retrovirus family have been explored and studied in detail in muscle and other

diseases, and first clinical studies to evaluate their potential in the clinic have been

initiated (Sheridan 2011). In some instances, these trials have revealed exciting

results, but others also led to concerning outcomes emphasising the ongoing need

to improve biosafety of viral vectors.

1.3.2.1 Herpes simplex viral vectors (HSV-1)

Recombinant HSV-1 vectors have been explored in the context of neuromuscular

diseases with limited results (Wang et al 2000b; Wang et al 2002; Yeung et al 1999).

The HSV-1 wildtype virus is composed of a large 152kb viral double-stranded

DNA genome, of which only 1% is required for the production of functional HSV-1

virions, provided that packaging cells express other essential HSV-1 genes in trans

(Wang et al 2002). The resulting HSV-1 amplicon vector has the capacity to package

more than 30kb of transgenic DNA, thus making it an attractive delivery vector for

the transfer of the full-length dystrophin coding sequence. The transgene is

delivered as part of the amplicon in a circular DNA plasmid, which almost entirely

lacks viral genes and is replication-deficient making it a very safe transfer vector

(Manservigi et al 2010). HSV-1 amplicon vectors efficiently transduced myoblasts

and myotubes in vitro, and are also able to introduce their transgenic DNA into
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myofibres in vivo following the intramuscular injection of virions into neonatal

mice (Wang et al 2002). However, one major drawback of HSV-1 vectors is the

inability to cross the basal lamina, which was shown to act as a physical barrier to

the virus (Huard et al 1996). Therefore, despite the outstanding packaging capacity,

the vector cannot be used for dystrophin delivery to postnatal muscle. It was

suggested to employ HSV-1 vectors for the genetic correction of myoblasts ex vivo,

however, the HSV-1 vector DNA does not integrate into the host genome and

would therefore be lost in rapidly-dividing cells, such as myoblasts (Wang et al

2002). Interestingly, it was found very recently that HSV-6 inserts its genome into

the telomere region of human chromosomes, making it the first subtype of the

herpes virus family to integrate its episomal genome into a defined chromosomal

region during the stage of latency (Arbuckle et al 2010). Furthermore, HSV-6 was

able to vertically transmit its genome through the germline and is currently under

detailed investigation (Arbuckle & Medveczky 2011).

1.3.2.2 Adenoviral vectors

In addition to HSV-1 vectors, adenoviral (Ad) vectors have the ability to deliver

full-length or minidystrophin to muscles in vivo, however, these vectors have raised

some concerns regarding biosafety and efficiency (Odom et al 2007). The Ad

genome consists of double-stranded DNA comprising 35kb in size. First and

second generation vectors display partial deletions of the Ad early transcriptional

units E1-E4. Similarly to HSV-1, these vectors do not integrate their DNA into the

host genome and can deliver their DNA into dividing and non-dividing cells

(Sheridan 2011). Ad vectors have a packaging capacity of approximately 8kb and

have been predominantly used to deliver minidystrophin in vitro and in vivo

(Acsadi et al 1994; Acsadi et al 1996; Odom et al 2007). Intramuscular injection of

the Ad vector expressing the 6.3kb minidystrophin into mdx mice resulted in

transgene expression in up to 50% of myofibres (Acsadi et al 1996; Odom et al

2007). However, the number of transgenic myofibres was significantly reduced and

in some cases completely eliminated by 60 days post-injection, regardless of
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whether the recombinant virus was injected into neonatal or adult mice. This

finding suggested an immune response directed against the virus or residual viral

proteins and was supported by cytotoxic CD8+ T-cells (Acsadi et al 1996). To

overcome these hurdles, most viral genes have been removed in third-generation

Ad vectors, referred to as “gutted” vectors, as to minimise the probability of

eliciting an immune response against viral proteins transcribed from the transgenic

cassette (Jozkowicz & Dulak 2005; Odom et al 2007; Parks et al 1996). These vectors

have significantly increased the packaging size to 27kb and, similarly to HSV-1,

allow the incorporation of full-length dystrophin under the control of large tissue-

specific promoters (DelloRusso et al 2002). Indeed, this strategy has proven to

reduce immunogenicity of Ad vectors and confirmed prolonged dystrophin

expression combined with functional improvement up to 1 year following the

administration into neonatal mdx muscles (Dudley et al 2004). Although the virus

has been shown to transduce myofibres after systemic delivery, transduction of the

limb musculature was low (Acsadi et al 1996). Furthermore, “gutted” Ad vectors

exhibit a reduced transduction efficiency and require a higher dose during

administration increasing the likelihood of vector toxicity. Indeed, immunological

problems still remain with the “gutted” Ad vector, and vector-associated immune

responses as well as pre-existing neutralising antibodies impose an increased risk

towards Ad vector administration in humans. More than 50 serotypes have been

described for adenoviruses with distinct immunological profiles in the human host,

and serotypes 2 and 5 are commonly used in recombinant gene therapy Ad vectors

(Odom et al 2007). As humans and other mammals are frequently exposed to

adenoviral infections, they may have neutralising antibodies and pre-existing

immunity against a particular serotype. The consequences of such a scenario

became shockingly clear when Jesse Gelsinger, a young boy suffering from a

metabolic disorder exhibited pre-existing immunity against the Ad5 capsid, and

was treated with an Ad5 gene therapy vector. Vector administration rapidly

triggered an innate immune response against the vector and led to multi-organ

failure and unexpected death 4 days post-administration (Teichler Zallen 2000;
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Wilson 2009). Indeed, due to the high immunogenicity of the vector, the first

administration would produce neutralising antibodies and thus prevent

subsequent administrations. Current research focuses on the co-delivery of

immunomodulatory molecules inhibiting any vector-associated immune responses

and has shown promising results in immunocompetent animal models (Kay et al

1995).

1.3.2.3 Adeno-associated viruses (AAV)

AAVs are small viruses with a single stranded DNA genome comprising 4.7kb,

which is flanked by inverted terminal repeats (ITRs). AAV itself is replication-

deficient, but viral elements of the adenovirus have been shown to induce AAV

replication, thus allowing the generation of functional viral particles (Matsushita et

al 1998; Myers et al 1980). Hence, the name was chosen due to its dependency on an

adenovirus helper virus or adenoviral elements. Despite its non-pathogenicity,

AAVs can infect numerous cell types and therefore represent an attractive tool for

gene transfer. Tissue-specificity is mainly directed by the serotype and to date up

to 11 serotypes have been described (Odom et al 2007). Wildtype AAV can infect

dividing and non-dividing cells and integrates its genome preferably into a

designated site (referred to as AAVS1) in chromosome 19 of the human genome

(Kotin et al 1990). The development of recombinant AAV (rAAV) vectors, however,

required the removal of all structural and functional viral genes to allow

incorporation of transgenic cassettes up to ~5kb, and eliminated its ability to

integrate at this specific locus. Upon transduction of the cell, the viral genome is

released from its capsid, converted into double-stranded DNA using the host cell

DNA polymerase in the nucleus, and subsequently forms episomal head-to-tail

concatemers, which are unable to replicate when the cell divides. However,

occasional random integration into the genome has been reported in the instance of

high viral loads (Vasileva & Jessberger 2005). More than 70% of these integrations

occur in transcriptionally-active genes close to the transcriptional start site or in
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CpG islands and are associated with genomic deletions (Nakai et al 2003; Nakai et

al 2005; Vasileva & Jessberger 2005). Hence, random rAAV integration may pose

the risk of insertional mutagenesis or perturbation of the transcriptional regulation

of flanking genes (Donsante et al 2001; Vasileva & Jessberger 2005). Nevertheless,

the circular episomes can be retained in post-mitotic tissue for many years and

stable gene expression up to 2 and 5 years has been reported in immunocompetent

mice and dogs intramuscularly injected with an rAAV, respectively (Odom et al

2007; Toromanoff et al 2008; Xiao et al 1996). Specific serotypes have been used to

target the rAAV vector to desired tissues, an approach referred to as pseudotyping.

Whilst the transgenic cassette, containing the promoter and the gene of interest, is

flanked by ITRs derived from AAV serotype 2, the serotype of the capsid can be

varied as needed and determines the transduction efficiency of the rAAV vector.

Numerous capsid serotypes have been tested for their efficiency to transduce

skeletal muscle and to date, serotypes 1, 5, 6, 7, 8 and 9 have yielded efficient

transduction of both fast and slow muscle fibres (Duan et al 2001; Evans et al 2011;

Grimm & Kay 2003; Louboutin et al 2005). Additionally, serotypes 1, 6 and 9 have

been demonstrated to mediate high transduction of cardiac muscles (Bish et al

2008; Pacak et al 2006; Prasad et al 2006; Zincarelli et al 2010). Furthermore, only

serotypes 6, 8 and 9 showed a pronounced ability to cross the endothelial barrier

and thus could mediate body-wide transduction following systemic administration

(Gregorevic et al 2004a; Odom et al 2010a; Pacak et al 2008; Wang et al 2005; Yue et

al 2011). One drawback of rAAV is its limited packaging capacity of less than 5kb.

To overcome this limitation, microdystrophins or greatly reduced minidystrophins

(~4kb) can be packaged into rAAVs and were shown to efficiently restore the

dystrophic phenotype in mice and dogs following their intramuscular

administration (Gregorevic et al 2004a; Sakamoto et al 2002; Wang et al 2000a).

These results have led to a small number of proof-of-principle clinical trials for

MDs, including DMD, which tested the efficiency of serotypes 1, 2 and 5 for gene

transfer. Unexpectedly, one trial delivering a minidystrophin in a rAAV2/5 vector

to a small DMD cohort (n=6) resulted in immunological responses against the
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vector or the transgene in all subjects, and led to clearance of transgene-expressing

myofibres (Mendell et al 2010). This highlighted concerns regarding the overall

immunogenicity of rAAVs in humans and raised some questions for their potential

use in the clinic. It also underpinned the importance of tissue-restricted expression

(see section 1.3.3). Indeed, similar to Ad vectors, the rAAV capsid can elicit an

acute cellular immune response in rodents, large animal models and humans

(Odom et al 2010a). Pre-existing immunity against the capsid has been detected in

dogs for almost all muscle-specific serotypes. If a cytotoxic T-cell response is

elicited, transgene-expressing cells are usually eliminated within 1 or 2 months

after administration (Odom et al 2010a). It is therefore not desirable to treat subjects

with pre-existing immunity or to re-administer the virus repeatedly for long-term

benefit. Thus, sufficient whole-body muscle transduction with only one single

administration is required. This has been recently achieved in the large animal

model, the GRMD dog, and highlighted the importance of large vector productions

(Yue et al 2008). Indeed, rAAV can be very efficiently produced with titres

normally ranging between 1011-1012 infectious particles per ml. Furthermore, rAAV

particles can be produced in large-scale vector preparations, which can be purified

for clinical grade using capsid-specific column chromatography. Hence, rAAV

particles can be produced in sufficient amounts to allow effective whole-body

muscle transduction of a DMD patient with a single systemic injection (Odom et al

2007). To circumvent the issue of re-administration, the acute phase of immune

reaction against the capsid can be prevented by transient immunosuppression and

has been shown to promote duration of transgene expression as well as to allow re-

administration of rAAV vectors (Manning et al 1998). However, as described for

Ad vectors, humans display a large reservoir of existing neutralising antibodies

against various AAV capsids, with the highest prevalence against serotypes 2 and 6

(Halbert et al 2006). Whether artificial capsid mutants that are capable of escaping

the human immune system can be synthesised by high-throughput DNA-shuffling

is currently under investigation (Kienle et al 2012). Furthermore, capsid-free, naked

rAAV-0 vectors have been successfully produced and preliminary data suggest a
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good transduction efficiency of murine muscle after intra-arterial injection and no

decline in transgene expression due to immunological reactions after second

administration (Luis Garcia, unpublished results). These advances will increase the

biosafety of vectors and are likely to permit repeated administration of rAAV

vectors. Despite the promising results in terms of whole-body delivery,

microdystrophins lack the ability to ameliorate muscle function in DMD models, so

that functional recovery would not be promoted with rAAVs delivering these

micro-genes (Odom et al 2010a). Recent advances in rAAV vector technology have

taken advantage of a dual vector approach, in which two rAAV vectors with

greatly overlapping transgenic sequences are delivered into one cell and

subsequently are triggered to recombine thus generating a full-length dystrophin.

Alternatively, the first vector carrying the 5’ portion of the dystrophin gene and the

second vector carrying the 3’ portion can recombine during concatemer formation

via the ITRs once co-infected into the same cell. Subsequently, the ITR can be

removed by trans-splicing due to incorporated splicing donor and acceptor sites

into each vector, respectively. Both strategies have been successfully demonstrated

in proof-of principle studies, albeit with very low efficiencies (Duan 2006). An

additional way to restore dystrophin expression with functional output is by

delivering exon-skipping constructs by rAAVs. U1 and U7 small nuclear RNAs

(U1snRNA, U7snRNA) are components of the splicing machinery and are

specifically involved in the pre-mRNA processing at the 3’ end. They consist of

100-200 nucleotides, of which a “tail” is complementary to their specific splice site.

It was discovered that single nucleotide changes in the pre-mRNA transcript blocks

splicing and as such leads to exon exclusion. Sequence modification of the U1 or

U7snRNA and incorporation of the exon-specific antisense sequence can therefore

block the splicing of targeted exons and lead to efficient exon-skipping.

Intramuscular injection of rAAVs expressing a U7snRNA designed to skip exon 23

in the mdx mouse led to persistent exon-skipping in more than 70% of myofibres

(Goyenvalle et al 2004). Systemic delivery of an rAAV vector expressing U1snRNA

designed to skip exon 23 in the mdx mouse resulted in widespread dystrophin
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restoration in the hind limbs and significant functional improvement, including

reduced serum creatine kinase levels, increased specific force of single fibres and

improved mobility of mice (Denti et al 2006). To translate these findings into

humans, skipping of exon 51 was pursued and dystrophin expression was restored

to almost normal levels when suitable human DMD myoblasts were transduced

with the appropriate rAAV-U7snRNA vector (Goyenvalle et al 2009). These

findings confirm the suitability of rAAVs as promising gene therapy vectors to

transfer exon-skipping constructs into skeletal muscle with high efficiency.

1.3.2.4 Retroviral vectors

All recombinant viral vectors described so far mediate transgene expression from a

non-integrated viral episome which is rapidly lost in cycling cells and more slowly

over time in post-mitotic tissue due to ongoing tissue turnover. The latter would be

even more pronounced in dystrophic muscles due to successive phases of

degeneration. In contrast, members of the retrovirus family (Retroviridae) have the

ability to integrate their viral genome into the host cell chromatin and therefore

represent suitable gene transfer vectors for stable, long-term transgene expression.

Retroviruses comprise a diploid set of 7-12kb single stranded RNA molecules,

which are reverse-transcribed into double-stranded DNA following host cell

infection and thus represent an exception to the central dogma of molecular

biology. The double stranded DNA is then transferred to the nucleus and inserted

into the host cell genome. The family of Retroviridae can be sub-divided into seven

genera with simple or complex retrovirus biology, distinct genetic structures and

virion morphologies. Alpharetroviruses, betaretroviruses, gammaretroviruses,

deltaretroviruses and epsilonretroviruses are simple retroviruses, whereas lentiviruses

and spumaviruses are classified as complex retroviruses. In the context of gene

therapy, mainly gammaretroviruses and lentiviruses have been described (Baum et al

2006). In this study, the human-immunodeficiency virus type 1 (HIV-1) was

investigated as a gene therapy vector, so that the main focus in this summary is on

this particular retrovirus.
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Figure 1.11| Comparison of commonly used viral vectors for gene transfer.

(A) Viral vectors are commonly derived from Herpes Simplex virus (HSV), adeno-associated viruses (AAV),

adenoviruses (gutted Ad) and retroviruses. Virulence genes are replaced with the transgenic cassette to generate

replication-incompetent viral vectors for gene transfer. ITR – Internal repeats, LTR – long term repeats, Ψ, a  – 

encapsidation signal, ori – origin of replication, rAAV – recombinant AAV. Figure adapted from Bouard et al. 2009

(Bouard et al 2009). (B) Breakdown of viral vectors used in clinical gene therapy trials. Figure derived from Sheridan et

al. 2011.
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Table 1-1| Comparison of commonly used viral vectors for gene transfer.

Vectors derived from different viruses differ from each other with regards to vector size, genomic form, genotoxicity, immunotoxicity and the ability to infect quiescent cells or to mediate stable, long-

term transgene expression. Figure and table derived and modified from Bouard et al. 2009; Br J Pharmacol 157(2): 153-165 (Bouard et al 2009).

Genetic

material

Packagin

g capacity

Vector yield

(TU/ml)
Vector genome forms

Duration of

transgene

expression

Transduction of

quiescent cells
Genotoxicity

Inflammat

ory

potential

Gammaretrovirus

(Retroviridae)
RNA ~7kb

109-1010

moderate
Integrated provirus

Long-term

(years)
No

Integration

potentially

oncogenic

Low

Lentivirus

(Retroviridae)
RNA ~8kb

109-1010

moderate
Integrated provirus

Long-term

(years)
Yes

Integration

potentially

oncogenic

Low

Herpes-Simplex

Virus

(Herpesviridae)

dsDNA >30kb
1012

high
Non-integrated Transient Yes Low High

Adenovirus

(Adenoviridae)
dsDNA ~30kb

1012

high
Non-integrated

Short-term

(weeks)
Yes Low High

Adeno-Associated

Virus

(Parvoviridae)

ssDNA ~5kb
1012

high

Non-integrated (90%),

integrated (10%)

Medium –

long-term

(year)

Yes
Needs further

investigation

Low-

Moderate
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1.3.2.4.1 Retroviral genome organisation

Simple and complex retroviruses consist of the basic retroviral genome containing

the three essential genes for viral particle production:

a) group-specific antigen (gag) encoding structural proteins for the viral core. This

includes the matrix (MA), capsid (CA) and nucleocapsid (NC) proteins.

b) polymerase (pol) encodes for viral enzymes, such as protease (PR), reverse

transcriptase (RT), and integrase (IN).

c) envelope (env) codes for viral transmembrane (TM) and surface (SU)

glycoproteins, which form the envelope of the virion.

In addition, complex retroviruses, such as lentiviruses comprise specific regulatory

and accessory genes. Specifically, HIV-1 contains the two regulatory genes tat

(transactivator of transcription) and rev (regulator of virion expression), and four

accessory genes: vif (viral infectivity factor), vpu (viral protein unique), vpr (viral

protein R) and nef (negative factor). Molecules encoded by the accessory genes can

evade viral restriction mediated by the host and thus are important players to

ensure viral persistence and transmission (Malim & Emerman 2008). The retroviral

genome is flanked by long terminal repeats (LTRs) at both sites, which can be

further subdivided into U3 (unique in 3’), R (repeat) region and U5 (unique in 5’)

and are generated during reverse transcription. In the packaged viral genome, the

5’ end is flanked by R and U5, whereas the 3’ end of the genome is flanked by U3

and R. These elements play an important role in the process of reverse

transcription, provirus integration and virus replication. Furthermore, the U3

region possesses transcriptional activity and as such acts as a promoter for viral

transcripts following genomic integration. The R region contains a polyadenylation

signal to allow efficient processing of viral RNAs, which is supported by additional

sequences in U5. Other non-coding, regulatory sequences exist along the HIV-1

genome, in particular the primer binding site (PBS), the encapsidation signal (Ψ), 

the polypurine tract (PPT) and a second central polypurine tract (cPPT), all of

which are required for efficient reverse transcription and packaging.
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Figure 1.12| Retroviral genome organisation.

(A) Viral genome representation of a simple gamma-retrovirus (e.g. the murine leukaemia virus). (B) Representation of

the complex lentiviral genome of the human immunodeficiency virus-1 (HIV-1). Both retroviral genomes contain the

three essential genes, gag, pol and env. Gag encodes the structural proteins matrix (MA), capsid (CA), nucleocapsid

(NC) and protease (PR). Pol encodes the viral enzymes reverse transcriptase (RT), RNaseH (RH) and Integrase (IN).

Env encodes the surface (SU) and transmembrane (TM) envelope glycoproteins. In addition to these basic genes, the

HIV-1 genome contains regulatory genes (tat, rev) and accessory genes (vif, vpr, vpu, nef). Primer binding site (PBS);

encapsidation signal (Ψ); Polypurine tract (PPT); central Polypurine tract (cPPT); Rev-responsive element (RRE). 

Figure modified from Longo et al. 2004 (Longo & Fauci 2004)

1.3.2.4.2 Virion structure

The HIV-1 virus is an enveloped virus particle of approximately 120nm in size with

an outer lipid membrane derived from the infected cell and an inner conical capsid,

in which the RNA genome is packaged as a dense RNA-protein complex. The lipid-

based envelope protects the virion from the hostile extracellular environment and

contains outward-directed spikes consisting of the TM and SU glycoproteins,

mediating the specific binding to cell surface receptors. The inside of the envelope

is lined with the MA protein. Inside the MA-sheathed particle sits the cone-shaped

core that consists of ~1,500 copies of the CA protein, assembled as hexamers giving

the core its characteristic structure. The core contains the two copies of single

stranded RNA, which are protected and stabilised by the NC in a NC-RNA

complex, as well as viral enzymes, such as IN, RT. Furthermore the virion contains

the viral protease and some host cell-derived factors (importantly the tRNALys3),
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which are included into the particle during packaging and budding (Arthur et al

1992).

Figure 1.13| Schematic representation of the mature HIV-1 virion.

Viral proteins depicted in this model: surface (SU) and transmembrane (TM) glycoproteins form the envelope. Matrix

(MA) lines the envelope. The cone-shaped capsid (CA) contains two copies of the viral RNA genome and the viral

enzymes reverse transcriptase (RT), integrase (IN) and protease (PR). The viral genome is packaged in a protein:RNA

complex with the nucleocapsid (NC). Cellular host factors (not depicted in this model can also be packaged into the

virion. Figure modified from Longo et al. 2004 (Longo & Fauci 2004).

1.3.2.4.3 The HIV-1 life cycle

The HIV-1 life cycle comprises an early phase of infection, in which the virus

attaches to the cell, releases its genome into the cell and subsequently integrates it

into the host cell chromatin. The early phase is followed by a late phase of

replication, in which new virulent particles are produced via the synthesis of viral

proteins from the integrated viral DNA, referred to as provirus, leading to virus

assembly and ultimately maturation into fully infectious viral progeny.

Attachment and host cell entry

The first step in the HIV-1 life cycle is the attachment of HIV-1 to its target cell.

During the course of infection, the HIV-1 virus particle is transported via the blood

or the lymphatic tissues into the lymph nodes where they can attach to target cells
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expressing the HIV-1 primary receptor CD4, along with one of the two co-receptors

CXCR4, and CCR5. The cell surface receptor CD4 is expressed by quiescent and

activated T-helper cells, as well as by differentiated macrophages. Nonetheless, not

all human cells expressing the CD4 receptor are permissive for HIV-1 infection,

which led to the discovery of the role of the two chemokine receptors CXCR4 and

CCR5 as important co-receptors to mediate efficient membrane fusion between the

virus and the host cell (Deng et al 1996; Feng et al 1996). HIV-1 with preferred

tropism for one particular co-receptor or both has been identified and tropism

correlates with the disease progression in infected humans (Connor et al 1997). The

SU protruding the envelope, also referred to as gp120, binds to the CD4 receptor,

which leads to a conformational change and exposes a high-affinity binding site for

the co-receptor, and tethers the virion towards the cell plasma membrane. Binding

to the co-receptor leads to another conformational change and exposes the TM

hydrophobic fusion peptide, referred to as gp41, and initiates fusion of the virion

with the host membrane followed by internalisation of the capsid into the cell.

Uncoating

Following the internalisation of the viral core, a not well-understood process

referred to as uncoating disassembles the capsid and releases the HIV-1 genome

into the cytoplasm where transcription takes place. Immediately after capsid

release into the cell, a number of host cell factors have been identified to counteract

with the HIV-1 capsid to block progression of HIV-1 infection. Human cyclophilin

A and tripartite motif-containing (TRIM) proteins have been implicated in leading

to proteasome-dependent degradation of the viral capsid, and mutations in the

capsid gene have shown to escape this pathway (Sokolskaja et al 2006). Recent

findings further suggest that uncoating takes place in the vicinity of nuclear pore

complexes providing host cellular factors with plenty of time to interfere with the

viral core during cytoplasmic transport (Schaller et al 2011). Reverse transcription

occurs after capsid dissociation and before nuclear entry, and entails a reverse
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transcription complex (RTC), which is composed of the viral RNA along with RT,

NC, IN, phosphorylated MA and Vpr (Bukrinsky et al 1993).

Reverse transcription

Reverse transcription is the hallmark of the Retrovirus family, and takes advantage

of the reverse transcriptase to convert single stranded (ss) RNA into linear double-

stranded (ds) DNA. The RT possesses three distinct functions: a) the RNA-

dependent DNA polymerase (RDDP) reverse-transcribes RNA into ssDNA; b) the

DNA-dependent polymerase (DDDP) synthesises the second DNA strand to

convert ssDNA into dsDNA; c) RNaseH activity degrades RNA from a RNA:DNA

hybrid. The process is initiated at the primer binding site (PBS) located at the 5’ site

of the viral RNA, and employs a host cell tRNA for lysine (tRNALys3), which has

been packaged into the virion during particle assembly and is complementary to

the PBS. Thus it serves as a primer for RNA-dependent polymerase (RDDP).

1. RT-RDDP reverse-transcribes the 5’ sequence of the viral genome until the

5’ R-U5 using the 3’ end of the tRNALys3 as a primer (-DNA strand

elongation).

2. The reverse-transcribed RNA from the PBS up to 5’ R-U5 is degraded by RT-

RNaseH.

3. The R–U5 ssDNA jumps with the tRNALys3 primer to the 3’ end of the RNA

genome and hybridises with the R-region of the 3’ U3-R. This is referred to

as the first strand exchange.

4. RT-RDDP reverse-transcribes the full length RNA genome up to the PBS

and thereby generates the first full LTR (U3-R-U5) at the 3’ end. (-DNA

strand elongation).

5. RT-RNaseH degrades the copied RNA, but spares the PPT and cPPT

regions, which serve as primers for RT-DDDP-mediated +DNA strand

synthesis from the PPT / cPPT to the 3’ end, including the PBS using the

associated tRNALys3 primer as a template. (+DNA strand elongation).
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6. RT-RNaseH degrades the tRNALys3 primer and the RNA regions of the PPTs

leaving a 3’ overhang at the +ssDNA strand, which is complementary to the

PBS of the –ssDNA strand.

7. In a second strand exchange, both DNA molecules hybridise with their

complementary PBS sequence, and extension of both strands can be ensured

by RT-DDDP via a “rolling circle” mechanism. Synthesis of the +DNA

strand is completed, including the synthesis of a second 3’ LTR by using the

–strand as a template and strand replacement. Similarly, the lacking 5’ LTR

in the –DNA strand is synthesised by using the +strand as a template.

8. The final product is a linear, blunt-ended dsDNA molecule with all viral

sequences flanked by two fully functional, identical LTRs (U3-R-U5),

referred to as provirus.

(see Figure 1.14 or http://pathmicro.med.sc.edu/flash/hiv-ltr-fn.html for animation

of HIV-1 reverse transcription)
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Figure 1.14| The process of retroviral reverse transcription.

Only the basic retroviral genome is depicted. Reverse transcription is mediated by the reverse transcriptase, which

contains three functional domains: a RNA-dependent DNA-polymerase (RDDP), a DNA-dependent DNA-polymerase

(DDDP) and RNaseH. The host-derived tRNALys3 serves as a primer for cDNA synthesis in the direction 5’->3’ that is

mediated by RDDP. RNaseH degrades RNA in RNA:DNA hybrids in both directions. Following the second strand

exchange, dsDNA is synthesised in 5’->3’ direction, mediated by DDDP. The reverse-transcribed dsDNA contains two

identical LTRs and can be integrated into the host genome. Figure adapted from Cann, 2005 “Principles of molecular

virology” (Cann 2005).
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Nuclear import

Once the RNA genome has been reverse-transcribed, IN is bound to both ends of

the viral DNA via the attachment (att) sites in each LTR, and the RT dissociates

from the 50nm RTC complex to further reduce the size of the circular pre-

integration complex (PIC) (Bukrinsky 2004; Miller et al 1997). The role of the PIC is

to protect the DNA molecule from the cellular host defence, and to facilitate

nuclear import and subsequently integration into the host genome. The ~40nm

nuclear pore allows passive diffusion of molecules smaller than 9nm, but requires

active transportation for larger macromolecules, such as the PIC (Thys et al 2009).

Gammaretroviruses lack the ability to cross the nuclear pore and require

breakdown of the nuclear envelope during mitosis to integrate their viral cDNA

into the genome. Hence, they can only infect diving cells. Lentiviruses differ from

gammaretrovirus in that they can pass through the nuclear pore complex and thus

can infect dividing and non-dividing cells. However, the molecular basis of how

nuclear transport is mediated for HIV-1 is only poorly understood. Both MA and

Vpr have putative nuclear localisation signals (NLS) and are associated with the

PIC, likely to facilitate nuclear pore transport (Thys et al 2009; Yamashita &

Emerman 2005). Additionally, cellular co-factors, such as LEDGF/p75 are recruited

to the PIC to direct the viral cDNA to appropriate chromosomal regions in the

nucleus and to facilitate integration (Thys et al 2009). Karyophilic importins might

also be involved to actively transport the PIC from the cytoplasm into the nucleus

(Stewart 2007).

Integration

Inside the nucleus, the provirus is integrated into the host chromosome with the

help of IN and cellular co-factors. Integration involves two catalytic steps, with the

first step taking place in the cytoplasm within the PIC, and the second step

occurring in the nucleus. Binding of IN to the att sites in the U3 and U5 LTR,

initiates the cleavage of a pGT dinucleotide at each 3’-end, which is adjacent to

highly conserved CA dinucleotides, thus creating a CA-5’ overhang and a CA-3’-
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OH residue. This first step is referred to as 3’ processing (Engelman et al 1991).

Following the nuclear import, IN mediates a concerted nucleophilic attack of the

two viral CA-3’-OH residues against staggered phosphodiester bridges of opposite

strands in the host cell genomic DNA, leading to a 3’ overhang of 4-6bp host DNA

on each side. The viral 3’ OH-ends are subsequently ligated to the 5’–O-phosphate

residues of the target DNA, leading to integration of the provirus (Engelman et al

1991). This second reaction is referred to as strand transfer. The final step involves

the hydrolysation of the unpaired CA-5’ dinucleotide originating from the 5’

overhang of the viral DNA. Cellular DNA repair mechanisms fill the 4-6 bp ssDNA

gaps from the host cell DNA, which leads to duplication of this DNA sequence and

ends up flanking the LTRs on each side of the integrated provirus (Adamson &

Freed 2008; Thys et al 2009). HIV-1 provirus integration occurs randomly into

transcriptional units with a preference for transcriptionally active genes (Mitchell et

al 2003; Schroder et al 2002). This is in contrast to gammaretroviruses, which

preferentially integrate closely to the transcriptional start site of highly active genes

(Wu et al 2003). The integration pattern is likely to depend on IN and its interaction

with cellular host factors targeting the PIC to specific sites in the genome, and has

been shown to differ between cycling and non-dividing cells (Bartholomae et al

2011). To fulfil its function, IN requires a DNA-binding domain, which can be

found at the C-terminus (Mumm & Grandgenett 1991). The N-terminus contains a

zinc binding motif, which facilitates multimerisation of IN molecules and increases

enzymatic efficiency (Zheng et al 1996). The catalytic core domain consists of a

conserved DDE domain, which has binding sites for divalent metal ions, such as

Mn2+ and Mg2+, both essential co-factors for 3’ processing and strand transfer

(Adamson & Freed 2008). Furthermore, IN also has a NLS suggesting a role in

nuclear import (Thys et al 2009). The IN-mediated provirus integration is a rather

slow process, so that the viral cDNA can undergo alternative routes of DNA

processing, thus generating episomal DNA derivates. Due to the sequence

homology of the LTRs, 1-LTR circles can be generated by homologous

recombination. Similarly, both viral ends can be ligated by NHEJ, thus generating
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2-LTR circles. These episomes have been shown to be stable and transcriptionally

active (Brussel & Sonigo 2004). In addition to circular episomes, linear, non-

integrated viral DNA can also be detected in the nucleus, although this type of

DNA is rapidly degraded in cycling cells (Gelderblom et al 2008).

Transcription and nuclear export

Once the provirus is stably integrated into the host genome, the cellular

transcriptional and translational machinery is used to express viral regulatory and

structural genes. The transcriptional start site is located at the 5’ end of the R region

in the 5’ LTR. Similarly, the 3’ termination signal is located at the 3’ end of the R

region in the 3’ LTR. The cellular RNA polymerase II is employed for viral RNA

transcription, resulting in the whole genome RNA transcript R-U5-gag-pol-env-U3-

R. The LTRs comprise all cis-elements and the core HIV-1 promoter, consisting of a

TATA box to control gene expression. Apart from the promoter, an enhancer

region, a regulatory region and the transactivating-responsive (TAR) region can be

found in the LTR. The HIV-1 core promoter is not very strong in assembling potent

transcription factors to the promoter region for efficient gene expression, and

elongation has been shown to proceed very inefficiently resulting in short

transcripts (Kao et al 1987). The 5’ end of each transcript contains the TAR element,

which forms a stem loop secondary structure and allows binding of the trans-

activator-protein (tat). Following binding of tat to TAR, additional cellular

transcription factors, such as cyclinT and Cdk9, are recruited to the RNA

polymerase II complex and enhance the transcriptional activity and elongation

efficiency by more than 100-fold (Romano et al 1999). This leads to the transcription

of mainly full-length HIV-1 transcripts. Thus, tat directly controls the expression

levels of HIV-1 transcripts and its absence may allow the long latent phase during

infection of 8 years or longer, in which HIV-1 infected individuals are mostly

asymptomatic. Following transcription, post-transcriptional modifications, such as

a 5’ cap and polyadenylation at the 3’ end occur similar to cellular mRNA

processing. Interestingly, transcription can also lead into flanking genes until a new
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termination signal is detected and can thus express flanking genes (Bartholomew &

Ihle 1991). This may lead to up-regulation of proto-oncogenes and increase the risk

of cancer. Additionally, early generated HIV transcripts can be spliced multiple

times by using the host cell splicing machinery to generate early regulatory factors,

such as tat, nef and rev. Whereas tat regulates transcriptional levels, nef blocks

peptide presentation through the major-histocompatibility complex (MHC) class I

and II to prevent detection of viral HIV-1 peptides and an immunological clearance

of infected cells (Das & Jameel 2005). Thus, it promotes the survival of the cell to

allow persistence of infection. In addition, rev binds to the Rev-responsive-element

(RRE) and “shadows” existing splice sites whilst recruiting further cellular host

factors to allow nuclear export of non-spliced or single-spliced, long HIV-1

transcripts (Pollard & Malim 1998). These transcripts normally appear later in the

life cycle and encode structural proteins for viral particle assembly (Gottfredsson M

& PR. 1997).

Translation

All exported mRNAs and the genomic RNA are translated by the host cell’s

translation machinery. As with cellular mRNAs, the ribosome binds to the RNA

template and initiates translation at the start codon (AUG) in the Kozak sequence

(Kozak 1987). Translation of the unspliced, full-length RNA generates the gag

protein and the gag-pol polyprotein. A stop codon located after the gag coding

sequence results in premature translation termination, so that only gag is

produced. To generate the full-length gag-pol polyprotein, HIV-1 pursues a

strategy of ribosomal frameshift, in which the ribosome is directed to move back

one nucleotide, therefore resulting in a new codon sequence and continuous

protein synthesis (Jacks & Varmus 1985). Protein synthesis of the gag-pol

polyprotein by ribosomal frameshift occurs in only 5% of cases (Jamjoom et al

1977). To permit assembly at the plasma membrane, a miristyl group is added to

the N-terminal glycine of gag and gag-pol proteins (Rein et al 1986). The envelope

polyprotein is translated from a spliced mRNA, and is recognised by a signal
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recognition particle (SRP) that targets the protein to the endoplasmatic reticulum,

where it becomes glycosylated to permit its integration into the plasma membrane.

The protein is then further transported to the golgi complex, where proteases

cleave the transmembrane polyprotein into the TM and SU protein, which

ultimately get packaged into vesicles for transport to the membrane (Stein &

Engleman 1990).

Virion assembly, budding and maturation

HIV-1 viral particles are assembled at the plasma membrane and require

multimerisation of approximately 2000 gag proteins, which alone are sufficient to

release “empty”, non-enveloped particles (Stromberg et al 1974). Packaging of the

viral RNA genome requires the packaging signal (Ψ), which is located between the 

major donor and acceptor splice site and thus is only retained in unspliced viral

RNAs. Ψ is bound by gag via the NC domain and binding greatly increases the 

packaging efficiency into virions (Darlix et al 1990; Sakalian et al 1994). The env

proteins assemble with gag via the MA domain, and a lack of this interaction

produces non-enveloped, non-infectious particles (Egan et al 1996). The gag-pol

polyprotein is also assembled at the plasma membrane via the signals in gag and

becomes packaged into the budding particles. Nevertheless, in the absence of gag,

gag-pol is not sufficient to allow successful virion assembly and release (Felsenstein

& Goff 1988). Finally, regulatory proteins and cellular factors are actively recruited

via the interaction with gag, or randomly packaged into the virion (Bukovsky et al

1997; Camaur & Trono 1996; Strebel 2010). Once the viral particle is assembled, the

virion buds off the cell, a process mediated by an endosomal sorting complex

required for transport (ESCRT) machinery (Ivanchenko et al 2009). Following the

release of the viral particles, virions are immature and not infectious. During

maturation of the particles, the gag and gag-pol polyproteins become cleaved by

the viral protease (PR) and release IN and RT, as well as the required structural

proteins MA, CA, NC (Ledbetter 1979). The structural proteins reorganise to form

the cone-shaped capsid, in which the viral enzymes and RNA:protein complex are
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incorporated. This gives rise to the mature, fully infectious HIV-1 virion (Vogt

1996).

Figure 1.15| The HIV-1 life cycle.

(A) Individual steps are described in the text. The infectious virion binds to a specific cell-surface receptor of the host

cell membrane, becomes internalised, the capsid is dismantled whilst the RNA is reverse-transcribed and the pre-

integration complex (PIC) is formed. The PIC is imported into the nucleus through the nuclear pore complex and the

provirus is integrated with the help of integrase and cellular host factors, such as LEDGF/p75. Circular 1-LTR and 2-LTR

circles are by-products of non-integrated proviruses. RNA is transcribed from the provirus or LTR-circles, modified,

spliced and exported from the nucleus to produce regulatory proteins required for the export of non-spliced RNA. (B)

Non-spliced and spliced viral RNAs are translated in the cytoplasm and the virion assembled at the plasma membrane.

Following virion budding, the non-infectious viral particle matures, a process in which the gag and gag-pol polyproteins

become cleaved to form the capsid with the incorporated RNA:protein complex. After maturation the virion is fully

infectious. Figure modified from Longo et al. 2004 (Longo & Fauci 2004), The detailed schematic of the PIC is derived

from Thys et al. 2009 (Thys et al 2009)
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1.3.2.4.4 Lentiviral HIV-1 vectors

HIV-1 lentiviruses have been substantially modified so that they lack the ability to

replicate and become safe vehicles for gene transfer. The first retroviral vectors

were based on gammaretroviruses (murine leukemia vector, MLV), and the

development of lentiviral HIV-1-based vectors mainly followed the principles of

these initial gammaretroviral vectors. Viral genes required for virion production,

such as gag, pol and env are provided in trans on three to four seperate expression

vectors to reduce the risk of recombination events between these plasmids and thus

the generation of full-length viral RNA and consequently replication-competent

retroviruses (RCRs) (reviewed in Klimatcheva et al 1999). However, cis-acting

sequences, such as the LTRs, RRE,  splice sites, Ψ, PBS, PPT and cPPT are essential 

for integration and transgene expression and are thus retained in the transfer

vector together with the gene of interest. Most of the accessory and regulatory

genes however, such as nef, vpr, vif, vpu have been shown to be dispensible for host

cell infection. Tat and Rev are only provided in trans during vector production, and

are absent in the produced infectious viral-like particles for gene therapy. This

results in low LTR promoter activity once the provirus including the transgenic

cassette has been incorporated into the host chromatin and thus requires an

internal promoter to drive expression of the transgene. To circumvent any

promoter interference with the remaining basal LTR promoter activity, most of the

U3 sequence in the 3’ LTR has been deleted or modified to eliminate LTR promoter

activity and to prevent the transcription of full-length RNA from the LTR. The

deletion in the 3’ U3 region is copied to the 5’ LTR during reverse transcription, so

that in the integrated provirus both LTRs carry the U3 deletion (Zufferey et al

1998). These vectors are therefore referred to as self-inactivating (SIN) vectors. The

incorporation of the cPPT has been shown to increase nuclear import and thus

allows the efficient transduction of non-dividing cells (Follenzi et al 2000; Sirven et

al 2000; Zennou et al 2000). The extended packaging signal Ψ, essential for 

packaging the transfer vector into the virion, is retained within the 5’ truncated

out-of-frame gag gene. More recent modifications include the incoporporation of a
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woodchuck hepatitis B virus post-transcriptional regulatory element (WPRE),

which enhances the nuclear export of transcripts and thus enhances transgene

expression levels and viral titres (Zufferey et al 1999).

All structural viral proteins are provided in trans on at least two seperate plasmids

and vector systems have undergone several improvements to further minimise the

risk of recombination and to increase biosafety. In the first generation vector

system, the packaging plasmid contained sequences for gag, gag-pol polyprotein

and all accessory proteins vif, vpr, vpu, nef, tat and rev. Both LTRs were replaced by

the human cytomegalovirus (CMV) immediate early promoter and a

polyadenylation signal from the insulin gene at the 5’ and 3’ LTR, respectively, to

prevent recombination with the transfer vector. The env gene was provided in a

seperate plasmid, and thus allowed pseudotyping with glycoproteins of other

viruses to increase or target the vector to specific tissues or cells. The third plasmid

represented the transfer vector with the transgenic cassette (Naldini et al 1996).

As it became clear that the HIV-1 accessory genes are mainly dispensible for

virus production, all of them but tat and rev were removed from the packaging

plasmid in the second generation vector system to increase the overall biosafety of

vectors and to reduce the potential virulence of recombined HIV-1 RCRs. However,

tat was still required to efficiently synthetise the RNA of the transfer vector from

the 5’ LTR for sufficient viral titres (Zufferey et al 1997).

In the third generation, the U3 in the 5’ LTR was replaced by a constitutive

promoter, such as the Rous Sarcoma Virus (RSV) or CMV promoter, to allow

sufficient transcription of the transfer vector independently of tat. Following

infection, the U3 deletion of the SIN vector in the 3’ LTR will be copied to the 5’

LTR and abolish the constitutive promoter activity to allow efficient transgene

expression from the selected internal promoter. This improvement in transfer

vector design made tat redundant, so that it could be removed from the packaging

plasmid. Additionally, rev was removed from the packaging construct and needs to

be supplied as a fourth plasmid (Dull et al 1998).
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Additional improvements in lentiviral vector design are currently under

investigation, and although RCRs have not yet been detected in humans treated

with a retroviral gene therapy vector, regulatory authorities require the frequent

testing for RCRs before the vector can be applied in clinical trials (FDA

recommendations, 2009).
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Figure 1.16| Lentiviral vector generations.

(A) Wildtype HIV-1 provirus. (B) First, second and third generation of the packaging plasmid. The third generation is tat-

independent due to incorporation of the Rous-Sarcoma Virus promoter, which drives high level RNA transcription during

vector production. (C) Generations of the transfer vector. Deletion in the U3 region of the 3’ LTR led to a self-inactivating

vector (SIN). The U3 deletion is transferred to the 5’ LTR during reverse transcription and removes 5’ LTR promoter

activity. The woodchuck virus post-transcriptional regulatory element (WPRE) was included to increase viral titres and

transgene expression. (D) Env-encoding plasmid.

For the production of HIV-1 vectors, two strategies can be pursued.

a) All vector-encoding plasmids are transiently co-transfected into cells, which

are easily transfectable and easily expandable (typically 293T cells).

Transfected cells will transcribe the RNA for the transfer vector and express

all required structural proteins for viral particle assembly and release, which

typically requires 24 hours. Viral particles are then released into the cell

culture medium and can be easily harvested and further concentrated, if

needed (Kay et al 2001; Naldini et al 1996).

b) Alternatively, a stably-transfected packaging cell line can be used for

transfection with the transfer vector. This approach lacks the requirement

for co-transfection of all required viral genes and thus is very useful to yield
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large, reproducible amounts of virus preparations. Due to the minimisation

of batch differences, this strategy is very suitable for clinical applications

(Kafri et al 1999; Throm et al 2009).

All HIV-1 lentiviral vectors, which I used for experiments performed in this study

were second generation and produced by transient co-transfection. The principle of

lentiviral vector production is depicted in Figure 1.17. One shortcoming of

lentiviral vectors as compared to rAAV and Ad vectors is the difficulty in

producing very high viral titres. Lentiviral titres typically range from 108-109

infectious particles per millilitre, which is a 1000-fold less than the titres of rAAV.

However, this drawback is compensated by the sustained transgene expression in

all progeny of a single transduced cell.
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Figure 1.17| Production of second generation lentiviral vectors using transient transfection.

Lentiviral vectors are produced in HEK293T cells. Transient co-transfection of the SIN transfer vector containing the

transgene under an internal promoter, the 2nd generation gag/pol packaging plasmid and the envelope plasmid encoding

env, provides all necessary viral genes in trans to allow virion assembly using the host cell machinery. Viral full-length

RNA is transcribed from the tat-dependent LTR promoter. Fully-functional lentiviral particles can be harvested from 24h

onwards and highest yields are obtained 48 and 72h post-transfection. Harvested particles are infectious, but

replication-deficient. Following infection of the target cell line, the LTR promoter is inactivated due to the deletion in U3.

The transgene is expressed from either the integrated provirus or non-integrated LTR circles. Lack of the env gene and

all accessory genes prevents the assembly of replication-competent particles in the target cell line. Figure adapted from

www.invivogen.com.
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Non-integrating lentiviral vectors

Despite the great advantage of retroviral vectors to integrate their viral genomes

into the host cell chromatin and hence to confer stable transgene expression in

dividing and non-dividing cells, recent clinical trials have highlighted the risk of

insertional mutagenesis associated with retroviral vectors. Indeed, when 9 patients

suffering from X-linked severe combined immunodeficiency (X-SCID) were

infused with autologous hematopoietic cells that had been transduced with a

gammaretroviral vector to restore expression of the missing gamma-chain cytokine

receptor, 4 out of 9 patients developed T-cell leukemia 31-68 months after gene

therapy (Hacein-Bey-Abina et al 2008). These serious adverse events occurred due

to the insertion of the provirus into or near to proto-oncogenes, in particular LMO2

and BMI1, which activated transcription of these genes and thereby promoted

clonal T-cell expansion leading to malignancy (Hacein-Bey-Abina et al 2008;

Hacein-Bey-Abina et al 2003a; Hacein-Bey-Abina et al 2003b). Albeit SIN vectors

have most of their regulatory sites for transcriptional control (lying in the U3 LTR

region) eliminated, and hence show a significantly reduced risk to interfere with

neighbouring genes, they do not prevent the possibility of gene expression

disruption during provirus integration. Recent advances have therefore focused on

the development of non-integrating lentiviral vectors, which retain the ability to

infect dividing and non-dividing cells and allow large transgenic cassettes up to

9kb to be incorporated into the vector. Furthermore, lentiviral vectors are less

immunogenic than rAAV and Ad vectors and have not been reported to elicit an

immune response against the vector in clinical trials. Hence, non-integrating

lentiviral vectors (NILVs) would represent an attractive alternative to introduce a

gene of interest into post-mitotic tissue.

As described earlier, the viral integrase (IN) binds to the att sites of each LTR in the

cytoplasm and mediates integration into the host chromosome in the nucleus. In

addition, it plays an important role during reverse transcription, PIC formation,

nuclear import and hence cannot be deleted entirely from the viral genome.
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Specific point mutations in the catalytic core of the IN enzyme, however, can

prevent provirus integration whilst not affecting the additional pathways and are

referred to as class I mutations (Engelman 1999). In contrast, class II mutations,

especially in the N-terminal zinc-binding domain are pleiotropic and have been

shown to affect several pathways that IN is involved in, as well as integration

(Engelman 1999). In addition to specific point mutations in the IN enzyme, the att

sites can be modified to prevent IN binding and subsequently integration

(Apolonia et al 2007). Nevertheless, as these sites lie within the LTRs, mutations

directed at the att sites may also affect reverse transcription, PIC formation and

nuclear import. Additionally, cellular co-factors supporting provirus integration,

such as LEDGF/p75 are explored to prevent integration and may present an

alternative strategy, although our current understanding of the interaction of the

host cell machinery with IN is still very limited (Al-Mawsawi & Neamati 2007).

Indeed, LEDGF/p75 is also explored for directing the provirus to a “safe” genomic

harbour instead of actively transcribing genes to reduce the risk of insertional

mutagenesis (Ferris et al 2010). Finally, the IN-mediated strand transfer can also be

blocked pharmacologically by using HIV anti-retroviral drugs, such as

raltegravir and elvitegravir (Markowitz et al 2007; Shimura et al 2008). Block of

provirus integration into the host genome leads to an accumulation of 1-LTR and 2-

LTR circles, which are stably retained in post-mitotic tissue and have been shown

to mediate sustained transgene expression in skeletal muscle (Apolonia et al 2007),

the retina (Yanez-Munoz et al 2006) and the brain (Rahim et al 2009). Additionally,

NILVs have also been used for transient gene expression in dividing cells, in

particular with regards to vaccination strategies, in which epitopes are transiently

expressed in dendritic cells to elicit an immune response (Hu et al 2010).

Alternative applications have been the transient expression of zinc finger nucleases

to allow gene editing or targeting (Cornu & Cathomen 2007; Lombardo et al 2007).

Finally, NILVs represent attractive tools for the generation of induced pluripotent

stem cells as they allow transient overexpression of inducing transcription factors

(e.g. Oct3/4, Sox2) in skin fibroblasts (Mali et al 2008). It is important to note that
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despite integration levels being reduced by 103-fold, residual background

integration with no preference for active genes employing the cellular DNA repair

machinery does still occur at low levels, as is also seen with plasmid transfection

(Apolonia et al 2007; Wanisch & Yanez-Munoz 2009). An additional common

observation with NILVs is their reduced expression level per cell as compared to

their integrating counterpart (Cornu & Cathomen 2007). This effect was shown to

be promoter dependent and was more pronounced with the spleen focus-forming

virus (SFFV) LTR promoter than with the CMV promoter. However, even with the

CMV promoter it was estimated that expression levels per cell were reduced by 10-

fold (Wanisch & Yanez-Munoz 2009).

1.3.3 Tissue-restricted expression

The ability to target transgene expression to a specific cell type or tissue is an

attractive advantage of gene therapy and can increase treatment efficacy as well as

reduce genotoxicity. For instance, targeted expression of suicide genes into tumour

cells is vital to eliminate only malignant cells, but not healthy patient cells (Dachs et

al 1997; Escors & Breckpot 2010). Conversely, genes suppressing the immune

response in autoimmune diseases will result in improved tolerance when delivered

to activated CD4+ T-cells or dendritic cells, but could be detrimental if non-

activated, unaffected cells are transduced (Toscano et al 2011). For a body-wide in

vivo gene correction in which the virus is applied through the circulation, restricted

expression to the target tissue is important to:

a) prevent an immune response against the transgene,

b) avoid ectopic transgene expression especially for toxic proteins or

transcritpional modulators,

c) minimise the loss of viral vectors in undesirable tissues and

d) reduce the need for high vector doses to make gene therapy more economic,

e) prevent transgene silencing and prolong stable transgene expression

(Toscano et al 2011).
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Four strategies can be pursued to target transgene expression to a certain cell type.

1) Pseudotyping

2) Tissue-specific promoters

3) Elimination of transgene expression in off-target tissue by micro RNAs

4) Ex vivo gene therapy of only a specific cell type

1.3.3.1 Pseudotyping

The tropism of the virus is determined by glycoproteins associated with the viral

envelope (for lentiviruses) or the viral capsid (Ad, AAV). These glycoproteins bind

to specific cell surface receptors and thereby direct virus infection to specific

tissues. Pseudotyping viral vectors with heterologous glycoproteins can increase

transduction efficiencies of the desired tissue and reduce off-target transduction

after systemic delivery of the virus. In the case of lentiviruses, the pantropic

glycoprotein of the vesicular stomatitis virus (VSV-G) is most commonly used, as it

binds to an unknown ubiquitous cell surface receptor, which leads to receptor-

mediated endocytosis and internalisation of the viral capsid (Escors & Breckpot

2010; Zhao et al 2008). Thus, pseudotypisation with VSV-G leads to a very broad

tissue range, rather than tissue restriction. However, VSV-G pseudotyped particles

are very stable and facilitate high viral vector productions. Notably, high doses of

VSV-G are toxic during vector production and therefore may confer cytotoxicity

when the VSV-G-pseudotyped gene therapy vector is applied in high

concentrations (Burns et al 1993; Chen et al 1996). In the context of restricting viral

infection to muscle tissue, the Ebola glycoproteins have been implicated to promote

a muscle-specific and satellite cell-specific tropism. The Ebola virus is highly

pathogenic and can be divided into four strains: Zaire, Ivory Coast,

Sudan and Reston, with the first one being the most deadly in humans. The

glycoprotein of Ebola Zaire (EboZ) interacts with the folate receptor-alpha and has 

been reported to primarily infect mononuclear phagocytic cells and endothelial

cells. However, when lentiviral vectors pseudotyped with EboZ were injected

intramuscularly or intrahepatical in utero and compared with VSV-G, they showed
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increased viral copy numbers and elevated levels of gene expression in skeletal

muscle and the heart, which was sustained for at least 8 months (MacKenzie et al

2002). Furthermore, histological analysis revealed that predominantly mono-

nucleated, muscle-resident cells, possibly satellite cells, were transduced by the

EboZ-pseudotyped vector suggesting a tropism for myoblasts or satellite cells

(MacKenzie et al 2005). In addition, EboZ-pseudotyped lentiviruses have also been

shown to efficiently transduce airway epithelial cells (Sinn et al 2003), and lack the

ability to transduce neurons following the direct injection into the adult brain

(Watson et al 2002).

1.3.3.2 Promoters restrict transcriptional activity

In addition to targeting the virus particle to specific tissues, gene expression can be

restricted to certain cell types on a transcriptional level via a tissue-specific

promoter element. This is of particular interest, when the vector encodes a toxic

protein (e.g. suicide gene) or when the vector is administered in vivo. Tissue-

specific expression has distinct advantages over highly active, constitutive

promoters, such as viral promoters:

1) It can evade the immune system and increase efficiency and longeivity of

transgene expression.

2) It is more resistant to promoter inactivation and transcriptional silencing.

1.3.3.2.1 Evading the immune system

Whereas off-target transgene expression is generally undesirable, irrespective of

the transgene being tolerated or not, it also poses a tremendous risk for gene

therapy when the vector is administered in vivo and transduces an antigen-

presenting cell (APC) (Escors & Breckpot 2010). Following the uptake of the viral

vector into the APC, two types of immune responses can be initated to eliminate

transgene expression:

a) The virus is internalised by receptor-mediated endocytosis and the capsid

disassembles in the cytoplasm to release the viral genome. During this
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process, exogenous viral capsid peptides are processed via the endosomal

pathway and loaded onto MHC class II receptors, which are shuttled to the

plasma membrane to present the peptides as “external” antigens to CD4+ T-

helper cells that become activated and in turn stimulate B-cells to produce

antibodies against the viral vector. Consequently, virus-specific antibodies

encapsulate and eliminate all infected cells. Such an immune response is

more prevalent in the presence of inflammation, such as in dystrophic

muscles and is commonly observed after AAV and AdV infection, but less

with lentiviral vectors (Mays & Wilson 2011).

b) An immune response can also be iniated against the transgene, when the

transgene is ectopically expressed in the APC. The transgene becomes

ubiquitinated by the proteasome together with other endogenous antigens

and its peptides are transported to the ER, where they are loaded onto a

MHC class I receptor, that is shuttled via the golgi to the plasma membrane

to present the transgene as a ‘foreign’ antigen to CD8+ cytotoxic T-cells.

Consequently, activated cytotoxic T-cells rapidly lyse the transduced cell

and eliminate all transgene-expressing cells thereafter.

1.3.3.2.2 Transcriptional silencing

Cellular regulation of gene expression is mediated by highly structured DNA

elements, which can be located up to 100kb up- or downstream of the gene and

contain binding sites for regulatory factors to act in trans. Alternatively, cis-acting

regulatory sequences (e.g. CpG islands) can be found in close proximity to the 5’

start of the core promoter region, and allow binding of the transcriptional

machinery and transcription factors. Transcriptionally-active genes are

characterised by an open chromatin formation, referred to as euchromatin, that

allows binding of transcriptional regulators as well as the RNA polymerase II. In

this conformation, histone tails are acetylated by histone acetyl transferases (HATs)

and the DNA as well as the histones are de-methylated (Nalivaeva et al 2009).

Shut-down of gene expression and thus gene silencing on a transcriptional level is
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mediated by DNA methyltransferases, which methylate histones and DNA. 

Similarly, histone-deacetylases (HDAC) lead to deacetylation of histone tails, 

especially in the 5’ promoter region and at regulatory CpG islands. This compacts 

DNA into a very dense chromatin formation, referred to as heterochromatin. Gene 

silencing usually occurs during development to temporally control gene 

expression. However, silencing can also be used as a cellular defense mechanism to 

prevent gene expression from foreign DNA elements. This phenomenom is 

commonly detected after provirus integration, and is often associated with viral 

promoter elements driving aberrant high-level gene expression (Razin 1998). 

Interestingly, a proportion of integrated retroviral proviruses gets immediately 

packaged into heterochromatic regions, a scenario known as position effect 

variegation (Hawley 2001). Insulator sequences (such as the chicken hypersensitive 

site-4, cHS4) can be inserted into the retroviral genome to prevent this particular 

type of silencing (Rivella et al 2000).    

 

Figure 1.18| Histone modifications and associated transcriptional silencing.  
(A) Methylation and deacetylation of histone tails leads to heterochromatin formation and the packaging of promoter 
regions and genes into nucleosomes, which are inaccessible for the transcriptional machinery and cannot be 
transcribed. In contrast, methylation-free promoter regions and acetylated histone tails promote an open euchromatin 
structure that allows assembling of transcription factors and the RNA polymerase II and facilitates gene transcription.  
Figure adapted from Adcock et al. 2006, Respiratory Research, doi:10.1186/1465-9921-7-21. (B) Telomeres and 
regions around the centromere are heterochromatic. Provirus integration into these chromatin regions will result in rapid 
silencing, referred to as position variegation effects. Figure adapted from the Technical University of Denmark – DTU 
(www.cbs.dtu.dk/dtucourse/cookbooks/dave/Chromosome-anat.html).    
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1.3.3.2.3 Viral promoter elements

Initial studies have commonly used viral promoters to drive high-level constitutive

expression of the gene of interest and consequently reported rapid down-

regulation of transgene expression or associated immune responses as major

complications (Papadakis et al 2004). Amongst viral promoters, the CMV promoter

is one of the most widely used in gene therapy, and rapid promoter methylation

has been reported in a number of studies (Brooks et al 2004; Herbst et al 2012;

Zhang et al 2007). Indeed, intramuscular injection of an Ad vector delivering the

transgene under the control of a CMV promoter and enhancer resulted in complete

down-regulation of transgene expression within 24 hours (Brooks et al 2004).

Whilst viral promoter elements seem to be inherently prone to silencing in vivo, the

CMV promoter has also been shown to be specifically down-regulated by tumour

necrosis factor α (TNF-α) and interferons (Papadakis et al 2004). In addition, the 

delivery of a transgene under the CMV promoter readily resulted in an elicited

immune response against the transgene, which was clearly promoter-dependent

and independent of the viral vector used (Cordier et al 2001; Schiedner et al 2002).

Alternatively, retroviral LTR promoters can be used to drive high-level transgene

expression and have achieved long-term expression in clinical trials (Cavazzana-

Calvo et al 2000). However, LTR promoters are still prone to transcriptional

silencing, and can be susceptible to TNF-α and gamma-IFN (γ-IFN), too 

(Ghazizadeh et al 1997). The LTR promoter of the spleen focus-forming virus

(SFFV) has been a promising alternative to the CMV promoter, as it showed less

rapid silencing in vitro and in vivo (Zhang et al 2007). As typical for retroviruses, the

promoter and cis-acting enhancer elements of this replication-defective virus are

contained within the U3 region of the LTR. The promoter is composed of two direct

repeats, which comprise the core enhancer and binding sites for transcription

factors, such as CAT/enhancer binding protein (C/EBP), core binding factor (CBF)

and polyomavirus enhancer binding protein PEBP (Baum et al 1997). The flanking

region 5’ of the direct repeat contains a high-affinity binding site for the ubiquitous

transcription factor Sp1. Another binding site for the transcription factor
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Friend Virus factor c (FVc) is located at the 3’ region of the direct repeat, which is

followed by the CAAT and TATA box (Baum et al 1997). The organisation of the

SFFV promoter is depicted in Figure 1.19. The incorporation of the SFFV LTR

promoter into the retroviral vector has been shown to confer extremely high

transgene expression in cells of the hematopoietic lineage (Baum et al 1997;

Demaison et al 2002), and has recently been applied to achieve high expression also

in other cell types, such as hepatocytes, spermatogenic cells and cardiomyocytes

(Chick 2011; Danno et al 1999; Yamaguchi et al 2003). Despite its transcriptional

strength, a recent study reported rapid and extensive SFFV promoter methylation

in transduced murine embryonic stem cells that were differentiated into

cardiomyocytes as well as in adult bone marrow cells leading to complete

distinction of transgene expression (Herbst et al 2012).

Figure 1.19| Schematic representation of the SFFV LTR promoter element.

The LTR promoter region is located in the U3 region of the 5’LTR and encompasses approximately 500bp.It consists of

two direct repeats (DR), which are flanked by a 5’ and 3’ flanking region (FR). Most of the binding sites for transcription

factors are found in the DR region (Friend Virus (FV) a, b1 and b2, Leukaemia Virus (LV) b). The 5’ FR contains a

binding site for the ubiquitous transcription factor Sp1 and the 3’ FR comprises a binding site for Friend Virus (FV) c.

CAAT and TATA make up the core promoter. (Figure modified from Baum et al. 1997).

1.3.3.2.4 Cellular promoters

The above scenarios highlight the need for physiological expression levels in

transduced cells to evade complications, such as immunological clearance of

transduced cells and transcriptional promoter silencing. Indeed, it has been shown

that low level transgene expression in APCs or their poor transduction is not

sufficient to allow maturation of APCs to activate an immunological response
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(Mays & Wilson 2011). A number of cellular promoters exist and they can broadly

be classified into:

a) Constitutively-active, housekeeping promoters

b) Tissue-specific promoters

A third class of inducible promoters exist, which are regulated by external

biochemical or physical factors to allow spatial or temporal control. These types of

promoters have not been used in this study and are reviewed elsewhere (Guo et al

2008).

Constitutively active cellular promoters

A broad range of constitutively-active housekeeping promoters has been tested,

and the phosphoglycerate kinase (PGK-1) promoter, the elongation factor 1α 

(EF1α) promoter, or the chicken beta actin promoter have been extensively used in  

a number of studies. As typical for housekeeping genes, expression from these

promoters can be found ubiquitously in almost every cell and levels are usually

homogeneously low across different tissues (Toscano et al 2011). Using a

housekeeping promoter, instead of a viral promoter can prevent transcriptional

silencing. Indeed, sustained transgene expression up to several months with

housekeeping promoters as compared to only one or two weeks with viral

promoters has been reported in several studies and with various viral vectors

(reviewed in Papadakis et al 2004). One drawback of housekeeping promoters is

the very basal expression level, which can be too low for the expressed transgene to

achieve a therapeutic benefit (Schambach & Baum 2008). The transcriptional

activity of the housekeeping promoter can be increased by incorporation of viral

enhancer elements. Fusion of the CMV enhancer to the chicken β-actin and rabbit 

β-globin promoter (CAG) resulted in increased ubiquitous expression (Akagi et al 

1997; Okabe et al 1997), however as viral enhancer elements are again present in

the promoter, their susceptibility to promoter down-regulation may be increased as

demonstrated in a previous kidney study (Asano et al 2005). It is important to note

that the use of housekeeping promoters does not influence and prevent the
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retroviral provirus from position effect variegations. Recently, a dual housekeeping

promoter has been identified at the human HNRPA2B1‐CBX3 gene locus, which

consists of an ubiquitously acting chromatin opening element (UCOE) that actively

promotes an open chromatin structure due to methylation-free CpG islands. This

results in resistance to transcriptional silencing and promotes continuous

transcriptional activity, typically required for the expression of housekeeping

genes. Incorporation of this 2.2kb element from the HNRPA2B1‐CBX3 locus

(A2UCOE) resulted in prolonged transgene expression in hematopoeitic cells in

vitro and in vivo, and even conferred stable expression from proviral DNA that was

integrated into heterochromatic regions (Antoniou et al 2003; Zhang et al 2007).

Thus, this element can prevent transcriptional silencing as well as overcome

position variegation. Furthermore, linking the A2UCOE element to other viral

promoters, such as the SFFV or CMV promoter negated promoter methylation and

retained transcriptional activity for several weeks (Williams et al 2005; Zhang et al

2010).

Figure 1.20| Schematic representation of the 1.5kb A2UCOE core promoter used in this study.

The promoter region encompasses 3kb of methylation-free CpG islands, that maintain a transcriptionally-active

chromatin structure. The 1.5kb divergent promoter region extends into the first intron of each of the housekeeping genes

CBX3 and HNRPA2B. Boxes denote exons. Horizontal arrows indicate the direction of transcription. Figure modified

from Williams et al. 2005 (Williams et al 2005).

Tissue-specific promoters

Another possibility to increase expression levels from cellular promoters without

including viral elements is by using tissue-specific cellular promoters. These

promoters bring about two advantages: a) they restrict transgene expression to the
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desired target tissue, and b) by chosing a promoter of a highly-expressed tissue-

specific gene, the transcriptional performance of tissue-specific promoters can be

comparable to viral promoters. Numerous eukaryotic gene promoters with tissue-

specific properties have been identified for several tissues, including muscle. These

promoters can be either isolated directly from 5’ upstream eukaryotic gene loci that

contain regulatory binding sites for tissue-specific transcription factors and other

cis-acting elements. However, sometimes lineage-restricting regulatory sequences,

such as locus control regions (LCRs) can be found very far from the core promoter,

thus resulting in very large promoters to maintain tissue-specificity. Alternatively,

“de novo” tissue-specific promoters can be synthesised by constructing several

binding sites for relevant transcription factors to a core promoter. Following an

intensive phase of screening to select appropriate candidates, these synthetic

promoter constructs can confer high, tissue-specific activity and in some cases even

outperform viral promoters (Papadakis et al 2004). A number of muscle-specific

promoters, synthetic and endogenous, have been tested in viral vectors in vitro and

in vivo. The most commonly promoter used to direct expression to muscle tissue is

the muscle-specific creatine kinase promoter (MCK), which has also been combined

with the α-myosin heavy chain enhancer to form MHCK7. Both promoters in a 

rAAV backbone have been shown to confer high-level transgene expression in

skeletal muscle, but only the latter also in the heart (Salva et al 2007; Sun et al 2008).

Importantly, after the in vivo administration of a rAAV vector into γ-sarcoglycan-

deficient dystrophic mice, a strong immune response against the transgene (γ-

sarcoglycan) was initially detected with the CMV promoter, but this was prevented

when the transgene was expressed by the MCK promoter (Cordier et al 2001).

Similarly, when muscle-derived stem cells transduced with an Ad vector encoding

the transgene under the CMV promoter were engrafted into muscles, an immune

response against the transgenic product led to complete elimination of transgene-

expressing fibres. In contrast, transgene expression from the MCK promoter greatly

reduced this immune response and led to prolonged gene expression (Cao et al

2004). Thus, muscle-specific promoters are also capable of inducing immunological



Introduction Chapter One

117

tolerance to the gene product, which is an important benefit for the treatment of

diseases with loss-of function mutations, such as DMD (Toscano et al 2011). One

downside of the MCK promoter is that it mediates high-level expression in fast, but

not in slow-twitch fibres (Dunant et al 2003). Alternatively, promoters of highly

abundant contractile skeletal muscle proteins, such as skeletal actin or desmin, are

suitable candidates for muscle-specific expression in all myofibres regardless of the

fibre type. The elements required for muscle-specific expression from the human

skeletal actin promoter (HSA) have been identified more than 20 years ago, and

span until 2000bp upstream of the transcriptional start site and 147bp into the first

exon (Muscat & Kedes 1987). This sequence includes binding sites for the

transcription factor Sp1 and for the CArG box-binding factor (CBF) (Muscat et al

1988). Figure 1.21 represents a schematic overview of the HSA promoter. The

resulting recombinant 2kb promoter fragment has been shown to express

transgenes at 50% of the endogeneous actin gene and mediates specific expression

in skeletal muscle and the heart (Brennan & Hardeman 1993). The HSA promoter

has been intensively used for the generation of muscle-specific knockout models

(Ge et al 2009; McCarthy et al 2012; Schwander et al 2003) as well as for muscle-

specific gene delivery in vivo, and HSA-mediated expression was sustained in

skeletal muscles for at least 2 years (Hagstrom et al 2000; Kimura et al 2010; Li et al

2006).
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Figure 1.21| Schematic representation of the HSA promoter.

The HSA promoter spans 2kb upstream of the transcriptional start site and 147bp into the first exon. The majority of

regulatory sequences required for muscle-specific expression are contained within the 2kb sequence. An ubiquitous

binding site for Sp1 is found close to the transcriptional start site. Sub-cloning of the promoter fragment is facilitated by

flanking HindIII restriction sites. Modified from Muscat and Kedes (1987).

An alternative skeletal muscle promoter with high-level gene expression is a

promoter region isolated from the desmin gene. Desmin is the main muscle

intermediate filament, which interacts with a number of muscle proteins to stabilise

myofibrils at the Z-disk, thereby ensuring structural and functional integrity (Li &

Paulin 1991). It is typically expressed at high levels in skeletal, cardiac and smooth

muscles, and was detected in the somites in myoblasts during early myogenesis.

Endogenous desmin expression is up-regulated about 4-fold during myogenic

differentiation. Indeed the transcriptional activity of the desmin core promoter is

comparably low, however a 280bp muscle-specific enhancer approximately 1kb

upstream of the desmin gene was found to increase transcription levels by up to

70-fold (Li & Paulin 1991). This enhancer motif contains two distinct regions to

independently regulate expression in myoblasts or myotubes. The 5’ end contains

an E-box and a binding site for MEF2, which are capable of binding myogenic

regulatory factors, such as MyoD, Myf5 and myogenin and hence control
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transcriptional upregulation in differentiating myotubes (Li & Paulin 1993). The 3’

end is GC-rich and contains binding sites for transcription factors, such as Sp1,

which regulate transcription in myoblasts (Raguz et al 1998). Generation of

transgenic mice that had incorporated the cloned 1kb desmin promoter fragment

together with a lacZ reporter gene into their genome revealed in vivo transgene

expression in myogenic precursors during myogenesis and in skeletal muscles of

newborn mice, however, transgene expression was rapidly silenced by P15

(Lescaudron et al 1993; Li et al 1993). Transgene expression was not detected in

proliferating myoblasts, the heart or in smooth muscle. Extension of the 5’ and 3’

flanking region to 220kb upstream and 10kb downstream of the gene discovered an

additional muscle-specific LCR at 18kb upstream of the transcriptional start site

(Raguz et al 1998; Tam et al 2006). The LCR was further reduced to 9kb and added

to the desmin promoter/enhancer. Intravascular delivery of a plasmid containing

the full-length dystrophin coding sequence under the control of the newly

generated desmin promoter resulted in comparable expression to CMV, which was

stable for at least 6 months (Zhang et al 2004). However, for the desmin promoter

to be incorporated into viral vectors, the size was further reduced to 1.7kb. The

finalised desmin promoter contains regulatory sequences, such as the 280bp

muscle-specific enhancer and others up to 1.7kb upstream of the transcriptional

start site, the 228bp core promoter and 35bp of the first exon of the desmin gene

(Talbot et al 2010). This promoter is feasible to be packaged into lentiviral vectors

and mediated high level transgene expression, comparable to CMV, after

intramuscular injection into neonatal mice for at least 8 months. Moreover,

expression per integrated copy was higher and more reproducible than for the

MCK promoter and transcriptional activity of the desmin promoter was also

detected in cycling myoblasts (Talbot et al 2010).
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Figure 1.22| Schematic representation of the human desmin promoter region.

The desmin promoter used in this study encompassed 1700bp upstream of the transcriptional start site and 35bp into

the first exon of the desmin gene. The proximal promoter contains binding sites for several muscle-specific enhancer

elements. An additional muscle-specific enhancer was identified between −700 bp and −1000 bp upstream of the 

transcriptional start site. The enhancer contains binding sites for muscle enhancer factor (MEF) 2, MyoD and the

ubiquitous transcription factor Sp1. The promoter region encompassing 1kb upstream of the transcriptional start site

failed to mediate expression in myoblasts. Incorporation of additional 700bp into the promoter region included regulatory

elements required to confer expression in myoblasts. Figure modified from Li et al. 1993

A detailed understanding of muscle-specific regulatory sequences and control

elements, such as the E-box and MEFs, has led to large-scale screening of synthetic

promoter constructs with multiple muscle-specific elements and revealed the SPc5-

12 promoter as a promising candidate for high-level muscle-specific expression (Li

et al 1999). This promoter was recently tested for the intramuscular delivery of

microdystrophin by rAAV2/8 vectors and led to functional improvements in mdx

mice (Foster et al 2008).

1.3.3.3 Tissue-restriction by post-transcriptional silencing

In addition to muscle-specific promoters, an alternative strategy exists to prevent

high-level transgene expression in certain cell types, such as APCs or

immunological cells, especially when tissue-specific promoters are leaky, not

readily available or specific cell populations are meant to be targeted. In this

approach, a microRNA (miRNA) target sequence is incorporated into the

expression cassette together with the transgene and promoter (Brown & Naldini

2009). MiRNAs are short, non-coding, mostly cell type-specific RNAs that bind to

mRNA transcripts in a sequence-specific manner and promote their rapid
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destruction, thus leading to post-transcriptional gene silencing (Landgraf et al

2007). Exploiting this strategy, it was demonstrated that incorporation of four

tandem target sequences for a miRNA, specifically expressed in hematopoietic cells

(miR-142-3p), into the viral expression cassette led to remarkable silencing of

transgene expression in APCs and thus successfully prevented an immune

response against the transgenic product (Brown et al 2007a). Nevertheless, this

strategy does not prevent rapid promoter inactivation of particularly viral

promoters or transcriptional variegation.

1.3.3.4 Ex vivo manipulation

The safest strategy to circumvent a vector- or transgene-related immune response

due to APC transduction is by ex vivo manipulation of cells. There are several

advantages associated with this strategy, however also a few drawbacks:

Advantages:

1) A pure population of cells or a specific cell type can be easily manipulated

by a viral vector.

2) Cells expressing the transgene can be selected for re-administration into the

host.

3) Cycling cells manipulated with a lentivirus can be extensively expanded

and characterised before re-administration.

4) Donor-matched or autologous transgene-expressing cells can be repeatedly

re-administered into the same host with no immunological consequences.

5) Transduction of target cells does not elicit an acute immune response

against the viral vector or transgene.

Disadvantages:

1) Cell removal from the endogenous environment might alter their properties,

especially concerning stem cells.

2) Extensive in vitro expansion increases the risk of transformation.
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3) Homing: genetically-modified cells need to be efficiently re-integrated into

the host and ideally into the endogenous niche.

Ex vivo genetic manipulation of hematopoeitic stem cells using lentiviral or

gammaretroviral vectors has been routinely carried out pre-clinically and clinically

for many years now, and the number of clinical trials transferring this approach to

different cell types is continuously growing (reviewed in Sheridan 2011).

1.3.3.4.1 Ex vivo manipulation of myogenic stem cells

Despite the remarkable regenerative capacity of skeletal muscle, chronic muscle

degeneration as seen in dystrophic muscles can lead to rapid exhaustion of the

stem cell pool. This introduction has elucidated two treatment strategies so far.

1) Cell-based therapy: heterologous delivery of “healthy” myogenic stem cells

requires donor-matched cells, immunosuppression, and for a global

treatment effect, ideally systemically-deliverable stem cells.

2) Gene therapy: body-wide dystrophin-restoration by in vivo delivery of

AONs or viral vectors is directed mainly at muscle fibres and does not

require immunosuppression, but sufficient dystrophin expression in

myofibres is required to ultimately negate the degenerative phenotype. The

in vivo correction of diseased or quiescent satellite cells would be extremely

challenging, due to their low abundance (1-4% of myonuclei) and their

protected location underneath the basal lamina in adult muscles.

A third strategy, the ex vivo correction of stem cells, combines cell-therapy and

gene therapy. In this approach, dystrophic patient myogenic stem cells or

satellite cells are isolated, genetically-modified ex vivo and transplanted back

into the patient to replenish the stem cell pool for a sustainable treatment effect.

Satellite cells, as well as other myogenic stem cells can be genetically-corrected

by using lentiviral vectors, expanded to sufficient quantities and transplanted

as autologous cells, which does not require immunosuppression. Thus, ex vivo
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correction is an attractive treatment strategy for muscular dystrophies, in

particular DMD (Meregalli et al 2008).

To date, several pre-clinical studies have demonstrated the potential of ex vivo

gene therapy in mice, dogs and monkeys and are slowly paving the way for the

first proof-of-principle trial using autologous, genetically-corrected myogenic

stem cells for the treatment of DMD patients (Trollet et al 2009). The general

safety of autologous stem cell transplantation into DMD patients was already

tested with non-modified AC133+ cells in a recent proof-of-principle phase I

double-blind study and did not raise any safety concerns (Torrente et al 2007).

Pre-clinically, full-length dystrophin (Floyd et al 1998; Pichavant et al 2010a;

Quenneville et al 2004; Quenneville et al 2007; Tedesco et al 2011), micro-

(Ikemoto et al 2007; Kimura et al 2008; Pichavant et al 2010b; Quenneville et al

2005; Quenneville et al 2007) and minidystrophins (Campeau et al 2001;

Ikezawa et al 2003; Li et al 2005), as well as U7snRNAs (Benchaouir et al 2007;

Chaouch et al 2009; Quenneville et al 2007) were successfully delivered into

various myogenic stem cells for correction of dystrophin expression, using

AdV, rAAV, lentiviral vectors and non-viral delivery methods, such as human

artificial chromosomes (HACs). Notably, lentiviral vectors demonstrate the

greatest potential for ex vivo gene transfer, as they can stably sustain transgene

expression in stem cells and their progeny. Whereas genetically-modified

satellite cells can only restore local dystrophin expression, for example to

improve the function of the finger muscles, AC133+ cells and mesoangioblasts

are suitable candidates for systemic delivery and body-wide restoration.

However, their myogenicity has to be first validated in humans and in fact, is

currently being investigated for mesoangioblasts in a Phase I/II trial (Cossu &

Sampaolesi 2007).

It is important to point out that even in the absence of any risk of

immunological consequences during ex vivo manipulation, the choice of the
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internal promoter still plays a crucial role. Firstly, viral promoters are still much

more prone to silencing than cellular promoters in vitro and in vivo. Indeed, ex

vivo transduction of hepatocytes with lentiviral vectors expressing the

transgene under the CMV promoter resulted in rapid silencing and extinction

of transgene expression, whereas a liver-specific albumin promoter sustained

expression for several months in vivo (Oertel et al 2003). As noted earlier,

cellular promoters are also useful in inducing an immunological tolerance to

the newly introduced transgene, albeit the presence of revertant fibres suggests

that recovered expression of functional dystrophin protein is immunologically

tolerated in DMD patients and animal models (Cao et al 2004). Finally, cellular

promoter elements with UCOE elements may confer an actively open

chromatin structure in the locus of provirus integration and therefore may have

an advantage towards negation of position effects and transcriptional

variegation.
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1.4 Project Aims

Integrating lentiviral vectors have been used extensively to manipulate ex vivo a

variety of different cell types, most prominently hematopoietic cells, and a small

number of clinical trials is currently underway to test their potential for genetic

correction of diseased cells in man (Escors & Breckpot 2010; Sheridan 2011).

Satellite cells are the principal stem cell in adult skeletal muscle and are able to

produce progeny committed to the myogenic lineage as well as to self-renew

(reviewed in Yablonka-Reuveni 2011). Thus, satellite cells are attractive targets for

cell-based therapies to repair muscle tissue in cases of severe muscle wasting

disorders, such as DMD. Genetic correction of autologous satellite cells ex vivo by

using integrating lentiviral vectors followed by their transplantation into the

dystrophin-deficient host allows the restoration of dystrophin expression in

dystrophic muscles (Ikemoto et al 2007; Quenneville et al 2007) and would promote

long-term therapeutic benefit due to the capacity of satellite cells to self-renew.

Long-term transgene expression can be hampered by promoter down-regulation

and position variegation effects (Escors & Breckpot 2010; Sinn et al 2005). Tissue-

specific promoters can reduce the risk of transcriptional silencing and can increase

the overall biosafety of transgene expression (Toscano et al 2011).

In this study, my aim was to investigate the potential of lentiviral vectors to

efficiently transduce quiescent satellite cells and myofibres in vitro and in vivo. To

achieve this, I have used a reporter gene encoding GFP to identify transgene

expression in vitro and in vivo. I assessed the effect of lentiviral infection and

transgene overexpression on stem cell properties of satellite cells, and compared

the persistence of transgene expression in vitro and in vivo when expression was

under the control of tissue-specific and silencing-resistent promoters. Furthermore,

I investigated non-integrating lentiviral vectors as a tool to label a subpopulation of

slowly dividing satellite cells in vitro and analysed addtional strategies to enhance

overall satellite cell expansion.
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2 - Materials and Methods

2.1 Materials

2.1.1 Equipment

Bench top microcentrifuge 5415D Eppendorf

Ultracentrifuge Sorvall Discovery SE

Tabletop centrifuge Sorvall Legend RT

Boyle’s apparatus British Oxygen Company

8-well / 2-well chamber slides NUNC

96-well flat bottom tissue culture plates   Thermo Scientific 

Zeiss Axiophot upright fluorescence microscope Zeiss

CRI Filter wheel Zeiss

Photometrics Coolsnap HQ Camera Roper Scientific

Countess® automated cell counter Invitrogen

GE ÄKTA FPLC system Amerham Pharmacia

NanoDrop ND-1000 spectrophotometer Thermo Fisher

StepOnePlus qPCR system Applied Biosystems

GenoSmart gel documentation system VWR

Mr. Frosty Freezing Container Thermo Scientific

Thermo Scientific Slide-A-Lyzer Dialysis Cassettes Thermo Scientific

Shandon Cytospin

2.1.2 Reagents

Sodium Dodecyl Sulfate (SDS) Sigma Aldrich

Paraformaldehyde Sigma Aldrich

Sucrose Sigma Aldrich

Polyethyleneimine (PEI) Sigma Aldrich
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Isoflurane Abbott Laboratories

Hypnorm™ Janssen Pharmaceuticals

Hypnovel® Roche

Vetergesic® Reckitt Benckiser

Notexin Latoxan, France

1kb Plus DNA Ladder Invitrogen

Ultra-Pure Agarose Invitrogen

Restriction Enzymes New England Biolabs

Primers Invitrogen, Eurofins

Taq DNA polymerase Promega

Phusion® High-Fidelity DNA polymerase New England Biolabs

dNTPs Invitrogen

Calf intestinal alkaline phosphatase (CIAP) Promega

T4 DNA Ligase Promega

pCDNA3.1/V5/His TOPO® TA Invitrogen

Bovine Serum Albumin (BSA) Promega

One Shot® TOP10 chemically competent E. coli Invitrogen

Agar MERCK

10x Loading Buffer Invitrogen

Ampicillin Stratagene

Dulbecco's Modified Eagle Medium (DMEM) Gibco® Invitrogen

L-glutamine Gibco® Invitrogen

Penicillin/Streptomycin Gibco® Invitrogen

RPMI-1640 Gibco® Invitrogen

0.5% Trypsin/EDTA Gibco® Invitrogen

StemPro® Accutase® Gibco® Invitrogen

Chicken Embryo Extract Sera Laboratories

Fetal Bovine Serum Gold PAA Laboratories GmbH

Horse Serum Gibco® Invitrogen

Gamma-Interferon Millipore Chemicon
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Matrigel™ BD Biosciences

Cyclosporine A (50mg/ml Sandimmune®) Novartis

Mouse fibronectin Biopur AG

Laminin-1 Sigma Aldrich

Sybr Safe Invitrogen

Collagenase type I Sigma Aldrich

Triton®-X 100 Thermo Fisher

TWEEN® 20 Sigma Aldrich

Skeletal Muscle Cell Growth Medium PromoCell

Trypan Blue Invitrogen

Histo-Clear National Diagnostic

Benzonase Sigma Aldrich

2.1.3 Kits

QIAprep miniprep/maxiprep/megaprep kit Qiagen

QIAquick gel extraction kit Qiagen

QIAquick PCR purification kit Qiagen

AllPrep RNA/DNA kit Qiagen

RT-One Step Reverse Transcription Kit Qiagen

QuantiTect® Reverse Transcription kit Qiagen

TaqMan® Gene Expression Master Mix Applied Biosystems

Mycoplasma Kit Promocell
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Table 2-1: Tissue culture media

Name Composition

Standard tissue culture
media (DMEM/L-glut/P/S)

DMEM+2mM L‐glutamine+100μg/ml streptomycin+100U/ml 
penicillin

HEK293FT medium DMEM/L-glut/P/S + 10% Fetal bovine serum (FBS)

C2C12 medium DMEM/L-glut/P/S + 20%

H-2Kb-tsA58 cell medium
DMEM/L-glut/P/S +20% FBS + 2% Chicken Embryo Extract
(CEE)  + γ‐IFN (20U/ml) 

H-2Kb-tsA58 cell medium DMEM/L-glut/P/S +20% FBS + 2% CEE

IHMB medium
Skeletal Muscle Cell Growth Medium + 1 vial supplement mix
+ 10% FBS + 4mM L-glut + 1% P/S

THP-1 medium RPMI + 2mM L-glut + 1% P/S + 10% FBS

Jurkat cell medium RPMI + 2mM L-glut + 1% P/S + 10% FBS

Flow cytometry buffer DMEM/L-glut/P/S + 2% FBS + 2mM EDTA

Cell sorting buffer DMEM/L-glut/P/S + 2% FBS + 2mM EDTA + 20mM HEPES

Freezing medium DMEM/L-glut/P/S + 10% FBS + 10% DMSO

Satellite cell plating
medium

DMEM/L-glut/P/S + 10% horse serum + 0.5% CEE +

Satellite cell growth
medium

DMEM/L-glut/P/S + 20% FBS + 1% CEE

Satellite cell growth
medium + bFGF

DMEM/L‐glut/P/S + 20% FBS + 1% CEE + 5ng/μl bFGF 

Differentiation medium DMEM/L-glut/P/S + 2-5% horse serum

Primary myoblast injection
medium

DMEM/L-glut/P/S + 20% FBS + 1% CEE + 20mM HEPES

H-2Kb-tsA58 cell injection
medium

DMEM/L‐glut/P/S +20% FBS + 2% CEE  + γ‐IFN (20U/ml) + 
20mM HEPES
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Table 2-2: Buffers and detergents

Name Composition Catalogue no.

Glutaraldehyde 0,5% 25% glutaraldehyde stock/ PBS Sigma G5882

X-Gal diluent

0,01% Sodium Deoxycholate

0.02% Nonidet P40 (IGEPAL CA-630)

5mMK3Fe(CN)6 (Potassium ferricyanide)

5mM K4Fe(CN)6 (Potassium ferrocyanide)

Sigma D6750

Sigma I3021

Sigma P8131

Sigma P9387

2M MgCl2 40.66g in 100ml dH2O Sigma M9272

X-gal stock 40mg/ml in DMSO Sigma B4252

X-Gal detergent

0.01% Sodium Deoxycholate

0.02% Nonidet P40 (IGEPAL CA-630)

2mM MgCl2

in PBS

Sigma D6750

Sigma I3021

Sigma M9272

1x Phosphate-buffered
saline (PBS)

1.9mM NaH2PO4, 8.1mM Na2HPO4,

154mM

NaCl, pH 7.4

Sigma P4417

Haematoxylin (Harris) stock diluted 1:1 in milliQ water
Raymond A Lamb

Ltd, LMAB/230-D

Eosin 1% diluted in milliQ water WVR, cat 341972Q

TD buffer
8.2 g NaCl, 0.37 g KCl, 0.12 g K2PO4, 0.7 g
MgCl2, 3 g Tris; pH to 7.5

10x TBE
1 M Tris, 0.9 M Boric Acid, and 0.01 M
EDTA, dilute in milliQ water to 1x

Gibco

Table 2-3: Anaesthetics and Analgesics

Name Composition Supplier

Hypnorm
0.315mg/ml fentanyl citrate and 10mg/ml
fluanisone

Janssen

Pharmaceuticals

Hypnovel 7.5mg midazolam Roche

Vetergesic
0,324 mg Buprenorphinhydrochlorid and
1,35 mg Chlorocresol

Reckitt Benckiser
Healthcare
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Table 2-4: qPCR Primers and Probes

Primer name Species Primer sequence

WPRE

Forward
Viral 5’ – TGGATTCTGCGCGGGA – 3’

WPRE

Reverse
Viral 5’ – GAAGGAAGGTCCGCTGGATT – 3’

WPRE

Probe
Viral (FAM) 5' – CTTCTGCTACGTCCCTTCGGCCCT – 3’ (TAMRA)

Titin

Forward
Mouse 5’ – AAAACGAGCAGTGACGTGAGC – 3’

Titin

Reverse
Mouse 5’ – TTCAGTCATGCTGCTAGCGC – 3’

Titin

Probe
Mouse (FAM) 5’ – TGCACGGAAGCGTCTCGTCTCAGTC – 3’ (TAMRA)

Beta‐actin 

Forward
Human 5’ – TCACCCACAAGTTGCCCATCTACGA – 3’

Beta‐actin 

Reverse
Human 5’ – CAGCGGAACCGCTCATTGCCAATGG – 3’

Beta‐actin 

Probe
Human (FAM) 5’ – ATGCCCTCCCCCATGCCATCCTGCGT – 3’ (TAMRA)

GAPDH Taqman®

Assay
Mouse NM_008084.2 (Mm99999915_g1; Applied Biosystems)

PGK-1 Taqman®

Assay
Mouse NM_008828.2 (Mm00435617_m1; Applied Biosystems)
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Table 2-5: Primers for RT-PCR

Primer name Species Primer sequence

Desmin

Forward
Human 5’ – ATTCCCTGATGAGGCAGATG – 3’

Desmin

Reverse
Human 5’ – CAGTATCCCAACACCCTGCT – 3’

GAPDH

Forward
Human/Mouse 5‘ – CCATCACCATCTTCCAGGA – 3‘

GAPDH

Reverse
Human/Mouse 5‘ – TTGTCATACCAGGAAATGAGC – 3‘

GFP

Forward
Jellyfish 5‘ – TGGCATCAAGGTGAACTTCAAG – 3‘

GFP

Reverse
Jellyfish 5‘ – CATGTGATCGCGCTTCTCGTTG – 3‘
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Table 2-6: Primers for cloning

Primer name Cloning of Primer sequence

pBSK_F_625 HSA promoter 5’ – GACGGCCAGTGAATTG – 3’

pB_KS_F_685 HSA promoter 5’ – TCGAGGTCGACGGTATC – 3’

Cre_R_1432 HSA promoter 5’ – CATCAGGTTCTTGCGAACC – 3’

HSA_F_899 HSA promoter 5’ – ATGACTACAAGGTGGACTGG – 3’

HSA_R_108 HSA promoter 5’ – TGCCGTTCACTGGATACCTC – 3’

HSA_F_2800 HSA promoter 5’ – CAAACCCGCTAGGGAGACAC – 3’

5'_HSA_EcoRI_F HSA-EGFP-SIN 5’ –ACGGGAATTCTTAAGTTGGGTAACGCCAGG –3’

3'_HSA_BamHI_R HSA-EGFP-SIN 5’–TCGCGGATCCGGTGGTTCTCCTGTCAGTTTCG–3’

3'_cPPT_F_7715 HSA-EGFP-SIN 5’ – CGGGTTTATTACAGGGACAGCAG – 3’

125c_microdys_F1 microdystrophin 5’ – GCTGCTGAAGTTTGTTGGTTTCTC – 3’

125c_microdys_F2_E
coRI

microdystrophin 5’–ACGGGTCGACGAATTCCGGAACTCCCGGAG– 3’

125c_microdys_R1 microdystrophin 5’ – TCTTTCCAACATTGTGTCCTCTCTCATTGG – 3’

5'EGFP_R_8383
Promoter

verification
5’ – TTGCCGTAGGTGGCAT – 3’

Primer3_5'EGFP_R_8
338

Promoter
verification

5’ – GAACTTGTGGCCGTTTACGT – 3’
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2.2 Methods

2.2.1 Mouse strains

Breeding of mice and experimental procedures were carried out in the Biological

Services Unit of the Institute of Child Health, University College London. Injections

of lentiviral vectors into MF1 mice were performed at the animal unit of the

Imperial College Faculty of Medicine, South Kensington campus. All procedures

were done in accordance with the Animals (Scientific Procedures) Act 1986 under 

Home Office licence PPL No 707086. Unless stated otherwise, male and female 

mice aged 4-16 weeks were used for experimental procedures.

2.2.1.1 Wildtype C57BL/6 mice

C57BL/6 wildtype mice were obtained from Charles Rivers Laboratories at the age

of 8 weeks. C57BL/6 mice were generated by C.C. Little in 1921, who crossed a

male and female of the Miss Abby Lathrop’s stock resulting in the C57BL/6 strain.

The strain was successfully transferred from NIH into Charles River Laboratories

in 1974 (www.criver.com). C57BL/6 is the most commonly used inbred mouse

strain, as its genome is fully sequenced and breeding colonies are easy to maintain.

C57BL/10, a sub-strain of C57BL/6 but with few allelic variants, was separated from

C57BL/6 in 1937 (www.criver.com). C57BL/6 and 10, as well as their sub-strains

(e.g. C57BL/10ScSn), are commonly used as genetic backgrounds to generate new

transgenic lines. In addition to C57BL/6 wildtype mice obtained from Charles

Rivers Laboratories, non-transgenic mice originating from crosses between

transgenic strains on the C57BL/6 background, but negative for their transgenic

alleles, were also used as wildtype mice in experiments.

2.2.1.2 Immunodeficient mdx nu/nu (nude) mouse

Mdx mice arose from the C57BL/10ScSn strain due to a spontaneous point mutation

in exon 23 leading to a premature stop codon, therefore causing a dysfunctional
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form of dystrophin protein (Bulfield et al 1984). The lack of dystrophin protein

leads to global muscle degeneration in the mouse similar to the phenotype

observed in DMD patients. The mdx nude (mdx nu/nu) mouse strain was generated

and characterised by Partridge and colleagues in 1989 (Partridge et al 1989). Mdx

mice were first crossed onto the 129 ReJ background to facilitate in vivo tracking of

engrafted cells and then crossed with nude mice to generate immunodeficient mdx

mice. Specifically, nude mice are characterised by the lack of hair due to a mutation

in the forkhead box N1 (Foxn1) gene leading also to an impaired thymus

development. Subsequently, these mice lack functional T-cells (Grist et al 1966) and

have partial defects in B-cell development resulting in an impaired cell-mediated

immunity. Innate cellular immunity through antigen-presenting cells, natural killer

cells, macrophages and the complement system however is unaffected. Generation

of the mdx nude mouse strain enables the analysis of the DMD disease phenotype in

combination with potential therapeutic strategies, in particular allogeneic cell-

based therapies. In this study, mdx nude mice were used as hosts for cell

engraftments to assess the contribution of donor cells to regenerated muscle fibres

and to satellite cells.

2.2.1.3 3F-nLacZ-2E transgenic mouse

The 3F-nLacZ-2E (3FTG) transgenic mouse strain was generated and characterised

by Kelly and colleagues in 1995 (Kelly et al 1995). Mice were generated by

microinjection of the 3F-nLacZ-2E linearised DNA fragment into fertilized

C57BL/6JxSJL F2 eggs, followed by reimplantation of the injected eggs into

pseudopregnant F1 foster mothers (C57BL/6J x CBA) resulting in seven

incorporated copies of the transgenic construct. The 3F promoter region was cloned

from the mouse myosin light chain (MLC) 1F/ 3F locus covering 2kb upstream of

the transcriptional start site. The promoter is only transcriptionally active in fast

skeletal muscle fibres, and the 3F isoform can mainly be found in fast, glycolytic

type IIb fibres (Wada & Pette 1993). A lacZ reporter gene containing a nuclear

localisation signal (nLacZ) was cloned in frame into exon 3 of the MLC3F-specific
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transcript to facilitate in vivo detection during development and postnatal growth.

The nLacZ reporter was followed by a 1kb MLC3F endogenous sequence and a

260bp MLC1F/3F muscle-specific enhancer element 2E. 3FTG transgenic mice show

first β-galactosidase (β-gal) activity in the myotome at E9, four days earlier than 

endogenous MLC 3F transcripts (Kelly et al 1995). At E11.5, β-gal positive nuclei 

can be detected in the hindlimb muscles, however, expression becomes down-

regulated in slow-twitch muscles containing very few type IIb fibres, e.g. in the

soleus muscle or diaphragm (Kelly et al 1995). Single myofibres isolated from 3FTG

mice show β-gal activity in myonuclei, but not in myofibre-associated satellite cells 

(Beauchamp et al 2000). This characteristic was used to study satellite cells and

their myogenic programme in single fibre cultures (see 3.2.2.7), as well as to

analyse their progeny’s contribution to form new myonuclei in vivo (Collins et al

2005; Ferrari et al 1998). Heterozygous littermates were bred to homozygosity and

the colony maintained by breeding homozygous males with homozygous females.

2.2.1.4 Myf5nLacZ/+ transgenic mouse

The Myf5nLacZ/+ transgenic mouse strain was generated by Tajbakhsh and colleagues

in 1996 (Tajbakhsh et al 1996). A lacZ reporter gene containing a nuclear

localisation signal was cloned into exon 1 of the endogenous mouse Myf5 locus,

allowing for 13 amino acids to be translated. A neomycin resistance gene was

included immediately after the reporter cassette to facilitate positive selection. The

Myf5-nLacZ-Neo plasmid was linearised and electroporated into mouse D3

embryonic stem (ES) cells to allow homologous recombination with the

endogenous Myf5 locus. Positively selected ES cell clones were placed into morulas

of eight-cell stage embryos isolated from C57BL/6 x SJL-J F1 mice and subsequently

injected into pseudopregnant C57BL/6 x CBA F1 foster mothers. Whereas

homozygous Myf5nLacZ/+ mice die shortly after birth due to abnormal rib

development, heterozygous Myf5nLacZ/+ mice are viable. During development β-gal 

expression under the control of the Myf5 promoter can be detected in myoblasts

and myonuclei from E8.5 onwards (Tajbakhsh et al 1996). In adult muscle, β-gal 



Methods Chapter Two

138

expression is mainly down-regulated and only remains detectable in quiescent

satellite cells (Beauchamp et al 2000; Zammit et al 2004a). This feature makes the

Myf5nLacZ/+ strain a valuable tool to study quiescent satellite cells, as their presence

on single fibres can easily be visualised through β-gal activity. Furthermore, 

engraftment of satellite cells or myoblasts derived from the Myf5nLacZ/+ strain into

host mice negative for Myf5nLacZ/+ facilitate their in vivo detection and allow

qualitative analysis of donor-derived satellite cell formation in vivo (Boldrin et al

2009; Collins et al 2005; Heslop et al 2001). In this study, Myf5nLacZ/+ mice were used

as donor mice to assess the potential of expanded or freshly isolated satellite cells

to form donor-derived muscle in mdx nude host mice. The colony was maintained

by breeding heterozygous males or females with C57BL/6 wildtype males or

females.

2.2.1.5 Beta-actin-EGFP mouse

Beta-actin-EGFP mice were generated and characterised by Okabe and colleagues

in 1997 (Okabe et al 1997). cDNA encoding the enhanced green fluorescent protein

(EGFP) from the jellyfish Aequorea Victoria was cloned under the control of the

chicken beta-actin promoter and the cytomegalovirus enhancer (CMV). The

linearised DNA construct was injected into fertilized eggs (BCF1 X BCF1) and

reimplanted into pseudopregnant mice. EGFP-positive offspring was backcrossed

with BCF1 to generate five homozygous transgene transmitting colonies. Colony

five (B5-EGFP) was obtained from Jane Sowden’s group (UCL) and fluorescent

mice were used as a positive control for intramuscular GFP analysis.

2.2.1.6 MF1 outbred mice

MF1 mice are albino outbred mice, which were developed at Oxfordshire

Laboratory Animal Colonies (OLAC) prior to 1970 by crossing the Laboratory

Animal Centre A-strain mice (‘LACA’ - but formerly called CFW) with the CS1

strain from Scientific Products Farm. In 2005, the strain was transferred to Charles

River Laboratories in the UK (Chia et al 2005). Mice are commonly used as
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wildtype mice for breeding and are immunocompetent. In this study, MF1 mice

were used for lentiviral vector injection into the hindlegs of 2-day old neonates (see

section 2.2.6 Breeding and maintenance of MF1 mice was carried out at the animal

facility at Imperial College London according to their institutional guidelines.

2.2.1.7 Genotyping of transgenic mice

Genotyping was carried out shortly after weaning to distinguish positive

littermates from heterozygote pairs and mice labelled by earmarking. Genotyping

of nLacZ-transgenic strains was performed by detection of β-gal expression in the 

muscle of 5 mm tail snips, which were collected from mice under local anaesthesia

(ethyl chloride BP). The tail muscle was dissected from the surrounding skin using

fine forceps and scissors and placed into a 24-well plate for overnight X-gal

staining (see 2.2.5.4.2). Blue nuclei originating from β-gal activity in            

Myf5nLacZ/+ positive satellite cells or 3F-nLacZ-2E positive myonuclei were analysed

under a Leica brightfield microscope. For EGFP-expressing strains, mice were

placed under fluorescence spectacles to verify transgene expression.

2.2.2 Cell culture

The standard tissue culture medium comprised Dulbecco's Modified Eagle

Medium (DMEM) supplemented with 1% L-glutamine (2mM) and 1% antibiotics

(penicillin: 100U/ml, streptomycin: 100μg/ml), hereinafter referred to as DMEM/L-

glut/P/S. Unless otherwise stated, cells were incubated at 37°C, with 20%

atmospheric oxygen and 5%CO2. All tissue culture buffers used in this study are

also listed in Table 2-1.

2.2.2.1 Cell Lines

2.2.2.1.1 HEK293FT cells

HEK293FT cells are a fast growing (F) human embryonic kidney cell line that has

been immortalised by adenovirus 5 infection mediating expression of the SV40
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large T-antigen (T). The cellular origin of the cells has been suggested to be

fibroblastic, endothelial or epithelial, however, even traces of the neuronal lineage

were found after more careful characterisation (Shaw et al 2002). Cells were grown

in DMEM/L-glut/P/S supplemented with 10% fetal bovine serum (FBS) and used

for the production or titration of viral particles.

2.2.2.1.2 H-2Kb-tsA58 myoblasts

The H-2Kb-tsA58 conditionally immortalised myoblast clonal cell line 2B4 was

generated by Sofia Muses (Muses et al 2011a). The 2B4 satellite cell-derived clone

was prepared from EDL single myofibre cultures that were derived from the

heterozygous H-2Kb-tsA58 transgenic mouse (Jat et al 1991). Myogenic clones

generated from this mouse carry a single copy of a temperature-sensitive mutant

SV40 large T-antigen (Tegtmeyer et al 1975), which is under the control of the H-2kb

promoter. Presence of gamma-interferon (γ-IFN) (Chemicon - IF005) increases 

promoter activity and expression of the tsA58 gene. Transformation of cells occurs

only at permissive conditions (33°C and in the presence of γ-IFN) and is prevented 

when cells are cultured at 39°C and/or in the absence of γ-IFN. Cells were 

expanded in DMEM medium containing 20% FBS, 2% chicken embryo extract

(CEE), 2% L-glutamine and 1% antibiotics. Fresh γ-IFN at a final concentration of 

20U/ml was added, and medium was changed every two to three days. For cell line

propagation myoblasts were plated at low density (approximately 500 cells/cm2)

into tissue culture flasks previously coated with 0.1mg/ml Matrigel (BD

Biosciences) following the manufacturer’s instructions. Cells from passage 10 to 23

were used for experiments in this study.

2.2.2.1.3 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

H-2Kb-tsA58 heterozygous mice were crossed with Myf5nLacZ/+ mice to derive

heterozygous animals carrying a single gene copy of Myf5nLacZ/+ and one copy of H-

2Kb-tsA58. Satellite cell-derived clones were generated by Charlotte Collins from

plated single fibres followed by clonal myoblast expansion under permissive
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conditions. Clone E4 (passage 5 to 21) was used in this study. H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts were cultured as described above.

2.2.2.1.4 C2C12 Myoblasts

C2C12 cells are a myoblast-derived cell line originally obtained from C3H mouse

thigh muscle 70h after crush injury (Yaffe & Saxel 1977) and further subcloned by

Blau and colleagues in 1980 (Blau 1980). For expansion, C2C12 cells were seeded at

low density (500-1000 cells/cm2) onto tissue flasks previously coated with 0.1mg/ml

Matrigel and expanded in DMEM/L-glut/P/S supplemented with 20% FBS. Cells of

passage 9 to 17 were used in this study.

2.2.2.1.5 Immortal human myoblasts Line (IHMB)

The IHMB line is an immortalised human myoblast line derived from a biopsy of

the intercostal muscle of a 19 year old female scoliosis patient. Informed consent

was obtained prior to surgery. Immortalisation of primary human myoblasts was

carried out by Vincent Mouly’s group at the Institut de Myologie in Paris, who

introduced coding sequences for human telomerase reverse transcriptase (hTERT)

and cyclin-dependent kinase-4 by by retroviral transduction (Mamchaoui et al

2011; Zhu et al 2007). The capacity to form myotubes lies around 60% for low

passages (<P10) and 30% for higher passages (>P10). Cells were maintained in

Skeletal Muscle Cell Growth Medium (PromoCell) supplemented with 10% FBS

and 50ml of the manufacturer’s Supplement Mix containing 5% fetal calf serum

(FCS), 50μg/ml fetuin, 1ng/ml bFGF, 10ng/ml epidermal growth factor (EGF), 

10μg/ml insulin and 0.4μg/ml dexamethasone. IHMBs were cultured at 37°C at 5% 

oxygen and 5% CO2. Cells were cultured on tissue culture flasks coated with

0.1mg/ml Matrigel and were seeded at low densities (500-1000 cells/cm2) for cell

expansion. For experimental procedures IHMBs of passages 8 to 25 were used.

2.2.2.1.6 Human acute monocytic leukaemia cell line (THP-1)

THP-1 cells were originally obtained from peripheral blood of a 1 year old patient

with acute monocytic leukaemia and subsequently characterized by Tsuchiya and
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colleagues (Tsuchiya et al 1980). An aliquot of the cells was kindly provided by

Torsten Schaller. Cells are non-adherent and were grown as suspension cultures in

RPMI supplemented with 10% FBS, 2mM L-glutamine and 1% antibiotics. THP-1

cells exhibit phagocytic properties typical for monocytes, and can be stimulated to

differentiate into macrophages by addition of DMSO or phorbol-12-myristate-13-

acetate (PMA). Cells were seeded at high density of approximately 3000 cells/ml.

Passage numbers were not recorded for this suspension cell line.

2.2.2.1.7 Jurkat T-cell line

Jurkat cells are an immortalised T-lymphocyte cell line, which was originally

obtained from the peripheral blood of a 14 year old patient diagnosed with T-cell

leukemia (Schneider U 1977). Non-adherent Jurkat cells were kindly derived from

Torsten Schaller and were grown in suspension in RPMI supplemented with 10%

FBS, 2mM L-glutamine and 1% antibiotics. Cells were seeded at high density

(~3000 cells/ml). Passage numbers were not recorded.

2.2.2.2 Cell line Propagation and storage

2.2.2.2.1 Mycoplasma testing

Cell lines derived from different laboratories, or when used for the first time, were

tested for mycoplasma. Cells were passaged at least once before testing. 2μl 

conditioned medium was used to perform PCR using a mycoplasma detection PCR

kit (Promocell) following the manufacturer’s protocol. Cell lines which tested

negative for mycoplasma were further propagated in designated, mycoplasma-free

biosafety cabinets.

2.2.2.2.2 Propagation of adherent cells

Cells were passaged when reaching 80-90% confluency for HEK293FT cells, or 50-

70% confluency for myoblasts. Monolayers were washed with Dulbecco’s

phosphate buffered saline (1x) (PBS) to remove residual serum and to allow

sufficient enzymatic action of the protease. HEK293FT cells were immersed and

incubated in 0.5% Trypsin/EDTA (Gibco) for 3-5 minutes at 37°C. H-2Kb-tsA58-
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Myf5nLacZ/+ and primary myoblasts were dissociated from the cell culture ware by

incubating them with

37°C. Culture medium containing serum w

action and cells were pelleted by centrifugation in a table

room temperature

culture medium and counted using a Neubauer countin

automated cell counter (Invitrogen). Trypan Blue (Invitrogen) was added to a 10μl 

cell aliquot at a ratio of 1:1 to determine cell viability (usually 80

2.2.2.2.3 Propagation of

Following pH-depended colour change in the cell culture medium, suspension

cultures were centrifuged at

medium, counted and desired dilutions reseeded into new culture flasks or dishes.

2.2.2.2.4 Cryopreservatio

For long-term storage, 70

cultures), pelleted, resuspended in

and 10% DMSO and transferred to a cryovial. The

placed into a Mr. Frosty freezing container (Thermo Scientific)

isopropanol and transferred to a

minute cooling time)

to store cells at -196°C. Alternatively, cells were stored at

Frozen cell stocks were revived by rapidly thawing th

waterbath. After addition of

resuspended, viable cells counted

2.2.2.2.5 Doubling times

Doubling times were calculated

and primary myoblasts were dissociated from the cell culture ware by

with StemPro® Accutase® (Gibco) for a maximum of 5 minutes at

37°C. Culture medium containing serum was added to the cells to stop proteolytic

action and cells were pelleted by centrifugation in a table-top centrifuge at

for 3-5 minutes. Cells were resuspended in appropriate cell

culture medium and counted using a Neubauer countin

automated cell counter (Invitrogen). Trypan Blue (Invitrogen) was added to a 10μl 

cell aliquot at a ratio of 1:1 to determine cell viability (usually 80

ropagation of non-adherent cells

depended colour change in the cell culture medium, suspension

cultures were centrifuged at 240g for 5 minutes, cell pellets resuspended in fresh

medium, counted and desired dilutions reseeded into new culture flasks or dishes.

Cryopreservation and long-term storage of cells

term storage, 70-90% confluent cells were trypsinised (for non

pelleted, resuspended in ice-cold freezing medium containing 90% FBS

and 10% DMSO and transferred to a cryovial. The cell-containing cryovial was

Mr. Frosty freezing container (Thermo Scientific)

and transferred to an -80°C freezer to allow gradual freezing

minute cooling time) to -70°C. 24h later, cells were moved to liquid ni

196°C. Alternatively, cells were stored at -80°C for up to 2 years.

Frozen cell stocks were revived by rapidly thawing the cryovial in a 37°C

waterbath. After addition of prewarmed medium, cells were pelleted,

iable cells counted and seeded at the desired density.

Doubling times

Doubling times were calculated using the formula:

Td-time required for one population

t1 – time at the start;

t2 – time at the end;

q1-cell number at the start,

q2-cell number at the end
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and primary myoblasts were dissociated from the cell culture ware by

(Gibco) for a maximum of 5 minutes at

as added to the cells to stop proteolytic

top centrifuge at 240g at

5 minutes. Cells were resuspended in appropriate cell

culture medium and counted using a Neubauer counting chamber, or an

automated cell counter (Invitrogen). Trypan Blue (Invitrogen) was added to a 10μl 

cell aliquot at a ratio of 1:1 to determine cell viability (usually 80-99%).

depended colour change in the cell culture medium, suspension

for 5 minutes, cell pellets resuspended in fresh

medium, counted and desired dilutions reseeded into new culture flasks or dishes.

trypsinised (for non-adherent

cold freezing medium containing 90% FBS

containing cryovial was

Mr. Frosty freezing container (Thermo Scientific) containing

freezer to allow gradual freezing (1°C a

0°C. 24h later, cells were moved to liquid nitrogen tanks

80°C for up to 2 years.

e cryovial in a 37°C

prewarmed medium, cells were pelleted,

and seeded at the desired density.

one population doubling;
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The reciprocal value of Td reveals the number of population doublings per day.

Doubling times were calculated after at least 2 passages and three independent

timepoints were pooled. The mean doubling times of selected cell lines and

primary mouse myoblasts are depicted in Table 2-7 (fastest growing to slowest).

Table 2-7: Mean doubling times of cell lines used in the study

Cell line Doubling time (Td) ±SD (days) Population doublings / day ±SD

C2C12 0.70 ± 0.17 1.48 ± 0.38

HEK293FT 0.88 ± 0.095 1.15 ± 0.13

H-2Kb-tsA58 0.94 ± 0.15 1.07 ± 0.18

H-2Kb-tsA58-Myf5nLacZ/+ 1.19 ± 0.32 0.9 ± 0.33

IHMB 2.22 ± 0.25 0.45 ± 0.05

1° satellite cells 2.40 ± 0.56 0.43 ± 0.09

2.2.2.3 Myofibre and Satellite cell biology

2.2.2.3.1 Single myofibre isolation

Single myofibres were isolated from the extensor digitorum longus (EDL) or soleus

muscle using the method developed by Dr David Rosenblatt in 1995 and described

previously (Collins & Zammit 2009; Rosenblatt et al 1995). Briefly, muscles were

carefully dissected from the hindlimbs and removed by cutting the distal and

proximal tendons to keep muscle fibres intact. Collagenase type I digestion

(0.002mg/ml, Sigma) was performed for 1h 10 minutes at 35°C to break up

surrounding connective tissue. Muscles were then placed into a 50x18mm dish

containing 8ml DMEM, previously coated with horse serum to prevent adhesion of

myofibres. A heat-polished, serum coated glass pipette with a mouth of 4-6mm

diameter was used to carefully triturate the muscle and to release bundles of

muscle fibres and eventually single myofibres into the medium. A serum coated

glass pipette with a mouth of 1mm diameter was used to transfer intact, non-

contracted single fibres into a new dish. Four serial washes were performed to

remove adherent, contaminating cell types and tissue debris. This isolation method
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has been extensively validated and ensures that pure satellite cell populations, free

of other contaminating cell types are isolated (Collins & Zammit 2009). After the

fourth wash, intact fibres were transferred into the final culture medium. For

fixation of myofibres at T0 (immediately after the last wash), about 30 fibres were

transferred into a 2ml conical Eppendorf tube and incubated at room temperature

for 10 minutes during which the fibres sink to the bottom of the tube. As much

medium as possible was removed, and 1.5ml 4% paraformaldehyde (PFA) was

added to fix single fibres for 10min at room temperature.

2.2.2.3.2 Suspension myofibre culture

Carefully washed single fibres were transferred into a 50x18mm serum-coated dish

containing plating medium (DMEM/L-glut/P/S supplemented with 10% horse

serum and 0.5% CEE, see Table 2-1). Approximately 30-40 fibres were then placed

into a well of a 24-well plate coated with horse serum. 500μl plating medium was 

added and non-adherent fibres were incubated at 37°C 5% CO2 for up to 4 days.

Single fibres cultured in suspension activate their associated satellite cells to

undergo their myogenic program and to proliferate and differentiate as clones on

their parent fibre (Beauchamp et al 2000; Zammit et al 2004b) .

2.2.2.3.3 Plated myofibre culture

Fibres were isolated as described in section 2.2.2.3.1 and transferred into a

50x18mm serum-coated dish containing plating medium. 8-well chamber slides

(Nunc) were coated with 0.1mg/ml Matrigel, 3-5 fibres were carefully transferred

into each well and fibre cultures were incubated at 37°C 5% CO2 for up to 4 days.

Fibres adhered to the Matrigel-coated surface within hours after plating. 24h post-

plating, activated satellite cells migrate off the fibre onto the Matrigel substrate and

enter their myogenic program as adherent cell cultures (Zammit et al 2002).

2.2.2.3.4 Isolation of quiescent satellite cells

Single, viable fibres were prepared as described in section 2.2.2.3.1and collected in

a horse serum-coated dish containing growth medium. Quiescent satellite cells
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located underneath the basal lamina along the myofibre were stripped by

physically breaking the basement membrane using a 19g needle and a 1ml syringe,

to free the satellite cells from the fibre. Cells were separated from fibre debris by

filtration through a 40μm nylon cell strainer (BD Bioscience) and subsequently 

seeded onto Matrigel-coated dishes with the appropriate media (plating media,

growth media) for downstream applications.

2.2.2.3.5 Culture conditions and expansion of primary satellite cells

Satellite cell cultures in normal oxygen

To gain a heterogeneous mixture of differentiating and cycling satellite cells, cells

were seeded into 8-well chamber slides or tissue culture flasks coated with

0.1mg/ml Matrigel and expanded in growth medium containing DMEM/L-glut/P/S

supplemented with 20% FBS and 1% CEE (see Table 2-1). Cells were incubated at

37°C with 5% CO2 and atmospheric oxygen and nitrogen (20% and 75%,

respectively). Medium was changed every 2-3 days. The number of differentiating

cells was increased by reducing the amount of serum to 10% horse serum and 0.5%

CEE (plating media, see Table 2-1). Initiation of full differentiation was obtained by

further reducing serum levels to 2-5% horse serum and no supplementation of

CEE. In contrast, addition of basic fibroblast growth factor (bFGF) was used to

increase the ratio of proliferating cells and to expand satellite cell cultures (see

below).

Satellite cell expansion with basic fibroblast growth factor (bFGF) and low

oxygen

Satellite cells were expanded in growth medium containing DMEM supplemented

with 20% FBS, 1% CEE, 1% L-glutamine, 1% antibiotics and 10ng/μl bFGF (Olwin & 

Rapraeger 1992). Cultures were maintained at 37°C, 5% CO2 and 5% oxygen.

Hypoxic conditions were generated by controlled infusion of nitrogen (90%) into

the incubator chamber, thereby replacing atmospheric oxygen with nitrogen. The

medium was changed every 2 – 3 days and cells were kept at sub-confluent levels
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to prevent cell fusion. Culturing satellite cells and their progeny under hypoxic

conditions has been shown to significantly increase their proliferative rate due to

the activation of cell cycle progression factors, such as phosphorylated Akt

(Chakravarthy et al 2001).

Clonal satellite cell cultures

For clonal analysis, single fibres were isolated as described in section 2.2.2.3.1. and

plated at a density so that approximately every second or third well contained a

satellite cell (0.3-0.5 satellite cells per well) (Ross et al 2012). Stripped cells were

plated into a Matrigel-coated 96-well plate or an 8-well chamber slide (Ono et al

2009). Clonal cultures were left undisturbed in proliferation medium for 4 days,

and 50% of the medium was replaced every 2-3 days thereafter.

2.2.2.4 Myogenicity testing

Myogenic cell lines C2C12, H-2Kb-tsA58, H-2Kb-tsA58-Myf5nLacZ/+, IHMB and

primary mouse myoblasts cells were tested for myogenicity by performing

immunocytochemistry to analyse expression of myogenic markers, such as Pax7,

MyoD, myogenin, desmin, or myosin heavy chain (see section 2.2.5.4). The

percentage of myogenic marker expression was determined by counting and

analysing all cells in an entire sample (for samples with low cell numbers (~100)),

or if the cell number per sample was too high (>500), by analysing at least 10

random fields and at least 100 cells. The data per random field were pooled and

displayed as percentage. Alternatively, at least 1x103 cells were analysed for the

expression of desmin using RT-PCR (see section 2.2.4.3). Primers directed at

GAPDH were used as a housekeeping control.

2.2.2.5 Differentiation assay

The potential of satellite cells and immortalised myoblasts to fuse together to form

multinucleated myofibres was analysed by seeding 50,000 cells per cm2 in a

Matrigel-coated 8-well chamber slide in proliferation medium or the appropriate
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medium for the particular cell line, respectively. This allowed cells to reach 95-

100% confluency on the next day. Cells were then switched to low-serum

differentiation media (see Table 2-1) containing DMEM supplemented with 2-5%

horse serum, 1% L-glutamine and 1% antibiotics. 2% serum starvation was often

used in confluent cultures to increase the rate of fusion, whereas 5% was used in

less confluent cultures or when initiation of fusion was intended to be less rapid

(e.g. for satellite cell cultures). Myoblasts started to fuse within days, and long,

multinucleated myotubes had normally formed by 7 days. The differentiation

potential was determined by the percentage of fusion events referred to as the

fusion index. The fusion index was calculated by the number of myonuclei per total

nuclei and was displayed in percentage. A myonucleus was defined as nucleus in a

multinucleated myotube containing 3 or more myonuclei. For analysis, myotubes

were counterstained with an antibody directed against myosin or desmin (see

section 2.2.5.4).

2.2.2.6 Ex vivo organotypic explant culture

The tibialis anterior (TA) was isolated as described previously (Rosenblatt et al

1995) and cut into 0.5 mm longitudinal sections using a tissue chopper. Muscle

explants were transferred onto a Millicell®-CM (Millipore) membrane consisting of

0.4μm biopores and hydrophilic polytetrafluoroethylene (PTFE) allowing a thin 

layer of liquid to cover the explant, thereby ensuring optimal oxygen supply.

Explants were cultured in 1-2ml DMEM/L-glut/P/S supplemented with 20% FBS for

up to 18 days. Cells and tissue grown on Millicell® membranes have been shown to

resemble their in vivo state more closely compared to when cultured under

standard tissue culture conditions (Leonardo et al 2009).
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2.2.3 Virus production and infection

2.2.3.1 Lentiviral expression constructs

All lentiviral expression constructs were second-generation self-inactivating (SIN)

lentiviral vectors carrying a deletion in the U3 of the 3’ long terminal repeat (LTR),

therefore eliminating any LTR promoter activity or transcriptionally active

sequences, which may interfere with the control of the transgenic expression

cassette (Zufferey et al 1998). Furthermore, all expression constructs carried a

woodchuck hepatitis virus post-transcriptional regulatory element (WPRE)

downstream of the transgene, which was shown to increase RNA stability as well

as viral titres and transgene expression (Zufferey et al 1999). Vectors derived from

collaborating groups were sequenced using a 5’ GFP reverse primer (see Table 2-6)

to confirm the identity of the promoter.

2.2.3.1.1 SFFV-EGFP-SIN

The p'HR.sin.cppt.SEW (9.66kb) expression vector was kindly provided by Dr

Steve Howe and Prof Adrian Thrasher. The plasmid encodes EGFP under the

control of the spleen focus forming virus (SFFV) promoter. A plasmid map is

attached in the Appendix (see section 2.3).

2.2.3.1.2 hDES-EGFP-SIN

The hDES-EGFP-SIN (MA884; 8.65kb) expression construct was a kind gift from

Prof Michael Antoniou. The vector was generated from the pRRL.sin.cppt.CMV-

EGFP-WPRE (MA292) plasmid by excision of CMV and replacement with a 1.7kb

human desmin promoter sequence. The promoter was cloned from the human

desmin locus covering 1.7kb upstream of the desmin transcriptional start site and

ranging into 35bp of exon 1, thereby encoding the 228 bp proximal muscle-specific

promoter together with a 280 bp enhancer located between −693 bp and −973 bp 

(Talbot et al 2010; Tam et al 2006).
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2.2.3.1.3 HSA-EGFP-SIN

The human skeletal actin (HSA) promoter was kindly provided by Dr Martin

Schwander as part of the HSA-Cre construct, as previously published (Schwander

et al 2003). Primers were designed to introduce EcoRI and BamHI restriction sites

up- and downstream of the HSA promoter, respectively, to facilitate subcloning

into the SIN transfer vector (see Table 2-6 for primers). The SFFV promoter was

excised from the p'HR.sin.cppt.SEW construct using the unique restriction sites

BamHI and EcoRI and replaced with the PCR-amplified HSA promoter fragment.

Accuracy of the p'HR.sin.cppt.HSA-EGFP-WPRE construct (11.7kb) was verified by

sequencing using the 5’ GFP_Rev primer (see Table 2-6).

2.2.3.1.4 A2UCOE-EGFP-SIN

The A2UCOE-EGFP-SIN vector (MA1004; 11.8kb) was kindly provided by Prof

Michael Antoniou. The A2UCOE promoter was derived from the HNRPA2B1-

CBX3 locus, which comprises two divergently transcribing promoters surrounded

by large sequences of methylation-free CpG islands. The promoters drive

ubiquitous expression of two housekeeping genes: the heterogeneous

ribunucleoprotein A2/B1 (HNRPA2B1) and a chromobox homolog 3 (CBX3). This

CpG island-rich dual promoter locus has been shown to be resistant to any

heterochromatin-mediated silencing of its genes whilst exerting a dominant

remodelling effect, leaving the chromatin in an open format (Williams et al 2005).

This locus is therefore referred to as an ubiquitous chromatin opening element

(UCOE). Especially in bone marrow and peripheral blood progeny, transgenes

under the control of the A2UCOE promoter have been shown to be resistant to

position effects and transcriptional silencing (Zhang et al 2010; Zhang et al 2007). In

the obtained vector, the A2UCOE promoter encompassed the core 1.5 kb promoter

fragment extending +309bp from the transcriptional start site into the intron 1 of

CBX3 and +475bp into the intron 1 of HNRPA2B1.
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2.2.3.1.5 A2UCOE.hDES-EGFP-SIN

The A2UCOE.hDES-EGFP-SIN vector (MA885; 10.1kb) was kindly provided by

Prof Michael Antoniou. This construct was generated from the

pRRL.sin.cppt.hDES-EGFP-WPRE (MA884) vector by insertion of the 1.5kb

A2UCOE promoter sequence upstream of the 1.7kb desmin promoter. As A2UCOE

comprises a dual promoter activity, any interference on the downstream desmin

promoter activity was ruled out by confirming stable read-through transcripts with

an S1-nuclease protection assay (Talbot et al 2010). Thus, the verified and

previously published vector carrying HNRPA2B1-CBX3-hDesmin-EGFP-WPRE

was used in this study.

2.2.3.1.6 LNT-MCS-GFP-WPRE-SIN

The plasmid, kindly provided by Dr Steve Howe, encodes EGFP-WPRE directly

downstream of the multiple cloning site (MCS) of the normal lentiviral backbone.

Any promoter activity is therefore absent and it was used as a control vector for

any assays investigating promoter-mediated transgene expression.

2.2.3.2 Envelope plasmids for pseudotyping

The first HIV-1 lentiviral vectors containing a deletion in their sequence encoding

for the endogenous viral envelope protein (gp120) were described in 1990 (Page et

al 1990). This vector design allowed subsequent pseudotyping of HIV-1 vectors

with heterologous envelope glycoproteins being expressed in-trans during vector

production thereby generating HIV-1 virions with modified tropism (Cronin et al

2005; Landau et al 1991).

2.2.3.2.1 VSV-G

The plasmid pMD.G2 encoding the vesicular stomatitis virus G protein (VSV-G)

was a kind gift from by Dr Steve Howe and Prof Adrian Thrasher, and originally

obtained from Prof Luigi Naldini’s laboratory (San Raffaele). VSV-G is the most

commonly used heterologous envelope protein due to its broad tropism and

stability. The glycoprotein has a trimerised transmembrane domain mediating a
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tight attachment to its virions. Interestingly, the cell surface receptor that VSV-G

binds to for entering the cell has not been identified so far (Coil & Miller 2004). In

the obtained plasmid, the coding sequence for VSV-G is under the control of the

CMV promoter (see plasmid map attached, Appendix section 2.3).

2.2.3.2.2 EboZ-GP

The pEboZ-GP plasmid was a kind gift from Dr Natalie Ward, and was originally

obtained from Dr François-Loïc Cosset (Université de Lyon). pEboZ encodes the 

glycoprotein (GP) of the Zaire Ebola virus, the most virulent subtype of all Ebola

viruses. The glycoprotein binds to the folate receptor-alpha as a cofactor for cellular 

entry (Chan et al 2001) and has been shown to preferentially target satellite cells in

vivo (MacKenzie et al 2005).

2.2.3.3 Packaging plasmids

Packaging plasmids were of 2nd generation with accessory genes such as vpu, vpr,

vif and nef being deleted (Zufferey et al 1997). The plasmid therefore only

encompasses the sequence for gag-pol, encoding all essential structural core

proteins as well as HIV-1 specific enzymes, e.g. reverse transcriptase or integrase.

Additionally, transactivating regulatory protein (tat) is included in the 2nd

generation packaging vector system to allow viral transcription and to increase

viral titres (Sirven et al 2000).

2.2.3.3.1 Integration-proficient packaging plasmid (IN+)

The packaging plasmid pCMVΔR8.74 was a kind gift from Dr Steve Howe and Prof 

Adrian Thrasher. The vector was generated in Prof Naldini’s laboratory (San

Rafaelle) by deleting a 133bp splice donor-site in the CMV-derived region to

optimise expression of the gag-pol genes (Dull et al 1998). This vector is efficient in

driving expression of all essential genes for HIV-1 virion assembly.
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2.2.3.3.2 Integration-deficient DNW plasmid (IN-)

The packaging plasmid pCMVΔR8.74.DNW was a kind gift from Dr Luis 

Apolonia. The integration-deficient construct was generated based on the

pCMVΔR8.74 gag/pol plasmid, however, integration proficiency was eliminated 

due to the introduction of point mutations into the integrase-specific sequence of

the pol gene. Using site-directed mutagenesis two point mutations were inserted

into the catalytic core (D64V+N120L) and one point mutation was introduced into

the C-terminal DNA-binding domain (W235E). The resulting triple mutant had a

1000-fold reduction in its ability to integrate the provirus into the host genome

(Apolonia et al 2007).

2.2.3.4 Lentivirus production

HIV-1 based lentiviral particles were generated by transient co-transfection of the

vector genome plasmid, the gag-pol packaging plasmid and the envelope plasmid

into 293FT producer cells (Invitrogen) using either polyethyleneimine (Sigma-

Aldrich) or lipofectamine (Promega) as a transfection reagent. Cell supernatant was

collected 48-72hrs post-infection (hpi) and remaining cells were removed by

filtration through a 0.22μm filter. Virus-containing supernatant was concentrated 

by either ultracentrifugation (Sorvall Discovery SE) for 2hrs at 100,000g at 4°C or

alternatively by centrifugation overnight at 4,500g at 4°C (Sorvall Legend TM). The

virus pellet was carefully resuspended in Optimem and aliquots were stored at -

80°C.

2.2.3.5 Lentiviral titration

Viral titres were determined after one freeze-thaw cycle. Briefly, 293FT or C2C12

cells were seeded at a density of 2x105 or 5x104 cells per well in a 6-well plate in

their appropriate cell culture medium, respectively, and transduced with serial

dilutions of lentiviral vectors (minimum of 5 dilutions). 3 days post-infection (dpi)

cells were harvested by trypsination and analysed for GFP expression using flow

cytometry (see section 2.2.5.3). Gates for GFP positive and negative populations
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were set up based on side scatter and GFP using a non-infected control sample.

Propidium Iodide (1μg/ml) was added to each sample as a viability dye to exclude 

dead cells from the analysis. The percentage of GFP-positive cells was plotted

against the virus containing volume to establish a dose-response curve. Infectious

titres were calculated from the proportion of GFP-positive cells and normalised to

their volume. Three independently calculated titres of corresponding data points

lying in the linear range of the dose-response curve, and with GFP-positive

populations of less than 60% to ensure single copy integration per cell, were

combined to generate a mean infectious titre (infectious units / ml).

2.2.3.6 Lentiviral infection protocol

Quiescent satellite cells were isolated as described in section 2.2.2.3.4 and infected

with the lentiviral vector immediately after stripping for ex vivo analysis.

Alternatively, myofibre cultures either in suspension or when plated on Matrigel

were infected immediately after being seeded into the appropriate well (see

sections 2.2.2.3.2 and 2.2.2.3.3). Cell lines were infected similar to satellite cells by

plating them at the required density, but virus was added 4-6 hours post-seeding to

ensure sufficient adherence of cells. Cell lines in suspension were infected

immediately after seeding. For infection of explants, explants were prepared as

described in section 2.2.2.6 and infected once the cohesive layer of cell culture

medium had formed around the tissue. The amount of virus for infection was

calculated from the desired multiplicity of infection (MOI) and the titre of the

respective virus batch (normally determined in 293FT cells). Unless stated

otherwise, the medium of infected cultures was changed 20 - 24 hpi.

2.2.3.7 Adeno-associated viral vectors

2.2.3.7.1 Adeno-associated viral vector production and purification

Recombinant adeno-associated viruses (rAAV) were generated by co-transfection

of the SFFV-GFP-AAV vector genome, the AAV2/8 capsid and the HGTI AAV

helper plasmid into 293FT producer cells (Invitrogen). 72hrs post-transfection, cells
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were harvested using a cell scraper and pelleted by centrifugation at 240g for 10

minutes. Cells were resuspended in TD buffer (see Table 2-2) and lysed by freezing

at -80°C and thawing at 37°C for at least four times. Before each freezing cycle, the

cell/virus suspension was vortexed thoroughly to facilitate the release of virus

particles from the cells. 50U/ml benzonase was added and incubated at 37°C for 30

minutes to degrade any nucleic acids present in the suspension. Cell debris was

removed by centrifugation at 4,000g for 20 minutes at 18°C, and subsequent

filtration of the supernatant through a 0.45μm filter. For chromatographic 

purification the virus suspension was diluted 1:3 in filtered PBS and loaded onto an

ion exchange chromatographic column using a GE ÄKTA FPLC system (Amerham

Pharmacia). AAV viral particles were eluted and fractions containing the virus

were combined and subsequently dialysed in Slide-A-Lyzer dialysis cassettes

(Thermo Scientific) overnight at 4°C. The software UNICORN (GE Healthcare) was

used to control the chromatographic purification process and to determine the

virus containing fractions. AAV viral particles were stored at 4°C and filtered

through a 0.22μm filter before infection.  

2.2.4 Molecular Biology Techniques

2.2.4.1 Plasmid DNA Purification and Amplification

2.2.4.1.1 Plasmid Transformation

One Shot® TOP10 chemically competent Escherichia coli (E.coli) bacteria

(Invitrogen) were transformed by using the heat-shock method. For each plasmid

transformation, one vial of cells was thawed on ice, mixed with 1μl of plasmid 

DNA and incubated on ice for 30 minutes. Cells were heat-shocked for 30-45

seconds in a 42°C pre-warmed water bath and quickly returned back on ice. 900μl 

of S.O.C. media was added, and transformed cells were incubated at 37°C for 1hr

without shaking. Transformed cells were spread on solid LB agar plates containing

ampicillin or kanamycin (50μg/ml), and plates were incubated at 37°C ON to allow 
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growth of bacterial colonies. Single colonies were picked the following day using

sterile 10μl pipette tips.  

2.2.4.1.2 Bacterial growth and maintenance

Picked clones of transformed E. coli were expanded in 2-3ml liquid

Luria-Bertani (LB) media containing ampicillin or kanamycin (50μg/ml), and 

incubated at 37°C overnight under rigorous agitation (200-250rpm) (Castilow 1981).

For long-term storage, bacterial overnight cultures were stored in 30% (v/v) sterile

glycerol (Sigma Aldrich) at -80°C. Alternatively, overnight cultures were used for

small-scale or large scale plasmid DNA preparation.

2.2.4.1.3 Plasmid DNA preparation

For small-scale plasmid DNA preparation, 3-5ml bacteria cultures were incubated

overnight at 37°C and plasmid DNA purified using the Miniprep Qiagen Kit as per

manufacturer’s instructions. For large-scale plasmid purification, 200-500ml

bacteria cultures were grown overnight at 37°C and plasmid DNA extracted using

the Qiagen maxi or mega-prep kit as per manufacturer’s instructions. Viral vector

plasmids were purified using the Endofree Qiagen kit. Plasmid DNA was

quantified by measuring the absorbance of light at a wavelength of 260nm using a

NanoDrop ND-1000 spectrophotometer (Thermo Fisher) with a 0.2mm path length.

The Beer-Lambert equation was used by the manufacturer’s software to calculate

the DNA concentration in ng/μl using the measured absorbance and an extinction 

coefficient of 50ng-cm/μl for double-stranded DNA. The accuracy of each plasmid 

was verified using restriction enzyme digestion.

2.2.4.2 Cloning

2.2.4.2.1 Restriction enzyme digestion

Plasmid DNA (typically 500ng - 1μg) was digested in a final volume of 25μL 

containing 1x buffer (supplied by the manufacturer), 0.2μl (20U) restriction enzyme 

(NEB) and in some cases bovine serum albumin (0.1mg/ml). The endonuclease

reaction was carried out at the manufacturer’s recommended temperature for 1-3
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hours or overnight, and DNA digestion was verified by agarose gel

electrophoresis. Double digestions were either performed in compatible buffers or

sequentially, after clean-up of DNA by ethanol precipitation using the Qiaquick

PCR purification kit and following the manufacturer’s protocol.

2.2.4.2.2 Agarose gel

Digested DNA fragments were separated by gel electrophoresis through 0.5-2%

agarose gel in 1x TBE buffer (see Table 2-2). For gel preparation, high-purity solid

agarose (Invitrogen) was dissolved in 1x TBE buffer and subsequently boiled using

a microwave. Sybr Safe® (Invitrogen) was added at a dilution of 1:10,000 to

visualise DNA. Before loading onto the agarose gel, DNA samples were mixed

with 10x DNA loading buffer (Invitrogen). 1kb or 100bp of digested lambda DNA

(Invitrogen) was included in each run as a ladder to enable size determination of

DNA fragments. Gels were electrophoresed using a voltage of 50-100V (up to

150mA). Clearly separated DNA fragments were subsequently visualised by

exposure to ultra-violet light using a GenoSmart gel documentation system (VWR).

If separated DNA fragments were required for following cloning steps, the desired

DNA band was excised from the agarose gel using a clean scalpel blade with

minimal exposure to ultra-violet light. The DNA was then purified from the

agarose using a QIAquick gel extraction kit as per the manufacturer’s instructions.

2.2.4.2.3 Polymerase Chain Reaction (PCR)

PCR was performed to amplify desired DNA sequences required for subsequent

cloning steps. A mastermix was prepared if more than two reactions were

analysed. All reactions were set up for a total volume of 50μl containing 200μM 

dNTPs, 0.5μM forward and reverse primer (listed in Table 2-6), 1x Phusion reaction 

buffer, high fidelity Phusion polymerase (New England Biolabs), and 10-100ng

template. Cycle conditions were as listed below. Touch-down PCR was used to

avoid the amplification of unspecific PCR products.
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3-Step PCR:

Denaturation: 98°C 30’’ 1x

Denaturation 98°C 5-10’’

Annealing 55°C 15’’ - 25-35x touchdown

Extension 72°C 15-30’’/1kb

Final Extension 72°C 5-10min 1x

2.2.4.2.4 Fusion of a V5 tag

The pCDNA3.1/V5/His TOPO® TA vector was used to fuse a V5/His tag to a

human microdystrophin cDNA (Jorgensen et al 2009), which was kindly provided

by Dr Steve Laval and Prof Hans Lochmüller. The TOPO® TA vector is provided as

an open plasmid with T overhangs that have topoisomerases bound to each end.

PCR amplification with the high-fidelity Phusion polymerase (NEB) was used to

amplify the desired DNA sequence. 3’ A-overhangs were added to the PCR

product by supplementing the mix with dNTPs and Taq polymerase and

incubating the reaction at 72˚C for 10 minutes. The PCR product with 3’ A-

overhangs was then ligated into the pcDNA vector by mixing 1μl of vector with 

4μl of PCR product and 1μl salt solution (provided in the kit). Ligation was 

performed for 2hrs, and 1-2μl ligation mix was used for subsequent transformation 

into One Shot® TOP10 chemically competent E.coli cells. Positive clones were

sequenced to verify if the V5/His tag was in-frame with the microdystrophin

cDNA.

2.2.4.2.5 Blunt ending

Blunt-ending of DNA overhangs was carried out by using the DNA Polymerase I,

Large (Klenow) Fragment (Promega). The Klenow polymerase exhibits 3'→5'

exonuclease and 5'→3' endonuclease activity, but is deficient in 5'→3' exonuclease

activity (Jacobsen et al 1974). 5’ DNA overhangs are therefore filled in with

complementary nucleotides, whereas 3’ overhangs are removed to form blunt ends.

Blunt-end reactions were performed in a total volume of 20μl containing 50mM 

Tris-HCl (pH 7.2), 10mM MgSO4, 0.1mM DTT, 40μM of each dNTP, 20μg/ml BSA 
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together with 1 unit of Klenow fragment per μg of DNA. Reactions were incubated 

at room temperature for 10 minutes and enzyme denatured by incubation 75°C for

10 minutes.

2.2.4.2.6 Alkaline Dephosphorylation

When the vector DNA had the same compatible ends like the insert, the digested

vector DNA was treated with calf intestinal alkaline phosphatase (CIP, Promega) to

remove 5’ phosphate groups from the terminal nucleotides. As ligases require the

5’ phosphate group to form a phosphodiester bond between two DNA ends, the

vector DNA ends cannot be ligated. This results in reduction of vector background

ligation. Dephosphorylation was carried out by adding the CIP enzyme (0.5

units/μg) to the digested vector, followed by incubation at 37°C for 1hr.  

2.2.4.2.7 Ligation of DNA fragments

Ligation reactions were set up in a total volume of 20μl containing T4 ligase 

(Promega), 1x ligation buffer (Promega) and typically 100ng of total DNA

consisting of vector and insert DNA. The vector to insert ratio was calculated based

on the size of each fragment and was typically 4:1 or 4:3. Ligation reactions were

incubated at 16°C ON or for 48hrs when blunt-end ligations were performed. 2 –

10μl of ligation mix was used for transformation into TOP10® chemically

competent E.coli cells.

2.2.4.2.8 Sequence analysis and plasmid map generation

Samples were sequenced using the UCL Sequencing core facility or the Source

BioScience PLC sequencing service. ABI sequencing trace files were analysed using

the ApE plasmid Editor software. This software was also used for the generation of

plasmid maps from imported sequences, to virtually track cloning procedures, and

to align sequences.
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2.2.4.3 Expression and integrated copy analysis

2.2.4.3.1 Simultaneous RNA, DNA and protein Isolation

Total RNA, DNA and proteins of cells were extracted using the Qiagen AllPrep kit

following the manufacturer’s instructions. Briefly, cells or muscle tissue were lysed

and homogenized in a highly denaturing guanidineisothiocyanate-containing

buffer, immediately inactivating DNases, RNases and proteases to allow sufficient

isolation of intact DNA, RNA, and proteins. Cells were homogenised by passing

the lysate through a 20g needle 5-10 times or by using the QIAshredder column.

Whole muscle tissue was homogenised by using a rotor–stator homogeniser

followed by centrifugation through a QIAshredder column. Following

homogenization, the lysate was passed through an AllPrep DNA spin column to

selectively bind genomic DNA due to the high-salt conditions provided by the

buffer. For genomic DNA purification, the column was washed as per

manufacturer’s instructions and ready-to-use DNA was eluted. Ethanol was added

to the RNA/protein-containing flow-through of the AllPrep DNA spin column and

provided optimal binding conditions for RNA molecules to bind to the RNAeasy

column. The column was washed and purified RNA was eluted. The RNAeasy

technology specifically binds RNA molecules longer than 200 nucleotides, thereby

excluding small RNAs such as tRNAs and rRNAS, resulting in an enrichment of

mRNAs. Proteins contained in the RNAeasy flow-through were precipitated by

adding either 4 volumes ice-cold acetone or the supplied protein precipitation

buffer. Following precipitation, proteins were pelleted by centrifugation at 10,000g

and resuspended in an appropriate buffer for down-stream application containing

5% SDS (w/v). If only RNA or genomic DNA was required, the RNAeasy kit

(Qiagen) for RNA and the DNAeasy kit (Qiagen) for genomic DNA purification

was used following the manufacturer’s instructions. Total RNA and DNA was

quantified by measuring the absorbance at 260nm using a NanoDrop-1000

spectrophotometer.
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2.2.4.3.2 RT-PCR

Reverse transcription (RT) was carried out using the Qiagen OneStep® RT-PCR Kit

following manufacturer’s instructions. Briefly, RT-PCR reactions were performed

in a total of 25μl containing up to 2μg RNA as a template together with 0.8μM 

gene-specific forward and reverse primers (see Table 2-5), 400μM dNTPs, reverse 

transcriptase and 5x OneStep® RT-PCR Buffer (Qiagen) diluted to 1x in sterile

distilled water. Cycle conditions were as follows using touch-down PCR:

Reverse Transcription 50°C 30’ 1x

PCR activation step 95°C 15’ 1x

Denaturation 94°C 15’’

Annealing 65°C 30’’ - 25x

Extension 72°C 30’’

Denaturation 94°C 15’’

Annealing 55°C 30’’ - 25x

Extension 72°C 30’’

Final Extension 72°C 10min 1x

2.2.4.3.3 Quantitative real-time PCR

Quantitative real-time PCR (qPCR) using a TaqMan® probe was used to quantify

integrated viral copy numbers and to perform expression analysis from their

incorporated transgenic cassettes. The method was first reported by Holland and

colleagues in 1991 (Holland et al 1991). The TaqMan® probe is fluorescently

labelled on the 5’ end and has a quencher on the 3’ terminus. When the probe is in

solution or bound to the complement DNA sequence, the quencher is in close

proximity to the fluorescent label and prevents its fluorescence through

Fluorescence Resonance Energy Transfer (FRET). As the Taq-polymerase

polymerises the PCR product, it releases the 5’ fluorescent label from the FRET

activity of the quencher and fluorescence is increasing with each PCR cycle. To

avoid convergence between samples, the threshold is set in the exponential phase
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of the fluorescent signal resulting in an arbitrary cycle value (ct), which can be

compared between samples. Reactions were performed in triplicate in a total

volume of 25μl containing forward and reverse primers at 0.9μM (see Table 2-4), a 

fluorescently-labelled probe at 0.2μM and a pre-mixed TaqMan® Gene Expression 

Master Mix containing ROX as a reference dye (Applied Biosystems) diluted to 1x

with sterile distilled water. An Applied Biosystems StepOnePlus system was used

to perform the qPCR reactions with the following cycling parameters – 1 cycle of

50°C for 2min, 1 cycle of 95°C for 10min followed by 40 cycles of 95°C for 15s and

60°C for 1min.

Expression analysis

For expression analysis, up to 1μg RNA was reverse transcribed using the 

QuantiTect® Reverse Transcription kit (Qiagen). First, potential contaminations of

carried over genomic DNA from the AllPrep purification procedure (see section

2.2.4.3.1) was eliminated by incubating the RNA sample in the provided gDNA

wipeout buffer at 42°C for 2 minutes. Pure RNA was then reverse transcribed by

using an optimised RT-Primer mix consisting of random and oligodT primers

resulting in high yields of single-stranded cDNA. cDNA was quantified using a

NanoDrop-1000 spectrophotometer, and all samples were diluted to the same

concentration. For each PCR, between 10-100ng cDNA was used as a template and

reactions were carried out as described above. GAPDH or PGK-1 was used as an

endogenous control. Analysis was performed by using the relative comparative

ΔΔct method as published previously (Livak & Schmittgen 2001).  

Viral Copy number analysis

To determine integrated or non-integrated viral copies per cell, the genomic DNA

of all samples was diluted to yield the same concentrations in each sample. 10-

100ng of DNA was used for each PCR reaction. To determine the copy number in

each sample, standard curves of a diluted plasmid harbouring the target sequence

and the reference gene with known copy numbers (0.01 – 100,000 copies) was

generated. Primer and probe sequences directed against exon 5 of the murine titin
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gene were kindly provided by Natalie Ward and were used to quantify

endogenous gene copies of murine cells and tissue. To quantify the number of

endogenous gene copies in human cells, primer and probe sequences directed at

the human beta-actin gene were kindly provided by Conrad Vink. The number of

endogenous gene copies was required to determine the cell number for each loaded

sample assuming that two copies of the endogenous gene are present in a diploid

cell. The determined cell number allowed then to calculate viral copy numbers per

cell. PCR reactions were carried out as described above.

2.2.5 Tissue and Cell analysis

2.2.5.1 Tissue preservation, preparation and storage

2.2.5.1.1 Isolation and harvesting of muscles

The tibialis anterior (TA) was dissected by removing the skin and epimysium with

fine scissors. The proximal TA tendon was cut and the TA carefully lifted, whereby

excessive connective tissue was removed using fine forceps. A No.22 scalpel

(Swann-Morton Ltd.) was used to separate the muscle from the bone. The EDL and

soleus were isolated as described in section 2.2.2.3.1.

2.2.5.1.2 Immersion-Fixation

To determine GFP expression in the TA muscle, the muscle was immersion-fixed in

4% paraformaldehyde (PFA) immediately after isolation. The weight of the mouse

TA muscle was estimated 40mg (Dupuis et al 2000) and the volume was calculated

to be 15-20x greater than the tissue allowing sufficient fixation at room temperature

at a rate of 1hr per 1mm tissue. Fixed muscles were placed on a shaker to increase

homogeneity of fixation.

2.2.5.1.3 Intra-cardial perfusion

Perfusions were carried out in a fume hood in a room designated by the Home

Office. Subcutaneous injection of 300-400μl Hypnorm (0.315mg/ml fentanyl citrate 

and 10mg/ml fluanisone, Janssen Pharmaceuticals) and Hypnovel (1.25mg/ml
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midazolam, Roche) diluted in water at a ratio of 1:1:1 per adult mdx nude mouse

(3.75μl/g body weight) induced terminal anaesthesia within approximately 10 – 15 

minutes. Intra-cardial perfusion was initiated when any withdrawal reflex was

absent following strong pinching of the paw or tail. The mouse was pinned onto

cork board and the rib cage was opened using dissection scissors. The diaphragm

was carefully cut without puncturing the heart and a small incision was made into

the right atrium while the heart was still beating. A syringe with a 19G needle was

inserted into the apex of the left ventricle and 20ml of PBS was pumped into the

circulation to flush out any remaining blood. PBS was quickly switched to 4% PFA

once all blood was removed from the system and passed through the arteries until

the heart stopped beating. PFA administration was continued until all muscle

contractions ceased and the hind limbs as well as the rest of the mouse became stiff.

The TA was then isolated as described above and post-immersion-fixed in 4% PFA

for 2-4hrs at room temperature with rigorous shaking.

2.2.5.1.4 Cryopreservation

Muscles were cryopreserved overnight at 4°C in 30% sucrose (w/v) (Sigma) in PBS.

Increased sucrose concentration effectively lowers the freezing point and maintains

the ionic balance of cells thereby preserving the basic structure of the tissue.

Cryopreservation was regarded as complete once muscles had sunk to the bottom

of the bijou.

2.2.5.1.5 Snap-freezing of muscle tissue

For mounting of muscles, 6g Tragacanth (Sigma G-1128) was dissolved in 100ml

water and incubated at 60°C overnight before it was transferred to 4°C for long-

term storage. After successful cryopreservation, muscles were bisected and

positioned on a labelled cork disc in the desired direction (mainly transverse) using

a small quantity of Tragacanth. Isopentane was placed into a plastic beaker and

suspended in a Dewar flask of liquid nitrogen until the bottom part became frozen

and turned white. Mounted muscles on their cork discs were transferred into the

isopentane with the muscle pointing downwards and snap-frozen for 30 seconds –
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1 minute. Frozen muscles were quickly transferred into a sealable bag, which had

been pre-chilled in liquid nitrogen. Muscle blocks were stored at -80°C.

2.2.5.1.6 Cryosectioning of frozen muscle tissue

Muscle blocks were taken out of the -80°C freezer and transferred into a Dewar

flask containing liquid nitrogen. The muscle-containing cork disc was mounted on

a chuck using Tissue-Tek® O.C.T. mounting medium and placed into the

appropriate position at the cryostat (Leica). 7μm serial sections were cut at intervals 

of every 100μm through the whole muscle. Cryostat sections were collected on 

polylysine-coated slides (Polysciences Inc.). Slides were placed into slide boxes and

stored at -80°C.

2.2.5.2 Flow cytometry cell sorting

Samples were prepared by trypsination of cells, followed by centrifugation at the

required speed. Cell pellets were resuspended in FACS buffer containing DMEM

supplemented with 2% FBS, 2mM EDTA, 20mM HEPES, 1% L-glutamine and 1%

antibiotics. To remove clumps, resuspended cells were filtered through a 35μm cell 

strainer and transferred into FACS tubes (BD Biosciences). Flow cytometry cell

sorting was carried out using a high-speed cell sorter MoFlo XDP (Beckman

Coulter) equipped with three lasers: UV laser (350 nm), argon laser (488 nm), red

diode (647 nm). The forward scattered slight (FSC) was used to obtain information

about the size and shape of the cell. The side scattered light (SSC) was used to

obtain information about the granularity of the cell. Gates based on FSC and SSC

were applied to sort for the main population of interest and to exclude debris and

dead cells. A photomultiplier tube (PMT) was used to detect and read the

fluorescence emitted by the cell particles crossing the laser beams. The 488nm

argon laser was used to excite the GFP fluorochromes present in lentivirus-infected

cells. Emitted light from excited GFP positive cells was detected through a 510/20

band pass filter and positive cells were sorted using gates based on SSC and GFP or

alternatively, for PI and GFP to exclude autofluorescent dead cells. For in vivo
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experiments, cells were not treated with PI prior to the sort to avoid potential

interference of the dye with endogenous cell properties. Cells falling into the

sorting regime were electrostatically charged and sorted by their charge through a

100μm nozzle at a rate of 1,500 – 3,000 events per second. The sorting efficiency 

was usually 70-95%. If efficiencies were lower, the sample was diluted in FACS

buffer or the flow rate was reduced to increase efficiency.

2.2.5.3 Flow cytometry

Flow cytometry was used to analyse cells for GFP expression. Cells were

trypsinized, pelleted and resuspended in FACS buffer consisting of DMEM

supplemented with 2% FBS and 2mM EDTA. Cells were filtered through a 35μm 

cell strainer to remove cell clumps and transferred into FACS tubes (BD

Biosciences). 1-2 drops of propidium iodide (1 μg/ml) were added to each cell 

suspension before analysis to exclude dead cells and debris. Cells were analysed

using a LSRII (Becton Dickinson) by gating for the main cell population using

forward and side scatter. For live cell analysis, cells were excited using the 488nm

laser and plotted for forward scatter (FSC) and PE-Cy5.5 by applying a band pass

filter at 695/20nm. Live cells were negative for PI and showed no shift in PE-Cy5.5

emission. For GFP analysis, cells were excited using the 488nm laser and plotted for

side scatter (SSC) and GFP by using a band pass filter at 510/20nm.

2.2.5.4 Histological analysis

2.2.5.4.1 Immunohisto-/cytochemistry of cells, myofibres, explants and tissue

sections

For antibody-mediated immunological staining, cells, fibres or explants were fixed

in 4% paraformaldehyde for 10min, permeabilised in 0.5% triton-X for 6 min and

blocked with 10% goat serum for 1 hour at room temperature. Already fixed tissue

sections were permeabilised and blocked simultaneously in 0.3% triton-X/ 10% goat

serum diluted in PBS for 1hr at room temperature. Primary and secondary
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antibody detection was performed for 1hr at room-temperature or at 4°C overnight.

Details of primary and secondary antibodies are listed below:

Table 2-8: Antibodies used in this study

Primary Antibodies

Target Species Company / Supplier Working dilution

α‐Pax7 (conc.) Mouse DSHB 1:50 

α‐MyoD1 Mouse DAKO 1:50 

α‐MyoD Rabbit Santa Cruz 1:50 

α‐Desmin Mouse DAKO 1:50  

α‐Myogenin (F5D) Mouse DSHB 1:50 

α‐Myogenin Rabbit Santa Cruz 1:50 

α‐Ki67 Rat DAKO 1:50 

α‐sarcomeric myosin 
(MF20)

Mouse DSHB 1:100

α‐GFP Rabbit Invitrogen 1:200 

α‐GFP Chicken Abcam 1:200 

α‐V5‐FITC Rabbit Invitrogen 1:500 

α‐β‐galactosidase Rabbit Invitrogen 1:50 

α‐β‐galactosidase 

(JIE7; conc.)
Mouse DSHB 1:50

α‐M‐Cadherin  Mouse Nano Tools 1:50 

α‐Laminin Rabbit Sigma 1:200 

α‐SV 40 large T‐Antigen Mouse Calbiochem 1:50 

α‐Dytrophin (P7) (Lu et al 
2005)

Rabbit Custom – made 1:1000

α‐Dytrophin  

(RB-9024-P0)
Rabbit Lab vision 1:100

Secondary Antibodies

Alexa Fluor 488-
conjugated α‐rabbit IgG 

Goat Invitrogen 1:500
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Alexa Fluor 488-
conjugated α‐rat IgG 

Goat Invitrogen 1:500

Alexa Fluor 594-
conjugated α‐rat IgG 

Goat Invitrogen 1:500

Alexa Fluor 594-
conjugated α‐mouse IgG 
(H+L)

Goat Invitrogen 1:500

Alexa Fluor 488-
conjugated α‐mouse IgG 
(H+L)

Goat Invitrogen 1:500

Alexa Fluor 594-
conjugated α‐mouse 
IgG1

Goat Invitrogen 1:500

Alexa Fluor 488-
conjugated α‐chicken IgG 
(H+L)

Goat Invitrogen 1:500

Alexa Fluor 647-
conjugated α‐rabbit IgG 

Goat Invitrogen 1:500

2.2.5.4.2 Localisation of β-galactosidase activity with X-gal  

Cryostat tissue sections were fixed in 0.5% glutaraldehyde for 10 minutes on ice,

rinsed in cold 2mM PBS-MgCl2 and then incubated in 2mM PBS-MgCl2 for another

10 minutes on ice. Sections were permeabilised in X-gal detergent (see Table 2-2)

for 10 minutes on ice, and placed into X-gal solution (X-gal in X-gal diluent 1:40;

see Table 2-2) to be incubated overnight at 37°C. Sections were washed in PBS and

slides were mounted with cover slips using mounting medium (fluoromount,

Dako) containing 4', 6-diamidino-2-phenylindole (DAPI, 100ng/ml; Sigma). PFA-

fixed single fibres and cells were directly stained in X-gal solution. X-gal, also

referred to as 5-bromo-4-chloro-indolyl-β-D-galactopyranoside (BCIG), is a lactose 

analog, which can be hydrolysed by β-galactosidase into galactose and 5-bromo-4-

chloro-3-hydroxyindole, the latter generating an insoluble blue product when

forming dimers. Consequently, the presence of the blue-coloured product is a

direct sign of β-gal activity and thus reporter gene expression (Horwitz et al 1964).  
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2.2.5.4.3 Hematoxylin and Eosin staining

Cryostat sections were removed from the -80°C freezer, rehydrated in PBS for 10

minutes and the staining procedure was performed close to a sink with flushing

tap water to assure a swift staining procedure. Sections were incubated in

haematoxylin for 2 minutes, washed under clean tap water and incubated in eosin

for 20 seconds. Sections were again rinsed in running tap water and dehydrated in

a series of ethanols ranging from 70% to 100%. To increase the eosin contrast, slides

were incubated in Histo-Clear (National Diagnostic, HS202) before mounting with

mounting medium (VWR).

2.2.5.4.4 Microscopy and image capture

Image analysis and capture was carried out using a Zeiss Axiophot upright

fluorescence and brightfield microscope connected to a Photometrics Coolsnap HQ

Camera (Roper Scientific). Emission band pass filters using a CRI filter wheel were

applied to analyse 594nm (red), 488nm (green) and 461nm (blue) fluorescence.

Slides stained for H&E or X-gal were analysed using the brightfield long band pass

filter settings. Images were adjusted and analysed using the ImageJ or MetaMorph

software (MetaMorph Productions).

2.2.5.5 Confocal microscopy

A Zeiss LSM 710 inverted confocal microscope was used to do confocal image

analysis and 4-colour imaging. The following lasers were used for excitation:

405nm (DAPI), 488nm argon (green), 594nm (red) and 633 nm (far red). The

pinhole was set to 1 airy unit (AU) and only adjusted if frame capture was changed

to line capture mode. The laser intensity, as well as the digital offset and digital

gain was adjusted for each laser to circumvent signal saturation and to achieve

optimal image quality with all lasers. XY-slide scans and Z-stacks were captured in

some instances to gain more information from muscle sections or single fibres. The

ZEN 2009 software (Zeiss) was used to capture images. ImageJ was used to process

and analyse stacks and images.
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2.2.5.6 Cytospin

Freshly isolated satellite cells in suspension were cytospun onto a microscope slide

to allow subsequent immunocytochemical analysis using a Shandon Cytospin

centrifuge. A maximum of 500μl of cell suspension was added to the provided 

cytofunnel, which was attached to a filter card and a slide. Cells were spun at 163g

for 1min. The slide was removed from the cytofunnel and filter card, and cells were

fixed in 4% PFA to allow subsequent immunocytochemistry of cells.

2.2.6 In vivo experimental procedures

All in vivo experimental procedures were carried out in accordance with the

Animals (Scientific Procedures) Act 1986, approved UK Home Office regulations 

and institutional guidelines at UCL - Institute of Child Health and

Imperial College London. All in vivo experimental procedures were carried out and

recorded under Home Office license. 

2.2.6.1 Irradiation

Three days prior to cell engraftment, three to 4-week old mdx nude mice (weight: 5

to 18g ) were anesthetised by subcutaneous injection of 50μl Hypnorm (0.315mg/ml 

fentanyl citrate and 10 mg/ml fluanisone, Janssen Pharmaceuticals) and Hypnovel

(1.25mg/ml midazolam, Roche) diluted in water at a ratio 1:1:2, and both hindlimbs

were irradiated with a dose of 18Gy (Gross et al 1999) at a dose rate of 0.72Gy/min

using a Cs-137 Irradiator (RPS Services Ltd.). The bodies were shielded by 4 cm

lead. Mice were placed back into cages once they had fully recovered from the

anaesthesia.

2.2.6.2 Cell engraftment and notexin injury

Cell engraftments into mdx nude host mice were carried out 3 days post-irradiation.

Mice were anaesthetised with isoflurane and a small incision was made into the

skin of the TA muscle to facilitate cell injection. 6-10μl of cell suspension was 
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injected into the TA muscle using a Hamilton syringe (Gross & Morgan 1999). Mice

were kept warm until they had recovered from anaesthetic. Injected cells always

carried functional gene copies of dystrophin and in some cases GFP to allow

subsequent analysis and quantification of donor-derived muscle. In addition,

engrafted cells carried a β-gal reporter gene under the Myf5 promoter enabling the 

qualitative assessment of donor-derived satellite cell formation in vivo. For a

functional assessment of donor-derived satellite cells, 3 weeks post-engraftment

host mice were anaesthetised with isoflurane and TAs were injected via a small

skin incision with 10μl of Notechis scutatus scutatus (notexin; Latoxan Latoxan,

France) using a Hamilton syringe. Notexin is a snake venom that causes muscle

fibres destruction, whilst sparing mono-nucleated cells, such as satellite cells, as

well as leaving basal lamina and microcirculation intact (Harris 2003). As a

response to the injury, functional satellite cells are reactivated to form new muscle.

Detection of reporter gene expression in the newly-regenerated myofibres post-

notexin injury indicates that donor-derived satellite cells are functional (Collins et

al 2005; Gross & Morgan 1999). Vetergesic (Buprenorphine; Reckitt Benckiser

Healthcare) at a concentration 0.05 mg/kg was administered subcutaneously for

postoperative analgesia.

2.2.6.3 Virus injection into neonatal mice

Injection of lentiviral vectors into MF1 outbred neonatal mice was carried out by Dr

Simon Waddington according to approved UK Home Office and institutional

guidelines at Imperial College London (Faculty of Medicine, South Kensington

campus). Briefly, 2 day old neonatal MF1 mice were anaesthetised by inducing

hypothermia, and the procedure was carried out within a maximum of 5 minutes.

Left hindlimbs of neonates were injected with 5μl of concentrated lentiviral vector 

(hDES-EGFP-sin LV: n=12; SFFV-EGFP-sin LV: n=4; titres: 107-108 infectious

particles per ml) using a 33G Hamilton needle. Right hind legs were kept as non-

injected controls. Following the procedure, mice were transferred to a warming

mat to allow reversal of their body temperature to normal, and were subsequently
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returned to their mothers. Mice were sacrificed at 6, 8 and 12 weeks post-injection

and their TA, EDL and soleus muscles were dissected as described in section

2.2.5.1.1 for subsequent analysis.

2.2.7 Statistical analysis and graphical display

Statistical analyses were performed using the GraphPad Prism 5 statistical software

or SPSS. The unpaired student’s t-test was used when the means of two groups

were compared and the data set was normally distributed with equal variances.

For small samples sizes with unknown parameters of the variable in the

population, the Mann-Whitney non-parametric statistical test was used to compare

the medians of two groups. One-way ANOVA or Kruskal-Wallis test was used for

the statistical analysis of more than two groups with parametric and non-

parametric data sets, respectively. For association analysis between two sample

groups, Pearson correlation was used for normally distributed data sets, and

Spearman correlation for non-parametric data sets. Linear regression was

calculated when the X-variable was manipulated. Graphs were generated and

displayed using GraphPad Prism 5 or Excel (MS Office).
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2.3 Appendix

Table 2-9: Transfer vector - p’HR.sin.cppt.SEW

Table 2-10: Packaging plasmid - pCMV-dR8.74

p'HRsincpptSEW-sequenced

9662 bp

ampicillin resistance gene

gpt (OFR-frame shift)

eGFP

3' SFFV LTR

HIV-1 5' LTR

HIV-1 3' del U3 LTRWPRE

cPPT

SV40 promoter-enhancer

rep ori

BamHI (8256)

EcoRI (7748)
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Table 2-11: VSV-G envelope plasmid - pMDG.2
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Chapter Three

Lentiviral transduction of quiescent satellite

cells and myofibres
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3 - Lentiviral transduction of quiescent

satellite cells and myofibres

3.1 Aims

The objectives of this chapter were to:

 Identify the optimal culturing conditions for quiescent satellite cells and

their progeny. Factors influencing satellite cell and myoblast myogenicity or

proliferative activity, such as certain substrates, hypoxic environments and

growth factors were investigated.

 Determine the optimal lentivirus transduction protocol to infect quiescent

satellite cells.

 Investigate the effect of lentiviral infection and reporter gene expression on

satellite cell and myoblast myogenicity.

 Assess the kinetics and verify the spatial distribution of lentivirus-mediated

GFP expression in vitro.

 Examine whether integration-deficient lentiviral vectors are capable of

labelling a subpopulation of satellite cells.

 Compare transgene expression between viral and non-viral promoters.

3.2 Introduction

As the regenerative capacity of skeletal muscles of DMD patients does not keep up

with fibre necrosis, leading to a net loss of muscle fibres, functional dystrophin

expression in only surviving fibres may not be sufficient to restore muscle function.

Long-term benefit can be achieved when treatment strategies directed at correcting

muscle fibres are combined with cell-mediated therapies. Stably genetically-

corrected satellite cells can contribute to maintenance, repair and regeneration of

the patient’s muscle fibres, and thus are potentially able to restore dystrophin
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expression in the muscle throughout life. Lentiviral (LV) vectors mediate stable

transgene expression due to provirus integration. They traverse their genome

across the nuclear membrane, and thus can introduce a therapeutic gene into post-

mitotic myofibres, quiescent satellite cells or proliferating myoblasts. However,

only when quiescent satellite cells with self-renewing capacities successfully

incorporate the corrected gene copy, long-term therapeutic benefit will be assured

in all their progeny. A number of recent studies have addressed this potential

strategy. The laboratory of Jeff Chamberlain injected LV vectors expressing

microdystrophin into the TA muscles of 2 day old neonatal mdx4cv mice and

detected stable transgene expression for at least 2 years post-injection (Kimura et al

2010). Furthermore, the group showed by means of serial transplantation that

transduced mononuclear muscle precursor cells possessed the ability to regenerate

and self-renew in vivo. This study clearly demonstrated that muscle precursor cells

can be transduced with LV vectors following in vivo injection. Another study from

the same laboratory explored the possibility of transducing myoblasts ex vivo by

using a LV vector expressing minidystrophin. Viral integration in myoblasts

resulted in transgene expression in myofibres two weeks following engraftment

into mdx recipient mice (Li et al 2005). Ikemoto and colleagues from Takeda’s group

used a mouse-specific SM/C-2.6 antibody to isolate quiescent satellite cells by flow

cytometry and transduced these cells with a microdystrophin-encoding LV vector.

Efficient numbers of dystrophin-positive fibres were detected 4 weeks post-

injection when transduced cells were engrafted into mdx host mice. These studies

demonstrate the great potential of LV vectors to genetically modify muscle

precursor cells in vivo or ex vivo.

Following on from these promising studies, my aim of this chapter was to explore

LV vectors as a potential means to transduce quiescent satellite cells or myofibres

ex vivo. In contrast to the Ikemoto study, which used the SM/C-2.6 antibody for

satellite cell isolation, I used the single fibre technique in this study, which ensures

satellite cell purity as well as minimises the risk of satellite cell activation until cells
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are removed from their parent fibre (Rosenblatt et al 1995; Zammit et al 2004b).

This technique minimises the risk of cell contamination, facilitates the objective

assessment of an - as much as possible - quiescent satellite cell state, and allows ex

vivo cell transduction by LV vectors. Although quiescent satellite cells isolated by

this procedure have possibly undergone a noteworthy amount of physical stress

and may not exhibit the exact same gene expression profile as truly quiescent

satellite cells in vivo, they lack MyoD expression up to the moment when they are

exposed to the artificial culture environment (in which MyoD expression becomes

activated) and are thus referred to as quiescent satellite cells hereafter. However, it

has to be noted that cells in this quiescent state are very close to re-entering the cell

cycle, unlike typically quiescent cells in vivo that remain in G0.

Two strategies can be pursued when quiescent satellite cells are transduced ex vivo:

1) In a gene therapy context: Successful introduction of a therapeutic gene allows

phenotype correction when cells participate in host muscle regeneration.

2) In an experimental context: Successful transduction can be used as a labelling

strategy to track satellite cell-derived progeny in vitro and in vivo.

Integration-deficient lentiviral (IDLVs) vectors have been developed to minimise

insertional mutagenesis and to increase overall biosafety. These vectors have

efficiently transduced post-mitotic tissue, such as the retina or muscle (Apolonia et

al 2007; Yanez-Munoz et al 2006). Taking advantage of the rapid loss of non-

integrated vector genomes in strongly proliferating myoblast cultures, I aimed to

use IDLV vectors to label a subpopulation of slowly dividing, self-renewing

satellite cells, supposedly representing a reserve cell population with enhanced

regenerative capacities.

This chapter is divided into three parts: In part one, I will identify optimal satellite

cell culture conditions; in part two, I will analyse LV vector infection of quiescent

satellite cells and myofibres in vitro; in part three, I will explore the possibility of

IDLV vectors to label reserve cells in vitro. Whether these label-retaining cells

exhibit enhanced regenerative capacities in vivo will also be assessed.
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3.2.1 Optimisation of satellite cell expansion

Quiescent satellite cells are embedded in a well-defined micro-compartment or

‘niche’ consisting of unique combinations of extracellular matrix components

(ECM) and growth factors, thereby tightly regulating stem cell activation,

migration and self-renewal. Once satellite cells have been removed from their

parent fibre for ex vivo expansion, the environment is altered and important

myogenic and regulatory cues are likely to be lacking. This may lead to reduced

myogenicity of myoblasts and diminished self-renewal capacities of satellite cells.

Coating of cell culture vessels with appropriate basement proteins can increase the

resemblance of the natural niche environment and can provide missing ECM

components in culture to facilitate satellite cell adhesion and signalling. In

addition, paracrine soluble cues, such as growth factors, are lost during satellite cell

isolation. Growth factors can be supplemented in the culture medium and have a

direct effect on satellite cell regulation. Finally, not only endogenous signalling

cues are altered under ex vivo conditions, but also atmospheric levels of gases, such

as oxygen. A study by Richardson and colleagues measured the level of oxygen in

skeletal muscle and found that it was significantly reduced (~1%) compared to

atmospheric oxygen (~21%) (Richardson et al 1998). These data hint towards the

fact that satellite cells are exposed to a very artificial culture environment when

removed from their stem cell niche. Restoration of these altered conditions at least

in part will preserve satellite cell function and will improve in vitro myogenicity of

myoblasts.

3.2.1.1 Effects of various substrates on satellite cell adherence and myoblast

expansion

To identify the optimal substrate for satellite cell adherence and myoblast

expansion, the following substrates were tested and compared: 50μg/ml 

fibronectin, 50μg/ml laminin-1, 0.1mg/ml Matrigel, plastic (no substrate coating). 
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Satellite cells from five wildtype mice were isolated as described in section 2.2.2.3.4,

and plated onto each substrate at a density of 25 cells per well of 8-well chamber

slides (8 replicates per substrate and time point) to allow subsequent

immunocytochemical analysis. Cells were expanded in growth medium (see Table

2-1) under normoxic conditions. To determine changes in the kinetics of prominent

myogenic markers, cells were fixed and analysed 1, 3 and 9 days post-isolation.

Whereas day 1 provides information about the plating efficiency of satellite cells on

each substrate, day 3 and 9 provide details on the dynamics of satellite cell

activation /proliferation and differentiation, respectively. For each time point and

substrate 8 wells were analysed for the expression of various myogenic markers.

Additionally, the total cell number was counted in each well to determine the

proliferative rate of myoblasts on each substrate. Whereas Matrigel and laminin-1

substrates resulted in widespread colonies with elongated differentiating cells as

well as round proliferating cells, fibronectin and plastic resulted in small colonies

of mainly round cells (see Figure 3.1). Furthermore, cells on plastic proliferated as

adherent clones, in contrast to fibronectin-coated wells that still allowed cells to

migrate short distances. Individual clones were much harder to detect on Matrigel

or laminin-1 substrates, indicating that the migration potential of myoblasts on

these substrates was high.

The best plating efficiency and thus satellite cell adherence was achieved with

Matrigel as a substrate, which was significantly elevated when compared to plastic

and other substrates (p<0.001) (Figure 3.1). In addition, Matrigel resulted in the

highest cell numbers at each time point suggesting the highest proliferative rate on

this substrate (although this was not statistically significant). Cells grown on

laminin-1 resulted in less, but comparable numbers to Matrigel, suggesting that it

serves as a good alternative to Matrigel. As Matrigel is composed of mainly

laminins, the similarity in results was not surprising. In contrast to Matrigel and

laminin-1, fibronectin and plastic resulted in much fewer progeny. Interestingly,

the cell number on day 3 was always lower than the number of adhered cells on

day 1, regardless of the substrate. This result suggests cell death occurring after
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successful adhesion. To evaluate differences in cell characteristics between the

substrates, myogenic markers were quantified (see Figure 3.1). Robust Pax7

expression was detected in about 20% of cells at day 3 for cells plated on Matrigel

or laminin-1. Interestingly, increased proportions of Pax7-expressing cells were

detected on fibronectin-coated plates compared to all other substrates at day 3,

which was statistically significant when compared to plastic (p<0.05). This suggests

increased self-renewal or delayed satellite cell activation during culture on

fibronectin. In contrast, less than 10% of cells grown on plastic expressed Pax7 at

day 3. The proportion of Pax7-expressing cells on plastic increased to 20% by day 9,

which was significantly higher than for all other substrates (p<0.05), suggesting

reduced Pax7 up-regulation. Indeed, Pax7-expressing cells decreased to less than

2% by day 9 for cells grown on all other substrates, supporting the notion of

satellite cell-derived progeny progressing towards myogenic differentiation. MyoD

was strongly up-regulated in all conditions (expressed in 35-55% of cells) by day 3.

However, fewer percentages of cells expressed MyoD by day 9 when grown on

laminin-1 or plastic, suggesting MyoD down-regulation. In contrast, approximately

50% of cells grown on Matrigel expressed MyoD by day 9, similar to those grown

on fibronectin. Differentiation markers, such as myogenin and sarcomeric myosin

(MF20) were up-regulated only at day 9, indicating that differentiation started

between day 3 and 9, as would be expected (Zammit et al 2006a). Whereas similar

percentages of myogenin- and myosin-expressing cells were detected on Matrigel

and fibronectin (approximately 30% for both markers), laminin-1 resulted in

reduced percentages of myogenin-positive cells (10%), but higher percentages of

myosin-positive cells (>50%). This underpins the findings of reduced MyoD

expression and suggests that cells were in a more differentiated state at day 9,

compared to those grown on Matrigel and fibronectin. A reduced percentage of

myogenin-expressing cells was detected when cells were cultured on plastic,

although the percentage of myosin-expressing cells was comparable to Matrigel.

This result as well as the significantly increased proportion of Pax7-positive cells at

day 9 suggests delayed onset of differentiation on plastic. Differences detected in
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MyoD, myogenin or myosin expression between the substrates were not

statistically significant.

To determine the proliferative rate of cells on each substrate, the doubling time was

calculated between day 0 and day 9. As expected, cells grown on Matrigel had the

highest number of doublings per day (PD/d: Matrigel: 0.56; fibronectin: 0.46;

plastic: 0.45; laminin-1: 0.37), in line with the increased expression of the

proliferation marker MyoD. In conclusion, Matrigel provided the best substrate in

terms of cell adherence and cell cycle progression. In addition, typical proliferation

and differentiation markers were strongly expressed by day 9, indicating that cells

maintain their myogenic properties to fuse in vitro. I therefore chose Matrigel as a

substrate for all subsequent satellite cell culture experiments.
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Figure 3.1| The effect of extracellular matrix components on satellite cell adherence and myoblast expansion in

vitro. Satellite cells were seeded on different substrates and progeny were analysed at day 1, 3 and 9 post-seeding

(dps). (A-D) Myogenic marker expression determined for each substrate over time. LN-1: Laminin-1; FN: Fibronectin;

MG: Matrigel, P: Plastic control. ANOVA Kruskal-Wallis test was performed to evaluate statistical differences between

substrates for each time point. At least 2 replicate wells per myogenic marker were analysed. All cells per well were

counted for 1 and 3 dps and at least 10 random fields were analysed for 9dps. (E) Number of DAPI-positive cells for

each time point and substrate. MG and LN-1 produced the largest colonies of progeny by day 9, but MG significantly

facilitated satellite cell adherence over all other substrates (5-8 replicate wells per time point). Image panel below graph

shows representative image of satellite cells on each substrate (DAPI: blue, desmin: green, MyoD: red; except for FN,

which shows DAPI: blue, myogenin: green, Pax7: red; calibration bar represents 10μm). LN-1 and MG facilitated cell 

migration as compared to FN and plastic.
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3.2.1.2 bFGF for the expansion of primary myoblasts

In addition to an optimal substrate containing important extracellular matrix

components, the culture medium can be supplemented with growth factors to

increase the proliferative rate of cells and to delay the progress of terminal

differentiation (Olwin & Rapraeger 1992). Basic fibroblast growth factor (bFGF) has

been reported to increase myoblast migration and expansion in vitro, as well as

their migratory and regenerative capacity in vivo (Allen et al 1984; Kinoshita et al

1996; Lafreniere et al 2004; Yanagiuchi et al 2009). Hence, the effect of bFGF on

primary myoblast expansion was analysed to verify whether the proliferative rate

of myoblasts could be increased in vitro. Satellite cells were isolated from one

wildtype mouse as described in section 2.2.2.3.4 and subsequently seeded into

Matrigel-coated 8-well chamber slides containing growth medium supplemented

with or without 5ng/μl bFGF at a density of 30 cells per well. Cells were grown 

under normoxic culture conditions and finally fixed and analysed for their

myogenic marker expression 8 days post-isolation. There was no significant

difference in myogenic marker expression when bFGF-treated and non-treated

cultures were compared (see Figure 3.2). However, there was a slight increase in

the percentage of Pax7-positive cells, though this trend was not significant. As

Pax7-positive cells comprise early activated, proliferating cells and self-renewing

quiescent cells, the number of Pax7-positive, but MyoD-negative cells was

compared. As seen with the overall Pax7-expressing population, there was also an

increase in the Pax7-positive, MyoD-negative population (p=0.055). Although no

significant change in myogenic marker expression could be found in bFGF-

supplemented cultures, the cell density was significantly augmented with bFGF

(p<0.0001). These data indicate that bFGF increases the cycling capacity of primary

myoblasts in vitro. The pathway through which this effect is mediated is most likely

independent from the myogenic markers tested in this experiment. Nevertheless,

the trend towards an increased Pax7-positive, MyoD-negative population might

suggest that bFGF is able to promote a shift towards self-renewal in these cultures.

Finally, the unaltered expression pattern of the myogenic markers confirms that
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primary myoblasts exposed to bFGF maintain their myogenic potential despite the

increased proliferative rate.



Results Chapter Three

186

Figure 3.2| The effect of bFGF on myoblast expansion and myogenicity. (A) Satellite cells were cultured in the

presence or absence of 5ng/μl bFGF. Analysis of myogenic marker expression and cell density was performed at 8 

days post-isolation using immunocytochemistry. At least 10 random fields were analysed for each myogenic marker and

7 replicate wells were pooled for cell density comparison. Proliferation markers and typical differentiation markers were

unaltered in the presence of bFGF. The proportion of self-renewing Pax7-positive, MyoD-negative cells was elevated in

the presence of bFGF. Cell density was significantly increased by 2 to 3-fold. (B) Immunocytochemistry results.

Representative images are shown for antibodies directed against sarcomeric myosin (MF20), Pax7 and MyoD. Cells

differentiated and fused in both conditions. The difference in density is demonstrated in the lower panel showing

representative images of proliferating satellite cell progeny with and without bFGF (calibration bar represents 20μm).     
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3.2.1.3 Effect of passaging on primary satellite cells

The previous experiments above have shown that expanded primary myoblasts,

even in the presence of growth stimulating bFGF, maintain their myogenicity in

vitro and fuse to form multinucleated myotubes. The process of fusion is highly

density-dependent and requires cell signalling, myoblast alignment and adhesion

before membrane fusion can occur (Wakelam 1985). Passaging of cells can maintain

myoblasts at a sub-confluent level and thereby circumvent fusion. However, it was

unclear whether passaging has detrimental effects on the myogenicity of primary

myoblasts. Satellite cells of one wildtype mouse were isolated as described in

section 2.2.2.3.4 and expanded in growth medium (see Table 2-1) supplemented

with 5ng/μl bFGF under normoxic conditions. Primary myoblasts were passaged 

before cells reached a confluency that allowed fusion. The doubling time and

myogenicity of cells was analysed from each passage. Up to day 6 post-isolation,

cells were rapidly dividing as indicated by the round cell morphology and an

increase in cell density. Cells were split on days 7, 12 and 20 post-isolation. A cell

aliquot of passage 1 and 2 was taken to confirm expression of myogenic markers.

The morphology of non-passaged cells and from passage 1 was mainly round with

very few cells differentiating due to increasing cell density. However, after the

second passage at day 12, an obvious change in morphology occurred with cells

adopting a more flat, wide-spread appearance with a dramatically increased cell

size, possibly reflecting cell senescence (Bayreuther et al 1988). Passage 3 consisted

almost exclusively of cells with this morphology. To determine the myogenicity of

the remaining few round cells, the amount of serum in the culture medium was

reduced to 5% horse-serum to initiate fusion into multinucleated myotubes on day

26. Hardly any myotubes were detected on day 33, indicating that most cells had

lost their myogenicity during the several passages. Additionally, the doubling time

of each passage was determined. Passage 1 showed a typical doubling time of

myoblasts of approximately 2 days. In contrast, the doubling time of passage 2

drastically declined to approximately 20 days supporting the finding of significant

morphology change and most likely replicative senescence. Myogenic markers
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were still prominently expressed at passage 1 (Pax7 40%; MyoD 60-70%; desmin

>80%; myogenin 20-30%), however, desmin expression was notably reduced in

cells from passage 2. An example of a group of cells with drastic morphology

change and absence of myogenic marker expression is depicted in Figure 3.3. These

results demonstrate that primary myoblasts can be expanded with the pro-

proliferative factor bFGF, however, passaging of cells to circumvent fusion events

results in a drastic decline in myogenic properties. Consequently, passaging was

avoided wherever possible and freshly-isolated satellite cells were seeded at very

low densities (4-10 cells/cm2), whenever myoblast expansion was required.
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Figure 3.3| The effect of passaging on myoblast expansion and myogenicity. This experiment aimed to increase

the numbers of satellite cells and myoblasts by in vitro expansion and passaging. Satellite cells and their progeny were

cultured in the presence of bFGF up to 21 days, and passaged on days 7, 12 and 20 to circumvent high confluency

levels and the occurrence of fusion. This was a single experiment and not repeated. (A, B) The cell density increased

exponentially up to 12 days in culture. Following the second passage at day 12, cell cycle progression of myoblasts

notably slowed down and the time required for one population doubling increased from 2 to 21 days. Passaging of

primary myoblasts was accompanied by morphology changes from round small myoblasts to flat, widespread cell

morphologies (arrow) indicating cell senescence (see schematic illustration). On day 26, the serum levels were reduced

to 5% to analyse remaining fusion capacity of myoblasts. Only few myotubes were detected under the brightfield

microscope at day 30 indicating a failure of cells to commit to myogenic differentiation. (C) Qualitative assessment using

immunocytochemistry. After 1 – 2 passages, very few cells expressed typical myogenic markers, such as desmin, MyoD

or Pax7. A quantitative analysis was not carried out.
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3.2.1.4 The effect of hypoxia on the proliferation of myoblasts

Next, the effect of low oxygen levels on the proliferation of myoblasts was

assessed. Satellite cells in their niche environment are restricted in their access to

blood vessels and are only exposed to low levels of oxygen. The hypoxic

environment is particularly pronounced during regeneration and myogenesis,

when blood vessels have not yet vascularised the muscles (Borselli et al 2009).

Thus, hypoxic conditions represent a more physiological environment to satellite

cells than atmospheric oxygen levels. Furthermore, it has been postulated that

hypoxic conditions reduce the generation of reactive oxygen species (ROS) and

oxidative stress and thus preserve the self-renewing properties of quiescent

satellite cells (Latil et al 2012). Chakravarthy and colleagues showed that primary

satellite cells from aged rats proliferated more extensively when cultured in a

hypoxic environment (Chakravarthy et al 2001). These findings were confirmed

also for mouse satellite cells cultured in our laboratory (personal communication of

Deborah Briggs). To investigate the proliferative rate of satellite cells expanded

under hypoxic conditions, satellite cells from adult wildtype mice were freshly

isolated (as described in section 2.2.2.3.4) and their progeny was expanded in the

presence of 5% oxygen in Matrigel-coated T175 flasks containing growth medium

supplemented with bFGF (see Table 2-1) for 21 days. Cells were passaged up to

two times; always before they reached 60% confluency to circumvent fusion. The

doubling times of two replicate samples (from the same mouse) were calculated for

each passage to generate a proliferation curve, and results were compared to data

generated under normal oxygen conditions (see 3.2.1.3). As expected, comparison

of the cell proliferation curves revealed reduced doubling times under low oxygen

conditions compared to 21% oxygen (see Figure 3.4). This effect was especially

apparent when myoblasts had not been passaged, however decreased with

continuing passages. Additionally, pooled analysis of population doublings per

day of all three passages confirmed an increased number of population doublings

per day at hypoxic conditions. As the experiment was not set up to be a head-to-

head comparison, but to confirm enhanced proliferation of satellite cells in 5%
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oxygen, the analysis was not powerful enough to result in any significant

difference. Nevertheless, the data shown here indicate that expansion of mouse

satellite cells under hypoxic conditions increases myoblast proliferation and hence

could represent a good means to obtain high numbers of myoblasts in a short time.

I took advantage of this protocol when I expanded satellite cells for in vivo

engraftment or for experiments performed in the third year of my PhD.
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Figure 3.4| The effect of low oxygen on myoblast expansion and passaging. Satellite cells and their progeny were

cultured under hypoxic (5%) conditions (n=2) and compared to expanded cells at normoxic conditions (see Figure 3.3,

n=1). Proliferating myoblasts were passaged when cells reached approximately 70% confluency to avoid the occurrence

of fusion. (A, B) Analysis of mean population doublings per day (PD/d) over time and passages. (A) The graph

represents the mean PD/d of both samples cultured at 5% O2 as compared to results from Figure 3.3. (B) Individual

PDs/d for each passage and pooled from P0-P2. Myoblasts cultured at reduced oxygen levels (5%) showed an

increased mean PD/d compared to myoblasts cultured at 21% atmospheric oxygen indicating a more rapid cell cycle

progression at low oxygen conditions (statistical analysis for this comparison could not be performed due to n=1 for 21%

O2). The increased PD/d was more pronounced in P0 cultures, in which primary myoblasts had not been passaged.

Low oxygen did not prevent a statistically-significant decline in mean PD/d when myoblasts were passaged (p<0.05).
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3.2.2 Lentiviral transduction of quiescent satellite cells

and myofibres ex vivo

In this part, I investigated whether lentiviral (LV) vectors can infect quiescent

satellite cells and myofibres ex vivo. Overall transduction properties and potential

effects of transgene expression on myogenic properties of satellite cells and

myoblasts were analysed. LV vectors were generated by transient transfection of

the expression vector, the packaging plasmid and a vector encoding the envelope.

The three plasmid vector production system is described in section 2.2.3.4.

A viral promoter was chosen to drive strong constitutive transgene expression and

to facilitate detection of transduced cells. The commonly used CMV promoter is

known to be rapidly silenced in vitro (Hino et al 2004) and in vivo (Brooks et al 2004;

Grassi et al 2003) and was therefore not selected as a promoter. An alternative viral

promoter is the long terminal repeat (LTR) of the spleen focus-forming virus

(SFFV), which comprises an array of cis-acting enhancer elements together with a

strong promoter. Robust transgene expression under the SFFV LTR promoter has

been reported in multiple lineages, including in stem cells of the hematopoietic

lineage (Baum et al 1997). Though this promoter element is still prone to

transcriptional silencing, it occurs later compared to the CMV promoter in

hematopoietic stem cells in vivo (Zhang et al 2007). In order to facilitate detection of

transduced cells and to allow subsequent sorting, the enhanced green fluorescent

protein (EGFP) was used as a reporter gene. In addition, the pantropic VSV-G

envelope protein is known to bind to an ubiquitous receptor expressed by a

number of different cell types and was used to pseudotype vectors, if not stated

otherwise. The packaging plasmid contained either a fully functional pol gene to

generate integration-competent LV vectors (IN+). Alternatively, the packaging

plasmid consisted of a modified pol gene, carrying three class-I point mutations in

the catalytic core of the integrase (IN) coding sequence (see section 2.2.3.3, thereby

producing integration-deficient (IN-) LV vectors. Class-I mutations in the IN

catalytic core prevent provirus integration, but do not affect other IN-dependent
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steps, such as reverse transcription or nuclear import (Wanisch & Yanez-Munoz

2009). Schematics of viral vectors used for this part of the study are depicted in

Figure 3.5.
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Figure 3.5| Lentiviral vectors used to determine the transduction properties of quiescent satellite cells. Lentiviral

vectors were produced by transient co-transfection of the transfer vector, the packaging plasmid and the envelope

plasmid into 293FT cells. (A) The transfer vector consisted of the packaging signal ψ, Rev-responsive element (RRE), 

central polypurine tract (cPPT), and included the transgene expression cassette, which comprised the viral SFFV

promoter driving EGFP expression. Deletion of the U3 region in the 3’LTR generated a self-inactivating (SIN) vector with

no ability to replicate (Zufferey et al. 1998). The woodchuck hepatitis virus post-transcriptional regulatory element

(WPRE) increased viral titres and transgene expression (Zufferey et al. 1999). (B) Vectors were either integration-

proficient or integration-deficient due to three point mutations in the catalytic core of the integrase gene, and depended

on which packaging plasmid was used to produce vectors. (C) VSV-G was used as a pantropic envelope to pseudotype

vectors. Abbreviations: gag - group-specific antigen; MA – matrix; CA – capsid; NC – nucleocapsid; pol - polymerase;

PR - protease, RT – reverse transcriptase, RH - RNaseH, IN - integrase, CMV – cytomegalovirus.
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3.2.2.1 Transduction efficiencies of quiescent satellite cells

To determine whether lentiviral vectors can infect quiescent satellite cells

immediately after their isolation, integrating (IN+) and non-integrating (IN-)

lentiviral (LV) vectors expressing GFP under the SFFV promoter were produced as

described above. Satellite cells were prepared from wildtype EDL single myofibre

cultures as described in section 2.2.2.3.4, and 150 cells were seeded per well of a

Matrigel-coated 8-well chamber slide. Immediately after plating, cells were infected

with several LV vector dilutions ranging from 1x102 to 1x105 infectious particles per

well. A non-infected sample served as control. Media was changed at 22 or 45

hours post-infection (hpi) to remove the virus and it was determined whether cells

had adhered by 22 hpi. Infected myoblasts and controls were further expanded in

growth medium supplemented with bFGF (see Table 2-1) under normoxic

conditions and fixed 4 days post-infection (dpi). Cells were stained for the lentiviral

transgene using an antibody against GFP and nuclei were counterstained using

DAPI. In each infected well, the total number of nuclei and GFP-positive cells was

counted. Detailed analysis of DAPI-positive nuclei in the non-infected control

sample revealed that about 25% of cells were pyknotic with compact chromatin

structures, regardless of the time the medium was changed. This percentage of cells

most likely committed to apoptosis. The total number of non-pyknotic, live cells

was non-significantly increased in the non-infected control sample, where medium

was changed 45 hours as compared to 22 hours post-isolation. Thus, satellite cells

successfully adhered by 1dpi and virus can be removed with little effect on cell

number or the survival of cells. Results are depicted in Figure 3.6.
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Figure 3.6| Satellite cell adherence after LV transduction. Satellite cells were seeded on Matrigel and infected with

an integrating (IN+) or non-integrating (IN-) LV expressing GFP driven by the SFFV promoter. Media changes were

performed 22h or 45h post-infection (hpi) to remove virus. Non-infected control cells were treated the same way to

determine differences in satellite cell adherence. Cells were fixed 4days post-infection and analysed for the number of

DAPI-positive nuclei. (A) Media changes performed at 45hpi resulted in more nuclei in non-infected control cells

compared to 22hpi. No significance was observed for this trend. Graph displays mean ± SEM of 8 replicate wells. (B)

25% of satellite cell progeny were pyknotic with dense chromatin structures irrespective of when media changes were

performed. (C) Comparison of the number of live cells detected at 4dpi between the different conditions. With regards to

the media changes, no difference was observed in the infected samples. Non-infected cultures had significantly more

cells than IN+ infected culture when media was changed at 45hpi (p<0.05). No significance was observed when all

conditions were pooled (n≥7) and analysed based on the time of media change.  
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In addition, the infectivities of the IN+ and IN- LV vectors in quiescent satellite cells

ex vivo were evaluated by counting the number of GFP-positive myoblasts. Figure

3.7 shows that quiescent satellite cells can be infected with the IN+ and IN- LV

vector immediately after isolation, however, multiplicities of infection (MOI) based

on titres determined in 293FT cells (MOI293FT) had to be high (>300) to achieve a

transduction of more than 50% of cells.

An MOI293FT <10 did not result in any GFP-positive myoblasts, whereas the highest

tested MOI293FT of 660 resulted in a transduction efficiency of 75-85% with both IN+

and IN- LV vectors. An increased percentage of transduced cells was observed

with low MOIs when the virus was removed 45hpi as compared to 22hpi. This

difference became less prominent with higher MOIs. To assess whether high vector

doses were toxic, the number of DAPI-positive cells was compared between

different MOIs. Figure 3.7 shows similar cell numbers with increasing MOIs [mean

of DAPI±SD: 170±34: (IN+); 179±43 (IN-)]. Additionally, no negative correlation was

found between increasing MOIs and DAPI-positive cells, further supporting the

finding that high doses of LV vectors were not toxic for quiescent satellite cells.

Interestingly, infection with IN+ LV resulted in higher numbers of transgene-

expressing cells, especially at lower MOIs as compared to IN- LV. Whether this

reflects improved transduction efficiencies of the IN+ LV compared to the IN- LV,

or a dilution of non-integrated, episomal IN- vectors due to continuous myoblast

proliferation, is difficult to conclude from this result. Figure 3.7(D) displays the

MOI titration curve (MOI=ln[1/ (1-p)]; p=proportion infected cells) for satellite cells

based on a random Poisson distribution of viral vectors to infect cells.

The titration curve demonstrates that even with the highest MOI293FT of 600, only a

satellite cell-specific MOI of 2 was achieved. Considering that all cells have a

similar chance to be infected, the probability of a cell to remain uninfected at this

MOI was 0.13 (using the formula P(0) = e-m). All remaining cells had at least one

[P(1) = me-m =0.26; 26% of cells)] or more viral copies [P(>1) = 1-e-m(m+1) = 0.61, 61%

of cells] incorporated. Thus, the majority of cells possessed multiple viral copies at

an MOI293FT of 600. High viral copy numbers will result in increased reporter gene
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expression and hence high abundance of intracellular GFP, which can potentially

perturb myoblast myogenicity. An analysis of myoblast myogenicity when

multiple viral copies are present will address this question in the following section

(see 3.2.2.2).

Taken together, the data confirm the overall transducibility of quiescent satellite

cells by LV vectors ex vivo. High viral loads did not result in obvious cell toxicity as

concluded from stable cell numbers. However, transduction efficiencies were low

and MOIs > 300 (based on titres in 293FT cells) were required to infect more than

50% of quiescent satellite cells.
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Figure 3.7| LV transduction profile of quiescent satellite cells. Satellite cells were seeded on Matrigel and infected

with an integrating (IN+) or non-integrating (IN-) LV expressing GFP under the SFFV promoter at MOIs ranging from 0.5

– 660 (2 wells per MOI). Media changes were performed 22h or 45h post-infection (hpi) to remove virus and effects on

cell numbers and transduction efficiency assessed. (A) Transduction curves of quiescent satellite cells infected with IN+

or (B) IN-. (C) Pooled analysis (22hpi and 45hpi, n=2) of IN+ and IN-. (D) Correlation analysis of live cell numbers and

increasing MOIs for IN+ and IN-. No negative correlation was found between cell number and increase in MOI

indicating no cell death with high viral loads. (E, F) Representative images of IN+ (E) and IN- (F) infected myoblasts at

4dpi. (green: GFP, blue: DAPI). (G) Satellite cell (SC) titration curve based on a random Poisson distribution. MOI660

corresponded to a satellite cell specific MOI<2. At this MOI 61% of cells harbour more than 1 viral copy. Data points

were derived from IN+ and IN- transductions.
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3.2.2.2 Effects of LV transduction on myogenicity and self-renewal

To assess whether lentiviral transduction or increased reporter gene expression

from one or more viral copies per cell perturbs satellite cell or myoblast function,

myogenic marker expression was analysed using the highest vector dose. Freshly

isolated wildtype satellite cells were either infected with integrating (IN+) or non-

integrating (IN-) LV vector at an MOI of 660 in two independent experiments. As

shown earlier (3.2.2.1), this MOI will infect more than 85% of cells with more than

60% expressing GFP from more than one viral copy. Non-infected cells were used

as control. 8 replicates per group per experiment allowed the assessment of several

myogenic markers. 24h post-infection, virus was removed and cells were cultured

in either growth medium containing high serum (20% FBS) or in differentiation

medium with reduced serum (5% HS). Growth medium was chosen to facilitate

myoblast proliferation, whereas differentiation medium was used to stimulate cell

cycle exit and post-mitotic differentiation of myoblasts. Cells were cultured under

normoxic conditions for 7 days and then fixed to analyse GFP and myogenic

marker expression using immunocytochemistry. The results of Figure 3.8 clearly

show differences in the detection of specific transcription factors that are typical for

proliferation or differentiation. Abundance of Pax7-expressing cells, indicating

myoblast proliferation and self-renewal, was increased by 3-fold under high serum

conditions. In contrast, myogenin-expressing cells indicating myogenic

commitment were increased by 5 to 10-fold under low serum conditions. This was

in line with a 2-fold increase of myosin (MF20) expressing cells and an elevated

fusion index. MyoD, a transcription factor involved in proliferation and cell cycle

exit to initiate terminal differentiation, was minimally reduced under low serum

conditions. Comparison of infected myoblasts with non-infected controls revealed

a similar expression profile for both. However, a few alterations were detected.

Interestingly, Pax7-expressing cells were decreased by 15% in proliferating IN+ and

IN- LV infected cultures. This was statistically significant for IN+ LV (p<0.05), but

not for IN- LV (p=0.069; ns). Similarly, MyoD-positive cells were slightly reduced

(p<0.05) in differentiating IN+ LV-infected cultures compared to non-infected
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controls. This trend was detected to a lesser extent in IN- LV-infected cultures

(p=0.56; ns). Finally, the percentage of myogenin-expressing cells was significantly

reduced in IN+ LV-infected, proliferating cultures (p<0.05), though general

expression levels of myogenin were quite low due to the presence of high serum

levels. Importantly, the myogenicity marker desmin was neither down-regulated in

IN+ LV nor in IN- LV infected cultures, demonstrating that LV infection did not

lead to a global loss of myogenicity in myoblasts. The percentage of GFP-

expressing myoblasts at 7dpi was also quantified. As expected, more than 80% of

myoblasts expressed GFP when infected with IN+ LV. In contrast, less than 30%

expressed the reporter gene in the IN- LV infected cultures. This drop in GFP-

positive cells was statistically significant (p<0.0001). As IN- LVs are integration

deficient, this decline was expected. However, interestingly, there was no

difference in the percentage of GFP-expressing cells when proliferating and

differentiating IN- LV infected cultures were compared. This was confirmed in two

independent experiments with 4 – 6 replicates per experiment. Taking into account

the rapid dilution of vector copies in IN- LV infected cultures, the effect of GFP

expression on myogenicity might have been more subtle for IN- LV infected

cultures, particularly when high serum was present, as compared to IN+ LV

infected cells, where GFP expression was stably maintained.
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Figure 3.8| Effects of lentiviral transduction on satellite cell and myoblast myogenicity. Satellite cells were

infected with IN+ or IN- LV and cultured for 7 days in the presence of high (HI) or low (LO) serum to promote

proliferation and differentiation, respectively. Expression of myogenic markers was analysed at 7dpi and compared to

non-infected control cells using immunocytochemistry. Data represent the pooled analysis of two independent

experiments. (A) Differentiation markers, such as sarcomeric myosin and myogenin were significantly up-regulated in

low serum conditions (p<0.05), whereas Pax7, a marker for proliferation and self-renewal, was significantly up-regulated

in high serum conditions (p<0.01). Cell density was significantly decreased in low serum (p<0.05), but the fusion index

(≥ 3 myonuclei) was elevated, although this was only statistically-significant in infected cultures (p<0.05). Interestingly, 

Pax7 expression was reduced in infected cultures compared to the non-infected control in the high serum condition,

which was statistically significant for IN+ (p<0.05). Similarly, MyoD was significantly decreased in IN+-infected cells

when low serum was present (p<0.05). (B) Representative images of infected cells expressing the markers analysed in

(A). Green – GFP, red – myogenic marker indicated in the graph above. (magnification: all images 20x, except for

density (10x)). (C) Graph represents data from two independent experiments and a total of 10 replicates. The

percentage of GFP-expressing cells in IN- infected samples was significantly decreased at 7 dpi compared to IN+

infected samples.
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3.2.2.3 GFP expression analysis of IN+ and IN- LV infected cultures

To allow detailed GFP expression analysis of cells harbouring the integrated

provirus in their genome compared with cells driving GFP expression from the

non-integrated episomal DNA, flow cytometry was used. Quiescent satellite cells

were isolated from the EDLs of a wildtype mouse and 10,000 cells were expanded

in a Matrigel-coated T175 cell culture flask containing growth medium

supplemented with bFGF (see Table 2-1). At day 8, myoblasts were infected with

either the IN+ or IN- LV at an MOI293FT of 50 (n=1, per group). Non-transduced

myoblasts served as a control. Flow cytometry analysis was carried out 3dpi to

minimise the potential loss of IN- vector episomes. The percentage of transduced

cells was calculated based on a gate set for SSC and GFP using non-transduced

myoblasts. At 3dpi, a similar proportion of 50-60% of myoblasts expressed GFP in

both IN+ and IN- LV infected samples (Figure 3.9). However, a difference in the

GFP fluorescence intensity profiles was observed. Cells transduced with IN+ LV

expressed GFP at very high levels, reflected in a shift of the median fluorescence

intensity (MFI) by 2 logs (131.42) as compared to non-transduced control cells. In

contrast, IN- LV transduced cells showed varying levels of GFP intensities ranging

from low to very bright. This was reflected in a plateau-like profile of GFP

intensities. Additionally, the shift of the median fluorescence intensity (MFI)

relative to control in IN- LV-infected cells was much lower (83.04) compared to IN+

LV-infected cells. As expected, the percentage of GFP-expressing cells was much

lower (18%) when the same sample of IN- LV infected cells was analysed at 7dpi,

confirming that cells were proliferating under the high serum conditions and the

majority of cells lost the viral genome. Notably, the relative shift of the median GFP

intensity from control did not decline with time or reduced numbers of transgene

expressing cells. This finding was surprising, as bright cells with high GFP

intensities were likely to represent cells with multiple episomal copies. Ongoing

myoblast proliferation over time was thought to decrease the number of episomal

copies per cell, as well as the number of cells with high GFP intensities, thus

reducing the MFI. However, this expected result was not observed. This might
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suggest that some IN- LV vectors had randomly integrated into the genome,

thereby maintaining a constant MFI despite ongoing cell divisions. In conclusion,

although transduction efficiencies were similar for both IN+ and IN- LV vectors,

expression mediated by the non-integrated LV was found to be lower compared to

IN+ LVs.
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Figure 3.9| GFP expression analysis of IN- and IN+ LV-infected satellite cells. Satellite cells were expanded in

growth medium supplemented with bFGF and infected with IN+ or IN- LV at an MOI293FT of 50 at day 8. Cells were

analysed for GFP intensity using flow cytometry at 3dpi and 7dpi to investigate changes in the GFP expression profiles

of IN+ or IN- LVs. (A) Individual GFP histograms of non-infected control and IN+ LV or IN- LV- infected samples at 3dpi.

(B) GFP histogram overlay of control, IN+ LV and IN- LV-infected cells at 3dpi. IN+ LV-infected myoblasts show a clear,

normally-distributed peak shifted by 2log from non-transduced control. IN- LV-infected myoblasts have a plateau-like

GFP intensity histogram with similar numbers of bright and dim GFP-positive cells. (C) Plotted MFIs from all replicates

and time points relative to control MFI. Overall, IN+ LV mediated ~2-times stronger GFP expression in primary

myoblasts compared to IN- LV (p<0.05). The relative MFI of GFP expression did not decline with time in IN- LV-infected

samples.
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3.2.2.4 Ebola-GP as an envelope to increase transduction efficiency

The results of 3.2.2.1 have shown that high MOIs of 300 were required for the

transduction of at least 50% of freshly isolated, quiescent satellite cells. A low

transduction efficiency of muscle with VSV-G pseudotyped LVs has been also

recognised by other groups (Kobinger et al 2003; Li et al 2005). One strategy to alter

the tropism of HIV-1 based vectors is to pseudotype the virus with a particular

envelope protein that better facilitates the entry into the target cell and therefore

increases transduction efficiency. Kobinger and colleagues studied a number of

different envelopes by in vivo injection of the pseudotyped vectors into the TA

muscle of newborn and adult mice. One interesting observation of this study was

the tropism of the Ebola Zaire glycoprotein (Ebo-GP) envelope, which revealed a

strong preference for the transduction of satellite cells compared to muscle fibres

when injected into newborn mice in vivo (Kobinger et al 2003; MacKenzie et al

2005). This led to the hypothesis that LV vectors pseudotyped with Ebo-GP might

increase the transduction efficiency of satellite cells or myoblasts. The Ebo-GP

envelope plasmid was obtained from Dr Natalie Ward (UCL). Integration-

proficient viral vectors (IN+) were produced carrying either VSV-G or Ebo-GP

envelope. To facilitate cell expansion and to avoid variations due to the

heterogeneity of satellite cells, a satellite-cell derived clone of the immortomouse

(H-2Kb-tsA58 2B4) (Muses et al 2011a) was used in this experiment. Myoblasts

derived from this clone were expanded under permissive conditions (33°C, +γ-

interferon) (see section 2.2.2.1). 1x105 cells were transduced with the same number

of infectious particles (based on titres determined in 293FT cells) aiming for 30%

transduction (MOI293FT~30). Cells were analysed 5dpi using flow cytometry. GFP-

positive cells were gated based on non-infected control cells.

Results in Figure 3.10 show a 300-fold decrease in mean infectious titre when

Ebo-GP pseudotyped LV particles were produced. This decrease was cell type-

independent as a 700-fold reduction was found when particles were titrated on

C2C12 myoblasts. To equalise for this discrepancy, the titres generated in 293FT

cells were used to determine the number of infectious particles added to each
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sample. However, even when the same number of viral particles was added to each

sample, VSV-G pseudotyped vectors resulted in a higher percentage of transduced

myoblasts (Figure 3.10(B)). In addition, the level of expression reflected in the

median fluorescence intensity (MFI) was reduced by 2-fold when cells were

infected with Ebo-GP pseudotyped vectors. In conclusion, using Ebo-GP envelope

to pseudotype viral vectors did not result in an increased transduction efficiency of

mouse myoblasts. Thus all following experiments were continuously carried out

with VSV-G pseudotyped LVs.
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Figure 3.10| LVs pseudotyped with Ebola-GP do not increase myoblast transduction. SFFV-EGFP IN+ LVs were

pseudotyped with VSV-G or EbolaGP (EboGP) and infectious titres determined in 293FT and C2C12 cells. Satellite cell-

derived immortomouse myoblasts were expanded at 33°C in the presence of γ-IFN and infected with the VSV-G or 

EboGP-pseudotyped viral particles at an MOI293FT of 30. Analysis was performed at 5dpi using flow cytometry. (A)

Comparison of infectious titres of each vector preparation titrated in 293FT or C2C12 cells. Infectious titres were

significantly lower for EboGP-pseudotyped LVs, irrespective of the cell line used for titration. Data represent 3

independently calculated infectious titres from data points in the linear range of the dilution series. (B) Flow cytometry

data of infected immortomouse myoblasts at 5dpi. Data represent 2 replicates. Significantly fewer GFP-positive

myoblasts were detected in samples infected with EboGP-pseudotyped LVs compared to samples infected with VSV-G-

pseudotyped LVs. (C) GFP intensities in myoblasts represented as relative MFI. Myoblasts infected with EboGP-

pseudotyped LVs showed significantly reduced MFIs compared to VSV-G. (D) Overlay of GFP-intensity histograms

generated from GFP-positive myoblasts.
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3.2.2.5 The effect of cyclosporine A on transduction efficiency

Another strategy to increase the LV transduction efficiency of quiescent satellite

cells was to take advantage of the drug cyclosporine A (CSA). CSA can bind to

cyclophilin A (CypA) and blocks calcineurin, a key regulator in the activation of an

immune response. Independent from this inhibition, CSA increased transduction

efficiencies of HIV-1 vectors in primary murine bone marrow cells by 20-fold

(Noser et al 2006). CypA is known to inhibit HIV-1 infection in murine cells

together with endogenous restriction factors, but the mechanism is poorly

understood (Sokolskaja et al 2006; Towers et al 2003). Nevertheless, it is clear that

binding of CSA to CypA increases HIV-1 infectivity in murine cells. As the

stimulatory effect of CSA on transduction efficiency was most prominent in freshly

isolated murine bone marrow cells, it was chosen as a potential strategy to increase

transduction of freshly isolated quiescent satellite cells. Satellite cells were isolated

from the EDL muscles of a Myf5nLacZ/+ transgenic mouse and seeded into Matrigel-

coated wells of a 12 well-plate containing growth medium supplemented with

bFGF (see Table 2-1) resulting in approximately 80 cells/well. 2.5x104 infectious

particles of IN+ LV were added to each well resulting in an MOI293FT of 300.

50mg/ml CSA stocks (Sandimmune®, Novartis) were diluted to a 1mM working

solution in DMSO. The effect of 2.5μM, 5μM, 10μM CSA on satellite cell 

transduction was assessed in triplicate. Cells treated with only DMSO were used to

generate a transduction baseline. One well of non-infected, non-treated cells served

as a negative control for flow cytometry. Media containing CSA or not was

changed every 3 days. Cells were expanded in growth medium supplemented with

bFGF under hypoxic conditions and analysed by flow cytometry at 8dpi.

Additionally, small cell aliquots of each replicate were seeded into an 8-well

chamber slide and fixed 4 days later to assess myogenic marker and GFP

expression. Similarly, 4 replicates of IN- LV infected cells were treated with the

selected CSA concentrations and analysed for GFP expression by

immunocytochemistry. Results are depicted in Figure 3.11. As expected, the

number of GFP-positive cells in IN- LV infected cultures was significantly lower
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(<20%) compared to IN+ LV infected cultures (>65%), confirming the episomal

origin of GFP expression from non-integrated IN- LVs. In the pooled analysis of

two experiments, 2.5μM CSA increased the number of transduced cells by 20% 

(1.3-fold) in IN+ infected and by 10% (1.7-fold) in IN- LV infected cultures. Higher

CSA concentrations (5μM, 10μM) did not increase the transduction rate any 

further. Overall, 2.5μM CSA did not alter satellite cell myogenic marker expression 

except for myosin expression, which was significantly increased by 30% (p<0.05). In

addition, significant alterations in myogenic marker expression were detected in

the 5μM and 10μM CSA group. The proliferative markers Pax7 and MyoD were 

expressed in significantly more cells (30% (p<0.01), and 40% (p<0.005), respectively)

than controls. The differentiation marker myogenin was also expressed in 2-fold

more progeny (p<0.05). Furthermore, 5μM CSA increased myosin expression by 2-

fold (p<0.05). This was not detected in 10μM CSA-treated cultures. The absence of 

myosin up-regulation might be related to the significantly reduced cell density in

10μM CSA–treated cultures (p<0.01), which further indicates that 10μM CSA 

concentration was toxic and promoted cell death. Desmin expression was unaltered

in all groups suggesting that overall myogenicity of myoblasts was maintained

even at high CSA concentrations. In conclusion, 2.5μM CSA increased the 

transduction efficiency of freshly isolated satellite cells by 20% at most. This effect

may be even stronger when the MOI is lower and GFP expression is not close to

being saturated, as seen with IN+ LV infected cultures. It was more difficult to

conclude the effect of CSA on IN- LV transduction, as only one time point was

analysed and hence the rate of episomal provirus ‘dilution’ in the presence of CSA

was unknown. However, it is very likely that an initial increase in transduction

efficiency delayed the dilution of GFP-expressing episomes and therefore led to an

increased GFP-positive population. Interestingly, CSA at higher concentrations

(>5μM) seemed to have a positive effect on myoblast proliferation, although overall 

cell density was unaltered. However, it might be possible that very high

concentrations of CSA are toxic as demonstrated by the significantly reduced cell

density when 10μM CSA was added to the cell culture medium.  



Results Chapter Three

212



Results Chapter Three

213

Figure 3.11| Cyclosporine A (CSA) increases the transduction efficiency of quiescent satellite cells. Freshly

isolated satellite cells were infected in triplicate with SFFV-EGFP IN+ at an MOI293FT of 300 in the presence of either

2.5μM, 5μM or 10μM CSA, or DMSO to serve as a non-CSA treated control. Cells were expanded in growth medium + 

bFGF at low oxygen for 8 days and analysed by flow cytometry. At day 8, small aliquots of approximately 300 cells per

well were seeded into an 8-well chamber slide for immunocytochemical analysis of myogenic marker expression.

Additionally, 4 replicates of freshly isolated satellite cells were infected with IN- in the presence of 2.5μM, 5μM or 10μM 

CSA, or DMSO and analysed for the percentage of GFP-expressing cells at 4dpi using immunocytochemistry. (A)

Brightfield microscopy was used to evaluate cell densities at 8dpi. (B) Assessment of myogenic marker expression in

the presence or absence of selected concentrations of CSA. Graph represents mean data ± SEM from IN+ infected

triplicate wells at 12dpi, and IN- infected quadruplicate wells. (C) Representative images of IN+ infected samples in the

presence of different CSA concentrations (Desmin – red; GFP – green; DAPI – blue; error bar: 10μM). (D) Left panel:

Relative MFIs of triplicate samples analysed by flow cytometry at 8dpi. Right panel: The effect of CSA on GFP intensity

(MFI). Histograms of GFP-positive populations with different CSA concentrations compared to a non-transduced GFP-

negative control population.
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3.2.2.6 Transduction of quiescent satellite cells located in their stem cell

niche

Quiescent satellite cells, physically removed from their niche, are exposed to the

artificial cell culture environment, which affects myogenic properties (Boonen et al

2009). Under these conditions, it is difficult to study the self-renewing properties of

satellite cells. Additionally, any potentially detrimental effects of LV infection on

satellite cell self-renewal or early activation will be missed under these conditions.

It can therefore not be excluded that LV transduction interferes with satellite cell

self-renewal, an important stem cell property. To reduce the impact of artificial cell

culture conditions on satellite cells, single myofibres can be cultured with their

satellite cells still in niche position thereby preserving the micro-environment and

important signalling cues. It was shown that satellite cells in close contact to their

parent fibre exhibit greater in vivo regenerative capacities than enzymatically-

disaggregated cells (Collins et al 2005). However, to successfully transduce satellite

cells in their endogenous niche, the virus needs to pass the basal lamina, which has

been shown to be a physical barrier to some viruses (Acsadi et al 1994; Huard et al

1996). Successful transduction of satellite cells in their niche position in vivo has

been achieved by LVs following their intramuscular injection into prenatal mice

(MacKenzie et al 2005), but the efficiency was greatly reduced when the LV vector

was injected into adult mice (Kobinger et al 2003). Additionally, activated satellite

cells and myoblasts could be transduced by gamma-retroviral vectors using the

single fibre model when satellite cells remained on their natural parent fibre

substrate and parts of their niche environment was preserved (Collins et al 2009;

Zammit et al 2006b). However, as gamma-retroviruses can only infect dividing

myoblasts, this retroviral vector is insufficient to infect quiescent satellite cells in

their endogenous niche. Hence, it was tested whether LV vectors can successfully

infect satellite cells ex vivo, when they are still quiescent in their niche environment

and protected by the basal lamina.

Single fibres were prepared as described in section 2.2.2.3.1. Five to six fibres were

plated into Matrigel-coated wells of an 8-well chamber slide and infected with
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different concentrations of IN+ or IN- LV vectors (1x105; 2x105; 1x106 infectious

particles per well). Non-infected fibres served as controls. Plated fibres were fixed

at 4dpi and analysed by inverted fluorescence brightfield microscopy as well as by

immunocytochemistry using antibodies against desmin and GFP. Figure 3.12

shows that adhesion of single fibres to the Matrigel substrate activated satellite

cells to leave their native position and to migrate along or off the fibre. Many GFP-

positive cells were detected in both IN+ and IN- LV infected cultures with all vector

concentrations. Cells were either still associated with the fibre or were detected

away from the parent fibre (see Figure 3.12(B)). Alternatively, myoblasts were

detected that aligned with the parent fibre to initiate fusion. GFP-positive cells also

expressed desmin, confirming their satellite cell origin and ruling out the unlikely

possibility that cell contaminants adherent to the fibre were transduced. Taken

together, these results confirm that LV vectors can infect quiescent satellite cells

when they remain in their native position, and they have the ability to pass the

basal lamina to enter the satellite cell niche. As VSV-G was used as a pantropic

envelope with no specific tropism, it was further investigated if the LV vectors also

infected the post-mitotic fibre in vitro. The intensity of GFP expression was

analysed in each fibre and compared to non-infected control fibres. To avoid bias

due to high-level GFP-expression originating from satellite cells, only areas with no

satellite cells present were analysed. The results depicted in Figure 3.12 illustrate a

clear difference in GFP intensity between infected and non-infected fibres when

images were captured with identical microscope settings. However, the GFP

intensity in the fibre was much lower than the intensity of satellite cells. This is

expected, as the myofibre comprises a much larger cytoplasm due to a syncytium

originating from multiple fused cells. As a result, the transgenic cytoplasmic

protein is more diluted than in small cells such as satellite cells. In conclusion, LV

vectors are able to infect quiescent satellite cells by crossing the basal lamina as

well as post-mitotic myofibres.
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Figure 3.12| LVs transduce quiescent satellite cells in their stem cell niche. Single fibres were isolated and plated

into Matrigel-coated wells to facilitate adhesion. Immediately after plating, fibres were infected with IN+ or IN- LV.

Analysis was performed at 4dpi using (A) brightfield microscopy or (B, C) immunohistochemistry using antibodies

against desmin (red) or GFP (green). Nuclei were counterstained using DAPI (blue). (A) Brightfield image showing an

adhered single fibre at 4dpi. Infected satellite cells have left the myofibre and migrated onto the matrigel substrate

(arrowheads). The GFP image represents the negative of the original file, modified to show migrated satellite cells in

green. (B) Desmin-positive cells expressing high levels of GFP were detected in IN+ and IN- infected samples and

could clearly be distinguished from desmin-positive fibres. (C) Comparison of GFP-positive fibres from IN+ and IN-

infected cultures and non-infected control fibres shows that LV transduction also results in GFP expression in the

myofibre syncytium. Desmin was expressed in all fibres and satellite cells.
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3.2.2.7 Kinetics of GFP expression in myofibre suspension cultures

The single fibre model was further used to determine the onset and kinetics of

reporter gene expression. These characteristics cannot be successfully accomplished

in disaggregated satellite cells, as an incubation time of at least 24h is required to

assure complete adherence. However, plated single fibres lead to satellite cell

activation followed by intensive migration off the myofibre. Once the cells have left

the myofibre environment, they resemble ex vivo cultures of satellite cells. To block

satellite cells from leaving their natural environment, single fibres can be cultured

in suspension (Collins et al 2009; Zammit et al 2004b). In this instance satellite cells

remain on the parent fibre, proliferate as adherent clones and finally fuse with their

fibre. This model allows the investigation of satellite cell activation, proliferation

and self-renewal from early time points up to 96h post-isolation. Results shown in

section 3.2.2.6 indicate that LVs can infect satellite cells in their native position. The

single fibre suspension model was therefore used to investigate the temporal

characteristics of reporter gene expression in vitro. First, it was verified that infected

satellite cell clones proliferate normally compared to non-infected controls.

Wildtype myofibres were isolated and 20 fibres were infected in suspension with

4x105 IN+ or IN- LV particles. Fibres were cultured in suspension for 72h and

analysed for Pax7 and GFP expression using immunocytochemistry. Non-infected

myofibres served as a control. Figure 3.13 illustrates that GFP was detected in the

majority of the satellite cell-derived progeny (>80%) 72h post-isolation. The

percentage of Pax7-expressing cells was unaltered compared to controls (IN+ 30.8%

± 1.2%; IN- 37.3% ± 4.1%; Control 31.6% ± 7.4%), suggesting that lentiviral

transduction did not perturb satellite cell activation, proliferation and self renewal

on the fibre.
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Figure 3.13| LV infection does not affect clonal satellite cell proliferation on the parent myofibre. 20 single fibres

were infected with 4x105 infectious particles of IN+ or IN- and cultured in suspension for 72h to allow analysis of satellite

cell clones by immunohistochemistry. Pax7 expression was compared to non-infected T72 fibres to determine if LV

infection affects proliferation and self-renewal of satellite cell-derived clones. (A) Representative images of infected or

non-infected, proliferating satellite cell clones on their parent fibre. (B) At 72hpi 87% and 100% of satellite cells

expressed GFP in IN+ and IN- infected cultures, respectively. (C) Pax7 expression was unaltered in IN+ and IN-

infected satellite cell clones compared to non-infected control fibres.
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Next, a time course for GFP and Pax7 expression was generated. Myofibres were

isolated from a 3F-nlacZ-2E transgenic mouse to facilitate satellite cell detection. 30

fibres were transferred into a well of a 24-well plate and infected with 1x105

infectious particles of IN+ or IN- LV vector. Non-infected myofibres served as a

negative control. At 24, 48, 72 and 96h post-isolation fibres were fixed and analysed

for GFP and Pax7 expression using immunocytochemistry. X-gal staining was

performed to detect myosin expression from the MLC3F promoter in myonuclei

and terminally differentiating myoblasts. Non-infected fibres collected at the time

of isolation (T0) were used to generate a baseline for Pax7 expression.

It was illustrated in section 3.2.2.5 that a noticeable change in Pax7 expression

together with increased GFP expression was detected when 5μM CSA was added 

during LV infection. However, cells were fixed at 8dpi and the onset of the

expression changes could not be investigated. To address this question, a parallel

group of control or IN+ and IN- LV infected fibres was treated with 5μM CSA 

during infection, and compared to the non-treated group.

The results are depicted in Figure 3.14. The first GFP expression was detected at

48h post-infection (T48). Although the percentage of GFP-positive myoblasts was

higher in IN- LV infected fibres compared to IN+, the temporal changes in GFP

expression, especially in the presence of CSA, were similar. This was demonstrated

in identical slopes between T48 and T96. GFP expression peaked at 3dpi when

infected cells had divided intensively. The percentage of GFP-positive SCs declined

thereafter, most likely because infected satellite cells fused with the parent fibre

(Figure 3.14). IN+ LV infected satellite cell clones showed slightly different

temporal characteristics of GFP expression, most likely due to the low transduction

efficiency at the start. The effect of CSA on transduction efficiency already

demonstrated on stripped cells could also be confirmed in satellite cells that

remained in their native niche position during infection. For IN+ LV infected cells

in the presence of CSA, a 3-fold increase in GFP-expressing satellite cells was seen

at 48h post-infection, which increased further up to 5-fold until T72. As IN- LV

infected cultures started already from a higher percentage of transduced cells, the
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potentiating effect of CSA seen in this group was lower (~1.5 fold). The increase in

GFP-expressing myoblasts between 48 and 72h suggested a proliferative advantage

of these cells independent of the CSA-mediated effect on transduction efficiency.

Therefore, the total number of Pax7-expressing cells as well as the number of GFP-

positive cells expressing Pax7 was determined. As expected, the majority of

satellite cells were Pax7-positive immediately after isolation (T0: >90%). Satellite

cells were then activated and maintained Pax7 expression until 24h post-isolation.

From 24h onwards, cells lost Pax7 expression due to entering the myogenic

differentiation programme. The number of Pax7-positive cells minimally increased

in the presence of CSA. Specifically, the GFP-expressing Pax7-positive population

increased in the presence of CSA by 2-fold. Further examination of the GFP-

positive, Pax7-expressing population revealed a significant drop in GFP expression

in IN- LV infected cultures from 72h post-isolation. This effect was not detected in

IN+ LV infected cultures and is indicative of the dilution of episomal viral copies in

highly proliferating cells, such as Pax7-positive cells. In conjunction with the

overall decline in Pax7 expression, β-gal expression mediated from the 3F MLC 

promoter was up-regulated. Increased nuclear X-gal staining in satellite cell-

derived clones was detected from 48h post-isolation onwards, however, levels were

slightly reduced in CSA-treated cultures. Whether this reduction represented either

a delay in myogenic differentiation due to increased Pax7 expression, or an actual

perturbation of the differentiation potential of satellite cell clones mediated by

CSA, could not be clarified at this stage. Finally, the GFP intensities of fibres in

suspension were quantified to assess whether CSA increased transduction of the

myofibre. GFP intensities were quantified as described in section 3.2.2.5 and

myonuclei were excluded from the analysis by whole fibre thresholding (see Figure

3.13) to avoid any bias. IN+ LV infected fibres resulted in higher median GFP

intensities than IN- LV infected fibres or non-infected controls. However,

individual fibre intensities across the groups varied greatly. Finally, no clear

relationship was found between increased GFP intensity and the presence of CSA.

Taken together, the onset of GFP expression in transduced quiescent satellite cells
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was detected at 48hpi. LV infection did not perturb satellite cell activation or

proliferation in the early stages, supported by the indistinguishable kinetics of Pax7

expression between infected and non-infected satellite cell clones. 5μM CSA 

increased the proportion of GFP-positive satellite cells in IN+ and IN- LV infected

suspension cultures, though an effect on fibre transduction could not be detected.

Furthermore, CSA increased the percentage of infected (GFP-positive) Pax7

expressing cells as well as the overall Pax7-expressing population. This was

accompanied by delayed onset of myosin expression.



Results Chapter Three

222



Results Chapter Three

223

Figure 3.14| Effect of CSA on transduction of quiescent satellite cells in their niche. Single fibres were isolated

from the 3F-nlacZ-2E transgenic mouse to facilitate satellite cell detection. 30 fibres were transferred into each well and

infected with IN+ or IN- LV in the presence or absence of 5μM CSA. Infected fibres were cultured in plating medium in 

suspension to investigate the kinetics of GFP expression in satellite cell clones. Non-infected fibres in the presence or

absence of CSA served as controls. At 24hpi, 48hpi, 72hpi, 96hpi fibres were analysed by immunohistochemistry using

antibodies against GFP (green) and Pax7 (red), or X-gal staining for the detection of myosin expression in myonuclei.

DAPI was used as a nuclear counterstain to mark X-gal negative nuclei. For each time point and condition, all satellite

cell-derived clones of all non-contracted fibres (n~20) were analysed and numbers pooled to evaluate the percentage of

marker expression. (A) Kinetics of GFP expression in IN+ and IN- infected cultures +/- CSA. (B) Comparison of similar

GFP kinetics (48-96hpi) excluding IN+ -CSA as transduction was too low. (C) The effect of CSA on transduction

efficiency and GFP expression. (D) Fold changes in GFP expression mediated by addition of CSA during IN+ or IN-

transduction. (E) Representative images of infected myofibres at each timepoint. T0: non-infected control fibre. (F-M)

Analysis of Pax7 expression (F-H), myosin expression (I-K) and combined Pax7/GFP expression (L-M) in infected and

CSA-treated cultures. (N) For GFP intensity analysis of whole myofibres, the cytoplasm was thresholded and excluded

intensity-quenching myonuclei from the analysis. (O) GFP intensities of infected and CSA treated fibres.
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3.2.2.8 Lentiviral vectors can infect myofibres in vitro

The ability of lentiviral vectors to infect satellite cells in their niche underneath the

basal lamina was demonstrated in section 3.2.2.5 and 3.2.2.7. Evidence of GFP

transgene expression in the myofibre was further given in plated single fibres in

section 3.2.2.5. However, it was not possible to satisfactorily demonstrate a positive

correlation between infected myofibres in suspension and their GFP fibre intensity.

Quantification of the GFP signal in the single fibre suspension model was mainly

difficult because of interfering satellite cell clones also expressing the transgene; or

because transgene expression was below detection limit due to the high dilution of

GFP proteins within the syncytium. To confirm that LV vectors infect post-mitotic

myofibres and pass through the nuclear membrane to integrate their proviral DNA

into myonuclei, I designed an explant model. Compared to the single fibre model,

this approach more closely resembles the in vivo situation as the major tissue

structure is still intact. Furthermore, it allowed assessment of GFP expression in a

transverse section of a myofibre without the necessity to carry out an in vivo

procedure, in which the LV is injected intramuscularly. To set up the muscle

explant model, the TA of a wildtype mouse was carefully isolated as described in

section 2.2.5.1and cut into 0.5mm longitudinal sections using a tissue chopper (see

section 2.2.2.6) to leave myofibres intact. The muscle explant was then placed onto

a Millicell®-CM (Millipore) membrane and growth medium (see Table 2-1) was

added to allow formation of a thin liquid layer over the tissue. This layer ensured

adequate exchange of gases and metabolites from the environment and the culture

media. In fact, muscle explant cultures have not been optimised to a standardised

model yet and only few preliminary protocols exist in the literature (Arechavala-

Gomeza et al 2007; McClorey et al 2006). These protocols cultured explants in

suspension for up to 7 days and the metabolic state of the tissue was measured by

RNA extraction. However, as the tissue is excessively immersed in culture media,

the oxygen supply is likely to be insufficient using this protocol, especially if long-

term cultures are required. Explants were infected with IN+ LV at day 13 and fixed

5dpi. Non-infected control explants were fixed at day 18. Explants were snap-
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frozen in isopentane and 7μm-thick transverse sections were collected using a 

cryostat. Sections were analysed by immunohistochemistry using antibodies

against GFP, laminin, α-sarcoglycan and Pax7. Hematoxylin and Eosin (H&E) 

staining was performed to evaluate the histology of the explant sections. The

experimental design is depicted in Figure 3.15. Immunostaining confirmed the

expression of α-sarcoglycan and laminin in the muscle explants, indicating that 

both the basal lamina and the myofibre plasma membranes were intact at 18 days

in culture. However, the number of myonuclei appeared to be reduced compared

to a control transverse section from an adult wildtype TA that had been

immediately frozen post-mortem. Indeed, H&E histological staining confirmed a

generally intact myofibre structure, and the absence of myonuclei in the section.

Loss of myonuclei might be a sign of slowly occurring cell and fibre death under

these culture conditions. Pax7 staining did not reveal any quiescent or activated

satellite cells in the explant sections, indicating that satellite cells had died or did

not self-renew in this in vitro model (data not shown). Nevertheless, IN+ LV

infected explant cultures showed strong GFP expression in the myofibre cytoplasm

compared to non-infected control explants. These data clearly demonstrate that

lentiviral vectors infect post-mitotic myofibres in vitro by passing the nuclear

membrane to insert their provirus into the genome of myonuclei. Importantly,

provirus integration requires intracellular uncoating of the capsid. In the instance

of ‘leaky’ fibres, diffusion of the virus into the myofibre would therefore bypass

VSV-G receptor binding, fusion of the envelope with the plasma membrane and

subsequent release of the capsid into the cell to permit uncoating. However, to

confirm that the myofibre membrane was entirely intact in the explant model,

trypan blue was added to the culture medium at day 10 for 6 hours and explants

either analysed directly under an inverted brightfield microscope or fixed in 4%

PFA for 2h, followed by cryopreservation overnight. Fixed explants were snap-

frozen in isopentane, transverse sections were collected, and subsequently analysed

by brightfield microscopy. Explants not exposed to trypan blue were used as

controls. Results are depicted in Figure 3.15. Though a few broken fibres can be
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identified by their blue colour in non-fixed muscle explants, the majority of fibres

did not incorporate the blue dye into the fibre cytoplasm suggesting that most

fibres repaired their broken membranes shortly after longitudinal sectioning of the

TA.
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Figure 3.15| A skeletal muscle explant model to confirm LV infection of myofibres in vitro. 0.5mm longitudinal

muscle explants were derived from adult TA muscle using a tissue chopper and cultured on Millicell®-CM membranes.

After 13days in vitro (div), explants were infected with IN+ LV and fixed at 18div. Non-infected explants served as

controls. (A) Experimental design. (B) Immunohistochemistry of transverse cryostat sections using antibodies against α-

sarcoglycan (α-SG) and laminin confirmed intact myofibre and basement membranes. A transverse section of TA 

muscle served as positive control. (C) Comparison of infected and non-infected explants for GFP-expression. (D)

Trypan blue was added to explants at 10div and analysed 6h later to investigate if broken myofibre membranes were

completely closed and fully intact (calibration bar: 50μm). (E) H&E stain for the analysis of explant histology, myofibre

structure and presence of myonuclei.
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3.2.3 An integration-deficient lentivirus to label self-

renewing satellite cells

Following the confirmation that quiescent satellite cells can be successfully

transduced by using LV vectors, and the detailed analysis of the transgene

expression profile, it was intriguing to further study the dynamics of the IN- LV

mediated transgene expression in infected satellite cell cultures. Previous

experiments (see sections 3.2.2.2 and 3.2.2.5) have clearly demonstrated a decline in

transgene expression when freshly isolated satellite cells were infected with the

non-integrating derivative of LV vector. This decline was indeed expected, as the

viral DNA is unable to integrate into the host genome and therefore forms

episomal 1-LTR and 2-LTR circles, forms of circularised viral DNA. These LTR

circles have been shown to mediate stable transgene expression in post-mitotic

tissue, such as the muscle or the eye (Apolonia et al 2007; Brussel & Sonigo 2004;

Yanez-Munoz et al 2006). However, in dividing cells these episomal DNA circles

are rapidly lost. This is a disadvantage when stable transgene expression is

required. On the contrary, IN- LVs could be very useful tools to mark a non-

dividing or slowly-dividing subpopulation of satellite cells. In fact, satellite cells are

a very heterogeneous population with the majority of progeny proliferating, but

few ceasing MyoD expression, exiting the cell cycle and self-renewing the satellite

cell pool (Zammit et al 2004b). Reliable isolation of this self-renewing satellite cell

fraction would facilitate its characterisation in vitro and in vivo, and would help to

verify whether the in vivo regenerative capacity is, as commonly believed (Kuang et

al 2007; Ono et al 2012; Zammit 2008), enhanced. I therefore hypothesised that IN-

LVs can be used as a tool to label self-renewing satellite cells following a pulse-

chase experimental approach.

In this approach, successful transduction of activated satellite cells resembles the

pulse period in which cells incorporate viral DNA in form of episomal DNA circles.

Further proliferation of myoblasts then mimics the chase period, in which cells lose

the viral episomes due to ongoing divisions. However, satellite cells that stop
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dividing and return to quiescence will maintain transgene expression, and could be

sorted by flow cytometry for further characterisation.

3.2.3.1.1 Can IN- LVs mark quiescent satellite cells over time?

To test whether GFP-positive cells infected with the IN- LV represent the quiescent

satellite cell population, a time course was set up to follow the decline of GFP

transgene expression. Satellite cells were isolated from the EDLs of a wildtype

mouse and seeded at low density (40cells/cm2) into Matrigel-coated 2-well chamber

slides (Nunc) to allow expansion without the occurrence of major fusion events. 2

hours post-isolation, cells were infected with SFFV-EGFP IN- LV at an MOI293FT660

to obtain >80% transduction efficiency. Cells were expanded in growth medium

(see Table 2-1) supplemented with bFGF under normoxic conditions for 3 weeks

and medium was changed every 3 days. A parallel group infected with SFFV-EGFP

IN+ LV served as a positive control. One slide with non-infected cells served as a

negative control. Even though cells were kept at high serum conditions to promote

expansion, myotubes were detected at 7dpi and continuously increased in number

thereafter. Notably, regions consisting mainly of myotubes, but also areas with

almost entirely non-differentiated mononuclear cells, could be detected at 3 weeks

in culture confirming the heterogeneous fate of SCs (Figure 3.16). Parallel samples

of cells were fixed in 4% PFA every 3-5 days and quantified for GFP and Pax7

expression. As expected, cells infected with IN- LV showed a decline in GFP-

positive cells over time (see Figure 3.16). Whereas 60% of myoblasts were GFP-

positive at day 3, only 35% expressed the reporter gene on day 5, and only 20% on

day 9. Interestingly, the number of GFP-expressing myoblasts stabilised around

20% from day 9 onwards. In contrast, in IN+ LV infected cultures the percentage of

GFP-expressing myoblasts was consistently above 60% from 5dpi onwards

confirming the stable integration of the transgene expressing provirus into the host

genome and absence of vector dilution with ongoing cell divisions. Notably, the

cell density increased linearly with time, indicating that some proportion of
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satellite cells or myoblasts divided asymmetrically, with some cells exiting the cell

cycle to differentiate or to self-renew. Additionally, the proportion of Pax7-

expressing GFP-positive cells was analysed. In both the IN- and IN+ LV infected

cells, the total Pax7-expressing population was highest with 70% at day 3, the

earliest time point measured, and subsequently declined to less than 10% by day 5.

Moreover, both IN+ and IN- LV infected cultures then showed a minimal increase

in Pax7-positive cells between day 5 and day 14, possibly reflecting activated

myoblasts returning to quiescence to replenish the stem cell pool. The proportion

of Pax7-expressing satellite cells remained constant around 6-8% from 14 days

onwards, suggesting that a stable proportion of quiescent satellite cells was

maintained despite a consistent increase in cell number due to proliferation.

Regardless of the viral vector, Pax7-positive GFP-expressing cells followed the

decline of total Pax7 levels. 35% of cells in the IN- LV infected, and 48% of cells in

the IN+ LV infected sample expressed both Pax7 and GFP at day 3. The percentage

of double-positive cells dropped to less than 2% by 5dpi for both IN- and IN+ LV

infected cultures, and remained stable at this value thereafter. As the percentage of

self-renewing, quiescent satellite cells in adult skeletal muscles is about 1-4%

depending on the muscle group and in culture less than 2% (Biressi & Rando 2010;

Zammit 2008; Zammit et al 2002), these cells may represent transduced quiescent

satellite cells. Interestingly, in IN- LV infected cultures the percentage of double-

positive cells remained stable even when the total percentage of Pax7-positive cells

increased between day 5 and 9, indicating that a larger number of GFP-negative

cells contributed to this rise in the Pax7-expressing population. However, as cell

numbers were constantly increasing, it also indicates that few GFP-positive cells

exited the cell cycle and started to express Pax7 to maintain a stable proportion of

double-positive cells. In IN+ LV infected cultures, the percentage of GFP-positive

Pax7-expressing cells concurrently increased with the rise in the percentage of

Pax7-expressing cells between day 5 and 14. These data suggest that mainly GFP-

positive cells exited the cell cycle to increase the Pax7-expressing satellite cell pool.

It is important to note, that only a minority of GFP-positive cells expressed Pax7 in
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the IN- LV infected culture (6,623%±1,393% SD; 5-21dpi). This implies that the

majority of GFP-expressing cells were not self-renewing, quiescent Pax7-positive

satellite cells. In fact, rapidly differentiating cells also exit the cell cycle and could

possibly have retained GFP expression after IN- LV infection. Detailed analysis of

cell clones at 21dpi revealed areas with a number of GFP-positive multinucleated

myotubes confirming the presence of GFP-expressing differentiated post-mitotic

cells. However, in addition to expected mononucleated GFP-positive reserve cells

(Pax7-positive) and GFP-negative cycling cells (Pax7-positive), two clones had

unexpectedly high numbers of double-positive cells (>20%) at 21dpi (see Figure

3.16). These clones could represent instances of background integration, DNA circle

replication, or cells with multiple infection events. Additional genome analysis (e.g.

Southern Blot) has to be done to dissect this further. Indeed, the high viral loads

applied in this experiment to ensure adequate transduction efficiencies of quiescent

satellite cells could have favoured both background integration and GFP

expression from multiple copies. However, the striking evidence that the GFP-

expressing population remained stable at 20% from 9 days onwards, even though

cell numbers were further increasing in a linear fashion, implies that episomal

vector dilution was insufficient and points to the possibility that some of the vector

genomes were integrated through an integrase-independent mechanism.

In conclusion, IN- LV showed the ability to label Pax7-positive cells in long-term

cultures that may represent quiescent satellite cells. However, the majority of GFP-

positive cells did not express Pax7 and were therefore either early differentiated

myoblasts and myotubes, or proliferating Pax7-negative myoblasts, in which the

IN- LV vector genome had integrated. Using GFP expression as the only selection

criteria after IN- LV infection will therefore create a heterogeneous mixture of

rapidly differentiating cells together with Pax7-positive label-retaining cells.

Consequently, results obtained from label-experiments using high viral loads

should be interpreted carefully given the possibility that high viral doses can lead

to the stable retention of the viral genome in infected cells.
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Figure 3.16| Non-integrating LVs (IN-) investigated as a tool to label reserve cells in vitro. 2h post-isolation

satellite cells were infected with IN+ or IN- at an MOI600 and subsequently expanded up to 3 weeks. Every 3-5 days, 1

sample per LV group was analysed for GFP and Pax7 expression using immunohistochemistry. For each well, at least

20 random fields were analysed. Numbers were subsequently pooled and are displayed as percentage. (A) Timeline of

the percentage of GFP expressing myoblasts infected with IN+ or IN-. The increase in cell density over time was similar

for both IN+ and IN- infected samples, and is displayed as mean cell number per field generated from both groups. (B)

Model: Linear increase in cell density indicates the occurrence of asymmetric cell divisions. Grey circle indicates

cycling/self-renewing cell. Pink circle represents cells exiting the cell cycle due to terminal differentiation or return to

quiescence. (C) Total number of GFP expressing cells in the entire sample at 21dpi (magnification 5x). (D)

Heterogeneity of clones at 21dpi: areas with multiple myotubes were detected (left) as well as proliferating clones with

non-differentiated mono-nucleated cells (right). (E) Timeline of Pax7 and Pax7/GFP expression. Detailed view of

expression changes during 5-21dpi. (F) Percentages of GFP-positive and Pax7/GFP-positive cells per clone in IN-

infected cultures at 21dpi. A few clones exist that sustained more than 50% GFP-positive cells. (G-H) Representative

images of (G) a GFP-rich clone and (H) a clone with mainly GFP-negative cells. Arrows show a GFP-positive, Pax7-

positive satellite cell (white arrow), a GFP-negative, Pax7-positive cell (blue arrow), and a GFP-positive myoblast not

expressing Pax7 (yellow arrow).
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3.2.3.1.2 Clonal analysis of IN- LV infected satellite cells

To analyse the possible occurrence of background integration, clonal analysis of

IN- LV infected satellite cells was performed. Satellite cells were isolated from the

EDL muscles of a wildtype mouse and plated at a clonal density of 0.5 cells per

well into Matrigel-coated 8-well chamber slides. To reduce the number of

infectious particles per cell, an MOI293FT of 160 was used for IN- LV infection.

Satellite cells were infected 2h post-isolation and expanded under normoxic

conditions in growth medium supplemented with bFGF. Clonal cultures were fixed

after 21 days and analysed for GFP and Pax7 expression using

immunocytochemistry. A total of 20 clones were quantified. The density of clones

at 21dpi varied significantly with the largest clone containing up to 360 myoblasts

(see Figure 3.17). Surprisingly, the proportion of GFP-expressing myoblasts was

very high after 3 weeks in culture (mean: 52%). Even though this result was very

unexpected, the percentage of GFP-expressing Pax7-positive cells was extremely

low (0.4%) representing only 14% of all Pax7-positive cells. Total Pax7-expressing

cells were low (3%), as expected. This result exemplifies the typical heterogeneity

that is encountered with freshly isolated satellite cells. The low number of Pax7-

positive, GFP-positive cells indicates that activated Pax7-expressing cells had either

lost their GFP-expression due to several rounds of divisions, or that cycling cells

returning into quiescence were GFP-negative. Interestingly, the mean doubling

time per day was very low (0.2), whereas the average number of doublings was 4.8.

In fact, even in the clone with the highest cell number, cells divided only about 8

times. The low doubling time and therefore occurance of cell divisions per cell

could therefore explain parts of the high GFP expression detected. Interestingly,

most of the clones had lost Pax7 expression suggesting that they were not self-

renewing satellite cells. In conclusion, significant variations between clones and

experiments were observed when IN- LV infection was used to label self-renewing

satellite cells. Complications, such as high viral loads associated with random

background integration or otherwise insufficient transduction make this approach

difficult to gain consistent results.
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Figure 3.17| Single satellite cell clones to analyse IN- label retaining cells. Satellite cells were seeded at clonal

density (0.5 cells/well), infected with IN- LV at an MOI of 160, and expanded for 21d under proliferative conditions. 20

clones were analysed by immunocytochemistry using antibodies against GFP and Pax7. (A) Graph displays total cell

numbers per clone, the number of cells that are multinucleated and differentiation (>3 nuclei per myotubes) or express

Pax7, GFP or both. The average number of population doublings was 4.8. (B) Pooled data of all clones. More than 50%

of cells still expressed GFP at 21dpi, but only less than 1% of cells expressed GFP together with Pax7. (C)

Representative images of clones, in which a single cell retained the label (Ci), many cells remained GFP-positive (Cii)

or cells which are GFP-negative due to dilution of the GFP label or lack of successful infection (Ciii).
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3.2.3.1.3 In vivo analysis of a label-retaining satellite cell subpopulation

Following the detailed in vitro characterisation of IN- LV mediated GFP expression

in primary myoblasts and failure to conclusively confirm that quiescent satellite

cells retain the IN- LV label, it was investigated if sorted label-retaining cells exhibit

an ameliorated regenerative capacity in vivo. Primary satellite cells were isolated

from the EDL muscles of two Myf5nLacZ/+ transgenic mice as described in section

2.2.2.3.4 and expanded in Matrigel-coated T175 flasks in growth media

supplemented with bFGF (see Table 2-1). Cells were grown under hypoxic

conditions (5% oxygen), which was shown to enhance doubling times and facilitate

cell expansion (see 3.2.1.4). Cells were not infected immediately after isolation on

day 0, but 24h post-isolation when the majority of satellite cells (>98%) had been

activated and are reported to express MyoD (Zammit et al 2002). An MOI of 100

(based on titre in 293FT cells) was used for the infection with IN- LV to avoid

transduction with multiple IN- LV copies and to reduce the risk of background

integration. Non-transduced cells were kept as control cells to facilitate gating for

GFP-positive cells during the cell sorting procedure. Infected myoblasts were

expanded for an additional 10 days to ensure 5 or more doublings for activated,

proliferating myoblasts and then prepared for cell sorting (see 2.2.5.2). Gates were

set based on the non-transduced control sample. Forward Scatter (FSC), correlating

with cell volume, was set to include small and large cells. Side Scatter (SSC),

correlating with inner cell complexity and granularity, was set to include the main

cell population, but to exclude small, complex particles, most likely representing

dead cells. As the main aim of the experiment was to test the in vivo regenerative

capacity of sorted subpopulations of cells, no viability dye was used to exclude the

possibility of any interference with endogenous myogenic properties. GFP-positive

and GFP-negative cells were sorted based on a gate using FL1-Log for GFP

intensity and FL2-Log (for PI) applying a bandpass filter at 580/30. This sorting

strategy included GFP-positive live cells, but excluded autofluorescent cells. Less

than 0.5% of cells that fell into the sorting regime were GFP-positive. GFP intensity

was broad from dim to very bright cells. Interestingly, very bright cells had a larger
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cell volume as identified by FSC compared to dim cells, which were rather small

(see Figure 3.18). A total of 2,560 GFP-positive cells were sorted and injected into

the right TA of three mdx nude mice, resulting in 850 cells per leg. Similarly, the

identical number of GFP-negative cells was sorted and injected into the

contralateral TA of these mice. As a positive control, quiescent satellite cells were

freshly isolated from the EDL muscles of an adult male Myf5nLacZ/+ transgenic

mouse, and 900 cells were injected into either the right or the left TA of one mdx

nude mouse. The TA muscles of all host mdx nude mice were irradiated three days

prior to cell injection to empty the niche from the majority of endogenous satellite

cells and to enhance engraftment, as reported previously (Boldrin et al 2012; Gross

et al 1999). Injected mice were sacrificed four weeks post-engraftment. The TA

muscles were dissected, snap-frozen in isopentane and serial transverse sections

were collected using a cryostat. Muscle sections were analysed by

immunohistochemistry using a custom-made monoclonal antibody directed

against dystrophin (see Table 2-8). X-gal histological staining was performed to

confirm the presence of donor-derived newly regenerated myonuclei and satellite

cells. Results in Figure 3.18 demonstrate the ability of freshly isolated satellite cells

to regenerate dystrophin-positive muscle fibres in vivo in the mdx nude mouse

model. In comparison to a median of 123 fibres regenerated with freshly isolated

cells, significantly less donor-derived myofibres were detected with IN- LV

infected, sorted cells (p<0.05). Comparison of the number of dystrophin-positive

fibres regenerated from the GFP-positive or the GFP-negative sorted IN- LV

infected population did not reveal any difference in the regenerative capacity. Both

populations gave rise to similarly low numbers of donor-derived fibres (maximal

31 and 11 dystrophin-expressing fibres with GFP-positive and GFP-negative cells,

respectively). Although n-numbers were low in this experiment (n=3), no trend was

observed that IN- LV infected cells, sorted for GFP, regenerated with a comparable

efficiency to freshly isolated satellite cells, in which most of the cells are quiescent

and capable of self-renewal. However, it is important to note that freshly isolated

satellite cells were not sorted and hence did not encounter any cell stress related to
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this procedure. On the contrary, they served as a positive control for optimal

donor-derived regeneration. Even though numbers of donor-derived myofibres

were generally low, the GFP-positive population produced slightly more fibres

than the GFP-negative population. Whether this is a possible trend would need to

be determined in more experiments with more n-numbers. However, due to the

very low percentage of label-retaining GFP-expressing cells after multiple rounds

of divisions, injected cell numbers will always be very low and limit the number of

mice that can be used for each experiment. Furthermore, low MOIs will reduce the

probability of background integration and multiple copy accumulation, but will

also result in lower transduction efficiencies. Hence, it is possible that GFP-

negatively sorted myoblasts represent a proportion of non-transduced, quiescent

self-renewing satellite cells, making it difficult to determine if any regenerative

advantage in GFP-label retaining satellite cells exists. In conclusion, IN- LV infected

myoblasts could be sorted based on their GFP-expression after adequate expansion.

Both populations generated very few donor-derived myofibres compared to freshly

isolated satellite cells in the mdx nude mouse model. GFP-retaining cells exhibited

slightly better regenerative capacities compared to their proliferating GFP-negative

counterparts, however, compared to freshly isolated satellite cells this was still 10-

fold less. Whether the hypothesis of label-retaining cells exhibiting enhanced

regenerative capacities is true, needs to be verified in more in vivo experiments.

Finally, considering the several confounders of this labelling strategy, in particular

residual background integration with high viral loads, otherwise low transduction

efficiencies, and two opposed functions of cell cycle exit (quiescence and post-

mitotic differentiation) both resulting in label preservation, suggests that a strategy

using IN- LV to mark quiescent satellite cells is inefficient and cannot be

recommended.
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Figure 3.18| In vivo regenerative potential of label retaining cells. Satellite cells were isolated from two Myf5nLacZ/+

transgenic mice and infected with IN- LV at an MOI of 100 at day 1 when the majority of cells was activated. Myoblasts

were expanded under hypoxic conditions to increase cell cycle progression. At 10dpi myoblasts were sorted based on

GFP using non-infected control cells for gating. The same numbers of GFP-positive and GFP-negative cells were sorted

(total: ~2500 cells) and injected into the pre-irradiated TAs of mdx nude host mice. Approximately 850 sorted cells were

injected per leg (n=3 per group). As a positive control, the same number of quiescent satellite cells, freshly isolated from

a Myf5nLacZ/+ donor mouse was injected (n=2). Mice were harvested 4 weeks post-engraftment and analysed by

immunohistochemistry and counting the number of dystrophin-positive fibres. X-gal staining was performed to identify

regions of donor-origin. (A) FACS plots: Left panel: Generous gate based on FSC/SSC to sort for small and large

myoblasts / satellite cells. Right panel: Gates based on PI/GFP allowed for sorting GFP-positive and negative cells. PI

was not used in this experiment. (B) Quantification of donor derived fibres per group, and (C) pooled analysis for IN-

infected myoblasts as compared to quiescent satellite cells. (D) Representative images of donor-derived fibres for each

group. (E) Representative image of X-gal positive satellite cells (asterix) detected in the area of dystrophin-positive

fibres, thus confirming donor-origin. Calibration bars: 40μm       
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3.2.4 Promoter expression analysis in primary satellite

cells and myoblasts

The previously discussed experiments to assess satellite cell transduction took

advantage of a lentiviral vector carrying the strong viral SFFV promoter. This was

desirable as GFP expression was aimed to be high in transduced cells to allow

sufficient characterisation of any potential effects on satellite cell myogenic

properties or expression dynamics. However, in a translational context the SFFV

promoter would be less ideal as it carries regulatory enhancer elements that can

modify expression levels of surrounding genes following provirus integration. To

investigate whether non-viral promoter elements can drive sufficient and stable

GFP expression in myoblasts and muscle fibres, a number of promoters were

explored and compared to SFFV. The following promoters were selected for the

comparison:

- Mammalian  ubiquitously-acting  chromatin  opening  element  (A2UCOE) 

- Muscle-specific human desmin (hDES) promoter

- A combined promoter consisting of A2UCOE.hDES

- SFFV

The selection consisted of a constitutively active housekeeping promoter, which

has been shown to resist transcriptional silencing and positioning effects in cells of

the blood lineage (Zhang et al 2007), a muscle-specific human desmin promoter,

whose expression is restricted to muscle tissue, as well as a combined promoter

aimed to link tissue-specificity of the hDES element with silencing resistance of the

A2UCOE element.

LV vectors were generated using the packaging plasmid with a fully functional

integrase (IN+), VSV-G envelope and self-inactivating expression plasmids

including the selected promoter driving GFP. The woodchuck hepatitis virus post-

transcriptional regulatory element (WPRE) was included in all promoter plasmids.

Infectious titres were determined in C2C12 cells to allow adequate promoter

activity for muscle-specific promoters. Satellite cells were isolated from the EDLs of
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a wildtype mouse and seeded into Matrigel-coated 8-well chamber slides. MOIs

had to be adjusted as infectious titres in C2C12 myoblasts were reduced compared

to titres in 293FT cells (will be analysed in chapter 5). Thus, instead of MOI293T 50,

100, 250 and 600, which would be used for LVs titrated in 293FT cells, satellite cells

were infected with MOIs 0.5, 1, 2.5, 6 with LVs titrated in C2C12 myoblasts to

obtain a suitable range of different transduction efficiencies. Two wells were

infected per MOI per vector. Cells were expanded in growth medium

supplemented with bFGF (see Table 2-1) for 9 days under normoxic conditions.

RNA and genomic DNA (gDNA) was extracted simultaneously from the same well

for each sample, and analysed by quantitative RT-PCR (qPCR). Cells in the

duplicate well were fixed in 4% PFA and analysed by immunocytochemistry using

antibodies directed against GFP and Pax7.

3.2.4.1 Qualitative assessment of cellular promoter expression

Qualitative results are shown in Figure 3.19. All promoters mediated GFP

expression in myoblasts as well as in multinucleated myotubes. Furthermore, for

each promoter Pax7-positive, GFP-positive cells could be found, suggesting that all

promoters were transcriptionally active in early activated myoblasts or quiescent

reserve cells. The percentage of GFP-positive cells was quantified for each MOI and

revealed the highest proportion of transgene expressing cells with the SFFV

promoter, followed by the hDES promoter. The A2UCOE and A2UCOE.hDES

promoters expressed similarly in only a small percentage of myoblasts even at

higher MOIs (max. 6-8% GFP-positive). To determine if these results represented

differences in promoter activity or variability in transduction efficiencies, qPCR

was performed.
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Figure 3.19| Qualitative GFP expression analysis from non-viral promoters. Vectors were produced using the 3-

plasmid transient transfection protocol. Expression vectors carried the following non-viral promoters: 1.7kb human

desmin (hDES), 1.5kb A2UCOE bidirectional housekeeping promoter (HNRPA2B1-CBX3) or 3.2kb combined A2UCOE-

hDES promoter (A2.hDES). The SFFV promoter was used to generate a positive baseline. Vectors were titrated on

C2C12 myoblasts and quiescent satellite cells were infected with each LV vector at a range of MOIs (0.5, 1, 2.5, 6). At

9dpi cells were analysed by immunocytochemistry using antibodies against Pax7 (red) and GFP (green). (A) Schematic

view of LV expression vectors carrying selected non-viral promoters. (B) Percentage of transgene-expressing cells at

9dpi with varying MOIs. At least 10 random fields were analysed for each sample, and numbers were pooled to reveal

the mean percentage. (C) Representative images of infected cultures at 9dpi. All vectors mediated transgene

expression in mono-nucleated cells and multinucleated myotubes.
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3.2.4.2 qPCR setup for quantitative promoter expression analysis

Taqman probes against mouse GAPDH and PGK-1 mRNAs were compared to

identify an appropriate endogenous control. A probe directed against the WPRE

element was used to analyse viral expression. First, the overall specificity of

primers and probes was assessed to confirm similar PCR efficiencies, a prerequisite

for comparative expression analysis. Harvested RNA was reverse transcribed as

described in section 2.2.4, and 1:3 serial dilutions (10-810ng) were generated from

cDNA of the SFFV promoter sample (MOI 6) to set up a cDNA titration curve and

to test PCR efficiencies with the GAPDH, PGK-1 and WPRE probe. As the SFFV

promoter at an MOI 6 mediated strong GFP expression in the majority of cells, it

represented a suitable sample for the optimisation of qPCR conditions. qPCR

reactions were performed as described in section 2.2.4.3. Results are depicted in

Figure 3.20. Analysis revealed PCR efficiencies of more than 95% with all primer

and probe sets. GAPDH showed strongest expression, whereas PGK-1 was lowest

expressed in the myoblast sample. Standard curves were linear throughout the

diluted cDNA concentrations, however, 10ng cDNA resulted in high ct values

(>35), especially with the PGK-1 probe. This indicates that, in case of low

expression of the gene of interest, 10ng of cDNA will most likely represent the

lower limit for reliable quantification. Next, the slopes of all three standard curves

were compared to verify similar PCR amplification efficiencies. For that, single

regression analysis was performed of mean ct values and their corresponding log

(base 2) transformed concentrations as recommended by Yuan and colleagues

(Yuan et al 2006). All three slopes were -1 (-1.015 to -1.031) indicating a simple

linear relationship as requested by Yuan and colleagues, and more importantly

were not significantly different (p=0.77). These data confirm a similar PCR

efficiency with all three primer and probe sets and the suitability to perform

comparative analyses between them. Next, it was tested whether GAPDH or PGK-

1 can be used as appropriate endogenous controls. The cDNAs of all 4 vectors with

the two highest MOIs (2.5, 6) were used to verify if gene expression of the two

potential endogenous controls remained stable between different samples infected
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with the same viral vectors, as well as between samples infected with different LV

vectors. The amount of cDNA for each PCR reaction was normalised to 1.5μg and 

expression compared using the comparative ΔΔct method (Livak & Schmittgen

2001). The expression profiles of GAPDH and PGK-1 were almost identical across

the tested samples and revealed similar expression levels regardless of LV infection

or MOI. Furthermore, normalisation of the viral WPRE expression data to either

GAPDH or PGK-1 as an endogenous control resulted in similar results (data not

shown). These data confirm the suitability of both GAPDH and PGK-1 as

endogenous controls. However, as GAPDH showed higher expression levels in the

tested myoblast cultures, it was used to calculate Δct. Following the optimisation

and validation of probes for expression analysis, standard curves for the

quantification of integrated viral copies were generated. The murine titin (ttn) gene

served as a normaliser and WPRE was again used to quantify proviral copies. A

plasmid containing both coding sequences was used to generate a standard curve

with 1:10 dilutions ranging from 1 – 100,000 copies. As described above, linear

regression analysis was performed to verify efficiency of PCR amplification. The

slopes were both slightly lower than the optimal value of -1 (-1.18 WPRE; -1.28 ttn),

which was also underpinned by lower PCR efficiencies (86 – 88%). However,

comparison of the slopes between WPRE and ttn revealed no statistically

significant difference (p=0.61), indicating that for both targets the PCR efficiency is

minimally reduced, but overall standard curves do not diverge from each other.

Thus, ttn and WPRE can both be used to calculate the absolute numbers of viral

copies per cell. Next, the gDNA of the SFFV sample at the highest MOI was used to

perform a dilution series (1.125ng – 18ng) and to evaluate the effective range for

quantification. Generally, gDNA yields from satellite cell-derived myoblasts were

quite low (total average yield: <100ng) most likely originating from low cell

numbers. Analysis of the different concentrations revealed higher numbers of

WPRE copies than ttn copies present in the sample and a linear relationship

between the dilutions and copy numbers. However, in case of endogenous ttn

copies, the ct values were very high already from the third dilution step (4.5ng,
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ct>32). Hence, the amount of starting material appeared to be quite low, which can

affect the data analysis. Calculation of the viral copy number per cell (VCN) for

each concentration step revealed 26.18 ± 7.47 copies per cell, but the highest

deviation from the mean was observed with 1.125ng. Thus, extrapolation of the

standard curve to very low copy numbers can falsify results as linearity between

the two probes can potentially be lost. One way to increase the amount of loaded

gDNA and to increase PCR specificity is the use of non-specific carrier DNA

(Ellison et al 2006). The murine and zebrafish titin sequences show 78% homology

and alignment of the murine titin primers and probe to the zebrafish titin gene

revealed a significant number of mismatches (see table in Figure 3.20). Genomic

DNA was extracted from zebrafish embryos (24 hours post-fertilisation (hpf)) and

100ng gDNA used per PCR reaction. No reactivity was detected with any of the

two probes, whereas the standard curves served as a positive control. Hence, each

sample was supplemented with 100ng zebrafish genomic carrier DNA to perform

absolute copy analysis. Following the various steps to validate the qPCR method,

viral expression mediated from the selected non-viral promoters was assessed,

correlated to integrated vector copies and compared.
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Figure 3.20| Validations for the set up of qPCR. Satellite cells were infected with LVs driving GFP expression from

selected promoters (hDES-EGFP, A2UCOE-EGFP, A2.hDES-EGFP, SFFV-EGFP) at different MOIs (0.5-6). RNA and

genomic DNA (gDNA) was extracted at 9dpi. RNA was reverse transcribed and serial dilutions (10-810ng) were

generated from SFFV-GFP infected cells to validate probes for expression analyses (GAPDH, PGK-1, WPRE). Serially

diluted plasmid copies or gDNA from one selected sample was used for the validation of probes for copy analysis (titin,

WPRE). (A) Standard curves generated from cDNA dilutions with probes against mouse GAPDH, PGK-1 and viral

WPRE. (B, D) Single regression analysis of ct values and log-transformed cDNA concentrations as recommended by

Yuan et al. 2006 to confirm suitability of the comparative ΔΔct method or copy number calculation for analysis.

Regression curves were not significantly different. (C) Standard curves generated from serial dilutions of a plasmid (1-

100,000 copies) for copy analysis using probes against endogenous mouse titin and viral WPRE. (E) Samples infected

with all 4 vectors at MOI 2.5 and 6 were used to compare GAPDH and PGK-1 expression to identify an appropriate

endogenous control. GAPDH expression levels were higher than PGK-1 levels. (F) Serially dilutions (1.125-18ng) of

gDNA harvested from the SFFV-GFP infected sample at an MOI 6. Viral copies were higher than endogenous titin

copies. Numbers on graph represent calculated viral copy number per cell for each concentration. (G) Confirmation of

non-specificity between the mouse titin probe and the zebrafish endogenous titin sequence. Genomic DNA was isolated

from zebrafish embryos at 24hpf. (H) Homology of mouse titin probe and the titin gene in zebrafish (D. rerio) or mouse

(M. musculus).
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3.2.4.3 Promoter expression analysis in primary myoblast cultures

qPCR analysis was performed with all four promoter samples for each MOI, and

data was normalised to GAPDH as an endogenous control. Data are displayed

relative to the sample where lowest expression was found (A2.hDES: MOI 0.5).

Results are depicted in Figure 3.21. Expression analysis of all four promoters at the

different MOIs revealed an expected dose-response with a correlation coefficient of

R2 > 0.9 for each of the promoters. More detailed analysis of the non-viral promoter

performance showed high expression levels with the desmin promoter at low

MOIs, however, the SFFV promoter outperformed non-viral promoters at higher

MOIs (p<0.05). Generally, the desmin and the A2.hDES promoter showed similar

expression levels especially at higher MOIs, whereas the A2UCOE housekeeping

promoter mediated slightly less expression at the highest MOI. Analysis of the

fitted dose-response curves (see Figure 3.21) for each promoter supported this

conclusion and clearly demonstrates strongest relative expression levels with the

SFFV promoter, similar expression with the hDES and A2.hDES and lowest

expression with the A2UCOE promoter. Even though the number of infectious

particles for each vector was aimed to keep constant to allow an adequate promoter

comparison, it did not rule out the possibility that some cells had higher numbers

of incorporated viral copies than others. Therefore qPCR was performed to

determine the absolute number of integrated viral copies and to allow the

correlation of expression results to integrated copies. Surprisingly, no correlation

was found between integrated copies per cell and increasing MOI, reflected in the

low R2<0.5. This was especially apparent in the SFFV group. Calculated numbers

for VCN per cell varied between 1.5 and 35 for the groups with non-viral

promoters, whereas in the SFFV group VCNs ranged from 8 to 100. In fact, 100

copies per cell were calculated for the sample infected with the SFFV promoter at

an MOI of 6, whereas in the previous qPCR setup experiment with a gDNA

dilution series, the same sample revealed approximately 26 copies per cell for all

the dilution steps. Even though no reliable correlation between MOIs and viral

copies per cell was detected, the expression data were normalised to VCN per cell
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to compare the strength of each promoter. Whereas the A2UCOE and A2.hDES

promoters had almost identical expression levels per integrated copy, the desmin

promoter showed slightly higher expression levels than the two housekeeping

promoters. The SFFV promoter varied significantly in the expression per copy. This

seemed less surprising as the SFFV promoter samples also revealed most of the

fluctuations for VCNs per cell. Even though quantities of all samples were

calculated from the linear range of the standard curve and not from any

extrapolated region, a possible reason for the huge discrepancy in calculated vector

copies could still have been the low starting material. In fact, total gDNA amounts

per reaction ranged from 4ng to 28ng, excluding any carrier gDNA. The hypothesis

is supported by the lack of correlation between total titin copies and loaded murine

gDNA (R2=0.079). In contrast, a good correlation between calculated titin copies

and loaded gDNA was observed in the serially diluted SFFV-EGFP MOI 6 sample.

Taken together, the expression data revealed highest expression with the SFFV

promoter, whereas desmin and the A2.hDES promoter mediated highest

expression of the non-viral promoters. Reliable calculation of proviral copies per

cell failed, most likely due to the very low starting material of satellite cells.

Another possible explanation might be the heterogeneity of satellite cells with some

subpopulations proliferating faster or slower therefore resulting in non-correlated

viral copy numbers with increasing MOIs. Lastly, the amount of infectious particles

was harmonised between the samples. These data therefore represent a good

indication of the transcriptional strength of non-viral promoters in primary

myoblast cultures, despite the lack of reliable provirus quantification.
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Figure 3.21| Promoter analysis in primary satellite cells using qPCR. Satellite cells were infected with LVs driving

GFP from either the viral SFFV promoter or from non-viral promoters (hDES, A2UCOE, A2.hDES) at selected MOIs

(0.5, 1, 2.5, 6). RNA and gDNA were isolated at 9dpi. RNA was reverse-transcribed to cDNA and used for expression

analysis using GAPDH as endogenous control gene. (A-D) Expression analysis was performed using the comparative

ΔΔct method. (A) Relative expression data RQ (normalised to the sample with lowest expression [A2.hDES MOI 0.5])

displayed for each MOI. (B) Expression data grouped by promoter. (C) Pooled analysis of all MOIs to determine overall

promoter performance. (D) Fitted dose-response curve for each promoter. Linear increase in expression with increasing

MOIs is represented in log-scale to facilitate identification of promoter differences. (E-H) Calculated viral copy numbers

(VCN) per cell for each MOI. (F) Confirmation that all samples are located within the linear range of the standard curve

and no extrapolation of the curve was required to determine copy numbers. (G-H) Correlation analysis using linear

regression. (G) No correlation was found between the amount of murine gDNA loaded per reaction and the number of

titin copies detected. (H) A clear correlation was found in the validation experiment with a serial dilution of gDNA and the

number of titin copies detected (3.2.4.2). (I) Change of VCN with increasing MOI. Though the fitted trend line shows a

linear increase with higher MOIs, the data points do not match the fitted line. (J) Expression data RQ was normalised to

VCN to reveal promoter strength. The SFFV promoter varies greatly in expression per copy. This was less observed

with the housekeeping promoters.
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3.3 Summary

 Appropriate culture conditions for freshly isolated quiescent satellite cells

and their progeny were identified. Matrigel facilitated satellite cell adhesion

and promoted proliferation as well as migration. It was selected as the best

culture substrate. bFGF and hypoxic conditions increased the doubling

times of myoblasts and enhanced cell expansion. In contrast, passaging of

primary myoblasts reduced myogenicity and doubling times.

 The possibility of infecting quiescent satellite cells in vitro was investigated.

Quiescent satellite cells could be infected with IN+ or IN- LVs, although the

transduction efficiency was low (MOI293FT >300 for 50% transduction). LV

infection did not perturb satellite cell activation or the myogenicity of their

progeny. The onset of transgene expression mediated from the provirus was

48hpi. Quiescent satellite cells could be infected in their native niche

position.

 Pseudotyped LVs with the Ebola-GP envelope did not enhance transduction

efficiencies compared to VSV-G. Cyclosporine A increased transduction

efficiencies of IN+ and IN- LV, but appeared to have an effect on

myogenicity with concentrations >5μM. Toxicity was detected with 10μM 

CSA.

 LVs infected the myofibre in a single fibre model, but reporter gene

expression was low due to dilution of the transgene in the myofibre

syncytium.

 In vitro infection of myofibres and transgene expression in the myofibre was

confirmed in an explant model.

 Reporter gene expression from integration-deficient LVs was rapidly lost in

proliferating myoblast cultures.

 It was investigated if IN- LVs could be used as a tool to label self-renewing

satellite cells in vitro. The majority of label-retaining cells did not express

Pax7. Following IN- LV infection of activated satellite cells, label retaining
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cells did not exhibit a clearly enhanced regenerative capacity in vivo

compared to cells that had lost their viral genome.

 Comparison of a selection of non-viral promoters with the viral promoter

SFFV revealed good expression levels mediated by the hDES and A2.hDES

promoter. Consistent quantification of proviral copies in primary myoblast

cultures failed and illustrates the need for an alternative model to reliably

assess promoter performance.

In this chapter the possibility to infect quiescent satellite cells with lentiviral vectors

was investigated. Quiescent satellite cells can be targeted for genetic manipulation

in vivo and in vitro. Two strategies were pursued to genetically modify quiescent

satellite cells ex vivo. Firstly, satellite cells were removed from their native parent

fibre to expose them to viral vectors and to selected culture conditions. Secondly,

quiescent satellite cells were infected in their niche environment underneath the

basal lamina, which preserved natural signalling cues. For the ex vivo manipulation

of quiescent satellite cells, in which cells lack essential signalling molecules from

their native environment, optimal culture conditions had to be determined.

Matrigel was identified as the most suitable substrate for satellite cell expansion,

and greatly facilitated cell adhesion, cell proliferation and migration. Addition of

bFGF, a soluble growth factor, to the cell culture medium increased cell cycle

progression without major impact on the expression profile of important myogenic

transcription factors. Low oxygen levels, representing a more natural condition for

quiescent satellite cells, also reduced the doubling time of myoblasts. To prevent

premature fusion of dividing myoblasts, passaging of primary myoblast cultures

was carried out, but had a detrimental effect on cell proliferation and myogenic

properties. Following the optimisation of ex vivo culture conditions for quiescent

satellite cells, the potential of LV vectors to transduce quiescent satellite cells was

analysed. The viral SFFV promoter drives strong ubiquitous expression and was

selected for this section. VSV-G has a broad tropism and was used to pseudotype

particles. Both strategies, ex vivo transduction of stripped satellite cells and in vitro
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infection of satellite cells in their niche position, resulted in successful transgene

expression in satellite cells and their progeny. For the ex vivo approach, which is

better suited for precise viral dosing and expansion of transgene-expressing

progeny, the obtained transduction efficiencies were low. A number of strategies

were investigated to enhance initial transduction of quiescent satellite cells, in

particular pseudotyping of viral particles with Ebo-GP and addition of CSA.

Whereas Ebo-GP had no preferential tropism for myoblasts, CSA increased

transduction efficiencies of quiescent satellite cells as well as transgene expression

up to 3-fold. However, more detailed analysis revealed toxicity of CSA at high

concentrations as well as a significant up-regulation of proliferative markers, such

as Pax7 and MyoD. In contrast, no toxicity or major perturbation of the myogenic

potential of satellite cells was observed with high viral loads. The second in vitro

strategy, in which satellite cells remained on their parent fibre prove as a suitable

model to study the kinetics of transgene expression, such as onset of GFP

expression. Underpinning the absence of LV toxicity in the ex vivo setting, the early

events of satellite cell activation were also unaffected when LV vectors entered the

niche to infect the stem cell. First transgene expression in activated satellite cells

was detected after 48h and remained stable for at least three weeks once the

provirus was integrated. Transduction of the myofibre and subsequent transgene

expression from manipulated myonuclei was confirmed in the single fibre and a

newly set up explant model. Finally, a non-integrating derivative of the selected

lentivirus, harbouring three point mutations in the integrase gene thus preventing

integration, was investigated as a potential tool to label slowly dividing cells, such

as self-renewing satellite cells. The pulse-chase approach was tested in activated,

highly proliferative satellite cell / myoblast cultures. As expected, a rapid decline in

transgene-expressing myoblasts was observed after 5 days, but a significant

proportion of cells maintained expression up to 3 weeks. Clonal analysis did not

reveal if the generated LTR-circle was replicated in a subset of cells or if

background integration occurred. As 2% of cells expressed Pax7 and GFP, it was

tested if these cells represent label-retaining cells with increased in vivo



Results Chapter Three

256

regenerative potential. Compared to freshly isolated quiescent satellite cells,

infected activated satellite cells that were labelled with the non-integrating LV and

sorted for GFP expression after several rounds of divisions showed significantly

less dystrophin-positive fibres when injected into dystrophin-deficient,

immunodeficient mdx nude mice. Comparison of label-retaining cells with GFP-

negative myoblasts revealed slightly higher numbers of donor-derived fibres,

which was however not significant. Lastly, non-viral promoters were selected and

compared to the viral SFFV promoter to narrow down the risk of transcriptional

interference of viral enhancer elements with surrounding genes. All three selected

promoters - hDES, A2UCOE and A2.hDES – mediated expression in

mononucleated myoblasts and multinucleated myotubes. Even though results of

the qPCR expression analysis demonstrated that non-viral promoters conferred less

strong transgene expression than the viral SFFV promoter, the hDES and the

A2.hDES-combined promoter mediated comparable and stronger expression than

the A2UCOE housekeeping promoter alone. I aimed to correlate the expression

data to integrated viral copies to study individual promoter strength; however, the

reliable quantification prove difficult due to limited starting material of satellite cell

/ primary myoblast genomic DNA. Sufficient expansion of satellite-cell derived

myoblast cultures without the loss of myogenic potential through passaging would

overcome this problem and would allow reliable promoter analysis.
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Chapter Four

A model system to analyse and compare

transgene expression in vitro and in vivo
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4 - A model system to analyse and compare

transgene expression in vitro and in vivo

4.1 Aims

The objective of this chapter was to:

 Investigate whether a conditionally-immortalised myoblast cell line can be

used as a model system to study LV promoter performance.

 Determine the in vitro and in vivo myogenicity of the cell line.

 Compare the in vivo regenerative potential of conditionally-immortalised H-

2Kb-tsA58-Myf5nLacZ/+ myoblasts with that of primary myoblasts.

 Confirm that LV infection does not interfere with the in vivo regenerative

capacity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts.

 Investigate whether conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+

myoblasts form functional satellite cells and self-renew in vivo.

4.2 Introduction

The previous chapter investigated the potential of LV vectors to infect quiescent

satellite cells to achieve long-term genetic correction of all derived progeny. For a

potential translation into the clinic, however, a LV vector that harbours a number

of viral regulatory elements is unlikely to gain regulatory and ethical approval due

to an increased risk of oncogenesis or ectopic, aberrant transgene expression.

Indeed, when children suffering from the severe combined immunodeficiency

disorder (X-SCID) were treated with CD34+ bone marrow precursor cells that had

been genetically corrected using a gammaretroviral vector with intact LTRs, and

thus the full retroviral LTR promoter, four out of nine treated patients developed

T-cell leukaemia due to up-regulation of neighbouring proto-oncogenes (Hacein-

Bey-Abina et al 2008). Self-inactivation of the LTR, including its LTR promoter
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elements, and selection of an appropriate internal promoter can minimise these

risks. Whether self-inactivating lentiviral vectors lacking LTR activity exhibit any

risk of oncogenesis is currently under intensive clinical investigation (Sheridan

2011). The previous chapter showed that a reliable assessment of cellular promoters

and subsequent comparison to the viral SFFV promoter failed due to:

a) The heterogeneity of freshly isolated quiescent satellite cells resulting in

variable proliferative rates of their progeny.

b) Limitations in the capacity to expand quiescent satellite cells and primary

myoblasts without losing their myogenic potential, resulting in sub-optimal

quantities of starting material for analytical assays.

Immortalised cell lines, such as C2C12 myoblasts can be expanded for more than 30

passages (Yaffe & Saxel 1977), but exhibit reduced differentiation potential in

standard culture conditions, such as 5% CO2 (Blau 1980). Furthermore, they can

shift their differentiation pathway to the osteoblastic lineage resulting in loss of

their myogenic potential (Katagiri et al 1994). Though immortalised myoblasts

mainly eliminate the factors of heterogeneity and limited expansion, they are only

an appropriate model to study LV promoters in vitro, rather than in vivo. C2C12

myoblasts injected intra-muscularly into the TA muscles of mdx nude host mice

initially formed donor-derived muscle, but started to form tumours from 20 days

post-transplantation onwards (Morgan et al 2002; Morgan et al 1992). Hence, even

though C2C12 myoblasts represent a feasible in vitro model to characterise LV-

mediated transgene expression, their suitability for in vivo long-term studies is

hampered by their tumourigenic tendency. However, as some promoters are prone

to in vivo transcriptional silencing, long-term studies are essential for a

comprehensive assessment. To overcome this obstacle, a conditionally-

immortalised myoblast line was generated from the H-2Kb-tsA58 transgenic mouse

(Jat et al 1991), in which cells harbour a thermolabile SV40 T-antigen under the

control of an inducible MHC class-I promoter (Morgan et al 1994). In the presence

of gamma-interferon (γ-IFN) the promoter is active and drives the expression of 

the T-antigen, which is only stable at 33°C. In contrast, the promoter is less active in
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the absence of γ-IFN, and the T-antigen becomes degraded at 39°C (Jat et al 1991).  

This system allows controlled immortalisation and cell expansion when myoblasts

are cultured under permissive conditions (33°C, +γ-IFN), but restores the 

physiological state when myoblasts are switched to a non-permissive environment

(39°C, no γ-IFN). Furthermore, cells exhibited rigorous differentiation potential 

even after 60 passages (Morgan et al 1994). However, to be suitable for in vivo long-

term studies, the T-antigen expression must be completely switched off at 36.9°C,

the average body temperature of mice (The Jackson Laboratory 1966). In fact,

transplantation of conditionally-immortalised myoblasts into mdx host mice

resulted in donor-derived muscle formation, and no detection of tumours up to 120

days post-transplantation (Morgan et al 1994). Most myogenic cell lines have been

generated from crude muscle digestions, which give rise to an impure mixture of

myogenic and non-myogenic cell types (incl. fibroblasts) and thus pose the risk of

deriving cell types from cells other than satellite cells (e.g. pericytes, interstitial

cells) (Morgan et al 1988; Rando & Blau 1994). Furthermore, activated myoblasts

rather than quiescent satellite cells are isolated if muscle from young mice is

enzymatically disaggregated (Heslop et al 2001; Watt et al 1982). Accordingly, the

self-renewing stem cell property may be lost when conditionally-immortalised cell

lines are derived from myoblasts and not quiescent satellite cells. Previously, the

single fibre model was used to generate conditionally-immortalised cell lines from

pure satellite cells and indeed progeny from this cell line has been shown to form

functional satellite cells in vivo, even after serial transplantation (Blaveri et al 1999;

Cousins et al 2004). In 2011, a new H-2Kb-tsA58 clone was generated from a single

myofibre culture and tested extensively for its myogenicity in vitro and in vivo

(Muses et al 2011a). These cells were also reported to self-renew in vivo. To identify

whether H-2Kb-tsA58 cells self-renew in vivo, two strategies can be pursued. Firstly,

the muscle can be injured post-transplantation using a myotoxin that destroys

fibres but spares satellite cells, which results in recruitment of previously engrafted

satellite cells for muscle regeneration (Harris 2003). Secondly, a satellite cell-specific

marker gene can be introduced into the genome of conditionally immortalised cells
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to identify the formation of satellite cells in vivo. Both strategies were utilised in the

experiments described hereafter (Collins et al 2005; Heslop et al 2001).

The aim of this chapter was to investigate the in vitro and in vivo myogenicity of a

cell clone H-2Kb-tsA58-Myf5nLacZ/+ previously generated by Dr Charlotte Collins. The

regenerative potential of these cells was compared to primary myoblasts.

Additionally, it was analysed whether these cells form satellite cells and self-renew

in vivo. The overall objective of this chapter was to investigate, whether

conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts could be used as an

alternative satellite cell model to study LV internal promoters.

4.2.1 Myogenicity and regenerative capacity of H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts

The H-2Kb-tsA58-Myf5nLacZ/+ clone was generated by Dr Charlotte Collins in 2002.

Briefly, H-2Kb-tsA58 mice were crossed to heterozygous Myf5nLacZ/+ mice to (see

section 2.2.2.1) derive heterozygous H-2Kb-tsA58 animals carrying a single

functional copy of the Myf5 gene and a mutant copy, where a lacZ gene containing

a nuclear localisation signal had been introduced into exon 1 (Tajbakhsh et al 1996).

The litters of the F1 generation of mice were used to isolate quiescent satellite cells

from adult single myofibre cultures. Satellite cells were expanded at clonal density

under permissive conditions and their progeny was subsequently characterised by

their myogenic and proliferative potential. Records of Dr Charlotte Collins stated

clone E4 as highly myogenic and thus it was intriguing to use this clone for the

comparison with primary myoblasts. Passage 5 was the earliest passage available

and was used for initial cell expansion. All cells used for experiments in this

chapter were originally derived from this passage.
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4.2.1.1 In vitro myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

4.2.1.1.1 Cell morphology and proliferation

The morphology and myogenic potential of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts was

first confirmed in vitro. Prior to their myogenic assessment, absence of mycoplasma

infection was verified (see section 2.2.2.2) to ensure their suitability for in vivo

procedures and qPCR assessment. Due to limited availability of incubators, non-

permissive conditions could only be carried out at 37°C 5% CO2. Indeed, a rise in

temperature to only 37°C in the absence of γ-IFN has been reported to be sufficient 

for rapid tsA58 down-regulation (Muses et al 2011a). For permissive conditions, an

incubator set to 33°C 5% CO2 was used. To analyse H-2Kb-tsA58-Myf5nLacZ/+

myoblast morphology, 3,500 cells per cm2 (passage 6) were seeded onto a Matrigel-

coated flask and cultured at 33°C in media supplemented with γ-IFN (see Table 

2-1). Media was changed every 2 days to ensure continuous transcriptional activity

of the H-2Kb promoter. Cell morphology at the proliferative state was analysed 4

days later using an inverted brightfield microscope. Cells were cultured for

additional 11 days to increase cell density and then switched to non-permissive

conditions at 37°C in the absence of γ-IFN. Additionally, the serum was reduced 

from 20% to 5% to initiate fusion of myoblasts into multinucleated myotubes (see

2.2.2.5). Cell morphology was compared to proliferating primary myoblasts

cultured under low oxygen conditions (8div), and C2C12 immortalised myoblasts

(passage 10). Figure 4.1(D) demonstrates the ability of H-2Kb-tsA58-Myf5nLacZ/+

myoblasts to form multinucleated myotubes under non-permissive conditions. The

cell morphology of conditionally-immortalised myoblasts was mainly spindle-

shaped or triangular, and resembled C2C12 myoblasts. For comparison,

proliferating primary myoblasts isolated from wildtype mice were mainly round

and only started to elongate when differentiation was occurring. Next, a

proliferation curve was generated from passage 5 to 14 by plotting population

doublings over time. For comparison, a proliferation curve was also generated for

C2C12 myoblasts from passage 11 to 18. Figure 4.1(E) displays the proliferation

curves compared to non-immortalised myoblasts under normoxic or hypoxic
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conditions determined in chapter three (see section 3.2.1.4). In contrast to primary

myoblasts, no decrease in doubling time was observed at later passages,

supporting the notion of a continuous proliferative potential and successful

immortalisation of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts under permissive conditions.

Figure 4.1 (F) shows the pooled analysis and presents mean doubling times per

day. Even though conditional expression of the SV40 T-antigen maintained cell

cycle progression of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, the proliferative rate was

significantly lower (p<0.0001) compared to immortalised C2C12 myoblasts.

Notably, the mean number of population doublings per day of conditionally-

immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts was significantly higher compared

to primary myoblasts cultured under normal oxygen conditions (p<0.05). In

conclusion, H-2Kb-tsA58-Myf5nLacZ/+ myoblasts cultured under permissive conditions

exhibited morphological similarities to C2C12 immortalised myoblasts and

maintained their proliferative potential throughout at least 14 passages. However,

for a potential use in an in vivo setting, myogenicity of conditionally-immortalised

myoblasts needs to be preserved throughout several passages.
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Figure 4.1| Morphology and proliferation characteristics of conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+

myoblasts. (A-C) H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 6) were expanded under permissive conditions for 4

days and the morphology was compared to C2C12 immortalised myoblasts (passage 10) and primary myoblasts

derived from quiescent satellite cells (8div). Morphology was analysed by brightfield microscopy. Conditionally-

immortalised myoblasts resembled more C2C12 cells than primary myoblasts. (D) Cells were cultured for an additional

11 days under non-permissive conditions and reduced serum content to initiate differentiation. Multinucleated myotubes

were derived from conditionally-immortalised myoblasts. (E) Proliferation curves of H-2Kb-tsA58-Myf5nLacZ/+ conditionally-

immortalised myoblasts (passages 5-14) [black], C2C12s (passages 11-18) [grey] compared to proliferation curves from

primary myoblasts at low [brown] or normal oxygen [orange] generated in section 3.2.1.4. (F) Pooled analysis of all

passages from (E). Graphs represent population doublings per day. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts grew significantly

slower than C2C12 cells (p<0.0001), but divided faster than primary myoblasts cultured at normoxic conditions (p<0.05).
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4.2.1.1.2 In vitro myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

To analyse the in vitro myogenicity of conditionally-immortalised myoblasts, the

expression of typical myogenic markers was investigated using

immunocytochemistry combined with X-gal histology for Myf5 reporter gene

expression. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 9) were seeded at low

density (250 cells/cm2) and cultured under permissive conditions for the detection

of proliferation markers. Alternatively, they were seeded at high density (5x104

cells/cm2) and cultured with reduced serum (5%) under non-permissive conditions

to allow differentiation. 8 replicates were seeded per condition to allow the analysis

of myogenic markers and β-gal expression. Cells were fixed 6 days post-seeding 

and X-gal staining was carried out together with immunocytochemistry to analyse

Myf5 and myogenic marker expression. Representative images of the results are

shown in Figure 4.2. The majority of mono-nucleated proliferating cells expressed

β-gal and thus Myf5 in their nuclei. Positivity for X-gal, however, quenched 

immunocytochemical nuclear immunofluorescence, thereby preventing the

possibility of reliable myogenic marker quantification. Even though differentiating

cultures showed reduced Myf5 expression in their myonuclei and allowed

detection of myogenic transcription factors, such as myogenin, some myotubes still

mediated high expression of the Myf5 reporter gene in their myonuclei (see Figure

4.2(B)).
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Figure 4.2| Myogenic marker expression in proliferating and differentiating H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. H-

2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 9) were seeded at low (250cells/cm2) or high (5x104cells/cm2) density, and

were cultured under permissive and non-permissive conditions (incl. reduced serum) to facilitate proliferation (A) and

differentiation (B), respectively. At day 6, cells were analysed by immunocytochemistry and X-gal histology to assess

myogenic markers and Myf5-dependent β-gal activity. X-gal positive cells quenched nuclear fluorescent signal (orange 

arrow) and to some extent the DAPI signal. Some myotubes had still high levels of β-gal activity (see last panel in (B)). If 

Myf5 was down-regulated, and β-gal activity decreased, immunofluorescence in nuclei was detected (white arrows).
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As X-gal staining prevented reliable antibody detection, the following experiment

was carried out using a polyclonal antibody against β-gal instead of X-gal 

histological staining (see Table 2-8). As in the previous experiment, cells were

seeded either at low (100 cells/cm2) or at high (5x104 cells/cm2) density to promote

proliferation and differentiation, respectively. The serum in differentiating

myoblast cultures was reduced to 2% horse serum to allow rapid fusion into

multinucleated myotubes (see 2.2.2.5). Myotubes were detected after 3 days using

an inverted brightfield microscope. Cells were fixed at 4 days post-seeding and

analysed for the expression of Pax7, MyoD, myogenin, desmin, sarcomeric myosin,

β-gal and the SV40 T-antigen. Results are depicted in Figure 4.3. In proliferating 

cultures, all proliferative markers, such as Pax7, MyoD and Myf5 promoter-driven

β-gal were highly expressed (>95%). In differentiating cultures, myogenin was 

expressed in 12% of cells, and sarcomeric myosin (MF20) in 50% of myoblasts. At 4

days post-seeding, 50% of nuclei participated in the formation of multinucleated

myotubes as determined by the fusion index. As expected, β-gal activity was 

decreased in cells exiting the cell cycle for terminal differentiation. Interestingly,

expression of the SV40 T-antigen was not completely diminished and about 50% of

cells still expressed the immortalisation gene after 4 days under non-permissive

conditions. These data indicate high in vitro myogenicity of H-2Kb-tsA58-Myf5nLacZ/+

myoblasts. When the T-antigen was expressed in proliferating cultures, activation

and cell cycling markers (Pax7, MyoD, Myf5) were homogenously expressed in

almost 100% of cells. Stimulation of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts to

differentiate resulted in the formation of myotubes in only 4 days, despite

expression of the T-antigen.
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Figure 4.3| In vitro myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were

seeded at either low (100/cm2) or high (5x104 cells/cm2) density and cultured under permissive and non-permissive

conditions, respectively. Cells were analysed for myogenic marker expression 4 days post-seeding using

immunocytochemistry. Monoclonal antibodies (red) were used to quantify expression of Pax7, MyoD, SV40 T-antigen,

desmin, myogenin and myosin (MF20). A polyclonal antibody was used to quantify β-gal expression (green). The fusion 

index was determined by calculating the number of multinucleated nuclei for myotubes containing 3 or more nuclei and

is represented as percentage. (A) Data represents pooled analysis of at least 100 cells from 3-5 randomly chosen fields

(captured at the lowest magnification, 10x) in a single experiment. (B) Representative images of myogenic markers

expressed by conditionally-immortalised myoblasts under permissive, proliferative conditions or (C) non-permissive,

differentiation conditions.
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4.2.1.1.3 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts can be infected in vitro

Before the myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts was further

investigated in vivo, it was verified that conditionally-immortalised myoblasts

could be infected with the SFFV-EGFP IN+ LV vector. H-2Kb-tsA58-Myf5nLacZ/+

myoblasts (passage 10) were infected with SFFV-EGFP IN+ LV at an MOI293FT of 400

and seeded at low density (500 cells/well) or at high density (5x104 cells/well) to

stimulate proliferation and differentiation, respectively. Non-infected cells were

kept as control. Infected and non-infected myoblasts were cultured under

permissive conditions for 3 days, and then fixed in 4% PFA to perform analysis

using immunocytochemistry. Transgene expression was analysed using an

antibody directed against GFP. As LV infection did not perturb the in vitro

myogenicity of primary myoblasts (see section 3.2.2.2), myogenic markers were

only qualitatively analysed by using antibodies directed against Pax7, MyoD,

myogenin, desmin and myosin. Additionally, SV40 T-antigen expression was

verified. The results of Figure 4.4 confirm the infectivity of H-2Kb-tsA58-Myf5nLacZ/+

myoblasts. As expected from results described in section 3.2.2.2, GFP under the

control of the SFFV promoter was expressed in mono-nucleated cells as well as in

multinucleated myotubes. GFP-positive myoblasts fused readily into

multinucleated myotubes and confirmed the preserved in vitro myogenicity despite

LV infection. SV40 T-antigen expression was down-regulated in myotubes,

indicating exit of the cell cycle and terminal differentiation. Nevertheless, SV40 T-

antigen expressing myonuclei could also be detected, suggesting that those

myonuclei represented recently fused myoblasts with the myotubes. Further, it

indicates that down-regulation of SV40 T-antigen expression in differentiating cells

and myotubes under permissive conditions was slow. Overall, these results

confirm the permissivity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts and thus their ability

to be infected with an HIV-1 based LV vector in vitro. These findings permit the

further investigation of the myogenicity of infected H-2Kb-tsA58-Myf5nLacZ/+

myoblasts in vivo.
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Figure 4.4| H-2Kb-tsA58-Myf5nLacZ/+ myoblasts can be infected with SFFV-EGFP IN+ LV in vitro. H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts (passage 10) were seeded at low (500 cells/cm2) or high (5x104cells/cm2) density and infected with

SFFV-EGFP IN+ LV at an MOI293FT of 400. Non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were kept as controls. Cells

were conditionally immortalised under permissive conditions for 3 days and analysed by immunocytochemistry to

confirm infectivity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. Representative images are shown. (A) Low density promoted

proliferation. (B-C) High density promoted differentiation. Cells were analysed for myogenic marker expression (red) and

GFP expression (green). GFP-positive, mono-nucleated cells (A; white arrow), as well as GFP-expressing, multi-

nucleated myotubes (B; green arrow) were detected. Due to the expansion of cells at permissive conditions, the

immortalisation gene SV40 T-antigen (SV40 T-Ag) was highly expressed in proliferating cultures. In fully differentiated

myotubes, SV40 T-Ag expression was down-regulated (blue arrow). However, myonuclei expressing the SV40 T-Ag

were also detected in myotubes (yellow arrow), suggesting that these cells had only fused recently, and that the process

of SV40 T-Ag down-regulation in myotubes under permissive conditions is slow.
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4.2.1.2 In vivo myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

Following the in vitro characterisation of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts and

confirmation of their myogenicity, I next tested their regenerative capacity in vivo.

The mdx nude dystrophin-deficient mouse presents a suitable model to study the in

vivo skeletal muscle regenerative capacity of cells (Boldrin et al 2009; Collins et al

2005; Partridge et al 1989). Nude mice are immunodeficient and thus are

immunologically tolerant to allogeneic donor cells (Kelland 2004). Hind limbs of

mdx nude host mice were irradiated with 18Gy three days prior to cell

transplantation to improve engraftment efficiencies, as reported previously (Gross

et al 1999).

In this experiment, the in vivo myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts was

investigated and compared to primary myoblasts derived from freshly isolated

quiescent satellite cells. Furthermore, as the overall objective was to potentially use

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts as a model system to compare LV promoters, two

additional groups were added, in which H-2Kb-tsA58-Myf5nLacZ/+ myoblasts or

primary myoblasts were infected with SFFV-EGFP IN+ LV. The experimental

design is depicted in Figure 4.5. Analysis of the four parallel groups allowed:

1) Comparison of the in vivo regenerative capacity of non-infected H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts with non-infected primary myoblasts.

2) Comparison of the in vivo regenerative potential of LV infected H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts with infected primary myoblasts.

3) Assessment of any potential effect of LV infection on the in vivo regenerative

capacities of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts and primary myoblasts.
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Figure 4.5| Experimental design to investigate the in vivo regenerative capacity of infected H-2Kb-tsA58-

Myf5nLacZ/+ and infected primary myoblasts. The potential of conditionally-immortalised myoblasts (group 1, n=6) to

form donor-derived muscle was compared to the potential of primary myoblasts expanded from freshly isolated satellite

cells (group 2, n=7). Each group had two experimental arms consisting of SFFV-EGFP - infected myoblasts and non-

infected control myoblasts. An irradiation-only TA and a saline-injected TA were incorporated into the design as control

muscles. Mice were harvested 4 weeks post-injection. Experiments were performed in the following order: Group 1 /

analysis; Group 2, incl. controls / analysis. For the second experiment, fewer primary myoblasts were available after

expansion, thus resulting in a reduced number of injected cells per leg.
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4.2.1.2.1 In vitro analysis of engrafted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

To investigate the skeletal muscle regenerative potential of infected and non-

infected conditionally-immortalised myoblasts, 3x104 H-2Kb-tsA58-Myf5nLacZ/+ cells

(passage 8) were seeded onto a Matrigel-coated flask and infected with SFFV-EGFP

IN+ LV at an MOI293FT of 400. The same number of non-infected cells was cultured

as control. Cells were expanded under permissive conditions for 12 days. During

expansion, cells were passaged once at day 5 and a second time at day 10. A 10μl 

aliquot of cell suspension was used at each passage to evaluate the number of GFP-

positive cells in three random fields using an upright fluorescence microscope.

Approximately 40% of cells expressed GFP at day 10. At day 12, infected and non-

infected cells were prepared for injection and 3x106 cells were resuspended in 60μl 

injection medium (see Table 2-1). 5μl of cell suspension containing 2.5x105 H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts (passage 11) were injected per pre-irradiated TA muscle

of mdx nude host mice (see 2.2.6.2). Left TA muscles (LTAs) were injected with

SFFV-EGFP-IN+ LV-infected myoblasts (n=6). Right TA muscles (RTAs) were

injected with non-infected control myoblasts (n=6). Approximately 1x104 cells were

seeded into Matrigel-coated wells (4 wells per group) to qualitatively assess the in

vitro myogenicity of injected cells. These cells were fixed 1 day post-seeding and

analysed for the expression of GFP and myogenic markers, such as Pax7, MyoD,

sarcomeric myosin and desmin. In addition, remaining non-injected cells were

used for flow cytometry at day 12 to determine the percentage of GFP-expressing

myoblasts in the cell population that was injected into host mice. Results of the in

vitro myogenicity and GFP intensity are depicted in Figure 4.6. Infected

conditionally-immortalised myoblasts expressed both Pax7 and MyoD indicating

that they were still proliferating. Additionally, they could readily fuse into

multinucleated myotubes once the cell density increased and cells started to touch

each other, or when they were switched to differentiation medium (see Table 2-1)

and non-permissive conditions. All of the cells expressed desmin confirming that

they retained their myogenicity subsequent to LV infection and extensive

expansion through several passages. Myosin, detected by the MF20 antibody to
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myosin heavy chain, was expressed in the majority of multinucleated myotubes.

Flow cytometry analysis confirmed GFP expression in 40% of cells as was

estimated from cell aliquots before engraftment. GFP expression per single cell was

high as demonstrated by the 2 log shift in MFI from the non-transduced control.
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Figure 4.6| Analysis of LV-infected and non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts injected into the TA

muscles of mdx nude mice. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were infected with SFFV-EGFP IN+ LV at an MOI293FT

of 400. Infected and non-infected control myoblasts were expanded at permissive conditions for 12 days, in which cells

were passaged twice to circumvent fusion. 2.5x105 cells were injected per TA of immunodeficient mdx nude mice.

Remaining cells (1x104 cells/well) were analysed for myogenicity and GFP expression using immunocytochemistry and

flow cytometry. (A-B) A 10μl aliquot was taken at day 10 during the second passage and the number of GFP-expressing 

cells was determined from 3 different fields using a fluorescent microscope (A) and brightfield microscopy (B) to

determine the number of cells. DAPI was used as a marker to exclude dead cells. 39.9% of cells were GFP-positive. (C-

D) Flow cytometry analysis of non-injected cells at day 12. (C) Non-infected cells were used to set up gates based on

SSC and GFP. (D) SFFV-EGFP IN+ infected myoblasts were analysed for their GFP expression. 40% of myoblasts

were expressing the transgene at the time of injection. Lower graphs represent GFP histograms and specify

corresponding MFIs of non-infected or GFP-expressing myoblasts. GFP intensity was 200-fold increased in infected

myoblasts. (E) Representative images of infected and non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts at day 13. SFFV-

EGFP IN+ infected myoblasts expressed all tested myogenic markers.
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4.2.1.2.2 Engrafted conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

can regenerate donor-derived muscle in vivo

Injected muscles were analysed 4 weeks post-transplantation. TA muscles were

carefully dissected (see section 2.2.5.1) and LTA muscles were immersion-fixed in

2% PFA for 6 hours at room temperature under constant agitation to cross-link the

muscle tissue proteins and to circumvent loss of cytoplasmic GFP during cryostat

sectioning. Following overnight cryopreservation in sucrose, LTA muscles were

snap-frozen in isopentane (see section 2.2.5.1.5). RTA muscles were snap-frozen

immediately after dissection. Collected 7μm transverse cryosections from pre-fixed 

LTA muscles (see section 2.2.5.1) were analysed for donor-derived muscle fibres

using antibodies directed against GFP (chicken-α-GFP) and dystrophin (Rb-9024-

P1) (see Table 2-8). Non-fixed RTA sections were analysed using a custom-made

rabbit α-dystrophin antibody (see Table 2-8). GFP expression in muscle fibres of 

donor origin was strong and easily detectable. In contrast, the strength of the

antibody signal for dystrophin expression in pre-fixed LTA muscles varied

between muscles, and was often weak. Donor-derived fibres of muscles injected

with LV-transduced myoblasts were therefore quantified based on GFP expression

only. In contrast, non-fixed RTA muscles showed a clear and consistent dystrophin

staining and were quantified based on dystrophin-positive fibres. X-gal histological

staining was performed to identify regions with donor-derived satellite cells and

thus donor-derived dystrophin-positive fibres, and to exclude regions with

revertant fibres from the analysis. The results of H-2Kb-tsA58-Myf5nLacZ/+ -derived

muscle formation in vivo are depicted in Figure 4.7. The majority of cell injections

regenerated muscle in vivo. In the infected experimental group, two out of six

injections produced less than 10 GFP-expressing fibres. The lowest number

detected in the non-infected experimental group was 39. Nevertheless, three out of

six injections resulted in more than 1,000 donor-derived fibres, a number which

was never obtained in the non-infected group. Even though the median of the

infected group was higher compared to the non-infected group, comparison of the

medians resulted in no statistical difference (p=0.8; Mann-Whitney test). As
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dystrophin protein is associated with the sarcolemma it does not spread very far

from the corresponding donor myonucleus (Blaveri et al 1999). This is in contrast to

soluble reporter molecules, including GFP protein, which have the ability to diffuse

along the muscle fibre (Morgan et al 2002). Therefore, local dystrophin distribution

effects may account for the lower number of donor-derived, dystrophin-positive

fibres. Alternatively, GFP expression is mediated by the constitutive SFFV

promoter and might be detected at an earlier differentiation state, such as in newly

regenerated immature myotubes and differentiating myoblasts, when dystrophin

would not yet be expressed (Rando et al 2000). Early formed myotubes are

typically smaller than fully differentiated fibres and thus a difference in cross-

sectional diameter of donor-derived fibres should be observed, if this hypothesis is

true. The cross-sectional diameter was measured of fibres from 3 different fields

and a minimum of 2 different muscles. In elliptic fibres, the diameter of the longest

axis (major axis) was used for the analysis. The results in Figure 4.7 demonstrate a

similar distribution in cross-sectional diameter of fibres generated by LV-infected

and non-infected myoblasts. The distribution, as shown in the histogram, was

skewed towards smaller fibre diameters. Comparison of the fibre diameter with the

highest frequency representing the average fibre size was 8μm for both groups. 

However, the maximum fibre diameters differed slightly between groups (non-

infected: 95μm; infected: 70μm) therefore resulting in different fibre-diameter 

medians between the infected and non-infected group (14.1μm and 16.9μm, 

respectively). However, as large donor-derived myofibres can also originate from

fusion of transplanted myoblasts with host fibres, this difference might not

essentially reflect a shift in the formation of larger myofibres with non-infected

myoblasts. Thus, the cross-sectional diameter data indicate that GFP-positive fibres

had a similar distribution of fibre diameters when compared with dystrophin-

positive fibres and were not generally smaller than their control group. Overall,

these data confirm that LV infection did not exert a detrimental effect on the in vivo

regenerative potential of conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+

myoblasts. Furthermore, the results confirm the myogenicity of these cells in a
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dystrophic in vivo host muscle environment and imply their potential use as a

model to study LV vectors in vivo.
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Figure 4.7| In vivo regenerative capacities of engrafted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. Pre-irradiated TA

muscles of mdx nude mice were engrafted with 2.5x105 conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts.

Myoblasts infected with SFFV-EGFP IN+ LV 12 days prior injection (MOI293FT 400) were engrafted into the LTA (n=6).

Non-transduced control myoblasts were engrafted into the RTA (n=6). Mice were analysed 4 weeks post-

transplantation. LTAs containing GFP were immersion-fixed before freezing to preserve GFP during cryostat sectioning.

Transverse sections were quantified for donor-derived fibres using antibodies against GFP and dystrophin (dys). (A)

Representative image of GFP-positive donor-derived muscle formation in mdx nude host mice following the

transplantation of SFFV-EGFP IN+ infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. The fluorescent signal with the

dystrophin antibody (Rb-9024-P1) was weaker compared to the GFP signal and was difficult to detect at low

magnification (5x). (B) Quantification of donor-derived myofibres. RTAs were quantified based on dys-positive fibres.

LTAs were quantified based on GFP-positive fibres, as dys-expression in immersion-fixed muscles was weaker than in

non-fixed muscles. No statistically significant difference was observed in the median number of donor-derived fibres

between infected and non-infected control group (321 and 603, respectively; p=0.8 / Mann Whitney test). (C) Histogram

of donor-derived fibres regenerated in all muscles of both groups. (D) Representative images of mdx nude TA muscles

engrafted with non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. Post-fixed forelimb muscle sections of a 6 day old

postnatal wildtype mouse were used as a positive control for dys-immunoreactivity. Secondary (2°) antibody (Ab) control

confirms absence of dys-expression in mdx nude TA muscles. (E) Representative images of mdx nude TA muscles

engrafted with SFFV-EGFP IN+ infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. The antibody signal for dys-expression was

weaker with the Rb-9024-P1 antibody compared to the P7 antibody. 2° Ab control confirms absence of dys-expression,

but reveals GFP-fluorescence in fibres without immunohistochemical staining. 2° Ab control was derived from the same

muscle, but represents a different area. (F) Histograms of cross-sectional diameters calculated from the major axes in

donor-derived muscle fibres (3 fields per muscle, and two muscles were analysed per group, n>700 donor-derived

fibres). Bin width: 4. Both groups had similar distributions of fibre diameters and the highest frequency at 8μm cross-

sectional diameter (dotted line). (G) Representative image of measurements of cross-sectional diameters in donor-

derived muscles.
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4.2.1.2.3 In vitro analysis of engrafted primary myoblasts

The previous experiment clearly demonstrated the ability of conditionally-

immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts to participate in muscle formation

in vivo. However, the extent to which this cell line mediated muscle formation

compared to primary cultures was not assessed. The next experiment repeated the

investigational design of the previous experiment but assessed the regenerative

potential of primary myoblasts expanded from freshly isolated quiescent satellite

cells. Quiescent satellite cells were isolated from three Myf5nLacZ/+ transgenic mice

(1x female, 2x males; 1.5-2.5 months old) and seeded at a density of 175 cells/cm2

onto Matrigel-coated flasks. Half of the satellite cells were infected with SFFV-

EGFP IN+ LV at an MOI293FT of 400, the second half was kept as non-infected

control group. Primary myoblasts were expanded for 14 days under hypoxic

conditions in the presence of bFGF (see section 2.2.2.3). At 8 days post-isolation,

myoblasts reached 70% confluency and required passaging to circumvent fusion.

On day 14, cells were trypsinised and prepared for injection. Only 1x106 myoblasts

were obtained per group. The number of injected myoblasts per leg (passage 2) was

therefore reduced to 1.4x105. 5μl of prepared cell suspension were injected into 

each TA of pre-irradiated mdx nude mice (n=7). SFFV-EGFP LV-infected myoblasts

were injected into LTAs, and non-infected control myoblasts into the contra-lateral

TA. A small aliquot of each group containing less than 1000 cells was re-plated

onto a Matrigel-coated flask for further expansion to facilitate analysis of GFP

expression and myogenicity of injected cells. One mouse served as control animal,

in which the RTA was injected with 5μl of saline and the LTA was kept as an 

irradiated, non-injected control. A small number of non-injected myoblasts

(approximately 1x103 cells per group) was expanded for additional 7 days and then

analysed for the percentage of GFP-expressing cells using flow cytometry.

Furthermore, an aliquot of less than 50 cells was seeded onto Matrigel-coated 8-

well chamber slides to allow qualitative in vitro myogenicity assessment of injected

cells. Cells were fixed 1 day post-seeding and analysed for myogenic marker

expression using immunocytochemistry. Flow cytometry results and representative
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images of in vitro myoblast myogenicity are depicted in Figure 4.8. 25% of cells

expressed GFP at 21dpi. GFP expression per cell was very high as demonstrated by

the 2-log shift in MFI compared to non-transduced control. Myogenicity markers

were expressed by the myoblasts, but a few cells started to change their

morphology from a typical myoblast spindle-shape morphology to fibroblast-like

morphologies as described in section 3.2.1.3 indicating a potential loss in

myogenicity or senescence. This was possibly a consequence of the three passaging

events prior to immunocytochemistry analysis (see 3.2.1.3), however, due to the

low number of cells available for the in vitro myogenicity test, any meaningful

conclusion could not be drawn from this qualitative assessment. Notably,

experiments in section 3.2.2.2 did not observe any significant myogenicity changes

due to LV infection and thus suggest that morphology changes most likely arise

from intensive in vitro expansion of satellite cells and myoblasts.
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Figure 4.8| In vitro analysis of engrafted primary myoblasts derived from quiescent satellite cells. Primary

myoblasts were derived from quiescent satellite cells isolated from Myf5nLacZ/+ transgenic mice. Immediately after

isolation, satellite cells were infected with SFFV-EGFP IN+ at an MOI293FT of 400. Non-transduced satellite cells served

as control. Satellite cell-derived myoblasts were expanded for 14 days under hypoxic conditions and in the presence of

bFGF. Aliquots of the myoblasts used for injection (passage 2) were further expanded for 7 days and analysed for GFP-

expression using flow cytometry. Less than 50 cells/cm2 (passage 3) were seeded into Matrigel-coated wells for

qualitative analysis. Cells were fixed 1 day-post-seeding and analysed by immunocytochemistry using antibodies

against myogenic markers (red) and GFP (green). (A) Flow cytometry results: Approximately 25% of myoblasts

expressed GFP at 21dpi. GFP expression was strong reflected in the 300-fold increase in MFI relative to non-

transduced control myoblasts. (B-C) Representative images of immunocytochemistry results. Infected and non-infected

myoblasts are displayed. Some cells (arrow) started to change their morphology, possibly entering senescence, which is

a likely event to occur after passaging. Generally, myogenicity and myoblast-like morphology was well preserved at low

oxygen conditions, despite three passages.



Results Chapter Four

288

4.2.1.2.4 In vivo regenerative capacity of engrafted primary myoblasts

Transplanted recipient mice were sacrificed for analysis 4 weeks post-injection. As

described for engrafted conditionally-immortalised myoblasts, LTAs injected with

GFP-expressing cells were immmersion-fixed for 6 hours in 2% PFA immediately

after dissection. Conversely, RTAs of cell-injected mice and both TAs of the control

mouse were immediately snap-frozen in isopentane without prior fixation.

Immunohistochemical analysis was performed using antibodies against GFP and

dystrophin as described in section 4.2.1.2.2. H&E staining was performed on serial

sections to compare the histology of saline injected muscles with the histology of

irradiated, non-injected muscles. As described in section 4.2.1.2.2, fixed LTAs were

quantified based on the number of GFP-expressing fibres, and non-fixed muscles

were quantified based on the number of dystrophin-positive fibres. Results are

depicted in Figure 4.9. Two injections in each group failed to regenerate any donor-

derived muscle. A maximum of 800 GFP-positive fibres were generated in the

muscles injected with transduced myoblasts. Comparably, a maximum of 600

dystrophin-positive fibres were detected in RTAs transplanted with non-infected

myoblasts. Even though the median of regenerated GFP-positive fibres was higher

than the median of dystrophin-positive fibres, this was not statistically significant

(p=0.52; Mann-Whitney test). These results are in line with the previous section

(4.2.1.2.2) where the group of LV-infected cells also generated higher numbers of

GFP-positive fibres compared to the group of non-infected control cells. As

described in the previous section (see section 4.2.1.2.2), it was investigated whether

donor-derived fibres from LV-infected myoblasts were significantly smaller

compared to fibres derived from non-infected myoblasts. More than 700 donor-

derived fibres were analysed and compared. Both groups had similar distributions

of cross-sectional diameters with the highest frequency of fibre diameter at 16μm. 

Even though the maximum of fibre diameters differed between muscles engrafted

with infected and non-infected myoblasts (60μm and 80μm, respectively), the 

median fibre diameter was non-significantly different (20.8μm and 21μm, 

respectively). These data indicate that there is no difference in the size of donor-
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derived fibres regenerated from infected or non-infected primary myoblasts. More

importantly, these results support the in vitro results of section 3.2.2.2 and confirm

the absence of any negative effect of LV infection on the in vivo myogenicity of

primary myoblasts. Furthermore these findings demonstrate the ability of LV-

infected primary myoblasts to regenerate donor-derived muscle in vivo with similar

efficiency to non-infected myoblasts.
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Figure 4.9| In vivo myogenicity of engrafted primary expanded myoblasts derived from quiescent satellite cells.

Primary myoblasts were derived from quiescent satellite cells isolated from Myf5nLacZ/+ transgenic mice. Immediately after

isolation, satellite cells were either infected with SFFV-EGFP IN+ at an MOI293FT of 400 or expanded as non-transduced

controls. Satellite cell-derived myoblasts were expanded for 14 days under hypoxic conditions and in the presence of

bFGF. 1.4x105 myoblasts were injected into each pre-irradiated TA of mdx nude mice (n=7). One mouse served as

control to investigate the non-injected and sham-injected muscle histology of recipient mice. SFFV-EGFP IN+ infected

myoblasts were engrafted into the LTA, and non-transduced control myoblasts into the RTA. Mice were analysed 4

weeks post-transplantation. LTAs containing GFP were immersion-fixed before freezing to preserve GFP during cryostat

sectioning. Transverse sections were quantified for donor-derived fibres using immunohistochemistry. GFP was used as

a marker for donor origin in LTAs, and dys (P7) antibody in non-fixed RTAs. (A) Number of regenerated fibres from both

injected groups. No statistical significant difference in muscle formation was observed between infected and non-

infected myoblasts. (B) Histogram of regenerated fibres with medians from infected and non-infected myoblasts (256

and 411, respectively). (C) Representative images of host mdx nude TAs engrafted with infected or non-infected

myoblasts. The Rb-9024-P1 dystrophin antibody appeared weaker in signal strength than the P7 dystrophin antibody.

GFP was strong and therefore used as a marker for quantification. The irradiated, non-injected control muscle contains

revertant fibres (white arrow). (D) Irradiated muscle sham-injected with saline showed revertant fibres and infiltration of

mononucleated cells (orange arrow) indicating progressive degeneration. Calibration bars: 20μm (E) H&E stain: Muscle

histology of irradiated and sham-injected muscle at low and higher magnification. Irradiation control shows signs of

regeneration indicated by one or two central nuclei in myofibres (black arrow). Histology of sham-injected muscles

confirms the heavy infiltration of mono-nucleated cells (orange arrow), most likely representing macrophages.

Regenerated fibres with central nuclei were also detected. (F) Comparison of cross-sectional diameters between

infected and non-infected groups. The distribution was similar in both groups supported by non-significantly different

medians (20.8μm and 21μm, respectively; p=0.2), and the highest frequency of fibre diameter at 16μm (dotted line). 

Histogram was generated as described in Fig 4.7. More than 700 donor-derived fibres from different muscles were

analysed per group.
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4.2.1.2.5 Comparison of the in vivo regenerative potential of conditionally-

immortalised and primary myoblasts.

The above data clearly demonstrated the in vivo myogenic properties of both

conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts and primary,

expanded myoblasts. To define the regenerative potential for H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts in relation to primary myoblasts, both data sets were

compared. Results are depicted in Figure 4.10. Whereas the numbers of regenerated

donor-derived fibres were similar between the non-infected myoblast groups,

higher numbers of GFP-positive fibres were observed with conditionally-

immortalised infected myoblasts as compared to infected primary myoblasts. This

increase, however, was not significant (p=0.52, Mann-Whitney test, n=6). As muscle

fibres of donor origin in this group were defined by GFP expression, it was

intriguing to compare the flow cytometry data obtained from the aliquoted non-

injected cells for both groups. Indeed, fewer primary myoblasts expressed GFP

than did conditionally-immortalised myoblasts (25% vs. 40%, respectively). This

might account for the slightly lower number of donor-derived GFP-positive fibres

detected in muscles grafted with primary myoblasts. Additionally, due to a limited

number of primary myoblasts available after 14 days of expansion, the number of

donor cells per leg had to be reduced from 2.5x105 to 1.4x105. To investigate

whether the specific regenerative potential between conditionally-immortalised

and primary myoblasts was altered, the number of regenerated fibres was

normalised to the number of cells injected, defined as the regenerative index

(Jankowski et al 2002). The mean number of regenerated fibres per 100 injected

cells was comparable (0.2) in groups injected with LV-infected myoblasts. In the

experimental arms injected with non-transduced myoblasts, conditionally-

immortalised myoblasts regenerated slightly fewer fibres (0.13) per 100 injected

cells compared to primary myoblasts (0.2). However, this was not statistically

significant (p=0.52). Finally, the cross-sectional diameters were compared between

fibres regenerated from H-2Kb-tsA58-Myf5nLacZ/+ or from primary expanded

myoblasts. A difference in fibre diameter distribution was detected between the



Results Chapter Four

293

two groups. Whereas the distribution of H-2Kb-tsA58-Myf5nLacZ/+ -derived donor

fibre diameters was positively skewed towards smaller fibres (1.5; 1.6), fibre

diameters of donor-derived fibres regenerated from primary myoblasts were more

normally distributed or skewed towards larger fibres (0.7; 1.1). This shift towards

smaller fibre diameters in the H-2Kb-tsA58-Myf5nLacZ/+ group is also supported by a

smaller maximum frequency peak as compared to primary myoblasts (8μm and 

16μm, respectively). Even though the medians were greatly dictated by their 

maximum fibre diameters, which could have been impacted by myoblast fusion

with large host fibres, the medians for the cross-sectional fibre diameters derived

from primary myoblasts were significantly larger (approx. 21μm) when compared 

to the median diameters in the H-2Kb-tsA58-Myf5nLacZ/+ group (14.1 or 16.9μm) 

(p<0.0001; Kruskal-Wallis test). In conclusion, comparison of the in vivo

myogenicity of conditionally-immortalised myoblasts with primary myoblasts

demonstrated similar regenerative capacities of both cell types. The potential to

form muscle in vivo was unaltered even when both cell populations were infected

with a lentiviral vector. These data emphasise the great advantage of H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts to on one hand allow extensive homogenous expansion of

selected myoblast populations, whilst on the other hand preserving their in vitro

and in vivo myogenic potential for subsequent analysis.
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Figure 4.10| Comparison of the in vivo regenerative potential of conditionally-immortalised myoblasts with

primary myoblasts. The results of both experiments investigating the in vivo myogenicity of conditionally-immortalised

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (section 4.2.1.2.2.) and of primary expanded myoblasts (section 4.2.1.2.4) were

compared to evaluate potential differences between the two groups of cell types. (A-B) Flow cytometry results of

engrafted cells. (A) Despite an LV infection with an MOI293FT of 400 in both experiments, the transduction efficiency

differed when evaluated by flow cytometry after engraftment. Primary myoblasts had 1.6-fold less GFP-positive cells

when compared to infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. (B) Relative MFI: The increase in GFP intensity from

non-transduced controls was similar in both groups with more than a 2 log shift in both experiments indicating strong

GFP expression regardless of the immortalisation. The relative MFI in primary myoblasts was 1.5-fold higher than in H-

2Kb-tsA58-Myf5nLacZ/+ myoblasts. (C) Comparison of regenerated donor-derived fibres in all analysed groups. No

statistically significant difference was found between primary myoblasts and H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, neither

when cells were infected, nor when the non-transduced control groups were compared. (D) Due to different cells

numbers injected, the number of donor-derived fibres was normalised to 100 transplanted cells to compare engraftment

efficiencies. Similar engraftment efficiencies (~0.2 fibres / 100 cells) were obtained from infected H-2Kb-tsA58-Myf5nLacZ/+

and primary myoblasts. Non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts had slightly reduced efficiencies, but this was

not statistically significant. (E) Comparison of the cross-sectional diameters revealed slightly different distributions

between groups. Most H-2Kb-tsA58-Myf5nLacZ/+ myoblasts regenerated mainly small fibres (8μm, dotted line), whereas 

primary myoblasts regenerated mainly larger fibres (16μm, dotted line). Additionally, the median fibre diameters of fibres 

derived from primary myoblasts were significantly higher (20.8- 21μm) compared to fibres derived from infected and 

non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (14.1μm and 16.9μm, respectively). 



Results Chapter Four

295

4.2.1.3 Enrichment of the transgene-expressing population using flow

cytometry cell sorting

One confounder of the experimental design employed in section 4.2.1.2 was the

variability of transduction and thus the differing numbers of transgene-expressing

cells in the selected cell populations. A way to overcome this drawback was to

compare the engraftment efficiency rather than the total number of regenerated

fibres. However, as the engraftment efficiency was less than one regenerated fibre

per 100 cells, small differences might not be revealed with that approach. An

alternative strategy is the engraftment of only transgene-expressing cells. Cells can

be sorted for their GFP expression using a flow cytometry cell sorter. This method

allows the selection of almost 100% transgene-expressing cells and allows their

subsequent direct comparison in vivo or in vitro. In fact, this approach is

particularly suitable for the comparison and characterisation of various

conditionally-immortalised myoblast populations infected with different LV

vectors. To investigate whether flow cytometry cell sorting affects the in vivo

myogenicity of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, two flasks each containing 1x105

cells (passage 8) were prepared and infected with SFFV-EGFP IN+ LV at an

MOI293FT of 300. Cells were expanded under permissive conditions for an additional

7 days. At day 4, cells were passaged and a 10μl aliquot of cell suspension was 

used to estimate the percentage of GFP-expressing cells under an upright

fluorescence microscope. Both flasks contained 40-50% of GFP-positive cells. At

day 7, 2x106 infected myoblasts were prepared for flow cytometry cell sorting.

Non-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 8) were used to set up

gates for SSC and FSC, GFP and PI. Cells were not treated with the DNA-binding

viability dye propidium iodide, to avoid any potential interference of the dye with

in vivo regenerative properties (Coder 2001). Cells were sorted based on their

granularity and size, as well as on their expression of GFP. Clumps and oversized

cells were excluded from the sorting regime. GFP-positive cells were not sorted

based on the shift seen in GFP with gates set according to SSC/GFP, but by using a

gate for GFP/PI (see Figure 4.11). This sorting regime allowed the exclusion of



Results Chapter Four

296

autofluorescent cells. 51% of cells expressed GFP when the gate for GFP/PI was

applied. Using the above sorting regime, 5.8x105 GFP-positive H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts (passage 10) were sorted from a total of 1.5x106 cells. The

sorting efficiency was approximately 80% throughout the sort. Sorted cells were

pelleted by centrifugation at 400g for 5min to remove the flow cytometry sheath

fluid, and resuspended in 15μl of H-2Kb-tsA58 culture medium (see Table 2-1)

containing 20mM HEPES and 2mM EDTA. The same number of non-sorted,

infected cells was prepared and resuspended in 15μl. 1.93x105 cells were

transplanted into each TA of three pre-irradiated mdx nude recipient mice. As

illustrated in Figure 4.11 GFP-sorted cells (100% GFP-positive) were injected into

the LTAs, and non-sorted cells consisting of only 51% GFP-positive cells were

injected into the RTAs. Approximately 3x103 sorted and non-sorted cells were

seeded per well of an 8-well chamber slide, and used as reference cells to confirm

their in vitro myogenicity. Cells were expanded under permissive conditions and

fixed 4 days post-seeding for the analysis of GFP and myogenic marker expression

using immunocytochemistry. As illustrated in Figure 4.11, cells fused to form

multinucleated myotubes by 4 days after seeding, indicative of a preserved

myogenicity after cell sorting. Pax7, MyoD, myosin, myogenin, desmin, SV40 T-

antigen and Myf5-driven β-gal were robustly expressed in sorted and non-sorted 

myoblasts. In addition, a clear difference in the percentage of GFP-expressing cells

was detected between sorted and non-sorted cells. Interestingly, even though

sorted cells were selected for GFP expression on a tight gating regime, a few GFP-

negative cells were identified in this group (see Figure 4.11 C-E). Whether these

cells lost GFP expression due to promoter silencing, or if they escaped the sorting

regime, was unclear. The next chapter will address these questions in more detail.
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Figure 4.11| Cell sorting regime for H-2Kb-tsA58-Myf5nLacZ/+ myoblasts and their in vitro myogenicity post-

sorting. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 8) were infected with SFFV-EGFP IN+ at an MOI293FT of 300 and

expanded at permissive conditions for 7 days. 5.8x105 GFP-positive myoblasts were sorted from a total of 1.5x106 cells,

and 1.9x105 sorted and non-sorted myoblasts were injected into each pre-irradiated TA of mdx nude mice (n=3). The

experimental design is displayed in (A). The sorting regime and corresponding gates were set up using non-transduced

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 8). Doublets were excluded from the sort. The sorting strategy for GFP and

corresponding scatter plots are depicted in (B). 3x103 sorted and non-sorted cells were seeded into Matrigel coated

wells for the qualitative assessment of myoblast myogenicity after sorting. Cells were analysed 4 days post-sorting. (C-

F) Representative images of myogenic markers (red) and GFP (green) expression are shown for sorted (C-D) and non-

sorted (E-F) myoblasts. Antibodies against myogenic markers typical for proliferation (Pax7, MyoD, β-gal) and 

differentiation (myogenin, myosin (MF20) were used. Additionally, the expression of the SV40 T-antigen was analysed

to confirm the status of immortalisation. Desmin was used as a marker for general myogenicity.
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Transplanted mice were analysed 4 weeks post-injection. Mice were sacrificed by

intra-cardial perfusion (see section 2.2.5.1.3) to homogeneously cross-link GFP and

other muscle-specific proteins, such as laminins, throughout the entire muscle.

Fixed TA muscles were carefully dissected, cryopreserved in sucrose overnight and

snap-frozen in isopentane (see section 2.2.5.1). Transverse muscle sections were

collected and analysed for GFP- and dystrophin-positive fibres using

immunohistochemistry (see 2.2.5.4). Both groups resulted in three successful

transplantations. For each group, the number of transgene-expressing GFP-positive

fibres was analysed. Results in Figure 4.12 illustrate that sorted, transplanted

myoblasts regenerated a higher median of GFP-positive donor-derived fibres (684)

compared to non-sorted, infected myoblasts (275). However, the n-numbers were

very low and therefore no statistically significant difference could be detected

considering a non-normal distribution (p=0.1; Mann-Whitney test). In contrast, a

statistically significant difference between the groups was observed if a normal

Gaussian distribution was considered (p=0.015, t-test). Interestingly, the median

number of GFP-positive fibres regenerated from non-sorted myoblasts was

approximately 2.5-fold lower compared to fibres regenerated from sorted

myoblasts. As only 51% of cells expressed GFP in the non-sorted population, only

half of the injected cell number was GFP-positive and could have regenerated GFP-

positive fibres. When this consideration was accounted for in the calculation of the

engraftment efficiencies, non-sorted myoblasts had comparable engraftment

efficiencies to sorted myoblasts. Supporting this notion was the finding of

dystrophin-positive fibres that were negative for GFP in muscles injected with non-

sorted cells. On the contrary, no GFP-negative, dystrophin-positive fibres were

found in the group of mice injected with sorted myoblasts. Taken together, these

findings demonstrate the possibility of sorting an LV-infected H-2Kb-tsA58-

Myf5nLacZ/+ myoblast population based on their incorporated transgenic cassette

mediating expression of a fluorescent marker gene. The sorting procedure did not

affect the myogenicity of cells to fuse in vitro or to regenerate donor-derived muscle

in vivo. The results further suggest that enrichment of the transgene-expressing
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population before transplantation also leads to an increase in transgene-expressing

donor-derived myofibres in vivo. Cell sorting of several myoblast populations

infected with different LV constructs might therefore facilitate their subsequent

comparison and characterisation in vitro and in vivo.
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Figure 4.12| Cell sorting for the reporter gene GFP increased the number of transgene-expressing myofibres in

vivo. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were infected with SFFV-EGFP IN+ at an MOI293FT of 300 and expanded under

permissive conditions for 7 days. Infected myoblasts were sorted based on GFP as described in Fig 4.11, and 1.9x105

cells were injected into each pre-irradiated TA of mdx nude mouse muscles (n=3). Sorted myoblasts (100% GFP-

positive) were injected into LTAs and non-sorted myoblasts (51% GFP-positive) into RTAs. Mice were sacrificed by

perfusion fixation under terminal anaesthesia 4 weeks post-transplantation and transverse sections were analysed by

immunohistochemistry using antibodies against dystrophin and GFP. (A) The number of regenerated GFP-positive

fibres was non-significantly higher in animals engrafted with sorted myoblasts compared to non-sorted myoblasts

(medians: 684 and 275, respectively). (B) Histogram of engraftment efficiencies (regenerated fibres per 100

transplanted cells). Engraftment efficiency was lower for non-sorted myoblasts compared to sorted myoblasts. When the

efficiency of non-sorted myoblasts was calculated based on 51% GFP-positive cells (≙ 9,7x104 cells), a hypothetical

engraftment efficiency similar to the one of sorted myoblasts was observed. (C) Representative images of transverse

sections showing dystrophin and GFP expression for sorted and non-sorted engrafted myoblasts. (D) Representative

images of GFP / dys double-positive fibres (pink cross) and GFP-only fibres (blue star) found in muscles engrafted with

sorted and non-sorted myoblasts. Non-sorted myoblasts gave also rise to dys-only fibres, which could not be found in

muscles injected with sorted cells.
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4.2.1.4 Formation of self-renewing satellite cells in vivo

Following the in vivo analysis of H-2Kb-tsA58-Myf5nLacZ/+ myoblast myogenicity, it

was intriguing to investigate whether conditionally-immortalised myoblasts form

satellite cells in vivo and are therefore capable of self-renewal. As illustrated in

section 4.2.1.1.2 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts carry one copy of the nuclear lacZ

reporter gene in the Myf5 locus, facilitating the detection of Myf5-positive nuclei in

vitro. It was now investigated whether nuclei with Myf5-dependent β-gal activity 

could be observed in vivo. Analysis of the adult Myf5nLacZ/+ reporter mouse

demonstrated that Myf5 promoter activity can be detected in quiescent satellite

cells in vivo and in myoblasts in vitro (Heslop et al 2001). Further studies showed

that Myf5-reporter gene expression becomes up-regulated in activated myoblasts,

but is subsequently down-regulated in post-mitotic myonuclei (Cooper et al 1999;

Heslop et al 2001; Zammit et al 2004a; Zammit et al 2002). In the experiments of

sections 4.2.1.2.2 and 4.2.1.2.4 both cell populations (conditionally-immortalised

myoblasts; primary myoblasts) carried the Myf5nLacZ/+ reporter gene, and therefore

allow the detection of donor-derived Myf5-positive satellite cells in vivo. Collected

transverse sections of injected TAs were analysed by X-gal histological staining (see

2.2.5.4.2). The results are depicted in Figure 4.13. As expected, primary myoblasts,

derived from quiescent satellite cells gave rise to X-gal positive nuclei in engrafted

host muscles (Heslop et al 2001). In addition, conditionally-immortalised H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts gave rise to Myf5-positive satellite cells in vivo. Out of

12 H-2Kb-tsA58-Myf5nLacZ/+ injections, 11 resulted in satellite cell formation. Next, it

was analysed if cell sorting affected the ability to form satellite cells in vivo. Out of 3

injections of sorted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, all 3 revealed X-gal positive

nuclei. This was also true for the non-sorted cells. Representative images are shown

in Figure 4.13. The appearance of satellite cell formation in vivo varied greatly

between engrafted muscles. Variations were found with respect to satellite cell size

and position (see Figure 4.13 B). Small X-gal positive cells were found of approx.

3μm diameter as well as large cells comprising up to 10μm. It was difficult to draw 

conclusions from these differences, as the sectional plane determined where nuclei
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had been cut. Small nuclei might therefore represent nuclei that were cut in their

periphery, whereas larger nuclei might represent cells that were cut through their

centre. Another observation was the variable location of X-gal positive nuclei (see

Figure 4.13 B). Few donor-derived nuclei with β-gal activity were found in the 

interstitial position, most likely representing activated donor-derived myoblasts

(Mouly et al 1997). Alternatively, these nuclei could also present a subpopulation of

myogenic interstitial cells, such as PICs, however, Myf5 expression in PW1+

interstitial cells has not yet been demonstrated (Besson et al 2011; Mitchell et al

2010). Additionally, a few cells were found internally within muscle fibres,

sometimes clearly centrally-localized. These cells are likely to represent newly

regenerated myonuclei, which have not yet down-regulated Myf5 expression

(Tajbakhsh et al 1996). Interestingly, the majority of cells resided at the periphery of

small or large myofibres, possibly representing quiescent satellite cells in their

niche. To investigate whether these cells indeed adjourned to their sublaminal

satellite cell niche, transverse sections were analysed for β-gal, laminin and GFP 

expression using immunohistochemistry for the following primary antibodies:

mouse α-β-gal; rabbit α-laminin; chicken α-GFP. Results were analysed by 

fluorescence and confocal microscopy. Fluorescence microscopy revealed β-gal-

positive nuclei in the area of GFP-positive fibres indicating their donor-origin (see

Figure 4.13 C). β-gal positive nuclei were situated at the periphery of donor-

derived myofibres and were found to be GFP-positive and GFP-negative. Confocal

microscopy was used to analyse laminin expression in a fourth colour to identify

satellite cells underneath the basal lamina. Generally, perfused muscles showed a

more homogenous staining of endogenous muscle proteins compared to

immersion-fixed muscles (see Figure 4.13 D). This limited the possibility in

immersion-fixed muscles to perform a comprehensive analysis of the entire muscle

section, but restricted the investigation to the periphery of the section, where more

uniform laminin staining was detected. Donor Myf5nLacZ/+ expressing cells were

found to be mainly outside the basal lamina, but in one instance a cell was found

underneath the basal lamina occupying the satellite cell niche (see Figure 4.13 F).
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However, this result was only found at the periphery of a non-perfused muscle

where immunohistochemical staining was suboptimal, and could not be observed

in any of the perfused muscle sections. Furthermore, the four-colour stain did not

include a sarcolemmal marker. Hence, although newly-regenerated myonuclei are

typically located in the central position of the myofibre (Chargé & Rudnicki 2004),

the unlikely possibility cannot be ruled out that this β-gal-expressing nucleus 

represents a peripheral myonucleus rather than a quiescent satellite cell. Taken

together, these data confirm the ability of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts to form

satellite cells in vivo. Newly formed satellite cells expressed the transcription factor

Myf5 at 4 weeks post-injection, indicating that satellite cells were either activated or

quiescent. In a few instances, centrally nucleated Myf5-positive nuclei were also

detected, possibly representing terminally-differentiated myonuclei of H-2Kb-

tsA58-Myf5nLacZ/+ origin. In an attempt to investigate whether H-2Kb-tsA58-Myf5nLacZ/+

myoblasts were able to self-renew to form quiescent satellite cells, confocal

microscopy demonstrated that the majority of donor-derived cells were outside the

basal lamina. Only one β-gal-expressing cell could be detected underneath the 

basal lamina possibly occupying the stem cell niche. This result might not be

surprising, as the mdx nude mouse model is characterised by ongoing rounds of

muscle degeneration and regeneration (Blake et al 2002; Partridge et al 1989). The

majority of satellite cells might therefore be activated to participate in ongoing

muscle repair. Finally, these results do not confirm functionality of donor-derived

satellite cells. This was addressed in the following experiment.
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Figure 4.13| H-2Kb-tsA58-Myf5nLacZ/+ myoblasts form interstitial and possibly sub-laminal satellite cells in vivo. H-

2Kb-tsA58-Myf5nLacZ/+ myoblasts were analysed for Myf5-positive satellite cells in vivo taking advantage of the reporter

gene β-gal. Donor-derived muscles from experiments 4.2.1.2 and 4.2.1.3 were analysed. (A) X-gal staining revealed β-

gal positive nuclei in muscles grafted with sorted and non-sorted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. Primary myoblasts

expanded from quiescent satellite cells known to form Myf5-positive cells in vivo (Heslop et al. 2001) were used as a

positive control. Β-gal positive cells were also detected in muscles engrafted with LV-infected myoblasts. (B-F) The

location of donor-derived satellite cells was analysed using (B) X-gal staining, (C) fluorescence microscopy and (D-F)

confocal microscopy. (B) Donor-derived satellite cells were detected incorporated in the myofibre as central nuclei or

more in the periphery of the fibre (blue arrow). Some β-gal cells occupied the interstitial space (turquoise arrow) and 

several nuclei were located next to the myofibre, possibly in sub-laminal position (grey arrow). It was tested if the latter

represent quiescent satellite cells. (C) Fluorescence microscopy of non-perfused muscles using antibodies against β-gal 

and GFP. DAPI served as counterstain for nuclei. GFP-positive and GFP-negative cells were identified located next to

the myofibre. Depicted are cells in possibly sublaminal position (arrow). (D-F) Confocal microscopy was used to identify

if β-gal positive cells detected next to a donor-derived myofibre were located underneath the basal lamina. (D) Laminin

staining in immersion-fixed muscles was discontinuous and could only be detected at the edges of muscle sections.

Perfused muscles showed more homogeneous staining of the endogenous protein. (E) Representative image of a β-gal 

positive cell outside of the basal lamina and thus in the interstitial space (arrow). Image captured from perfused muscle.

(F) Representative image of the rare event where a β-gal positive cell was found underneath the basal lamina, possibly 

representing a quiescent satellite cell. Picture was captured from non-perfused muscle. Note the heterogeneous

staining pattern of GFP and laminin.
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4.2.1.5 Conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts can self-

renew in vivo

Following on from the previous section it was further investigated whether satellite

cells derived from H-2Kb-tsA58-Myf5nLacZ/+ conditionally-immortalised myoblasts

were functional and could be re-activated to participate in a subsequent round of

muscle repair. One way to address this question is to re-injure the host muscles

after myoblast transplantation therefore re-recruiting donor-derived satellite cells

for subsequent muscle formation and repair (Collins et al 2005; Gayraud-Morel et

al 2009). Notexin is a myotoxin derived from the Australian tiger snake (Notechis

scutatus) venom. It belongs to the myotoxin class of phospholipases A2 and causes

rapid hydrolysation of lipids, which make up the sarcolemma, thereby leading to

depolarisation and fibre degeneration (Harris et al 2000; Plant et al 2006).

Interestingly, during this process mono-nucleated cells are spared and are able to

participate in muscle repair. The regenerative response after notexin injury is rapid

and has been well characterised (Hawke & Garry 2001). Notexin injury is therefore

a commonly used model to assess functionality of donor-derived satellite cells in

vivo (Boldrin et al 2009; Collins et al 2005; Muses et al 2011a).

1x104 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 11) were seeded into two flasks

and infected with SFFV-EGFP-IN+ LV at an MOI293FT 300. Myoblasts were

expanded under permissive conditions for 14 days and passaged three times at

days 7, 10 and 12. A total of 2x106 GFP-positive myoblasts were sorted using the

sorting regime as described in section 4.2.1.3, excluding autofluorescent cells. Both

initially infected flasks were sorted separately, as the percentage of GFP-positive

cells differed between flasks (23% and 40%, respectively). Sorted cells were pelleted

by centrifugation at 450g for 5 minutes at 4°C, the two cell pellets were combined

and resuspended in a total of 20μl for injection. Five mdx nude recipient mice from

two litters were planned for the experiment, but due to the unexpected death of

one unweaned litter, the number of host mice was reduced to two recipient mice.

5x105 GFP-positive, conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

(passage 15) were injected into each pre-irradiated TA of two mdx nude mice and
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left to regenerate for 19 days. At 19 days post-transplantation muscles were

reinjured with 10μl notexin injected into each TA (see 2.2.6.2) to destroy mature 

regenerated and endogenous muscle fibres, whilst sparing mono-nucleated satellite

cells. Due to time constraints, transplanted mice had to be sacrificed 16 days post-

injury (35 days post-transplantation), and could not be analysed according to the

standard protocol 7 days post-injury. 7 days is the latest possible time point to

detect strong expression of neonatal myosin thus confirming newly-regenerated

fibres (Gross & Morgan 1999; Whalen et al 1990). After 7 days the neonatal myosin

isoform is slowly replaced by slow and fast myosin isoforms and cannot be

detected anymore by day 21 post-notexin injury. Neonatal myosin could therefore

not be used in this experiment to confirm that donor-derived fibres were newly-

regenerated. However, it has been shown in control muscles of other studies that

notexin destroys 75-80% of myofibres in injected muscles within 24 hours (Collins

et al 2005). In these studies and others it was also demonstrated that the fibre

diameter of newly-regenerated fibres is only one fifth of uninjured control fibres up

to 7 days post-injury and slowly increases with time thereafter (Collins et al 2005;

Whalen et al 1990). Thus, small fibres indicate recent regeneration and could be

used as a criterion to confirm that fibres were regenerated from surviving donor

satellite cells post-notexin injury. Mice were sacrificed by perfusion and TAs were

dissected and prepared as described in section 4.2.1.3. Muscle sections were

analysed for GFP-expressing fibres using immunohistochemistry (see 2.2.5.4.1). The

presence of Myf5-positive donor-derived satellite cells was analysed by X-gal

staining (see 2.2.5.4.2). The results are depicted in Figure 4.14. All four injections

resulted in GFP-positive fibres after re-injury of myofibres with notexin. Three TA

muscles revealed more than 300 GFP-positive fibres, possibly derived from

transgene-expressing donor satellite cells. One TA resulted in only less than 40

GFP-positive fibres. Newly regenerated fibres were heterogeneous in size, and both

small fibres (approximately 10μm) – suggesting recent regeneration - as well as 

large fibres (up to 70μm) were detected with central nuclei (see Figure 4.14 B). 

Small, central-nucleated, GFP-positive fibres suggest their recent regeneration from
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transgene-expressing functional donor satellite cells. GFP-expression remained

strong in these small fibres indicating sustained stable transgene expression and

viral copy persistence in dividing H-2Kb-tsA58-Myf5nLacZ/+ myoblasts and derived

myotubes in vivo.
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Figure 4.14| H-2Kb-tsA58-Myf5nLacZ/+ myoblasts form satellite cells possibly capable of self-renewal. H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts (passage 11) were infected with SFFV-EGFP at an MOI293FT of 300 and expanded under

permissive conditions for 14 days. 2x106 myoblasts were sorted for GFP using the sorting regime from Fig 4.12, and

5x105 GFP-positive myoblasts were transplanted into each TA (n=4) of two mdx nude recipient mice. 19 days post-

transplantation muscles were re-injured by intramuscular injection of 10μl notexin, reported to destroy 75-80% of 

myofibres, but leaving satellite cells intact (Collins et al. 2005). 16-days post-injury, mice were sacrificed by perfusion

and transverse sections were analysed by immunohistochemistry using antibodies against dystrophin (Rb-9024-P1, red)

and GFP (green). X-gal staining was performed to identify the presence of β-gal positive satellite cells. (A) Experimental

design. (B) Representative image of GFP-positive fibres 16 days after notexin injury. Fibre diameters varied in areas of

donor-derived muscle formation. Very small fibres were detected possibly derived from recent regeneration, but also

larger fibres were detected, which may have been derived from fusion of GFP-positive satellite cells to non-injured

fibres. Dystrophin expression was very weak or absent. Higher magnification of GFP-positive fibres (inset) revealed

central nuclei in large fibres (white arrow) and small fibres (orange arrow). (C) Quantification of GFP-positive fibres. A

median of 380 fibres were detected 16 days after notexin injury. (D) X-gal staining: Myf5-positive satellite cells were

detected after notexin injury in the area of newly regenerated GFP-positive fibres, further confirming donor-origin. These

data suggest the ability of conditionally-immortalised, LV-modified H-2Kb-tsA58-Myf5nLacZ/+ myoblasts to self-renew in

vivo. Small GFP-positive fibres indicate that donor-derived satellite cells became re-activated after notexin injury and

successfully participated in a second round of muscle regeneration.
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4.3 Summary

 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were investigated as a potential model to

facilitate LV promoter analysis in vitro and in vivo.

 Under permissive conditions cells proliferated at a constant rate, more

rapidly than primary myoblasts cultured under normoxic conditions.

 Conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

homogeneously expressed myogenic markers in vitro, and readily fused into

multinucleated myotubes when cultured at high density either under

permissive or non-permissive conditions.

 Mono-nucleated cells as well as immature myotubes expressed the β-gal 

reporter gene under the Myf5 promoter in vitro.

 The in vivo myogenicity of conditionally-immortalised H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts was investigated and compared with primary

myoblasts expanded from quiescent satellite cells. The in vivo engraftment

efficiency was similar for transplanted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

and primary myoblasts.

 Lentiviral infection did not interfere with in vivo regeneration and muscle

formation. This was confirmed for both H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

and primary myoblasts.

 The lentiviral reporter gene under the SFFV promoter allowed cell sorting

for GFP and enriched the transgene-expressing, genetically-modified

population. Cell sorting did not affect the in vitro or in vivo myogenicity of

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, and resulted in increased numbers of

donor-derived fibres expressing the transgene in vivo.

 Conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts engrafted into

mdx nude host mice were capable of forming Myf5-positive satellite cells in

vivo.

 Donor-derived, LV-infected satellite cells were able to self-renew in vivo.



Results Chapter Four

315

Chapter three revealed two obstacles for the comprehensive LV promoter analysis

in primary myoblasts: Firstly, satellite cell heterogeneity and secondly, insufficient

starting material for analytical assays due to the limited expansion potential of

satellite cells in vitro. Following on from these obstacles, this chapter investigated

the H-2Kb-tsA58-Myf5nLacZ/+ conditionally-immortalised myoblast cell line as a

potential model system to substitute primary myoblasts, whilst overcoming the

critical barriers mentioned above. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts readily

expressed the SV40 T-antigen, a sign of immortalisation, when cultured under

permissive conditions. Down-regulation of the T-antigen expression in

differentiated myotubes was slow and residual expression was still detected up to

4 days after switching to non-permissive conditions at 37°C. When H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts were conditionally-immortalised under permissive conditions,

their morphology was closer to the morphology of immortalised C2C12 cells than

primary myoblasts. Proliferation continued at a constant rate of 0.7 population

doublings per day for at least 14 passages and the rate of cell division was

increased in H-2Kb-tsA58-Myf5nLacZ/+ myoblasts expressing the SV40 T-antigen

compared to primary myoblasts that were expanded under normoxic conditions. It

was verified that cells exhibited a robust myogenicity in vitro despite SV40 T-

antigen expression and conditional immortalisation. Almost every myoblast

expressed the myogenic markers, Pax7 MyoD, Myf5 when grown under

proliferative conditions. If differentiation was initiated by low serum and non-

permissive conditions or by high cell density, H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

rapidly fused into multinucleated myotubes and expressed typical differentiation

markers, such as myogenin, myosin and desmin, at high levels. Following on from

the verified in vitro myogenicity of conditionally-immortalised H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts, their in vivo regenerative potential was assessed. This was

important to test, as a comprehensive LV promoter comparison would also require

the in vivo assessment of short-term and long-term transgene expression mediated

by the selected promoters in the LV backbone. Comparison of the regenerative

potential of conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts with
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primary myoblasts derived from quiescent satellite cells revealed no statistically-

significant difference in their efficiency to form donor-derived muscle. It was

further investigated whether LV infection perturbed the capacity of primary or

conditionally-immortalised myoblasts to participate in muscle regeneration. LV

infection did not negatively affect muscle regeneration in vivo, however, the

numbers of donor-derived myofibres were found to be slightly, but not

significantly higher in the LV-infected groups compared to their corresponding

non-infected groups. It was hypothesised that GFP under the constitutive SFFV

promoter might be expressed earlier than dystrophin thereby generating this

discrepancy. It was analysed whether the fibre diameters differed between infected

and non-infected groups. No such difference was detected in regenerated muscles

that had been grafted with H-2Kb-tsA58-Myf5nLacZ/+ myoblasts or primary myoblasts,

indicating that GFP was expressed in fibres of similar sizes compared to

dystrophin-positive fibres. Additionally, cross-sectional fibre diameters were

compared between fibres regenerated from H-2Kb-tsA58-Myf5nLacZ/+ myoblasts or

primary myoblasts, and an alteration in fibre diameter distribution was observed.

Notably, the majority of fibres regenerated from transplanted H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts (infected or non-infected) was smaller (approx. 8μm) 

compared to typical 16μm donor-derived fibres regenerated from infected or non-

infected primary myoblasts. This difference could be a result of conditional

immortalisation. Analysis of several infected myoblast populations for their

regenerative capacities raised the issue of variations in LV infection and

transduction efficiencies, which complicated the accurate comparison of

experimental arms. In an attempt to overcome this caveat, cells were sorted based

on their GFP transgene expression after infection, and analysed in vitro and in vivo.

Cell sorting did not affect the in vitro myogenicity or, more importantly, in vivo

muscle regeneration. On the contrary, enrichment of the transgene-expressing

population before transplantation resulted in significantly greater numbers of

genetically-modified myofibres in vivo, if a normal distribution is assumed. This

result is encouraging for the planned comparison of various LV vectors with
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different transduction efficiencies. Finally, it was investigated whether conditional

immortalisation affected the ability of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts to self-

renew in vivo. Myf5-positive, mono-nucleated cells were observed in vivo 4 weeks

post-transplantation. Myf5-positive cells were mainly found in the muscle

interstitium and rarely within the myofibre as myonuclei, or underneath the basal

lamina in the characteristic quiescent satellite cell niche position. More than 600

GFP-positive fibres with central nuclei were detected after notexin myofibre injury,

suggesting that donor-derived satellite cells (activated or quiescent) were

functional and capable of self-renewal. Thus, conditional immortalisation did not

affect the ability of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts to form satellite cells in vivo.

Taken together, the robust in vitro and in vivo myogenicity together with a

homogeneous cell expansion at a constant rate make the H-2Kb-tsA58-Myf5nLacZ/+

myoblast cell line a suitable model system to study LV vectors and their internal

promoters in vitro and in vivo.
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Chapter Five

Analysis of transgene expression from selected

internal promoters and viruses

in vitro and in vivo



Results Chapter Five

319

5 - Analysis of transgene expression from

internal promoters and viruses in vitro

and in vivo

5.1 Aims

The objectives of the work performed in this chapter were to:

 Produce LV vectors with different human cellular promoters to allow

comparison of transgene expression from cellular promoters with

expression mediated from the viral SFFV promoter.

 Determine tissue-specificity and expression patterns of selected promoters.

 Assess the performance of internal promoters in vitro and in vivo by using

the immortalised myoblast model.

 Investigate the stability of transgene expression in vitro and in vivo.

 Compare transgene expression from episomal viral vectors with expression

from integrated LV vectors.

 Analyse the in vivo transduction efficiency of two selected LV vectors with

different promoters and investigate their promoter activity in quiescent

satellite cells.

 Determine the species-specificity of an HIV-1 based LV vector and draw

conclusions on the impact for translation of pre-clinical studies.

5.2 Introduction

Chapter four demonstrated the suitability of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts as a

model system for studying LV promoter performance in satellite cell-derived

myoblasts. The aim of this chapter’s work was to utilise the H-2Kb-tsA58-Myf5nLacZ/+

conditionally-immortalised cell line to study LV-mediated transgene expression

from selected promoters. The correct choice of promoter becomes increasingly
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critical as gene therapy trials move into the clinic and the first safety and efficacy

data are obtained (Sheridan 2011). Viral promoters confer high transgene

expression due to several enhancer elements present in their promoter sequences,

however they are prone to rapid down-regulation of the promoter transcriptional

activity due to a defence mechanism of the host cell that initiates chromatin

remodelling and results in major transgene silencing (Escors & Breckpot 2010; Liu

et al 2004a; Schambach & Baum 2008). Cellular promoters are more resistant to

transcriptional silencing, as they lack viral enhancer elements and are regulated by

cellular transcription factors therefore mediating more physiological expression

levels (Toscano et al 2011). Additionally, tissue-specificity becomes an important

issue when the LV vector is administered in vivo. A constitutive promoter can also

mediate transgene expression in immunogenic cells, such as antigen-presenting

cells (APCs), which once transduced after in vivo administration may elicit an

effective immune response against the transgene and rapidly eliminate transgene-

expressing cells (Mays & Wilson 2011; Mendell et al 2010; Papadakis et al 2004;

Toscano et al 2011). Due to the generation of memory cells after successful

“clearance” of all transgene-expressing cells, the potential for a gene therapy

approach expressing the same or a similar transgene in such a patient may be

forever lost (Mays & Wilson 2011). If cells are genetically-modified ex vivo, tissue-

specific transgene expression can also prevent ectopic expression in cells that are

potentially able to undergo trans-differentiation, such as multipotent stem cells

(e.g. iPS cells) (Darabi et al 2012), or myogenic cells that have the ability to enter an

alternative mesenchymal pathway to differentiate into adipocytes or smooth

muscle cells (Shefer et al 2004). Hence, a tissue-specific promoter restricts transgene

expression to only the target tissue and overcomes the potential risk of off-target

expression. Selecting an appropriate promoter can ensure stable long-term

transgene expression in the target tissue and improve safety (Escors & Breckpot

2010; Papadakis et al 2004; Toscano et al 2011). Furthermore, a reduced number of

viral copies decrease the risk of insertional mutagenesis for integrating viral vectors

and thus increase biosafety (Hacein-Bey-Abina et al 2008; Schambach & Baum 2008;
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Sheridan 2011). However, a critical threshold is required to ensure sufficient

therapeutic protein expression to correct a genetic defect or a disease phenotype

(Schambach & Baum 2008). Hence, for a long-term therapeutic correction, a fine

balance between preventing genotoxicity due to high numbers of viral copies, and

inadequate therapeutic benefit due to gene silencing needs to be established. A few

recent studies have taken advantage of LV vectors to genetically-modify myoblasts

ex vivo or muscle tissue in vivo (see below). However, each study had incorporated

different promoter elements, which complicates comparison of results and the

choice of an appropriate promoter. The CMV promoter has been successfully used

by Takeda’s group to transduce sorted SM/C-2.6+ mouse satellite cells. When these

cells were transplanted into mdx mice, microdystrophin expression under the CMV

promoter was still detected at 4 weeks post-transplantation. Despite these

promising results, vector toxicity was detected with MOIs of 300 indicating that

ectopically high expression levels were toxic to satellite cells and myoblasts

(Ikemoto et al 2007). In contrast, the human skeletal actin (HSA) promoter has

been used to drive GFP expression in a LV vector that had been administered in

vivo into neonatal mice, in which the immune system was not yet developed. Stable

reporter gene expression under this promoter was still detected at 2 years post-

administration (Kimura et al 2010). Additionally, when the endogenous U7

spliceosome-specific promoter was used in a lentiviral backbone to induce skipping

of exon 51 in human DMD AC133+ cells (see 1.2.2.2.3, introduction), transduced

cells restored dystrophin expression for at least 45 days in vivo after they had been

transplanted into immunodeficient mdx scid mice (Benchaouir et al 2007). In a

different study, a number of promoters, such as the retroviral murine stem cell

virus (MSCV), CMV, or muscle creatine kinase (MCK) promoter were used to

transduce primary myoblasts derived from either C57Bl/10 wildtype or mdx mice.

These promoters have been shown to mediate sufficient eGFP expression in vitro

and maintained minidystrophin expression up to two weeks under the control of

the CMV promoter in vivo, when autologous genetically-modified mdx myoblasts

were transplanted into mdx mice (Li et al 1999). Although a number of promoters
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were tested in the study of Li and colleagues, quantitative analysis was not

performed and the question of promoter down-regulation was not addressed.

Furthermore, the type of viral vector backbone can influence promoter activity.

This was demonstrated with the MCK promoter, which mediated high transgene

expression, comparable to CMV, when analysed in AAV2/8 viral vectors

(Gregorevic et al 2004a; Salva et al 2007). In contrast, in vivo administration of LV

vectors comprising the MCK promoter demonstrated significantly lower transgene

expression levels compared to CMV (Talbot et al 2010). Indeed, even for ex vivo

transduction of myoblasts, tissue-specificity is desirable. This was demonstrated in

a study that transduced hepatocytes with lentiviral vectors expressing the

transgene either under the CMV promoter or a liver-specific albumin promoter

(Oertel et al 2003). Whereas the tissue-specific promoter sustained expression for

several months in vivo, the CMV promoter resulted in rapid silencing and

ultimately extinction of transgene expression within weeks. Finally, position

variegation effects specific to integrating LV vectors may be overcome by promoter

elements actively promoting an open chromatin structure, thereby conferring

resistance to transcriptional silencing, even when the LV vector is integrated into

heterochromatic genome regions (Antoniou et al 2003; Zhang et al 2010; Zhang et al

2007).

The work of this chapter aimed to quantitatively assess the stability of transgene

expression and overall promoter performance in vitro and in vivo by direct

comparison of the following promoters:

1) The constitutive, housekeeping promoter A2UCOE, which mediates basal

expression in a ubiquitous manner and confers resistance to transcriptional

silencing

2) The muscle-specific human desmin promoter (hDES) driving physiological

transgene expression levels, but only in muscle-derived tissues

3) The muscle-specific HSA promoter, which confers physiological transgene

expression in differentiating myoblasts and myotubes



Results Chapter Five

323

4) The combined A2UCOE.hDES promoter with restricted expression to

muscle tissue, but an enhanced resistance to position variegation effects.

5) The viral SFFV promoter, which drives constitutive, high-level expression.

All promoters are explained in detail in section 1.3.3.2.

The promoters 1), 2), 4) and 5) have been previously described in section 3.2.4 and

were used for the promoter analysis in primary myoblasts expanded from

quiescent satellite cells. The HSA muscle-specific promoter was added to the

selected promoters for comparison, as expression was expected to occur later in

more differentiated myoblasts and myotubes as compared to desmin expression,

which occurs throughout all myogenic stages (Muscat & Kedes 1987). The HSA

promoter sequence as reported by Brennan and colleagues (Brennan & Hardeman

1993) was derived from Dr Schwander as HSA-Cre construct, previously used to

generate HSA‐Integrinβ1 knockout mice (Schwander et al 2003). The HSA promoter

was cloned into the SFFV-EGFP-sin LV backbone by excision of the SFFV promoter.

The cloning procedure is described in chapter two (see section 2.2.3.1, Materials

and Methods).

5.2.1 Analysis of transgene expression from selected

internal promoters in vitro

Promoter analysis was first carried out in vitro to identify individual expression

characteristics, such as tissue-specificity, level of expression and stability of

transcriptional promoter activity. LV vectors were produced as described

previously (see section 2.2.3.4), using the three-plasmid transient transfection

method. All vectors had a functional integrase gene in their packaging plasmid

(IN+), carried a ‘Promoter – EGFP – WPRE – sin’ transgene expression cassette, and

were pseudotyped with VSV-G. Vectors generated for the promoter analysis are

illustrated in Figure 5.1.
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5.2.1.1 Comparison of infectious titres of LV vectors used in this study

Following the production of viral particles with differing transgene expression

cassettes, the corresponding infectious titres were determined for each vector and

compared. To allow full transcriptional promoter activity during titre generation,

vectors were titrated in two cell lines: the standard human 293FT cell line and the

muscle-specific C2C12 myoblast line (see section 2.2.2.1). Cells were infected with

serial vector dilutions and analysed for the percentage of GFP-positive cells 3dpi

using flow cytometry and gates based on SSC/GFP. PI was used to exclude dead

cells from analysis. As described in section 2.2.3.5 (see Materials & Methods) three

points in the linear range of the dose-response curve were used to generate the

mean infectious titre. The data displayed in Figure 5.1 represent titres from at least

three different vector preparations titrated in 293FT cells. As the LV transduction

efficiency of C2C12 myoblasts was greatly reduced compared to 293FT cells (see

Figure 5.1 (B)), more volume of concentrated virus was required for serial dilutions,

and only two vector preparations were used for the titration of A2UCOE-EGFP,

A2UCOE.hDES-EGFP and HSA-EGFP in C2C12 myoblasts. This circumvented that

the majority of a vector preparation batch was used up for titration in C2C12

myoblasts, and allowed that sufficient virus quantities were available for

experimental studies. Comparison of the viral titres in 293FT cells revealed the

highest titres with the SFFV-EGFP LV, whereas all cellular promoters had similarly

reduced titres by approximately 1-log. In C2C12 myoblasts, SFFV-EGFP LV and

hDES-EGFP LV had slightly higher titres compared to the other vectors. However,

none of these differences in titres were statistically significant. Even though the

reduction in infectious titres in C2C12 myoblasts was consistent for all vectors,

statistical significance between titres generated in 293FT and C2C12 cells was only

detected with the SFFV-EGFP LV vector (p<0.05). Next, it was investigated if

intensities of GFP expression per cell varied between vectors. Median fluorescence

intensities (MFI) were normalised to non-transduced controls (relative MFI) and

compared in 293FT and C2C12 cells. Figure 5.1 (D) demonstrates a significant

reduction in MFI in SFFV-EGFP and A2UCOE-EGFP LV-infected C2C12 myoblasts
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as compared to 293FT cells (p<0.0001 and p<0.05, respectively, Mann Whitney test).

This reduction in MFI was not seen with muscle-specific promoters. On the

contrary, MFI and thus the level of GFP expression increased significantly in

A2.hDES-EGFP-infected C2C12 myoblasts as compared to expression in 293FT

non-myogenic cells (p<0.01, Mann Whitney test). Overall, the SFFV promoter

mediated the highest GFP expression, regardless of the cell type. Notably, the MFI

of all muscle-specific promoters was significantly reduced in 293FT cells when

compared to the constitutively-active promoters, such as SFFV-EGFP and

A2UCOE-EGFP. Even though this effect was still detectable between the SFFV

promoter and the other cellular promoters in C2C12 myoblasts, the muscle-specific

promoters expressed GFP at much more comparable levels compared to the

constitutively-active, cellular A2UCOE promoter. These data confirm the

functional infectivity of all produced viral vectors. Each promoter successfully

expressed the transgene as confirmed by the presence of GFP-positive cells during

flow cytometry analysis. Furthermore, the results indicate a reduced infectivity of

HIV-1 based LVs in C2C12 myoblasts compared to human embryonic kidney

293FT cells.
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Figure 5.1| Viral vectors and infectious titres. (A) LV vectors used in this chapter. The transgenic cassette comprised

EGFP and WPRE. Promoters studied were the viral SFFV promoter, the house-keeping and silencing-resistant

A2UCOE promoter and the muscle-specific hDES, HSA and A2.hDES promoters. LVs were produced in 293FT cells.

(B) Viral titres were determined in 293FT cells and C2C12 myoblasts. Data represent at least 2 vector preparations. LV

vectors with cellular promoters had reduced titres compared to SFFV. This was not statistically significant. (C) Infectious

titres in C2C12 myoblasts were reduced by 1-log compared to titres in 293FT cells, which was significant for SFFV-

EGFP LV (p<0.05). (D) Relative MFI from constitutive promoters was higher in 293FT cells than in C2C12 myoblasts.

Muscle-specific promoters had similar expression in both cell lines. All data sets are represented as means ± SEM.

Statistical analysis was performed by using the Kruskal-Wallis test.
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5.2.1.2 Tissue-specificity of cellular promoters

The previous experiment confirmed high viral titres in 293FT cells for all cellular

promoters, including the selected muscle-specific promoters. Only MFI analysis

revealed reduced expression of muscle-specific promoters in 293FT cells, indicating

a successful restriction of expression to their appropriate tissue. However, in

contrast to 293FT cells, C2C12 myoblasts were derived from murine tissue, so that

exact conclusions regarding tissue-specificity cannot be drawn from this data. The

next experiment addressed this issue and compared transcriptional promoter

activity in human 293FT and immortalised human myoblasts (see section 2.2.2.1.5,

Materials and Methods). One major concern in gene therapy when the LV vector is

directly applied in vivo, is the possible transduction of antigen-presenting cells

(APCs), such as macrophages, B-cells and dendritic cells. Tissue-specific promoters

can minimise the risk of transgene expression in immunogenic cells, so that the

chances of transgenic peptide presentation via MHC class I receptors to cytotoxic

CD8+ T-lymphocytes are reduced and an adaptive T-cell response against the

transgene is unlikely to be elicited. To investigate the transduction efficiency and

expression levels of the selected promoters in human immunogenic cells, THP-1

cells - a monocytic macrophage-progenitor cell line -, and Jurkat cells - a widely

used T-lymphocyte cell model - were included in the analysis (see section 2.2.2.1,

Materials and Methods). For each cell line two 6-well plates with 5x104 cells per

well were prepared. Each LV construct was used to infect each cell line in duplicate

at an MOI293FT of 5 using the same amount of viral particles for each cell line (see

section 2.2.3.6). A non-transduced control well was kept as control for each cell line.

At 3dpi, one plate was analysed for GFP expression using flow cytometry. The

second plate was used to harvest the RNA and genomic DNA of infected cells for

viral expression and copy analysis using qPCR. Additionally, differentiated

primary human macrophages, derived from peripheral blood mononuclear cells

(PBMCs) - representing primary APCs - were used to analyse transduction

efficiencies and transcriptional promoter activity. PBMCs preparation and

macrophage differentiation was carried out by Dr Claire Pardieu at Queen Mary
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University of London. Approximately, 5x104 monocyte-derived macrophages

(MDMs) per well in a 48-well plate were infected in duplicate with each LV vector

at an MOI293FT of 5, and analysed for GFP expression and integrated viral copies at 3

dpi using flow cytometry and qPCR, respectively. As seeded macrophages were

terminally-differentiated and did not divide after plating, cell numbers were lower

compared to proliferating cell lines at the time of analysis. To increase the total cell

number for analysis and thus the statistical power, the experiment was repeated

twice. The flow cytometry results are depicted in Figure 5.2.

5.2.1.2.1 Tissue – specificity measured by flow cytometry

Flow cytometry analysis for the percentage of GFP-positive cells revealed high

transduction efficiencies of human myoblasts and 293FT human embryonic kidney

(HEK) cells. Jurkat T-lymphocytes were also transduced at high efficiency with the

constitutive promoters, but a reduction in GFP-positive cells was detected with

muscle-specific promoters. THP-1 cells demonstrated reduced transduction

efficiencies regardless of the type of promoter. Interestingly, macrophages seemed

to be refractory to HIV-1 LV infection, as less than 10% were infected even in the

presence of the viral SFFV promoter, which infected 70% of myoblasts and HEK

cells. Statistical analysis could not be performed as the replicate well for each

condition was used for qPCR analysis. As all LV vectors comprised the same set of

envelope and HIV-1 structural and enzymatic proteins, it can be assumed that

transduction efficiencies were similar for each vector. Thus, these results provide

some information on the overall promoter activity in each cell line. Additionally,

analysis of the relative MFI (when normalised to non-transduced controls)

provides an insight into the level of expression in each transduced cell type.

Expression with the SFFV promoter was high (more than 2-log shift) in all cell lines

except for macrophages, where expression was greatly reduced. The desmin

promoter also revealed high expression (>2 log shift) in human myoblasts, but had

restricted expression in all non-myogenic cell lines. Interestingly, the non-myogenic

cell type with the most pronounced promoter leakage were HEK cells (MFI ~ 40). In
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the tested immunogenic cells, the relative MFI was always found to be lower than

8. Surprisingly, the other muscle-specific promoters (A2.hDES and HSA) had very

low expression in all tested cells and did not show increased expression in human

myoblasts. In fact, the highest expression was found in HEK cells. The ubiquitous

A2UCOE promoter revealed basal expression levels in human myoblasts and

immunogenic cells, such as Jurkat and THP-1 cells (40-50), but interestingly up-

regulated expression in HEK cells (> 300). The GFP histograms of Figure 5.2 (A)

support the observation of basal to high expression levels in immunogenic cells

with the constitutive promoters (SFFV and A2UCOE). In contrast, no such

promoter activity was found with the muscle-specific promoters. Due to limited

availability of virus, only one infected sample was analysed per LV vector per cell

line using flow cytometry. The second replicate was used for qPCR analysis.

Hence, an appropriate statistical comparison could not be performed based on flow

cytometry data. As HEK cells revealed a high percentage of GFP-positive cells with

the desmin promoter, it was investigated whether HEK cells had residual desmin

expression therefore allowing the recombinant desmin promoter to be active in

these cells. HEK cells and human immortalised myoblasts were seeded into 6 well

plates at a density of 5x104 cells per well. Cells were infected with SFFV-EGFP LV

and hDES-EGFP LV at an MOI293FT of 5. A non-transduced control was kept for

each cell line. At 4 dpi, 1x103 infected and non-infected cells were seeded into wells

of an 8-well chamber slide for immunocytochemical analysis using antibodies

directed against GFP and desmin. Representative images are depicted in Figure

5.2(C). No desmin expression was detected in HEK cells. In contrast, human

myoblasts expressed high levels of desmin confirming their myogenic origin. A

good level of GFP expression was detected with both promoters in both cell lines.

Nevertheless, GFP expression in HEK cells mediated by the hDES promoter was

less strong when compared to SFFV-EGFP LV-infected cells. Interestingly, despite

the overall cytoplasmic staining of GFP in both cell types, strong nuclear GFP

staining could be detected in HEK cells. This nuclear GFP staining pattern was less

pronounced in human myoblasts. Non-transduced HEK cells did not reveal this
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nuclear staining confirming that the GFP expression detected in HEK nuclei was

real. Even though HEK cells do not express desmin, they might still express

regulatory factors of the myogenic lineage important for the activity of the

recombinant hDES promoter. In fact, HEK cells were originally derived from

human embryonic kidney cultures, which potentially contained multiple cell types

with various cellular origins. This was supported by a recent finding, which

reported expression of neuronal markers in HEK cells (Shaw et al 2002). Hence, it is

possible that myogenic regulatory factors others than desmin are expressed in HEK

cells and regulate the desmin promoter. Finally, due to the adenovirus

transformation, the karyotype of HEK cells is significantly altered (Anastassova-

Kristeva 1977; Shaw et al 2002). As a consequence of the chromosomal

abnormalities, the nuclear membrane composition might be altered, potentially

accounting for the nuclear localisation of the GFP molecules. Taken together, the

flow cytometry data indicate high transcriptional activity with the hDES promoter

in human myoblasts and absence of promoter activity in immunogenic cells with

the muscle-specific promoters. The data also confirm basal expression levels for the

A2UCOE promoter, as expected for a housekeeping promoter.
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Figure 5.2| Tissue-specificity of cellular and viral promoters. The same number of viral particles based on infectious

titres in 293FT cells of each LV vector (MOI 5) was added to 5 different human cell lines: immortalised myoblasts, THP-

1, Jurkat, HEK cells, human primary monocyte-derived macrophages (hPMDMs). Cells were analysed for GFP

expression using flow cytometry at 3dpi. (A) GFP histograms of each LV vector and infected cell type. Brown box

indicates constitutive promoters, light blue box indicates muscle-specific promoters. (B) Quantification of flow cytometry

data. Each LV vector and cell line was analysed once, except for differentiated hPMDMs which had lower cell numbers

and were analysed in 2 independent experiments (see text). The percentage of GFP-positive immunogenic cells was

reduced with muscle-specific promoters compared to constitutive promoters. hPMDMs had a very low permissivity for

HIV-1 LV vectors. Muscle-specific promoters showed no reduction in the percentage of transgene-expressing cells

when analysed in HEK cells. (C) Immunocytochemistry comparing GFP and desmin expression in HEK cells and human

myoblasts for the muscle-specific hDES and the constitutive SFFV promoter. Despite no desmin expression in HEK

cells, the hDES promoter was transcriptionally active in this non-muscle cell line.
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5.2.1.2.2 Tissue – specificity measured by qPCR

QPCR analysis was performed to quantify the integrated viral copies and to

correlate promoter-dependent expression according to viral copy number. A

standard curve was generated using β-actin as the diploid gene to quantify the 

number of cells, and WPRE to quantify viral copies. A plasmid comprising the β-

actin and WPRE sequence was used to generate the standard curve. PCR

amplification efficiency was determined for each probe and standard curves

validated. As described in section 3.2.4.2, single regression analysis was performed

based on mean ct values and log2-transformed DNA concentrations. The validation

of the standard curves for human samples and qPCR results are depicted in Figure

5.3. Slopes for WPRE and β-actin were almost identical (-1.042 and 1.047, 

respectively) and not significantly different (p=0.69). Integrated viral copy number

per cell for each LV vector was similar in THP-1 cells, but varied greatly in all other

cell types. High viral copy numbers (VCN) per cell were detected in cultures

infected with hDES-EGFP LV and A2.hDES-EGFP LV. Interestingly, VCN per cell

following the transduction with SFFV-EGFP LV did not exceed 10 copies per cell,

regardless of the cell type. Expression analysis using reverse-transcribed cDNA

and qPCR was not performed, as a suitable human endogenous control would

have been required with consistent expression levels in all tested cell types. Thus, a

comprehensive and costly screen of multiple human housekeeping genes was

circumvented by correlating and normalising the relative MFI to the number of

integrated viral copies. Correlation of relative MFI to VCN per cell was used to

illustrate each promoter activity per cell type. High expression levels and thus

strong promoter activity with only few copies will generate a linear relationship

with a slope towards 0. The higher the slope, the more copies are required for

increased expression. Lines in the diagram of Figure 5.3C represent slopes for

human myoblasts. Using this data display, the highest hDES promoter activity was

determined in human myoblasts. An additional analysis, in which relative MFI was

normalised to VCN per cell, supported this finding. The HSA, A2UCOE and

A2.hDES promoters showed similar promoter activity in human myoblasts. The
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strongest expression per viral copy in human myoblasts, as well as in all other cell

types, including immunogenic cells, was observed with the SFFV promoter. The

A2UCOE promoter showed high expression in HEK cells and moderate expression

in THP-1 cells. Interestingly, the highest expression per viral copy with the HSA

promoter was not observed in human myoblasts, but in HEK cells. However, the

correlation analysis revealed a very low VCN per cell of the HSA-EGFP LV in HEK

cells, therefore reducing the impact of this non-specific expression. Furthermore,

the findings highlight and confirm the tissue-specificity of the hDES and A2.hDES

promoter. Basal expression per viral copy in immunogenic cells, and thus promoter

‘leakage’ was still observed with the HSA promoter. The constitutive housekeeping

promoter A2UCOE had only restricted expression in primary macrophages, but

mediated basal or high levels in all other cell types. These results underline the

advantage of cellular, muscle-specific promoters and their decreased

transcriptional activity in transduced APCs. Even though infection with LV vectors

was strongly restricted in APCs, such as primary macrophages, successful

transduction will still result in high level transgene expression with the SFFV

promoter as compared to all other cellular promoters. Using the SFFV promoter for

an in vivo LV administration in a therapeutic setting will therefore pose an

increased risk of developing a transgene-dependent immune response.
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Figure 5.3| Tissue specificity of cellular promoters determined by expression per viral copy. QPCR was

performed to quantify viral copies per cell after infection of 5 different cell lines (human myoblasts, HEK, THP-1, Jurkat,

PMDMs) with each LV vector. Expression previously determined by flow cytometry (see Fig 5.2) was correlated and

normalised to integrated viral copies per cell to identify expression per copy for each promoter in the selected cell lines.

A probe for the β-actin gene was used to calculate the number of cells per sample. (A) A standard curve for absolute

quantification of WPRE and β-actin copies was generated by serial dilutions of a plasmid containing both coding 

sequences. PCR efficiencies of probes were validated using single regression analysis as recommended by Yuan et al.

2006. (B) Quantified viral copy numbers (VCN) per cell for each cell line and LV vector. VCN/cell in each cell line varied

greatly between LV vectors. (C) VCN per cell was correlated to relative MFI. Lines indicate the level of expression from

each promoter in human myoblasts. Slopes close to zero indicate high expression levels with few copies per cell.

Amongst cellular promoters, hDES had highest expression per copy in myoblasts. (D) MFI was normalised to VCN/cell

to identify specific expression per copy for each promoter. hDES and A2.hDES had highest expression in myoblasts.

The constitutive promoters showed high expression in all cell types. MFI-axes are displayed as log-shift (1log=10). Data

represent mean±SEM of qPCR triplicates.
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5.2.1.3 Expression analysis of internal promoters in proliferating myoblasts

Following the investigation of promoter activity in various tissues, subsequent

experiments focused on the evaluation of expression in the previously

characterised murine H-2Kb-tsA58-Myf5nLacZ/+ myoblast model. The level of

transgene expression was investigated for each vector using flow cytometry and

qPCR. Myoblast sorting based on GFP allowed promoter analysis in a population

containing 100% of transgene expressing cells. Additionally, transgene expression

was analysed in non-sorted populations to circumvent a potential bias introduced

during the setup of gates for flow cytometry cell sorting. Thus, by analysing non-

sorted samples, the possibility that cell sorting eliminated dim GFP-expressing cells

was avoided.

5.2.1.3.1 Expression analysis of internal promoters in proliferating H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts using flow cytometry

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 9) were seeded at a low density of 10

cells/cm2 and infected with LVs comprising the selected transgenic cassettes (SFFV-

EGFP, A2UCOE-EGFP, hDES-EGFP, A2.hDES-EGFP, HSA-EGFP) at an MOI293FT of

400. Cells were further expanded under permissive conditions and passaged when

60-70% confluency was reached to circumvent fusion and to ensure continuous

proliferation of infected cultures. Cell sorting, including flow cytometry analysis

was carried out at 18dpi (passage 12) and 22dpi (passage 13). Transduction

efficiencies were below 10% for all vectors and no transduced cells were found in

the A2UCOE-EGFP LV-infected sample. This was surprising and possible

explanations were too low transduction efficiencies resulting in no infected cells,

promoter silencing or progressive loss of transduced cells during passaging, due to

a proliferative advantage of non-infected cells. Despite the low transduction

efficiencies, the relative MFI was analysed in GFP-positive, sorted cells (cell

number varied between 500 – 1x105 GFP-positive cells per LV). The SFFV promoter

mediated the highest GFP intensity in infected cells, followed by hDES as the
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strongest cellular promoter. The HSA promoter showed the lowest GFP intensity in

this experiment. As transduction efficiencies were too low for a comprehensive

assessment and the A2UCOE promoter had to be excluded from the analysis, the

experiment was repeated. In the next experiment the cell density was increased to

exclude the possibility of vector toxicity during infection due to a very low cell

number.

1.5x104 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 8) were seeded at a density of

400 cells/cm2 and infected with each LV vector at the same MOI as above (MOI

400). Infected myoblasts were expanded under permissive conditions and sorted

for GFP at three time points: 13dpi (passage 10 and 11), 24dpi (passage 13) and

38dpi (passage 16). The proportion of GFP-expressing cells differed significantly

between the infected samples. Myoblasts infected with SFFV-EGFP LV and hDES-

EGFP LV revealed more than 80% of GFP-positive cells during the sort, whereas

transduction with the other LV vectors resulted in only 30-40% GFP-positive cells.

Next, the level of GFP expression (relative MFI) was analysed. The GFP histograms

of infected myoblasts depicted in Figure 5.4 illustrate observed differences in the

GFP intensities with each promoter. The highest shift in GFP intensity from non-

transduced control myoblasts was seen with SFFV-EGFP LV-infected cells.

Amongst the cellular promoters, hDES mediated the highest GFP intensity,

followed by the A2UCOE housekeeping and the A2.hDES combined promoter,

which both had very similar MFI histograms. The MFI spectrum of the HSA

promoter varied from the other cellular promoters in that it did not comprise a

‘typical’ peak, but more a ‘plateau-like’ distribution of fluorescence intensities. This

observation indicated that cells infected with the HSA-EGFP LV expressed GFP at a

wide range of levels, resulting in bright, medium or dim GFP intensities per cell.

Quantitative analysis of MFIs normalised to non-transduced controls from the

three sorts revealed a similar order of expression to the GFP histograms. Both the

SFFV and hDES promoter conferred significantly stronger GFP intensities in

infected cells compared to the HSA promoter (p<0.01 and p<0.05, respectively,

Kruskal-Wallis test). In addition to flow cytometry analysis, 1x103 sorted cells were
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seeded for each infected sample to compare GFP expression levels by fluorescence

microscopy. GFP-positive sorted cells were fixed 2 days later and analysed for GFP

expression without antibody staining using a consistent exposure time of 100ms for

all vectors. A strong and comparable GFP intensity was detected in both SFFV-

EGFP LV and hDES-EGFP LV infected myoblast cultures. As observed previously

in HEK cells (see section 5.2.1.2.1), GFP fluorescence was not only observed in the

cytoplasm, but also appeared nuclear, even though no GFP antibody was used. The

A2.hDES combined promoter mediated intermediate GFP expression, whereas the

HSA promoter as well as the A2UCOE promoter conferred relatively weak GFP

expression. Importantly, all vectors were expressed in mono-nucleated cells as well

as in multinucleated myotubes confirming the findings of section 3.2.2.2, where

GFP expression was detected in primary mono-nucleated myoblasts and in

myotubes formed by myoblast fusion. In a pooled analysis of experiment one and

two, the difference in relative MFI between the HSA promoter and both the SFFV

and hDES promoter, became statistically more powerful (p<0.01 and p<0.0001,

respectively, Kruskal-Wallis test). As no further change in the order of promoter

strength was observed, the data of the pooled analysis are not shown. Finally,

considering the data of both experiments, the following descending order of

promoter strength can be established: SFFV>hDES>A2.hDES~A2UCOE>HSA. The

results indicate a superiority of the desmin promoter to the other tested cellular

promoters. However, as transduction efficiencies varied significantly and were

particularly high for the hDES-EGFP LV, differences in viral copy numbers could

have amplified GFP expression levels and resulted in the apparently greater

performance of this promoter. To determine the viral copy numbers in transduced

cells, 2x105 sorted myoblasts infected with each LV vector were pelleted at 400g for

5min and used for subsequent qPCR analysis.
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Figure 5.4| Promoter analysis using flow cytometry. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were infected with each LV

vector at an MOI293FT 400. Cells were expanded and sorted for GFP-positive cells at 18dpi and 22dpi (experiment 1) or

at 13, 24, 38dpi (experiment 2). (A) GFP histograms and corresponding GFP intensities determined by fluorescence

microscopy (exposure: 100ms) for each LV vector. (B) Overlay of GFP histograms of transgene-expressing cells. (C)

Flow cytometry analysis of experiment 1 (n=2). (i) Percent of GFP-positive cells. (ii) MFI normalised to non-transduced

control. (D) Flow cytometry results for experiment 2 (n=3).
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5.2.1.3.2 Expression analysis of internal promoters in proliferating H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts using qPCR

QPCR analysis was performed on 2x105 myoblasts infected with each vector and

sorted for GFP expression, as well as from 1x107 infected, but non-sorted, H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts (passage 19, 57dpi). RNA and gDNA were

simultaneously isolated from each sorted and non-sorted sample. Residual gDNA

was eliminated from RNA (see section 2.2.4.3, Materials and Methods), and RNA

was subsequently reverse transcribed into cDNA for expression analysis. PGK-1

was used as an endogenous control. Integrated viral copies were determined from

purified gDNA, and expression data were normalised to viral copies numbers

(VCN) per cell to evaluate specific promoter strength. Results of Figure 5.5

illustrate that, as suggested by the high percentage of GFP-positive cells, the

highest VCN per host cell was detected in samples infected with hDES-EGFP LV in

both sorted and non-sorted samples. However, 2.5 integrated copies per cell was

the maximum number detected in sorted cells. A2.hDES-EGFP LV-infected, sorted

samples revealed less than 1 copy per cell, indicating that not all sorted cells had a

viral copy incorporated and that possibly non-infected cells were included into the

sample during the sort. Comparison of the expression data in sorted cells further

underlined the MFI data. The SFFV promoter showed highest expression, followed

by the hDES promoter. In contrast to the previously identified order of promoter

strength based on MFI, the housekeeping promoter A2UCOE revealed reduced

expression compared to the HSA promoter in the qPCR assay, therefore resembling

more the qualitative fluorescence microscopy results, in which A2UCOE showed

the weakest expression. Finally, the expression data were normalised to viral

copies per cell to eliminate the confounder of multiple copy integrations and to

allow comparison of expression data mediated by different promoters.

Interestingly, by applying this normalisation method the hDES promoter revealed

a minimally reduced specific promoter activity compared to the combined

A2.hDES promoter. Even though normalisation to VCN per cell overcomes the

variations in viral integrated copy numbers, it assumes a direct linear relationship
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between the two variables, which has not been verified in this experiment. It is

therefore important to consider the complete data set of VCN, overall expression

and specific expression together to identify and critically evaluate promoter

strength. Next, GFP expression and integrated viral copies were determined in

non-sorted cells and compared. As expected, samples that had low transduction

efficiencies and thus lower percentages of infected cells revealed copy numbers of

less than one per cell (0.12 – 0.3 VCN per cell). In contrast, both SFFV-EGFP and

hDES-EGFP LV-infected samples revealed higher copy numbers than in the sorted

sample. This finding suggests that during cell sorting very bright GFP-positive cells

with multiple viral copies incorporated were outside the gate and thus excluded

from the sort. As both of these samples had >80% of GFP-positive cells it is

expected that no major increase in VCN per cell would be seen after cell sorting. On

the contrary, samples with low proportions of GFP-positive cells were enriched,

resulting in almost 100% of cells comprising at least one viral copy per cell.

Analysis of the expression data revealed no major differences compared to sorted

cells, however, alterations in the order of promoter strength were observed when

expression was normalised to viral copies. In the non-sorted analysis, the hDES

promoter performed with comparable, if not slightly higher, efficiency when

compared with the A2.hDES promoter. Additionally, the A2UCOE housekeeping

promoter mediated expression as well as the HSA promoter and not as previously

observed, much lower. These findings indicate that firstly, cell sorting can enrich

the transgene-expressing population with one or multiple copies to allow analysis

of only infected cells. Secondly, a small percentage of transgene-expressing cells in

a non-sorted sample can greatly reduce the copy number per cell, thereby diluting

overall transgene expression, which makes analysis of expression data challenging.

Thirdly, the data shows that a defined gating strategy may unintentionally lead to

exclusion or inclusion of transgene-expressing subpopulations (very dim or bright),

potentially altering the outcome of the promoter performance analysis.
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Figure 5.5| Promoter expression analysis in proliferating myoblasts using qPCR. Sorted and non-sorted

myoblasts were analysed for transgene expression and VCN per cell using qPCR. Data generated from sorted

myoblasts immediately after the sort were directly compared to data from the same batch of infected, but non-sorted

myoblasts. (A) qPCR data from sorted myoblasts. (B) qPCR data from non-sorted myoblasts. (i) Integrated viral copies

per cell determined from gDNA. (ii) Relative expression normalised to non-transduced control cells. PGK-1 was used as

an endogenous control. (iii) Normalisation of relative expression data to VCN per cell to identify the specific expression

level per viral copy for each promoter. Cell sorting enriched the transgene-expressing population, so that almost each

sorted cell had at least one viral copy per cell. Relative expression was not altered between sorted and non-sorted

samples. Specific expression levels per viral copy were lower for the hDES promoter as compared to the A2.hDES

promoter in the sorted sample. Both promoters had similar specific expression per copy in the non-sorted sample. Data

represent mean±SEM of qPCR triplicates. None of the changes were statistically significant using the Kruskal-Wallis

non-parametric test.
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5.2.1.4 Stability of transgene expression in vitro

Following the characterisation of transgene expression with each promoter in

myoblasts, I analysed whether expression remained stable in vitro throughout

several passages. Transgene expression down-regulation or “loss” can be a

consequence of a variety of factors. One possibility is a proliferative disadvantage

of infected, genetically-modified cells due to toxicity of the gene product. As non-

toxicity of LV infection was confirmed in chapter 3 and 4, this scenario is unlikely.

Another reason for elimination of transgene expression is transcriptional silencing

of the promoter. This occurs due to epigenetic changes on the genomic DNA level

followed by chromatin remodelling leading to dense, heterochromatic genomic

regions that cannot be assessed by the transcriptional machinery to allow gene

expression. Viral promoters, in particular the CMV promoter, are prone to

transcriptional silencing as they drive high, ectopic transgene expression levels,

which are detected by the host cell and eliminated through silencing as part of their

defence mechanism (Brooks et al 2004; Herbst et al 2012). Cellular promoters,

mainly under the control of host transcription factors, are usually less likely to be

silenced. To assess potential promoter down-regulation, a timeline for GFP

expression was established for both sets of experiments described in section

5.2.1.3.1. Flow cytometry determined the percentage of the transgene-expressing

population and assessed any potential ‘loss’ of GFP expression in cells. Changes in

expression levels per viral copy were analysed by qPCR.

5.2.1.4.1 Transgene expression was rapidly lost in populations sorted for GFP

based on gates set by SSC / GFP

LV-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, sorted for GFP-positive cells at

18dpi (passage 12) or 22dpi (passage 13) (see section 5.2.1.3.1) were analysed for

GFP expression up to 45 days post-sorting (dps) to identify potential promoter

down-regulation. Gates for sorting were defined based on the SSC / GFP scatter

plot (see Figure 5.6) Sorted myoblasts were subsequently expanded under
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permissive conditions and passaged each time 60-70% was reached. During each

passage, 1x103 – 1x104 cells were re-seeded for further expansion, and the

remaining cells (at least 1x105 cells per sample) were analysed by flow cytometry to

evaluate stability of transgene expression in vitro. At 14dps, the RNA and gDNA

was isolated from 5x105-5x106 cells to evaluate transgene expression and viral copy

number (VCN) per cell by qPCR. As illustrated in Figure 5.4, the A2UCOE-EGFP

LV-infected sample did not reveal any GFP-positive cells during the sort and was

excluded from the analysis. Cells were first analysed by flow cytometry at 17dps.

Even by this time point, all samples, irrespective of the promoter, revealed a

pronounced reduction in the GFP-expressing population to less than 50%. The

GFP-expressing population decreased further and comprised 20% to 40% of GFP-

positive cells in hDES-EGFP LV and HSA-EGFP LV-infected samples, respectively

at 45dps. GFP-positive myoblasts sorted for the SFFV-EGFP or A2.hDES-EGFP

transgenic cassette dropped to less than 5% by 45dps. Whereas the sorted replicates

(n=2) closely resembled the trend in GFP extinction, the two samples infected with

A2.hDES-EGFP LV varied greatly from each other. The drop in GFP expression

was further confirmed by immunocytochemistry. An aliquot of 1x103 sorted

cells/cm2 was seeded at 17dps, differentiated under non-permissive conditions for 7

days in the presence of 5% horse serum and analysed at 24dps. Cells still fused and

formed myotubes confirming that they had retained their myogenicity, however, as

indicated by the flow cytometry data, the majority of cells had lost their GFP

expression when analysed by immunocytochemistry using antibodies against GFP

and desmin. Next, expression and VCN per cell of all sorted populations was

analysed by qPCR. Interestingly, all vectors comprised less than one VCN per cell,

suggesting that most of the sorted myoblasts had either ‘lost’ their viral copy or,

alternatively, never carried a transgenic copy in their genome, and were thus GFP-

negative contaminants which were included in the cell sorting regime. Notably,

those samples with the highest VCN per cell (hDES-EGFP LV or HSA-EGFP LV-

infected myoblasts), gave rise to the highest percentage of GFP-positive cells

during the sort and were also the most stable in their maintenance of transgene
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expression post-sorting. Expression analysis resembled the previous findings and

revealed the SFFV promoter as the strongest promoter followed by the hDES

promoter. As suggested by the flow cytometry data, the two samples infected with

A2.hDES-EGFP LV behaved very differently over time and also resulted in

different qPCR data. They are therefore displayed separately. Expression of the

various promoters per viral copy at 14dps resembled data obtained at 0dps, and

confirmed a similar strength for A2.hDES and hDES promoters and the highest

expression levels with the SFFV promoter. In summary, these results firstly

highlight the importance of efficient transduction efficiencies for sustained

expression in vitro to overcome the potential risk of vector varigation. Secondly, the

data suggest the possibility that autofluorescent, non-transgenic cells were

included into the sorted population and exhibited a growth advantage therefore

mediating the reduction in GFP-expressing cells over time. Myoblasts that

incorporated a transgenic copy showed consistent expression per viral copy, as

determined in previous experiments (see 5.2.1.3.2). Finally, as the decline in GFP

expression was similarly pronounced for all promoters, it seemed unlikely that all

promoters were silenced at a similar rate, but suggested a methodological reason

for these observations that will be discussed in the following experiment.
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Figure 5.6| Rapid loss of GFP expression in sorted myoblasts post-sorting. Sorted myoblasts from two separate

cell sorts (n=2) were further expanded up to 45day post-sorting (dps) and passaged before cells reached 80%

confluency. At each passage (17, 28, 36, 45 dps) cells were analysed for GFP expression using flow cytometry. At

14dps, RNA and gDNA was isolated from each sample to determine the level of expression and VCN per cell. (A-B)

Flow cytometry results. (A) Flow cytometry scatter plots for SSC/GFP and corresponding GFP histograms at 17dps and

45dps. (B) Quantitative analysis of the GFP-expressing population over time up to 45dps. A rapid decline in the GFP-

expressing population was observed with all LV vectors. The two sorted A2.hDES-EGFP LV-infected samples varied

greatly and were plotted individually. (C) To exclude loss of myogenicity as a reason for GFP expression, sorted

myoblasts were seeded at a density of 1x103 cells/cm2 and differentiated for 7days under non-permissive conditions in

the presence of reduced serum. Myoblasts fused readily into myotubes and expressed high levels of desmin (red) when

analysed by immunocytochemistry. The number of GFP-expressing cells (green) was low as indicated by the flow

cytometry results. (D) qPCR results at 14dps. (i) Viral copies per cell were quantified from gDNA. (ii) Relative

expression normalised to GFP-negative sorted control cells. (iii) Normalised expression to VCN per cell to identify

specific expression per viral copy. Data represent the mean±SEM of triplicates from each qPCR sample. Two samples

derived from independent cell sorts were analysed per LV vector.
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5.2.1.4.2 The effect of γ-IFN on LV-mediated transgene expression 

Following the rapid decline in the GFP-expressing population with all vectors after

cell sorting, it seemed likely that this effect was globally mediated rather than

promoter-specific. In addition to the low transduction efficiencies and the

suboptimal gating strategy for cell sorting, another possible reason for the down-

regulation of all promoters was the presence of γ-IFN in the culture medium. 

Indeed, stability of SFFV-EGFP expression was confirmed in primary myoblasts up

to 3 weeks (see section 3.2.3.1.1) and thus suggested no apparent down-regulation

of the SFFV promoter in vitro. To conditionally immortalise and homogeneously

expand H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, however, the presence of γ-IFN is 

required to activate the H-2Kb promoter (Jat et al 1991; Kuchino & Yamaguchi 1975;

Morgan et al 1994). Hence, it was possible that γ-IFN had a negative effect on LV-

mediated transgene expression. Supporting this possibility, α-IFN and γ-IFN were 

shown to block immediate early transcription from the CMV promoter in mouse

embryonic fibroblasts (Gribaudo et al 1993; Martinotti et al 1993). As the SFFV

promoter showed the most rapid down-regulation post-sorting, it was selected to

investigate the effect of γ-IFN on transgene expression. 1x103 H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts infected with SFFV-EGFP LV and sorted for GFP expression at

22dpi (passage 13) were seeded per well of an 8-well chamber slide at 17dps, and

cultured in the presence or absence of γ-IFN. To eliminate a potential effect of 

temperature on transgene expression, both experimental groups were cultured at

33°C. The medium was changed every 2 days. 7 days post-seeding, myoblasts were

fixed and analysed for GFP expression using immunocytochemistry.

Immunological staining using an antibody directed against the SV40 T-antigen

confirmed the down-regulation of the immortalisation gene in the absence of γ-

IFN, although few nuclei could still be observed that expressed the thermolabile

SV40 T-antigen by day 7 (see Figure 5.7). Three wells were analysed for the number

of GFP-expressing cells per condition and no difference in the percentage of GFP-

positive cells was detected at 20x magnification (data not shown) or when the ratio

of GFP to DAPI nuclei per entire well (acquired in a scan slide at 5x magnification)
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was compared. Next, the effect of γ-IFN on SFFV-EGFP expression was 

investigated in non-sorted cells. 1x105 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 7)

were infected with SFFV-EGFP LV at an MOI293FT of 300 and expanded under

permissive conditions. At 7dpi, 1x104 infected myoblasts were seeded per well of a

6-well plate and then separately cultured in the presence or absence of γ-IFN, at 

33°C and 37°C, respectively. 4 (n=2) and 7 days (n=3) post-seeding, cells were

analysed for GFP expression using flow cytometry. Non-transduced cells served as

control. PI was used to exclude dead or dying cells. No difference in the percentage

of GFP-expressing cells was observed at any time of analysis. However, a shift in

SSC granularity was observed in cells cultured in the absence of γ-IFN indicating a 

more differentiated state in these cells, as described in section 4.2.1.1. Furthermore,

the relative MFI of GFP expression normalised to non-transduced, conditionally-

immortalised control cells was significantly increased (p<0.0001, t-test) in cells

cultured in the absence of γ-IFN. Interestingly, in the same experimental group a 

shift in MFI was also seen with non-transduced, GFP-negative cells. Comparison of

the scatter plots and corresponding histograms clearly demonstrates how the

change in cell granularity (SSC) affected GFP intensity. When MFI values were

normalised to non-transduced controls of each corresponding experimental group,

a significantly higher MFI was observed in cells treated with γ-IFN (p<0.0001, t-

test). This increase could reflect a higher GFP intensity in smaller, proliferating cells

compared to larger cells grown under non-permissive condition that are more

committed to terminal differentiation and thus have a larger cytoplasm, into which

GFP molecules can diffuse. To verify this hypothesis, 50μl aliquots of cell 

suspension were seeded at each time point (4d, 7d) into wells of 8-well chamber

slides, fixed the following day and qualitatively analysed by

immunocytochemistry. The thermolabile SV40 T-antigen was still highly expressed

at day 4 in non-permissive conditions underlining the results observed in section

4.2.1.1.2. By day 7 post-switching to non-permissive conditions, almost no cells

expressed the SV40 T-antigen and cells ceased to proliferate so that the cell number

was decreased in these samples as compared to samples cultured under permissive
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conditions (see Figure 5.7 (A)). Qualitative comparison of GFP intensity of infected

myoblasts based on immunocytochemistry results did not reveal any prominent

differences between the two conditions. Thus, considering the skewed GFP

intensity due to different granularities of the tested cell populations, the increase in

relative MFI detected in the presence of γ-IFN represents most likely a greater shift 

from non-transduced controls due to lower background autofluorescence in small

GFP-negative cells compared to large, non-dividing, GFP-negative cells cultured

under non-permissive conditions. Both of the two experiments above used infected

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts previously exposed to γ-IFN, before they were 

switched to non-permissive conditions. The next experiment therefore investigated

the effect of γ-IFN on infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts naïve to γ-IFN. 

1x103 H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 9) were seeded per well of a 6-well

plate and infected with SFFV-EGFP LV at a low MOI293FT of 100 to detect subtle

changes in the infected population more rapidly. Infected myoblasts were cultured

in the presence or absence of γ-IFN at 33°C and 37°C, respectively. As expected, 

cells expanded under non-permissive conditions grew very slowly compared to

conditionally-immortalised myoblasts. Two replicates per condition were analysed

at 7dpi using flow cytometry. As cell numbers were very low in the non-treated

sample, all cells had to be used for flow cytometry analysis (n=2x103). However, the

percentage of GFP-positive cells was identical in both replicates. Cells exposed to

γ-IFN immediately after LV infection showed a slightly reduced proportion of 

GFP-expressing cells, though this was not statistically significant (p=0.16, t-test).

Finally, it was investigated whether GFP expression in non-sorted, infected cells

declined over time, similarly to what was previously observed in sorted

populations. Myoblasts infected with SFFV-EGFP LV at MOI 300 or MOI 100 were

expanded in the presence of γ-IFN under permissive conditions. Cells infected with 

SFFV-EGFP LV MOI 300 (n=2) were expanded up to 38 dpi, and passaged at 11, 14,

and 22 dpi. Cells infected with MOI 100 (n=2) were followed-up until 21dpi. No

decline in the proportion of GFP-expressing cells was observed in any of the

groups during this period. Taken together, these data indicate that γ-IFN does not 
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affect LV transduction or the stability of transgene expression in non-sorted cells.

These findings further emphasise that the viral SFFV promoter is not sensitive to γ-

IFN treatment, unlike the CMV promoter. The decline in the GFP-expressing

population post-sorting was therefore independent of γ-IFN treatment and most 

likely originated from the gating strategy or low copy numbers due to very low

transduction efficiencies.
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Figure 5.7| Impact of γ-IFN on LV transgene expression and SFFV promoter activity. H-2Kb-tsA58-Myf5nLacZ/+

myoblasts infected with SFFV-EGFP LV at an MOI293FT 400 and sorted for GFP were seeded 17 days post-sorting (dps)

and cultured in the presence or absence of γ-IFN at 33°C. Cells were analysed by immunocytochemistry (ICC) 7 days 

post-seeding (n=3). Additionally, non-sorted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts infected with SFFV-EGFP LV at an

MOI293FT 300 were split into two groups at 7dpi and cultured under permissive or non-permissive conditions. Groups

were analysed at 4 (n=2) and 7 (n=3) days post-seeding using flow cytometry and ICC. In a third experiment, H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts were infected with SFFV-EGFP LV at an MOI293FT 100 and immediately switched to

permissive and non-permissive conditions not to allow pre-exposure of infected cells to γ-IFN. Groups (n=2) were 

analysed at 7dpi using flow cytometry. (A) ICC of sorted and non-sorted cells at 7 days. (B) Quantification of ICC results

of sorted cells measuring the ratio of GFP to DAPI per well. (C) Pooled flow cytometry results of non-sorted cells at day

4 and 7, and of (D) infected myoblasts that had not been previously exposed to γ-IFN at 7dpi (γ-IFN naïve at time of 

infection). [Mean±SEM]. (E) SSC and GFP histograms of non-sorted myoblasts at day 7. A shift in granularity (SSC) in

cells cultured at non-permissive conditions caused an increased GFP MFI of non-transduced cells, resulting in a

significantly decreased relative MFI (see C). (F) Stability of GFP expression in conditionally-immortalised H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts with two different MOIs up to 38dpi.



Results Chapter Five

353

5.2.1.4.3 The SFFV, hDES and A2UCOE promoters maintain stable expression in

infected, sorted myoblasts

To overcome the rapid decline in transgene expression in vitro post-sorting, the

possibility of including autofluorescent cells without using any viability dye was

prevented by gating cells based on GFP / PI. Infected H-2Kb-tsA58-Myf5nLacZ/+

myoblasts, which were sorted at 13dpi (passage 11), 24dpi (passage 13) and 38dpi

(passage 16) as described in section 5.2.1.3.1, were further expanded under

permissive conditions up to 45 days post-sorting (dps), and passaged when cells

reached 60-70% confluency. Samples were analysed for GFP expression at regular

intervals and a timeline for each of the selected promoters was established using

flow cytometry and qPCR. The following time points were analysed by flow

cytometry: sort #1: 3, 9, 13 dps (3 passages); sort #2: 6, 11, 17, 26, 35, 45 dps (6

passages); sort #3: 3, 12, 21 dps (3 passages). Following the adjusted gating strategy,

sorted samples infected with SFFV-EGFP LV or hDES-EGFP LV maintained their

transgene expression in more than 96% of cells throughout the entire period up to

45dps. The result was consistently detected in each of the three sorts. In contrast,

sorted myoblasts infected with HSA-EGFP LV or A2.hDES-EGFP LV progressively

lost GFP-expression in their progeny resulting in less than 80% of cells expressing

the transgene by 21dps and 45dps, respectively. Furthermore, less than 50% of

HSA-EGFP LV-infected myoblasts were GFP-positive at 45dps. The GFP-positive

population of samples infected with the A2UCOE-EGFP LV initially dropped to

less than 85% by 9dps, but then increased to more than 95% and was stably

maintained thereafter (see Figure 5.8A). These data suggest that the SFFV, hDES

and A2UCOE promoter maintain stable expression in infected and sorted

myoblasts. Pooled MFI analysis over time revealed moderately stable expression

with the SFFV promoter, whereas the cellular promoters, and in particular the

hDES promoter, showed a general decrease in MFI over time. Nevertheless, the

highest GFP intensities per cell over time amongst the cellular promoters was

mediated by the hDES promoter. Next, expression per viral copy was analysed
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over time using qPCR. RNA and gDNA was extracted from sorted samples at 8dps

(passage 13) and 31dps (passage 19). Expression as well as VCN per cell was

compared to samples analysed at 0dps (see section 5.2.1.3.2). As demonstrated in

previous experiments, hDES-EGFP LV-infected samples comprised the highest

number of viral copies per cell (2.5-3). Though few samples showed minor

variations in VCN per cell over time, none of these deviations were more than 0.7

copies per cell (see Figure 5.8C). A2.hDES-EGFP LV-infected samples maintained

less than 1 VCN per cell throughout the entire period, whereas a trend of VCN

reduction in HSA-EGFP LV-infected samples to less than 1 VCN per cell was

observed. Except for HSA-EGFP LV-infected cultures, expression of all samples

declined at a similar rate immediately after sorting up to 8dps, but did not decline

any further thereafter. In contrast, samples infected with HSA-EGFP LV showed a

more pronounced decline in expression initially after cell sorting, with a continued

reduction in expression up to 31dps (see Figure 5.8D). Surprisingly, the SFFV

promoter revealed the least reduction in expression over time, with a decrease of

less than 3-fold from 0dps (see Figure 5.8E). Expression per copy declined for most

promoters up to 8dps, but stabilised or increased slightly thereafter. However,

levels were always lower than immediately after the sort. Interestingly, even

though the overall specific expression of the A2UCOE promoter was low, it

remained stable and did not vary during the different time points. The strongest

reduction in specific expression per viral copy was seen with the HSA promoter.

Expression declined after sorting to levels as low as the background levels detected

in non-transduced control cells (see dotted line, Figure 5.8F). In summary, the

qPCR analysis partly underlined the results obtained by flow cytometry. The hDES

and SFFV promoters mediated strongest expression over time, however, the

A2.hDES promoter mediated higher expression per viral copy compared to the

hDES promoter, even with a low copy number per cell. Even though a reduction of

the GFP-expressing population in A2.hDES-EGFP LV infected cells was seen with

flow cytometry, this was not found to be a result of a loss of viral copies per cell.

Thus, the promoter might have been progressively down-regulated from 31dps
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onwards as no great reduction in expression was detected with qPCR up to 31dps.

The HSA promoter was the most pronounced promoter to decline in transgene

expression over time. This finding was consistent with the data from flow

cytometry and qPCR, and was most likely mediated by a loss in transgenic copies

per cell or promoter down-regulation. As the HSA promoter is a muscle-specific

promoter, it seemed likely that the promoter activity was decreased because of an

inappropriate cell cycle state of myoblasts. Thus, it seemed plausible that down-

regulation of the HSA promoter could have occurred due to its expression being

investigated in proliferating instead of differentiating myoblasts. This hypothesis

was addressed in the next section. Finally, even though transgene expression

declined by approximately 3-fold with most promoters, the SFFV promoter did not

show more pronounced down-regulation compared to the cellular promoters.
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Figure 5.8| Stability of GFP expression in sorted myoblasts. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts previously infected

with each LV vector and sorted for GFP-positive cells (3 different sorts) were expanded up to 45dps under permissive

conditions. Flow cytometry analysis of sorted myoblasts was performed at regular intervals for each sort. QPCR was

performed at 8dps and 31dps. (A-B) Flow cytometry results pooled from 3 experiments. (A) Follow-up of the GFP-

expressing population in sorted myoblasts over time. A decline in GFP-expressing cells was found in myoblasts infected

with A2.hDES-EGFP LV and HSA-EGFP LV. (B) MFI normalised to non-transduced control cells from 3 sorts. Line

represents the fitted curve using single linear regression. (C-F) QPCR results. (C) Changes in viral copies per cell over

time. (D) Relative expression normalised to non-transduced, sorted control cells. PGK-1 was used as endogenous

control. (E) Fold changes of expression relative to expression immediately after sorting. Data is displayed on log-scale.

(F) Relative expression was normalised to VCN per cell to evaluate specific promoter expression per viral copy. All data

are displayed as mean±SEM or shows individual replicates. QPCR was performed in triplicate.
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5.2.1.5 Comparison of promoter activity in proliferating and differentiating

myoblasts

Following on from my finding of reduced HSA promoter activity in proliferating

myoblasts post-sorting, I analysed whether the differentiation state influenced

transcriptional activity of muscle-specific promoters. Indeed, endogenous human

α-skeletal actin is highly expressed in mature, differentiated myotubes and muscles 

(Muscat & Kedes 1987). In contrast, my data show GFP expression under the

recombinant HSA promoter was detected in mono-nucleated, non-differentiated

myoblasts. To avoid an underestimation of any muscle-specific promoter due to

limited transcriptional activity at a sub-optimal cell cycle state, transgene

expression was analysed in differentiating myotubes and compared to expression

levels obtained in conditionally-immortalised myoblasts. For differentiation

analysis, LV-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, sorted for GFP at 38dpi

(passage 16) (see section 5.2.1.3.2), were seeded at a density of 5x104 cells per well

into 8-well chamber slides, and cultured under permissive conditions for 2 days to

ensure their adhesion. After 2 days cells were confluent and myoblasts were

transferred to non-permissive conditions (no γ-IFN, 37°C) with reduced serum 

(3%) to initiate differentiation and myoblast fusion. Myotubes were observed from

5dps onwards, and RNA and gDNA were isolated from each sample at 7dps. GFP

expression in multinucleated myotubes was compared to proliferating myoblasts

analysed immediately after cell sorting (see section 5.2.1.3.2). As many myoblasts

fuse together during differentiation to form a myotube syncytium, viral copies

were presented as VCN per ‘nucleus’ and not per cell. Differentiated myotubes

were derived from the same sorted samples, in which expression and copy

numbers were analysed immediately after the sort. Hence, similar copy numbers in

the proliferating and differentiated samples are likely to be observed. Indeed, the

hDES-EGFP LV-infected sample revealed the highest VCN per nucleus in

differentiated myotubes, as was also seen in proliferating myoblasts. However,

when viral copy numbers per nucleus in the differentiated samples were compared

to the proliferating myoblast sample, higher VCN per nucleus were observed for
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hDES-EGFP, SFFV-EGFP and A2.hDES-EGFP LV-infected samples (see Figure 5.9).

Nevertheless, these changes in integrated copy numbers did not alter the order of

LV vectors. As the difference in VCN per nucleus between proliferating and

differentiating myoblasts was less than one, the impact of the VCN increase in

those samples was regarded as minor. Expression analysis was performed with

cDNA from myotubes and proliferating myoblasts isolated immediately after

sorting. QPCR was performed in triplicate. Importantly, expression of the

endogenous control gene PGK-1 was not altered during differentiation.

Differentiating cultures revealed the same order of promoter strength as observed

in proliferating cultures. Expression in myotubes was found to be similar to

proliferating myoblasts, except for the HSA promoter, which surprisingly showed

reduced expression in myotubes compared to proliferating myoblasts. As no

changes in copies per nucleus were detected in the HSA sample, the ‘specific’

expression per integrated viral copy was also reduced in myotubes compared to

proliferating myoblasts. This was surprising, as the HSA promoter was expected to

become up-regulated in differentiating myotubes thereby resembling the

endogenous gene regulation. Interestingly, a reduction in expression per copy was

also observed with the two other muscle-specific promoters (hDES, A2.hDES). The

A2UCOE promoter did not alter expression levels with regards to the myoblast

differentiation state. Interestingly, the SFFV promoter conferred higher expression

per viral copy, suggesting an up-regulation in differentiating cultures. Despite

these observations, the order of specific promoter strength was the same as in

proliferating cultures, with SFFV mediating overall the strongest expression, and

the combined A2.hDES promoter representing the strongest cellular promoter. The

minor increase in VCN per nucleus in differentiated cultures was surprising and

could possibly be explained by the following: Firstly, infected myoblasts for

differentiation analysis were sorted at passage 16 at 38dpi. In contrast, proliferating

myoblasts were sorted at passage 11 at 13dpi. Hence, during the differing 5

passages, infected myoblasts with multiple LV copies could have had a

proliferative advantage. Notably, an increase in VCN per cell at 31dps was only
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detected with the hDES-EGFP LV and SFFV-EGFP LV, but not with the A2.hDES-

EGFP LV vector (see 5.2.1.4.3). A second explanation could be the difficulty in

quantifying viral copies in myotubes, which comprise several myonuclei from

multiply fused cells. Consequently, the results here were presented as ‘per nucleus’

rather than ‘per cell’. Even though post-mitotic myonuclei should not have

alterations of their diploid titin copies and hence, should present a consistent ratio

between the viral and endogenous gene copy (titin), the process of fusion might

still impact the ratio minimally. A third explanation is the accumulation of viral

copies in myotubes over time. However, as the turnover of myonuclei is very low

with an estimated rate of 1-2% per week (Schmalbruch & Lewis 2000), this

explanation seems unlikely with regards to a differentiation period of 7 days

applied in this experiment.

Taken together, these data confirm high level expression with each of the tested

muscle-specific promoters in proliferating myoblasts. Up-regulation of any of the

muscle-specific promoters in differentiated myotubes was not observed.

Furthermore, the data verify the consistent expression levels obtained with the

housekeeping A2UCOE promoter, irrespective of the proliferative state of the cells.
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Figure 5.9| Comparison of transgene expression in differentiating myotubes and proliferating myoblasts. LV-

infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, sorted for GFP expression were seeded at high density of 5x104 cells/cm2

and induced to differentiate. 7days post-seeding, RNA and gDNA were isolated to perform qPCR analysis. (A)

Quantification of viral copies per cell. (B) VCN per nucleus was compared to data obtained from proliferating myoblasts

immediately after sorting (see Figure 5.5). (C) Relative expression was normalised to non-transduced, sorted myoblasts;

PGK-1 was used as an endogenous control. (D) Relative differences in expression between proliferating and

differentiated myoblasts. cDNA from proliferating myoblasts at 0dps was used to run the qPCR assay together with

cDNA from differentiated samples. The HSA promoter had reduced expression in differentiated myotubes. The hDES

and A2.hDES promoters had comparable expression in both experimental groups. (E-F) Relative expression was

normalised to VCN per nucleus. (E) Amongst the cellular promoters, the A2.hDES promoter mediated the strongest

expression per copy, though it was 4x lower than expression with the SFFV promoter. (F) Comparison of specific

expression per copy in proliferating and differentiated myotubes. Muscle-specific promoters showed consistently

reduced expression per integrated copy in differentiated myotubes. The A2UCOE promoter did not change promoter

activity and maintained consistent expression levels, irrespective of the myoblast cell cycle state. The SFFV promoter

showed an increased transcriptional activity per viral copy in myotubes. Data represent mean±SEM of qPCR triplicates.

Kruskal-Wallis 1-way ANOVA statistical analysis was used to determine significant changes.
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5.2.2 Analysis of transgene expression from selected

internal promoters in vivo

Following the in vitro analysis of the selected promoters, their performance to drive

durable transgene expression was now investigated in vivo. To assess transgene

expression of each promoter in vivo, H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were

transduced with the selected LV vectors and sorted for GFP to ensure

transplantation of 100% transgene-expressing myoblasts. Cells were engrafted into

the pre-irradiated TA muscles of mdx nude recipient mice to allow the formation of

donor-derived muscle (see 2.2.6.2). Host mice were analysed at 4 weeks post-

injection to evaluate promoter strength in newly regenerated muscle or at 6 months

post-injection to assess durability of transgene expression in vivo and to reveal any

potential promoter silencing.

5.2.2.1 In vivo promoter performance in donor-derived muscle after 4 weeks

H-2Kb-tsA58-Myf5nLacZ/+ myoblasts (passage 8) were infected with the selected LV

vectors at an MOI293FT of 400, and expanded as described in section 5.2.1.3.1.

Transduced myoblasts were sorted for GFP using gates based on PI / GFP to avoid

inclusion of autofluorescent cells, though PI as a viability dye was not used to

circumvent potential effects of the dye on in vivo regenerative functions. Myoblasts

were sorted in two different sorts (sort #1: passage 10, 13dpi; sort #2: passage 13,

24dpi). 2x105 sorted, LV-infected myoblasts were engrafted into the pre-irradiated

TA of mdx nude host mice. Two legs per LV vector were injected with cells from

sort #1 and three TAs with cells originating from sort #2 (except SFFV-EGFP LV:

n=2). One TA was engrafted with 2x105 non-transduced, GFP-negatively sorted

myoblasts as a qualitative control for immunohistochemical analysis. The

experimental groups are depicted in Figure 5.10. Engrafted host mice were

perfused at 4 weeks post-transplantation (see section 2.2.5.1), and muscles were

subsequently analysed by immunohistochemistry using antibodies directed against

GFP and dystrophin (Rb-9024-P1) (see Table 2-8). An aliquot of approximately 500-
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1x103 sorted cells was seeded per well of an 8-well chamber slide and analysed for

GFP and myogenic marker expression 2 days post-seeding using

immunocytochemistry (see section 2.2.5.4). Qualitative and quantitative analyses

are presented in Figure 5.10. As expected, GFP expression was found in almost all

sorted myoblasts at 2dps. Cells were myogenic as confirmed by the expression of

Myf5-driven β-gal activity, MyoD, myogenin, desmin and sarcomeric myosin, as 

well as the detection of GFP-positive multinucleated myotubes. Next, the results of

the cell engraftment were investigated. One transplantation in each LV vector

group failed to produce any donor-derived muscle. Indeed, a number of myoblast

transplantation studies have reported failed engraftments to occur randomly in low

number despite consistent technical transplantation procedures (Boldrin et al 2009;

Collins et al 2005; Gross et al 1999). Overall, myoblasts infected with SFFV-EGFP

LV produced the highest number of GFP-positive donor-derived fibres with a

mean number of 330. hDES-EGFP LV and HSA-EGFP LV produced similar

amounts of GFP-positive fibres with a mean of 230 and 205 fibres, respectively. The

lowest number of donor-derived GFP-positive fibres (50) was found with

A2UCOE-EGFP LV-infected myoblasts. The A2.hDES promoter regenerated in

average about 100 GFP-positive fibres. None of the differences was statistically

significant (Kruskal-Wallis test). Even though GFP expression in fibres was mostly

strong, dystrophin expression varied greatly between samples and was in some

muscles very sparse despite the high abundance of GFP-positive fibres. The control

muscle engrafted with sorted, non-infected myoblasts was treated and analysed in

the same way as GFP-expressing muscles, and revealed 220 dystrophin-positive

fibres and no GFP expression in fibres. When GFP intensities in donor-derived

myofibres with strongest expression were compared using a consistent exposure

time of 240ms, the strongest GFP intensity in the myofibre and, thus, the strongest

expression was revealed with the SFFV promoter. Amongst the cellular promoters,

the hDES and HSA muscle-specific promoters mediated comparable intensities,

with slightly stronger GFP expression detected with the hDES promoter. The

housekeeping promoter A2UCOE conferred only basal expression in donor-
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derived myofibres, which was close to the detection limit in some cases.

Dystrophin-positive fibres with very faint GFP expression were therefore included

in the analysis as positive fibres. However, it has to be noted that the GFP intensity

per fibre in vivo also depends on the number of contributing donor-derived

myonuclei. Thus, a small fibre regenerated only from donor-derived myonuclei

will have stronger reporter gene expression than host fibres in which only few

donor-derived myonuclei contribute to transgene expression. Taken together, all

LV-infected myoblasts participated in muscle formation in vivo, though differences

in the amount of GFP-expressing donor fibres were detected. Intensity comparison

of GFP expression in the myofibres based on immunohistochemistry results

suggests sufficient transgene expression levels with the hDES and HSA promoters,

but not with the A2UCOE promoter.
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Figure 5.10| In vivo promoter performance in donor-derived muscle. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were

infected with each LV vector and sorted for GFP expression at 13 dpi and 24dpi. After each sort, 2x105 sorted myoblasts

were engrafted into the pre-irradiated TA muscles of mdx nude recipient mice (13dpi n=2; 24dpi n≥2 per LV vector), and 

muscles were left to regenerate for 4 weeks. (A) Experimental design. (B). 500-1x103 reference cells were seeded

immediately after sorting and analysed for GFP expression and myogenic markers using immunocytochemistry. Green:

GFP, red: desmin, blue: DAPI. (C) Transverse sections of perfused muscles were analysed by immunohistochemistry

using antibodies against dystrophin (Rb-9024-P1) and GFP. (D) Quantitative analysis of GFP-positive, donor-derived

fibres. No statistically-significant difference in the number of donor-derived fibres was detected with any of the LV

vectors (1-way ANOVA, Kruskal-Wallis test). (D) Representative images of donor-derived GFP-expressing muscle of

each LV group. (E) Intensity comparison of GFP expression mediated from different promoters. GFP intensities are

displayed in descending order from left to right.



Results Chapter Five

367

5.2.2.2 Stability of transgene expression in vivo – a long-term study

Following the 4 week analysis of selected promoters in vivo, it was next

investigated if expression remained stable for 6 months. H-2Kb-tsA58-Myf5nLacZ/+

myoblasts previously infected with all 5 LV vectors at an MOI 400 (see section

5.2.2.1) were sorted for GFP expression at passage 20 using gates set based on

PI/GFP. Non-transduced myoblasts (passage 20) were sorted for GFP-negative

control cells. 2x105 sorted myoblasts were injected into the pre-irradiated TA of mdx

nude mice. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts infected with each vector were

injected into at least 3 TA muscles, except for non-transduced myoblasts, which

were transplanted into only one muscle. An additional muscle served as a non-

injected control. Muscles were left for 6 months post-transplantation before

analysis. Perfused TA muscles were analysed for GFP and dystrophin expression

using immunohistochemistry. The Rb-9024-P1 antibody was used to visualise

dystrophin expression (see Table 2-8). The number of donor-derived GFP and

dystrophin-positive fibres for each muscle was counted to evaluate regenerative

capacities of transplanted myoblasts and to identify potential promoter silencing.

Results in Figure 5.11 illustrate that generally a very low number of less than 100

GFP-positive fibres was found in transplanted muscles, irrespective of the

promoter. The highest number of 195 donor-derived GFP-positive fibres was

observed with the A2UCOE-EGFP promoter. Furthermore, the amount of GFP-

positive fibres was greatly reduced when compared to the 4 week time point.

However, none of the reductions were statistically significant (1-way ANOVA,

Kruskal-Wallis test). Dystrophin expression coincided with GFP expression in 20-

50% of donor-derived fibres for the SFFV, A2UCOE and A2.hDES promoters, and

in less than 10% of donor-derived fibres for the HSA and hDES promoters.

Occasionally, GFP-positive, dystrophin-negative fibres were observed as described

previously (see sections 4.2.1.2.2 and 4.2.1.2.4), possibly reflecting differential

distribution of cytoplasmic GFP and sarcolemma-bound dystrophin along the

myofibre (Blaveri et al 1999). Next, potential silencing of transgene expression was

assessed by quantification of GFP-negative, dystrophin-positive fibres. To exclude
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revertant fibres from the analysis, only dystrophin-expressing fibres in a group of

GFP-positive fibres were analysed. Their donor-origin was further confirmed by

the presence of donor-derived satellite cells with Myf5-dependent β-gal activity 

localised in the same area using X-gal histological staining (see 2.2.5.4.2).

Approximately 10-15% of donor-derived fibres lacked transgene expression when

it was mediated from the SFFV, hDES and A2UCOE promoter. Higher percentages

of dystrophin-only fibres of more than 60% were detected with the HSA and

A2.hDES promoters. Indeed, whereas all other promoters expressed GFP in 70-

80% of donor-derived fibres, the HSA promoter was only transcriptionally active in

about 30% of fibres. However, as the GFP intensity was very low in the HSA

experimental group, it cannot be excluded that fibres regarded as GFP-negative

expressed the transgene below detection limit. GFP intensity analysis of fibres

captured at a consistent exposure time (700ms) revealed the SFFV promoter driving

the strongest GFP expression. The hDES promoter clearly mediated the strongest

transgene expression amongst the cellular promoters. Whereas the A2.hDES

promoter still showed moderate GFP expression in myofibres, only faint transgene

expression was observed with the HSA and A2UCOE promoter.
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Figure 5.11| Stability of transgene expression in vivo. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were infected with each LV

vector and sorted for GFP-expression. 2x105 sorted myoblasts were engrafted into the pre-irradiated TA of mdx nude

mice and analysed 6 months post-transplantation using immunohistochemistry and X-gal staining. (A) Experimental

design. (B) Representative images of GFP-expressing, donor-derived fibres and satellite cells expressing Myf5-

dependent β-gal for each experimental group. (C-E) Quantification of donor-derived fibres. Statistical analysis revealed

no significant differences between groups (1-way ANOVA Kruskal-Wallis test) (C) Total numbers of GFP-positive fibres

and GFP-negative, dystrophin-positive fibres. (D) Percentage of dystrophin-positive, GFP-negative fibres to evaluate

potential down-regulation of promoter activity. Right data set: Percentage of fibres, in which dystrophin and GFP

expression coincided. (E) Comparison of total numbers of GFP-expressing fibres between 4 weeks (see Figure 5.10)

and 6 months. (F) Comparison of GFP intensities in transgenic fibres. Images were captured at a constant exposure

time of 700ms. (G) Representative image of a potentially silenced, GFP-negative, donor-derived fibre (white arrow) in a

patch of stable SFFV-EGFP-expressing transgenic fibres (orange arrow).
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An additional interesting observation of the long-term in vivo analysis was the

detection of tumours in limbs that had been injected with conditionally-immortal

myoblasts previously infected with hDES-EGFP LV. In fact, one mouse had to be

sacrificed at 1 month post-injection due to the formation of a tumour infiltrating the

entire hind leg, which previously had been engrafted with hDES-EGFP LV-infected

myoblasts. To confirm tumour formation at the histological level, H&E staining

was performed (see Figure 5.12A). Myofibres were almost completely absent and

had subsequently been replaced by excessive amounts of single mono-nucleated

cells. Areas with high numbers of mono-nucleated cells were found in all four

muscles injected with hDES-EGFP LV-transduced myoblasts, indicating that cells

had transformed in vitro before injection rather than later during muscle

regeneration in vivo. Moreover, tumours were only detected in the group engrafted

with hDES-EGFP LV-infected myoblasts, but not in the other groups suggesting

that this observation was associated with hDES-EGFP LV-infection and not a

general property of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. To verify that infiltrating

cells were donor-derived, X-gal staining was performed. Areas with mono-

nucleated cells contained many X-gal-positive nuclei therefore confirming donor-

origin rather than, for example, heavy leukocyte infiltration due to an underlying

infection. Additionally, this finding confirms that transformed cells are still satellite

cells or myoblasts expressing Myf5. To test whether hDES-EGFP LV-transduced

cells transformed in vitro, proliferation curves were generated retrospectively from

the time of infection (passage 7) to the date of cell engraftment (passage 20), and

compared to non-infected control myoblasts. No difference in the rate of

population doublings (PD) was detected between the hDES-EGFP LV-infected

myoblast sample and the other LV-infected samples. However, a significant

difference was detected in LV-transduced samples compared to non-transduced

controls (see Figure 5.12C). Whereas the slope of population doublings determined

by linear regression was 0.9 or higher in transduced samples, the slope was

significantly reduced to 0.75 in non-transduced H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

(p<0.005, linear regression analysis). Thus, irrespective of the regulatory promoter
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element, LV-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts proliferated faster under

permissive conditions than non-infected control myoblasts. Next, the cell

morphology of hDES-EGFP LV-infected, non-sorted cells at passage 21 was

compared to the morphology of the remaining LV-transduced samples. No

noticeable difference in morphology was observed. To confirm the absence of any

morphological changes, passage 21 was also compared to passage 19 of a different

batch of hDES-EGFP LV-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts. Again, no

apparent difference in morphology was detected between the two samples (see

Figure 5.12C). An explanation for the absence of any morphological or cell cycle

changes could be that these factors were investigated under permissive conditions

when all samples were conditionally-immortalised. Although the data I have do

not allow me to determine whether hDES-EGFP LV-infected myoblasts

transformed spontaneously in vitro or in vivo, the finding was surprising and

unexpected. Insertional mutagenesis could have caused a transformation at the

time of transduction, as well as a spontaneous transformation event in a single cell

giving it a continuous proliferative advantage even in the absence of permissive

culture conditions. As the hDES promoter is a muscle-specific promoter lacking

strong viral enhancer elements, it seemed unlikely that this finding was related to

the hDES promoter. Taken together, all promoters mediated transgene expression

in donor-derived myofibres 6 months post-transplantation. The number of GFP-

expressing donor-derived fibres was lower compared to the 4 week time point,

though this was not statistically significant. The A2.hDES and HSA promoters gave

rise to the highest proportions of donor-derived fibres lacking transgene

expression, which could potentially represent events of silencing. The SFFV

promoter was not prone to transcriptional silencing and mediated the strongest

expression of all promoters at 6 months. Even though the hDES promoter mediated

the highest level of expression amongst the cellular promoters, cells

hyperproliferated in an uncontrolled manner in all of the four engrafted host

muscles. This underlines the risk of cell transformation due to either insertional

mutagenesis of LVs or due to spontaneous events occurring during extensive cell
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expansion especially of murine cells, and needs to be considered when moving

towards future therapies (Barski & Cassingena 1963; Hacein-Bey-Abina et al 2008;

McCarthy 1968).



Results Chapter Five

374

Figure 5.12| Hyperproliferation of engrafted hDES-EGFP LV-transduced donor-cells. TA muscles engrafted with

hDES-EGFP LV-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts revealed large areas with mono-nucleated cells and

myofibre degeneration in all 4 experiments indicating irreversible transformation of cells in vitro before engraftment. (A)

H&E and X-gal stain of TA muscles: White arrow indicates a large area filled with homogeneous, mono-nucleated cells.

Fibre degeneration was detected at various levels (blue arrows). Areas infiltrated with hyperproliferating cells were

vascularised (black arrow). Cells were X-gal positive and therefore donor-derived. (B) Representative images of cellular

areas and fibre degeneration (white arrow). Inset shows area at high magnification. (C) Population doublings between

passage 7 and 20. LV-transduced myoblasts had comparable rates for population doublings (PD), but proliferated faster

compared to non-transduced control myoblasts (p<0.005, linear regression analysis of proliferation curves). (D) Cell

morphologies of LV-transduced H-2Kb-tsA58-Myf5nLacZ/+ myoblasts at permissive conditions. No obvious difference was

detected between hDES-EGFP LV (P21) and any of the other LV-transduced samples.
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5.2.2.3 In vivo promoter performance after IM administration into neonatal

mice

Subsequent to the detailed in vitro and in vivo analysis of selected promoters in

transduced myoblasts, the hDES promoter was selected for direct comparison with

the SFFV promoter to assess its performance following the in vivo administration

into neonatal MF1 mice (see 2.2.1.6). Vector injections were carried out by Prof

Simon Waddington. 2 day-old neonatal mice were briefly subjected to hypothermic

anaesthesia and the left hindlimbs were injected with 5μl of hDES-EGFP LV (n=12) 

or SFFV-EGFP LV (n=4) using fresh vector preparations (5x104-105 viral particles

per leg). The right hindlimb was kept as a non-injected control leg. Mice injected

with hDES-EGFP LV were harvested at 6 weeks (n=4), 10 weeks (n=4) and 12 weeks

(n=4) post-injection. Mice injected with SFFV-EGFP LV (n=4) were harvested at 10

weeks post-injection. TA muscles were carefully dissected, immersion-fixed for 6

hours, cryopreserved in sucrose overnight, and subsequently snap-frozen in

isopentane (see 2.2.5.1.5). Collected transverse TA sections were analysed for GFP

expression using immunohistochemistry. The remaining hindlimb muscles were

analysed for GFP expression using a brightfield, inverted fluorescence microscope.

Additionally, the extensor digitorum longus (EDL) and soleus muscles were

carefully dissected for single fibre and satellite cell analysis.

5.2.2.3.1 Transgene expression in myofibres of young adult mice

Analysis of the injected hindlegs under the inverted fluorescence microscope

revealed broad GFP expression in skeletal muscles with both LV vectors (see Figure

5.13). A high variability in the localisation of GFP expression and GFP intensity

was observed between the muscles. This variability is commonly observed and

originates from variations during vector injections into the very small neonatal

hindlimbs, as the injected volume gets dispersed differently in injected muscles,

and some of the volume may leak out or get trapped in a particular muscle. At the

10 week time point, the SFFV promoter mediated very strong expression in two out

of four hindlimbs. GFP expression was detected in the muscle fibres, but in one leg
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also in other compartments, possibly nerves or vessels (see Figure 5.13(Aii)). In

contrast, only one of the hDES-EGFP LV-injected muscles showed strong GFP

expression in the myofibres. Two others had only dim GFP expression compared to

the SFFV-EGFP LV injected muscles. Comparison of the strongest transgene-

expressing hindlegs of each group revealed comparable GFP intensity levels with

both promoters. Immunohistochemical analysis of TA sections confirmed GFP

expression in myofibres at all analysed time points. However, areas with GFP-

positive fibres were infiltrated heavily by mono-nucleated cells, most likely

representing macrophages or lymphocytes recruited as part of an inflammatory

response. Sites of infiltration close to transgene expressing fibres were not only

observed in SFFV-EGFP LV injected muscles, but also in hDES-EGFP LV injected

TAs, though this seemed to be less. Infiltration was detected in muscles of all

analysed time points suggesting a possible ongoing immunological response

against GFP-positive fibres, although transgene expression was still detected in

muscles analysed at the latest time point of 12 weeks post-injection. Due to the

variability in transgene expression between muscles and animals, it was difficult to

quantify GFP-positive fibres in a meaningful way at each time point and to assess,

whether the infiltration led to progressive “clearance” of transgene expression in

muscle fibres. Moreover, H&E staining of muscle sections confirmed infiltration by

mono-nucleated cells at the injection site. Although mice have been injected with

the LV vectors at the neonatal state when the immune system is still considered

mainly immature, the possibility cannot be entirely excluded that an immune

response against such a “distant” protein like GFP was already elicited at this early

state. Furthermore, single fibres isolated from vector-injected EDL muscles

contained centrally-nucleated myonuclei, a sign that they had regenerated recently

or sometime in the past, most likely during the intramuscular injection procedure.

In summary these results confirm successful transgene expression in myofibres

after LV in vivo administration up to 12 weeks post-injection. The hDES promoter

mediated sufficiently high, and in once instance comparable GFP expression to the

SFFV promoter. Areas with strong GFP-positive fibres in hDES-EGFP LV and
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SFFV-EGFP LV-injected muscles were infiltrated by mono-nucleated cells, most-

likely representing an initiated immune response against the transgene.
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Figure 5.13| Transgene expression in adult muscle following the intramuscular LV vector injection into neonatal

mice. Freshly-prepared concentrated vector preparations of SFFV-EGFP LV or hDES-EGFP LV (5μl) were 

administered into the left hindlimbs of neonatal MF1 mice. Right legs served as non-injected controls. Transgene

expression in hindlimbs of hDES-EGFP LV injected mice was analysed at 6, 10 and 12 weeks (n=4, respectively).

SFFV-EGFP LV-injected mice were analysed at 10 weeks (n=4). (A) GFP expression in whole hindlegs was analysed

using an inverted fluorescence microscope. (i) GFP expression of SFFV-EGFP LV and hDES-EGFP LV-injected legs at

10 weeks or 12 weeks. Broad expression was detected up to 12 weeks. Level of expression between injected legs

varied greatly. (ii) The leg with the strongest GFP expression per group at 10 weeks was compared at a constant

exposure time (1.8s). Calibration bars represent 3mm. SFFV-EGFP LV injection transduced myofibres as well as

possibly vessels or nerves (white arrow). (B-E) Immunohistochemistry. (B) Comparison of GFP expression in the TAs of

both groups at constant exposure time (500ms). (C) Infiltration of mono-nucleated cells was detected in both groups and

at all of the analysed time points, but not in all muscles (approximately 17% of muscles in hDES group and 50% in

SFFV group). Vinculin stains the sarcolemma and focal adhesion plaques, WGA – Wheat germ agglutinin binds to

extracellular sugar residues of transmembrane proteins. (D) H&E stain of infiltrating cells at the hDES-EGFP LV

injection site and of the non-injected control muscle at 6 weeks. (E) T0 EDL single fibres from hDES-EGFP LV-injected

mice revealed centrally aligned nuclei (white arrow) a sign of regeneration not seen in EDL fibres from non-injected

controls.
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5.2.2.3.2 Transgene expression in satellite cells of young adult mice

Next, it was examined whether satellite cells were successfully transduced during

vector injection into neonatal mice, as well as whether promoters were

transcriptionally active in quiescent satellite cells. Single fibres (SFs) isolated from

the EDL (hDES: n=120 per time point; 6, 10, 12 weeks post-injection, SFFV: n=120,

10 weeks post-injection) and soleus (hDES: n=60, 6 weeks post-injection) muscles at

the different time points were fixed at T0 for the analysis of quiescent satellite cells.

60 SFs isolated from the EDL of one non-injected leg were fixed as controls (n=60

per time point). Alternatively, SFs from injected and non-injected muscles were

cultured in suspension for 48h (n=30, 12 weeks post-injection) or 72h (n=80 per LV

vector, 10 weeks post-injection) for the analysis of activated satellite cells. SFs were

analysed at each time point using immunocytochemistry with antibodies directed

against GFP and Pax7. Results are depicted in Figure 5.14. No GFP-positive cells

were observed in myofibres derived from hDES-EGFP LV-injected muscles that

were fixed at T0. This was true for both EDL and soleus muscles. However, GFP-

positive cells were detected on myofibres cultured for 48h or 72h in suspension, in

which satellite cells were activated (see Figure 5.14A). Single fibres isolated from

muscles injected with SFFV-EGFP LV revealed very few (<10) GFP-positive satellite

cells at T0. Due to the small cytoplasm of quiescent satellite cells, positive cells

were very difficult to distinguish from GFP-positive fibres. At T72 GFP-positive

cells, positive or negative for Pax7 expression were also observed. These results

indicate the successful transduction of satellite cells or their myogenic precursor

cells at the time of injection into neonatal mice. To address whether both or only

the SFFV promoter were transcriptionally active in quiescent satellite cells, satellite

cells were stripped from 150 EDL SFs at each time point and fixed to a slide using

the cytospin technique (see 2.2.5.6). The technique was first optimised using EDL

SFs from a wildtype mouse. Better immunocytochemical quality was observed

when cells were pre-fixed before the spin as nuclei were damaged if cells were not

fixed prior to centrifugation (see Figure 5.14C). Interestingly, the majority of nuclei

after centrifugation were big and did not react with the Pax7 or MyoD antibody.
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This suggested that these cells were not quiescent or activated satellite cells, but

possibly stripped myonuclei. Indeed, these nuclei would not be observed in

satellite cell cultures as they would be rapidly dying due to their lack of a plasma

membrane. Analysis of potentially transduced quiescent satellite cells at T0 was

performed by immunocytochemistry using antibodies against Pax7 and GFP. GFP-

positive cells, not reactive to the Pax7 antibody were observed in the SFFV group at

10 weeks and in hDES samples at 6, 10 and 12 weeks post-injection. Additionally,

GFP-negative, Pax7-positive cells were detected at each time point, as well as in the

non-injected control sample. Only at 12 weeks post-injection was one double-

positive satellite cell detected from the hDES-EGFP LV-injected muscle (see Figure

5.14(D)). The reason for the very low incidence of GFP-positive quiescent cell

detection could be the low probability of transducing a rare satellite cell or

precursor cell during LV administration. Alternatively, the promoters might be

inactive or active at very low levels in quiescent satellite cells. Thus, it is possible

that the detected Pax7-positive, GFP-transgenic cell in the hDES-EGFP sample was

a recently-activated satellite cell. To increase the chances of observing Pax7-

positive, MyoD-negative, GFP-positive cells from these muscles, quiescent satellite

cells were stripped from fibres pooled from all hDES-EGFP EDL muscles at 6

weeks post-injection (n~150SFs), and expanded in growth media supplemented

with bFGF (see Table 2-1) under hypoxic conditions. At day 9, myoblasts derived

from the plated satellite cells were seeded at a density of 5x104 cells per well into an

8-well chamber slide and at day 10 differentiated in low serum (5% horse serum)

for additional 5 days. Figure 5.14(E) illustrates the successful formation of

myotubes at day 15. To identify reserve cells in the differentiated culture,

immunocytochemistry using antibodies directed against Pax7 (α-mouse), MyoD 

(α-rabbit) and GFP (α-chicken) was performed. To allow four-colour imaging, cells 

were analysed by confocal microscopy. No Pax7-positive, MyoD-negative cell

expressing GFP could be detected. However, GFP expression was readily observed

in myotubes and proliferating myoblasts. Taken together, these results successfully

confirmed the broad transgene expression detected in myofibres with both
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promoters SFFV and hDES up to 12 weeks post-injection. Even though the

probability of satellite cell or precursor transduction was low, transgene expression

in activated satellite cells was detected at low incidence. An attempt to clarify

whether the muscle-specific promoter hDES was transcriptionally active in

quiescent satellite cells revealed no Pax7-positive, GFP-expressing reserve cells

negative for MyoD expression. However, as the detected frequency of GFP-positive

satellite cells was already very low, it was difficult to finally conclude whether the

promoter was active in quiescent satellite cells or not.
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Figure 5.14| Transgene expression in adult satellite cells following LV administration into neonatal mice.

Transduction of satellite cells following the in vivo LV administration was analysed. (A-B) Single myofibre cultures, (C-D)

quiescent, stripped satellite cells and (E-F) expanded myoblasts and myotubes were investigated. (A) hDES-EGFP LV

injected muscles. (i) Immunohistochemistry for Pax7, GFP and DAPI: T0 single myofibres had no GFP-positive,

quiescent satellite cells (white arrow). In T72 suspension cultures, SCs were activated and some expressed GFP

(orange and green arrow). (ii) Confocal microscopy for Pax7, MyoD, GFP and DAPI: Representative image of a GFP-

positive activated satellite cell expressing Pax7 and MyoD on a T72 suspension fibre (arrow). (B) SFFV-EGFP LV

injected muscles. Immunohistochemistry for Pax7, GFP and DAPI. Representative image of a GFP-positive quiescent

(white arrow) and activated (blue arrow) satellite cell at T0 and T72, respectively. The cytoplasm of quiescent satellite

cells was small and made cytoplasmic GFP detection difficult. (C) Cytospin optimisation: Pre-fixation better preserved

the structure of nuclei for subsequent immunocytochemical analysis (see arrow). Right panel: Cytospun quiescent

satellite cells can be analysed for myogenic marker expression using immunocytochemistry. Quiescent (pink arrow) and

activated (orange arrow) satellite cells, as well as larger non-satellite cells (possibly myonuclei, white arrow) were

observed. (D) Cytospin analysis of quiescent satellite cells isolated from LV-injected muscles. Cells were analysed for

Pax7 and GFP expression. A satellite cell co-expressing Pax7 and GFP was detected (possibly quiescent, white arrow)

as well as Pax7-negative transgenic satellite cells (orange arrow) in muscles injected with hDES-EGFP LV. SFFV-EGFP

LV-injected muscles contained Pax7-negative, GFP-positive cells with large nuclei. Several Pax7-positive, GFP-

negative satellite cells were detected from control fibres isolated from non-injected muscles (pink arrow). (E) Brightfield

microscopy: Satellite cells from hDES-EGFP LV injected muscles analysed at 6 weeks were expanded at low oxygen

and set up for differentiation for 5 days to allow non-fused satellite cells to return into quiescence. (F) Confocal

microscopy for Pax7, MyoD, GFP and DAPI: No GFP-positive reserve cells negative for MyoD expression were

observed (arrow). GFP-expression was detected in myotubes and proliferating MyoD-positive myoblasts.
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5.2.3 Expression analysis from episomal and integrated

viruses

After the characterisation of suitable promoters for the transgene expression in

myofibres in vivo, or alternatively in quiescent satellite cells and primary myoblasts

ex vivo, it was further investigated whether expression levels mediated from

different viral vectors varied. In the past, recombinant adeno-associated viruses

(rAAVs) have been widely used to deliver genes of interest or exon-skipping

constructs into the muscle by the route of intramuscular or systemic in vivo

injection. By using the appropriate AAV serotype, excellent transduction

efficiencies of almost entire muscles were achieved in vivo (Koo et al 2011). In

contrast, as illustrated in my previous results (see 5.2.2.3.1) and by others (Talbot et

al 2010), the in vivo transduction efficiency of muscle with LV vectors was found to

be comparably low. Nevertheless, despite disparities in vector transduction

efficiencies, direct assessment of differences in expression levels has not been

performed. Indeed, as shown in section 3.2.2.3, reduced GFP expression was found

with non-integrating (IN-) LVs when compared to the integrating (IN+) LV vector,

even though the viral backbone and transgenic cassette was identical. That

prompted me to hypothesise that a transgenic cassette which had been

incorporated into the genome mediated higher expression than a transgenic

cassette incorporated into an episomal vector. To analyse whether my hypothesis

was true, expression mediated from the same transgenic cassette but in the

following different backbones were compared:

1) integrating (IN+) LV

2) non-integrating (IN-) LV

3) episomal viral vector rAAV

4) non-viral plasmid

Whereas IN+ integrates and mediates expression from a genomic level, all other

vectors confer expression from an episomal viral or non-viral DNA plasmid.

Differences in expression were assessed by flow cytometry and qPCR.
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5.2.3.1.1 Expression analysis from episomal and integrated viruses by flow

cytometry

Recombinant AAV vectors were produced in 293FT cells by transient co-

transfection of the SFFV-EGFP-WPRE AAV vector genome, the AAV2/8 capsid and

the HGTI AAV helper plasmid, as described in section 2.2.3.7. Viral particles were

purified by ion exchange chromatography (see 2.2.3.7.1) and filtered through a

0.22μm filter before use. LV vectors were produced by transient co-transfection of 

the SFFV-EGFP-WPRE LV expression vector, the gag/pol packaging plasmid

harbouring a non-mutated integrase gene for the IN+ LV and the triple mutant

integrase for the IN- LV. LV vectors were pseudotyped with VSV-G and harvested

as described in section 2.2.3.4. The SFFV-EGFP-WPRE (SEW) expression plasmid

was used for plasmid transfection. 2.6x104 conditionally-immortalised H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts (passage 12) were seeded per well of a 6-well plate and

cultured under permissive conditions for two days to allow successful adherence of

cells. Cells were then switched to non-permissive conditions and medium was

changed to low serum (5% FBS) to initiate cell cycle arrest and to circumvent the

dilution of episome-mediated transgene expression. Cells were infected in

duplicate with a 2-fold dilution series of viral vectors ranging from MOI293FT 100,

50, 25, 12.5 and 6.25. The SEW plasmid (2.77μg/μl) was transfected in duplicate 

using lipofectamine and a 2-fold dilution series of 5μl-0.16μl plasmid DNA (see 

2.2.3.4). Duplicate wells of non-transduced cells were kept as controls. Cells were

cultured for 7 days and medium was changed every 3-4 days. Due to reduced

serum levels that promote terminal differentiation, myotubes and elongated non-

fused myoblasts formed from 4 days onwards (see Figure 5.16E). At 7dpi

myoblasts and myotubes from one replicate well were trypsinised, diluted in 1.5ml

FACS buffer to allow flow cytometry analysis of large cells and myotubes. PI was

used to exclude any dead or dying cells from the analysis. At least 50% of cells

were excluded from the analysis because they were small and granular, and thus

dead or dying (see Figure 5.15A). Non-transduced control cells were used to set

the gates for GFP expression based on SSC and GFP. Except for the SEW plasmid,
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all viral vectors showed a linear decline in the percentage of GFP-positive cells with

serially diluted steps. When percentages of GFP-positive cells from each dilution

step were pooled, a significantly lower transduction efficiency was observed for

rAAV in vitro compared to IN+ LV (p<0.01; 1way ANOVA) and IN- LV (p<0.05;

1way ANOVA). MFIs normalised to non-transduced controls remained mainly

stable throughout the different dilution steps or declined only minimally. Pooled

MFI analysis of all dilution steps revealed the highest GFP intensity in analysed

cells with the IN+ LV vector. The GFP intensity mediated by the transfected SEW

plasmid was significantly lower compared to intensities mediated by the IN+ LV

(p<0.01, 1way ANOVA) or the IN- LV (p<0.05, 1way ANOVA). rAAV conferred

slightly higher GFP intensities compared to the SEW plasmid, but had greatly

reduced GFP intensities per cell compared to the IN+ or IN- LV vectors.

Nevertheless, this difference was not statistically significant (n=5, 1way ANOVA).

Finally, the number of GFP-positive cells at each dilution step was correlated to the

relative MFI measured for these cells. Linear regression analysis between relative

MFI and the percentage of GFP-positive cells was performed to evaluate whether

GFP expression increased with higher transduction efficiencies and thus more

copies per cell, or whether expression remained stable. A similar positive

correlation was found between the percentage of GFP-positive cells and relative

MFI when all viral vectors were pooled (R2=0.66±0.014). However, the slopes of the

‘best-fit’ linear regression line varied between expression vectors. The highest

positive slope was detected with IN+ LV (m=6.087) compared to the slopes

calculated for rAAV (m=4.17) and IN- LV (m=1.902). This finding indicates that

with similar increases in the number of GFP-positive cells, the GFP intensity per

cell increased far more in IN+ transduced cells compared to cells transduced with

rAAV or IN- LV vector. Indeed, when the transduction efficiency was more than

80%, relative MFI in the IN+ sample increased by 3-fold. Surprisingly, a negative

slope was detected in SEW plasmid-transfected samples (m= -1.73), suggesting that

the relative MFI and thus the level of expression decreased with an increase in

GFP-positive cells. A possible explanation for this observation could be random



Results Chapter Five

389

background integration at a transcriptionally active locus that occurred at a low

plasmid concentration, but not at higher concentrations. As transduction

efficiencies varied significantly especially between LVs and rAAV, qPCR was

performed to correlate expression to viral vector copies.
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Figure 5.15| Flow cytometry expression analysis of episomal and integrated viral and non-viral expression

vectors. H-2Kb-tsA58-Myf5nLacZ/+ myoblasts were infected in duplicate with rAAV, IN+ LV and IN- LV at serial vector

dilutions (MOI293FT 6.25-100) or transfected with a serial dilution of a plasmid DNA (0.44-13.8μg). All viral vectors and 

the DNA plasmid contained the SFFV-EGFP-WPRE expression cassette. Cells were cultured with reduced serum (5%

FBS) to promote growth arrest. At 7 dpi, cells were analysed by flow cytometry and qPCR. (A-E) Flow cytometry results.

(A) Flow cytometry scatter plots for comparison of transduction rates and MFI between vectors. (B) Transduction rates

at different MOIs for each vector. (C) Pooled analysis of transduction rates of all five vector diltuions. rAAV had

significantly reduced transduction efficiencies in vitro (p<0.5, Kruskal-Wallis test). (D) Pooled analysis of MFIs of GFP-

positive populations normalised to the non-transduced control sample (relative MFI). Episomal vectors had reduced

relative MFIs when compared to IN+. (E) Correlation analysis of relative MFI to GFP-positive populations. Positive

correlations were found with all viral vectors (R2=0.66±0.014), but not with the DNA plasmid. Linear regression analysis

was used to visualise the increase in expression with increased numbers of GFP-expressing cells.
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5.2.3.1.2 Expression analysis from episomal and integrated viruses by qPCR

The second replicate of the infected myoblast / myotube culture was used to extract

RNA and gDNA at 7dpi (same time point when flow cytometry analysis was

carried out), to perform qPCR analysis. Reverse-transcribed cDNA was used to

evaluate the expression levels of the selected four expression vectors (IN+ LV, IN-

LV, rAAV, SEW plasmid), total DNA was used to determine the vector copy

numbers per cell (IN- LV, rAAV, SEW: episomal or IN+: integrated). Results of

Figure 5.16(B) confirmed that viral copy numbers per cell for IN+ and IN- LV were

similar, however, they differed significantly between AAV, the plasmid and the

LVs (AAV: p<0.01, plasmid: p<0.05, ANOVA Kruskal-Wallis test). Whereas AAV

resulted in very low in vitro transduction with less than 1 copy per cell, transfection

of the SEW plasmid resulted in more than 3000 copies per cell. Relative

quantification of the viral transcript normalised to the non-transduced sample

using PGK-1 as an endogenous control gene demonstrated similarly high

expression with IN+ LV and IN- LV, but significantly reduced expression with

AAV (p<0.001) and the SEW plasmid (p<0.05; 1way ANOVA Kruskal-Wallis test).

When the expression data were normalised to VCN per cell to compare the level of

expression per viral copy, no difference was observed between IN+ LV, IN- LV and

AAV. On the contrary, the specific expression level of the SEW plasmid was

significantly reduced, most likely due to the very high VCN detected in the

transfected samples. The qPCR results partly support the data obtained with the

flow cytometry analysis in that expression levels (when not accounting for different

viral copy numbers per cell) were lower from the AAV viral vector and SEW

plasmid compared to both LV vectors. However, in contrast to a reduced relative

MFI detected in IN- LV infected cells compared to the IN+ LV infected sample

(though non-significant), the number of viral transcripts detected from both vectors

was exactly the same throughout the dilution series. Indeed, even though an

overall positive correlation was observed between the relative MFI and relative

expression determined by qPCR when all vectors were pooled, (R2 = 0.78, p< 0.0001;
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Spearman correlation), 22% of the values did not correlate. Indeed, whereas rAAV

and IN+ LV had a significant correlation coefficient of 1, relative MFI and qPCR

expression did not significantly correlate in IN- LV infected samples (R=0.7, ns.,

Spearman correlation). This indicates that expression based on protein levels (MFI)

and transcriptional expression levels (RQ) varied for IN- LV. It is possible that IN-

and IN+ LVs express the transcript at the same levels, but that nuclear export of

RNA molecules differs due to different chromosomal locations and distribution of

co-factors therefore causing a reduced MFI level for IN- LV. Notably, all disparities

in relative expression between episomal and integrated viral vectors receded when

relative expression was normalised to viral copies per cell. However, this data

representation is only accurate if a linear relationship exists between the level of

expression and viral copies. Indeed Spearman correlation analysis of VCN per cell

and expression gave rise to positive correlations for IN+ LV, IN- LV and AAV, but

not for the transfected plasmid (0.9, 1.0, 0.8, 0.0, respectively). In summary, even

though expression levels mediated by a rAAV vector might be lower than

expression conferred from LVs, no global difference was observed between

episomal and integrated vectors. The previously postulated hypothesis could

therefore not be confirmed.
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Figure 5.16| Expression analysis of episomal and integrated viral and non-viral expression vectors using qPCR.

The second replicate of H-2Kb-tsA58-Myf5nLacZ/+ myoblasts infected with rAAV, IN+ LV and IN- LV at serial vector

dilutions (MOI293FT 6.25-100) or transfected with a serial dilution of a plasmid DNA (0.44-13.8μg) was analysed by qPCR 

at 7dpi. (i) Data sets for individual serial vector dilutions. Displayed is the mean±SD of qPCR triplicates. (ii) Pooled

analysis of all vector dilutions. Displayed is the mean±SEM. The Kruskal-Wallis test was used for statistical analysis. (A)

Relative expression normalised to non-transduced control (NTC). Expression of rAAV and the DNA plasmid was

significantly lower compared to IN+ LV and IN- LV. (B) Integrated and episomal copy numbers per cell. rAAV and the

transfected plasmid had significantly lower and higher VCN per cell compared to IN+ or IN-, respectively. (C) Relative

expression was normalised to VCN per cell to compare expression per copy for each vector. Integrated and episomal

viral vectors had comparable expression. The DNA plasmid had significantly reduced expression per copy. (D)

Correlation analysis of relative MFI and relative expression revealed an overall positive correlation (R2=0.78, p<0.0001,

Spearman corr.) (E) Representative images of growth arrested H-2Kb-tsA58-Myf5nLacZ/+ myoblasts at 7dpi.
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5.2.4 Species-specificity of HIV-1 lentiviral vectors

The results presented in this chapter have so far indicated the hDES and A2.hDES

promoters as muscle-specific alternatives to the viral SFFV promoter to drive stable

transgene expression in vitro or in vivo. Expression from the integrated or non-

integrated LV backbones was further compared to the rAAV vector, which is

currently the most commonly used viral vector for in vivo gene therapy approaches

of muscle diseases due to its superior transduction efficiency of postmitotic muscle

fibres (Duan 2006; Evans et al 2011; Louboutin et al 2005; Odom et al 2010a; Yue et

al 2011). For a potential translation of this work into the clinic, autologous human

myogenic cells would be genetically corrected or alternatively manipulated ex vivo.

A number of human stem cells with high myogenic potential in vitro and in vivo

have been identified and are currently investigated in pre-clinical models or Phase

I clinical trials (see section 1.2.2.2, introduction). The LV vector used in this study

was an HIV-1 vector, which underwent several modifications to make it a safe gene

transfer vector. However, as the HIV wildtype virus has co-evolved with the

human host to efficiently infect human CD4+ cells (Doms & Moore 2000; Doms &

Trono 2000), infection rates can be highly species-specific (Ikeda et al 2004). Indeed,

reduced infectious titres were observed when HIV-1 vectors were titrated in the

murine myoblast line C2C12 compared to HEK cells of human origin (see Figure

5.1). Nevertheless, as the cellular origin of embryonic kidney cells is different from

myoblasts, this difference in infectious titres and thus infectivity could also have

originated from the diverse cellular fates. The following experiment addressed

whether immortalised human myoblasts (IHMBs) demonstrated a different

infectivity towards HIV-1 viral particles when compared to immortalised mouse

myoblasts. IHMBs were derived from a biopsy of the intercostal muscle of a 19 year

old scoliosis patient (see 2.2.2.1.5 for details) and immortalised by overexpression

of telomerase (hTERT) and cyclin-dependent kinase 4 at the Institut de Myologie in

Paris (Zhu et al 2007). Conditionally-immortalised H-2Kb-tsA58 myoblasts without

the Myf5 transgene (see 2.2.2.1.2) were used as mouse-specific myoblasts. To verify
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species-specificity in ‘muscle’ rather than in myoblasts, myoblasts were fused into

multinucleated myotubes and assessed for HIV-1 transduction efficiencies. 5x104

human (passage 18) or mouse (passage 19) myoblasts were seeded per well of an 8-

well chamber slide and cultured in their appropriate medium for 2 days to allow

adequate adhesion and proliferation. H-2Kb-tsA58 myoblasts were cultured under

permissive conditions at 33°C in the presence of γ-IFN to allow immortalisation of 

cells. 2 days post-seeding, medium was switched to differentiation medium

containing 2% horse serum to allow rapid fusion into multinucleated myotubes.

Myoblasts and subsequently formed myotubes were maintained in differentiation

medium for 10 days and then infected with concentrated SFFV-EGFP IN+ LV

vector at different volumes: 0.1μl, 0.2μl, 0.5μl, 0.7μl, 1μl, 1.5μl and 2μl 

corresponding to MOIs293FT of 1.5 – 30. One well per species type was maintained as

non-infected control. Infected myotubes were fixed 3dpi and analysed for GFP and

desmin expression by immunocytochemistry. The transduction efficiency was

determined by calculating the percentage of myonuclei in GFP-positive vs. GFP-

negative myotubes. Results are depicted in Figure 5.17. A clearly enhanced

transduction efficiency was detected in infected human myotubes throughout the

entire range of MOIs when efficiencies were compared to mouse myotubes. The

highest disparity in transduction efficiency between mouse and human myotubes

was observed at an MOI of 10, where a 13-fold difference was detected. A marked

difference in transduced GFP-expressing myonuclei was also observed in the

pooled analysis of all MOIs, in which 67% of human myotubes expressed the

transgene as compared to 13% of mouse myotubes. This difference was statistically

significant (p<0.001, Mann Whitney test). These results demonstrate a significantly

higher transduction efficiency of HIV-1 LVs in human myotubes as compared to

mouse myoblast-derived myotubes. These data suggest a reduced permissivity of

HIV-1 derived LV particles in murine myoblasts and myotubes, possibly mediated

by an internal block against the virus. HIV-1-specific inhibition during infection of

murine muscle tissue could also explain the low in vivo transduction efficiencies

detected after intramuscular LV administration into murine models. Furthermore,
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due to the enhanced transduction efficiency of human muscle tissue, these findings

imply an advantage for the translation of pre-clinical lentivirus work from murine

models into the clinic. It is possible that data acquired in murine mouse models

underestimates the potential of LV vectors for the genetic correction and

manipulation of human muscle or myoblasts. Furthermore, it also emphasises the

importance of thorough LV testing in human myoblast cultures before

implementation into the clinic to understand all aspects and risks related to the

HIV-1-specific species preference.
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Figure 5.17| Species-specific transduction efficiencies with HIV-1 LV vectors. The efficiency to transduce mouse

or human myotubes with HIV-1 LVs was investigated. Human myotubes were derived from immortalised human

myoblasts and mouse myotubes were derived from conditionally-immortalised H-2Kb-tsA58 myoblasts. Human or

mouse myoblasts were seeded at a density of 5x104 cells/cm2 and differentiated for 10 days to allow fusion into

myotubes. Myotubes were infected with the SFFV-EGFP LV at a range of vector concentrations (MOI293FT 1.5-30) and

analysed for the percentage of GFP-expressing cells (myonuclei surrounded by GFP-positive cytoplasm) at 3dpi using

immunocytochemistry. (A) Quantification of GFP-positive population at different MOIs. Human myotubes showed higher

transduction efficiencies. Solid lines represent MOIs where 30% of transduction was achieved for each species. (B)

Pooled analysis of all 7 vector dilutions demonstrates significantly increased transduction efficiencies with human

myotubes (Mann Whitney test). Fold changes range between 3 and 13. (C) Representative images of transduced

human and mouse myotubes. An antibody against desmin was used to visualize myotubes. Green: GFP. Blue: DAPI.
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5.3 Summary

 The previously described H-2Kb-tsA58-Myf5nLacZ/+ myoblast model was used

to compare selected cellular promoters to the viral SFFV promoter in vitro

and in vivo.

 LV vectors carrying one of the following cellular promoters: HSA, hDES,

A2.hDES or A2UCOE were functional and were produced at comparable

infectious titres.

 No transgene expression was detected in Jurkat (T-cells), THP-1

(monocytes) cells and macrophages (antigen-presenting cell) with the hDES

and A2hDES muscle-specific promoters. High or moderate transcriptional

activity was detected with the HSA and the constitutively-active promoters,

A2UCOE and SFFV.

 In vitro expression analysis in H-2Kb-tsA58-Myf5nLacZ/+ myoblasts revealed the

strongest expression with the SFFV promoter, followed by hDES as the

strongest cellular promoter.

 Expression analysis per integrated viral copy amongst the cellular

promoters demonstrated the highest promoter strength with the A2.hDES

and hDES promoters.

 Transgene expression in vitro was stable with the SFFV, hDES and A2UCOE

promoters for at least 45 days. Loss of GFP-positive cells was detected with

the HSA and A2.hDES promoters.

 Differentiation into myotubes did not increase the transcriptional activity of

any of the cellular promoters.

 γ-IFN did not affect the transduction efficiency or promoter activity of the 

SFFV-EGFP LV.

 Cellular promoters mediated different levels of expression in vivo. The

A2UCOE promoter had the lowest expression, whereas the hDES promoter

had strong, and in some cases comparable expression levels to the SFFV

promoter.
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 In vivo transgene expression was maintained with all promoters up to 6

months, however, increased loss of GFP expression in donor-derived

myofibres was found with the HSA and A2.hDES promoter. Additionally,

the intensity of transgene expression at 6 months was reduced with the HSA

promoter, but remained similarly strong with the remaining promoters. No

in vivo down-regulation was observed with the SFFV promoter.

 In vivo tumour formation was detected at 6 months after the transplantation

of hDES-EGFP LV transduced myoblasts in vivo indicating an occurrence of

LV-mediated insertional mutagenesis.

 Direct LV in vivo administration into the hindlimbs of neonatal mice

resulted in successful transgene expression mediated by either the SFFV or

the hDES promoter in adult myofibres and in activated satellite cells.

Whether promoters were transcriptionally-active in quiescent satellite cells

could not be conclusively answered and requires further examination

outside the scope of this thesis.

 Transgene expression levels based on GFP protein (MFI) were lower for

episomal viral vectors (IN- LV, AAV) when compared to the integrated IN+

LV. However, expression per viral copy based on the number of transcripts

generated from each vector was identical irrespective of an episomal or

integrated transgenic backbone.

 Human myotubes had significantly higher transduction efficiencies with an

HIV-1 LV vector compared to murine myotubes, suggesting a mouse-

specific block against the HIV-1 virus. LV efficiency data obtained from

murine models might therefore be far greater when translated it into human

models or the clinic.

This chapter investigated four cellular promoters: three muscle-specific (HSA,

hDES, A2.HDES) and one silencing-resistant housekeeping promoter (A2UCOE),

and compared their performance to the potent viral SFFV LTR promoter.

Expression levels between promoters varied, and a descending order of promoter
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strength based on expression data generated by flow cytometry or qPCR could be

established in vitro and in vivo. Even though none of the cellular promoters reached

the full potency of the viral SFFV LTR, the hDES promoter produced the highest

expression levels in several conducted experiments in vitro and in vivo. The

A2.hDES and HSA promoters conferred intermediate expression, whereas the

A2UCOE promoter mediated very low basal expression levels in most experiments.

However, as the two strongest promoters also carried the highest numbers of viral

copies in their genomes (total <5), qPCR analysis was performed to determine the

expression level per viral copy for each promoter. Whereas the SFFV promoter

maintained its superiority, the A2.hDES promoter revealed the highest expression

per copy, followed by the hDES, HSA and the A2UCOE promoter. When promoter

activity was investigated in vivo, all muscle-specific promoters conferred

satisfactory transgene expression, however, the level of expression under these

promoters was only maintained with hDES and A2.hDES for 6 months. In contrast,

the intensity of GFP expression under the HSA promoter had decreased notably by

6 months. As demonstrated by the low transcriptional activity in vitro, the

A2UCOE promoter also showed only very basal expression in vivo. Interestingly,

significant transcriptional silencing and subsequent loss of transgene expression in

vivo was not observed with the SFFV, but possibly with the HSA and A2.hDES

promoters. This finding was based on an in vitro and in vivo assessment. Thus,

promoter methylation analysis of these two promoters could identify whether

chromatin remodelling in the promoter region led to the down-regulation of

transgene expression in vitro and in vivo. Furthermore, the number of donor-

derived, GFP-expressing fibres was higher at the 4 week time point compared to

the 6 month time point. This trend was consistent for all promoters analysed,

except for the A2UCOE promoter, which had already a very low number of donor-

derived fibres at the 4-week time point (mean: 48). Although the reduction in GFP-

expressing, donor-derived fibres could represent a similar rate of transcriptional

silencing for all promoters, it could also reflect the poor long-term survival rate of

engrafted cells in vivo. However, survival of cells at the respective time points has
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not been quantified by using a TUNEL assay or qPCR for engrafted cells, and thus

a clear answer for the drop in donor-derived fibres by 6 months cannot be

provided. Nonetheless, poor homing of engrafted cells into the host tissue has been

identified as a major obstacle also in other systems using stem cells for tissue

regeneration, such as for cardiac repair (Bagi & Kaley 2009).

Finally, the hDES promoter as the most potent cellular promoter was directly

compared to the SFFV promoter by in vivo administration of LV vector

preparations into the hindlimbs of neonatal mice. As suggested above, expression

was stably detected with both promoters in 2.5 months old mice. Even though the

level and distribution of expression varied significantly between animals due to

transduction variabilities during injection, the hDES promoter was capable in

mediating comparable expression to the SFFV promoter in myofibres of one

mouse. Successful transduction of satellite cells or their precursor cells was also

confirmed. Interestingly, whereas GFP expression with the hDES promoter was

only detected in myofibres and satellite-cell derived myoblasts, the SFFV promoter

also resulted in transgene-expressing blood vessels or nerves. Restriction to the

desired target tissue is very important to eliminate the risk of an immune response.

In fact, the SFFV promoter had high levels of expression in immunogenic cells,

such as T-cells, monocytes and primary macrophages thereby posing the risk of

protein translation in the antigen presenting cell (e.g. macrophage) and subsequent

presentation of a transgenic epitope as an antigen by MHC-class I complexes to

cytotoxic CD8+ cells. In contrast, transgene expression from the muscle-specific

hDES and A2.hDES promoters was restricted to only myoblasts, and was down-

regulated in immunogenic cells. These findings suggest the hDES and A2.hDES

promoters as suitable candidates for gene therapy strategies in muscle and

myoblasts. Notably, muscles that had been grafted with donor myoblasts

previously infected with LV in which the hDES promoter drove GFP expression

exhibited tumour formation 6 months post-grafting. Whether this was promoter-

related, a consequence of insertional mutagenesis induced by the integrating LV

backbone, or a spontaneous transformation event due to long-term cell culture was
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not investigated. A strategy to circumvent insertional mutagenesis is the use of

episomal, integration-deficient viral vectors, such as rAAV or IN- LV. Indeed,

findings of this chapter suggest that reduced transgene expression based on protein

levels (MFI) detected with episomal IN- LV and rAAV vectors do not originate

from lower transcriptional activities per viral copy, but are more likely to differ in

the mode of nuclear export of RNA molecules or differing efficiencies during

translation. Finally, murine myoblasts and myotubes were more refractory towards

the HIV-1 LV vector compared to human myoblasts and myotubes, possibly due to

an interaction of the HIV-1 virus with mouse-specific host factors post-entry

inhibiting efficient provirus integration as suggested previously by virologists

(Newman & Johnson 2007; Towers & Goff 2003; Ylinen et al 2005). This finding is

relevant for the translation of lentivirus-specific pre-clinical mouse data into the

clinic as it suggests an increased performance of LVs in human, compared to

mouse, tissue. Furthermore, it also explains partly the low transduction efficiencies

obtained with LV vectors compared to rAAV in vivo.
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6 - Discussion

Muscular dystrophies (MDs) are a heterogeneous group of more than 30 rare

muscle wasting disorders with different severities, inheritance patterns and

muscles groups affected (Astejada et al 2008; Bornemann & Anderson 2000; Cohn

& Campbell 2000; Emery 2002; Vilquin et al 2011). Amongst childhood MDs,

Duchenne muscular dystrophy (DMD) is the most common form, characterised by

a rapidly progressing muscle degeneration and premature death of patients in their

late twenties (Emery 1991). Even though the genetic cause was identified more than

20 years ago (Hoffman et al 1987; Koenig et al 1987), effective treatments that fully

correct the phenotype are still lacking to date. Enhanced genetic screening

technologies have opened the door for precise diagnosis and studies on BMD

patients allowed researchers to develop several gene therapy approaches, aimed at

the correction of the dystrophin mutation on the genomic (via gene transfer) or

mRNA level (via exon-skipping). Furthermore, characterisation of families with

varying dystrophin protein levels in their skeletal muscles, as well as studies in the

mdx mouse have demonstrated that as little as 20-30% of control dystrophin

expression in muscle fibres is sufficient to prevent the symptoms of muscular

dystrophy (Neri et al 2007; Phelps et al 1995; Rafael et al 1994; Wells et al 1995). In

line with these reports, a recent study showed that a minimum of 20% of

dystrophin-positive fibres is required for a meaningful functional improvement

(Sharp et al 2011). Whereas antisense oligonucleotides (AONs) have been shown to

enter muscle fibres after systemic administration to mediate exon skipping in

dystrophin-deficient myofibres (Cirak et al 2011; Fletcher et al 2007; Goemans et al

2011; Lu et al 2005; Yokota et al 2009), recombinant DNA sequences or exon-

skipping constructs are more efficiently shuttled into the target tissue when viral

vectors are used for gene delivery (Gregorevic et al 2004b; Odom et al 2010a; Odom

et al 2007; Scott et al 2002). Several viral vectors have been investigated for their

efficiency to introduce a functional dystrophin gene copy of manageable sizes into
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the muscle (Acsadi et al 1996; Odom et al 2007; Scott et al 2002; Wang et al 2000a).

Recombinant adeno-associated viruses (rAAV) of serotypes 5, 8 and 9 have been

shown to transduce skeletal muscle with high efficiency (Duan et al 2001; Grimm &

Kay 2003; Koo et al 2011; Yue et al 2008), and extensive dystrophin expression in

almost all myofibres was detected after intramuscular injection of a

microdystrophin-expressing AAV vector with the serotype 9 (Koo et al 2011). In

contrast, VSV-G pseudotyped HIV-1 based lentiviral (LV) vectors have

demonstrated rather poor efficiencies for the transduction of skeletal muscle in vivo

(Apolonia et al 2007; Kimura et al 2010; Li et al 2005; MacKenzie et al 2002; Talbot

et al 2010). Despite low in vivo transduction properties (Kimura et al 2010; Li et al

2005), LV vectors possess the rare advantage of integrating their viral expression

cassette into the host genome of dividing and non-dividing cells (Escors &

Breckpot 2010; Klimatcheva et al 1999; Schroder et al 2002). This enables stable

transgene expression in proliferating cells, making them ideal delivery tools for ex

vivo manipulation of muscle precursor cells (Ikemoto et al 2007; Li et al 2005; Xiong

et al 2010). Satellite cells represent a reserve stem cell population in the muscle,

which is capable of regenerating injured and degenerating myofibres (Mauro 1961;

Yablonka-Reuveni 2011). Indeed, transplantation of healthy allogenic satellite cell-

derived myoblasts into dystrophic muscles can introduce a functional gene copy

into diseased myofibres through myoblast fusion without any requirement for ex

vivo gene correction (Morgan et al 1996; Morgan et al 1990; Morgan et al 1993; Skuk

2004; Skuk et al 2004; Wallace et al 2008). However, immune suppression during

the time of cell transplantation and thereafter is required to avoid graft rejection

and to allow efficient homing of cells (Guerette et al 1994; 1995; Skuk & Tremblay

1998). Long-term immune suppression of a patient is associated with high toxicity

and should be prevented where possible (Cossu & Sampaolesi 2007; Hong et al

2002; Janbernd et al 2010; Peault et al 2007). Alternatively, autologous muscle

precursor cells can be genetically-corrected ex vivo and re-transplanted into

dystrophic muscles where they participate in regeneration and express the gene of

interest (Bou-Gharios et al 1999; Davies & Grounds 2007; Ikemoto et al 2007;
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Moisset et al 1998a; Moisset et al 1998b; Quenneville et al 2007; Tremblay &

Frederickson 2011; Xiong et al 2010). As a proof-of-principle, successful

microdystrophin expression was detected in mdx mice transplanted with

autologous LV-transduced mouse myoblasts (Ikemoto et al 2007). Additionally,

non-immunosuppressed monkeys demonstrated successful microdystrophin-V5

transgene expression in muscles engrafted with autologous myoblasts genetically-

modified with a LV vector (Quenneville et al 2007). Interestingly, the latter study

also reported vector toxicity associated with rapid cell death, which was observed

when the CMV promoter, but not the muscle-specific MCK promoter mediated

microdystrophin expression in human DMD myoblasts (Quenneville et al 2007).

This finding highlighted the importance of promoter choice to ensure adequate,

physiological transgene expression in the target tissue.

This study aimed to compare the potency of LV vectors to drive stable transgene

expression in myoblasts in vitro and in myofibres derived from transduced

myoblasts in vivo. To ensure physiological and stable transgene expression, a viral

promoter was compared to three muscle-specific promoters and one housekeeping

promoter that has been shown to be resistant to transcriptional silencing and

position effects (Zhang et al 2010; Zhang et al 2007). Genetic correction of satellite

cells is an attractive strategy for the treatment of DMD, as satellite cells have the

potential to produce fusion-competent progeny that can contribute dystrophin-

expressing myonuclei to dystrophic myofibres (Quenneville et al 2007; Quenneville

& Tremblay 2006). Furthermore, satellite cells self-renew to replenish the stem cell

pool (Collins 2006; Collins et al 2005; Collins & Partridge 2005; Kuang et al 2007)

and thus, can give rise to genetically-corrected progeny in multiple rounds of

regeneration thereby prolonging the treatment effect (Ikemoto et al 2007; Kimura et

al 2010; Li et al 2005; Muses et al 2011b). This strategy was successfully

demonstrated in the hematopoietic system, where homing of CD34+ stem cells,

genetically-corrected with a LV vector led to stable bone marrow reconstitution

and functional improvements up to 30 months in two patients suffering from X-

linked adrenoleukodystrophy (Cartier et al 2009). Furthermore, in vivo transduction
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of satellite cells in mdx4c mice using a LV vector coding for microdystrophin-EGFP

conferred stable dystrophin expression in mdx muscle fibres up to 2 years and

produced 20% of transgene-expressing mononucleated progeny even after 1 year,

which was able to also regenerate small numbers (<10) of green fluorescent, donor-

derived dystrophin-positive myofibres in a second recipient host (Kimura et al

2010). Hence, transplantation of genetically-corrected satellite cell-derived progeny

will promote both the repair of dystrophic myofibres, and the homing of a

subpopulation of dystrophin-expressing satellite cells that return to quiescence and

can be recruited for continuous rounds of myofibre repair even years after their

transplantation.

Limitations of satellite cell in vitro expansion

One hurdle towards a cell-based treatment strategy is to obtain adequate cell

numbers in an easy, reproducible and timely manner (Vilquin et al 2011). In fact, an

enormous number of myoblasts has been shown to die immediately after

transplantation independent of immunosuppression, although evidence exist that

the stem cell-like satellite cell fraction in myoblast cultures persists longer in

transplanted muscles (Beauchamp et al 1999; Cousins et al 2004; Peault et al 2007;

Skuk & Tremblay 1998). Whereas only few freshly-isolated satellite cells with

robust self-renewing potential are required to achieve high engraftment efficiencies

(Collins et al 2005), this remarkable regenerative capacity of satellite cells is rapidly

lost during in vitro expansion and with continuous passages (Ikemoto et al 2007;

Montarras et al 2005), consequently leading to a drop in the percentage of slowly-

dividing, stem cell-like satellite cells to 2-20% in a myoblast culture (Biressi &

Rando 2010; Zammit 2008; Zammit et al 2002). As genetic correction ex vivo

requires the exposure of satellite cells to an artificial cell culture environment, high

cell numbers are required to obtain sufficient engraftment efficiencies and to

compensate for the low number of self-renewing satellite cells after in vitro

expansion (Montarras et al 2005). An additional obstacle is the compromised

expansion ability of primary mouse satellite cells in vitro. Indeed, satellite cells
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enter replicative senescence after only few passages limiting their in vitro expansion

potential (Decary et al 1996). Loss of satellite cell myogenicity and the replicative

potential can be delayed by mimicking the satellite cell niche ex vivo. Whereas the

full restoration of the satellite cell niche ex vivo has proven difficult, developments

towards a partial niche reconstitution have been more promising and ameliorated

expansion properties of primary myoblasts (Boonen & Post 2008; Gilbert et al 2010).

Partial niche reconstitutions were established by:

A) Appropriate substrates comprising correct physical properties.

B) Addition of growth factors to stimulate cell cycle progression.

C) Alterations of oxygen conditions.

In this study I compared several conditions to facilitate satellite cell expansion and

showed that A) Matrigel, B) bFGF and C) hypoxic culture conditions improved

satellite cell adherence and reduced the doubling time of primary mouse myoblast

cultures. Cells retained fusogenic capacities as well as typical myogenic marker

expression in altered culture conditions.

A) ECM substrates:

Comparison of selected ECM substrates (Matrigel, fibronectin, laminin-1) revealed

Matrigel as the most potent substrate in promoting freshly-isolated mouse satellite

cell adherence whilst allowing the generation of the largest colonies by day 9.

However, the literature on the effects of different protein coatings on mouse

myoblast expansion is controversial. Whereas some studies have reported no

stimulatory effects on myoblast proliferation with protein coatings comprising

selected extracellular matrix (ECM) components (Boonen et al 2009; Maley et al

1995), others have found increased proliferation rates with Matrigel and laminin

substrates (Grossi et al 2007; Silva-Barbosa et al 2005; Yao et al 1996). Additionally,

a study prepared in our lab (manuscript accepted) has clearly identified the

laminins as a proliferation-stimulatory substrate and has demonstrated a

significantly increased in vivo regenerative potential when primary myoblasts were

expanded on laminin-1 as compared to fibronectin (Ross et al 2012). As the main
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component of Matrigel is laminin-1 (www.bdbiosciences.com), my work

contributes to the literature supporting the hypothesis that laminin-containing

protein substrates improve myoblast proliferation ex vivo.

B) Growth factors

The supplementation of growth factors to culture conditions is an additional

alternative to improve proliferation rates of myoblasts and to delay differentiation

(Boonen & Post 2008). Previously, bFGF and leukemia inhibitory factor (LIF) have

both been shown to synergistically suppress MHC expression and to enhance

clonal growth in vitro, as well as regeneration capacities in vivo (Allen et al 1984;

Hashimoto et al 2004; Kinoshita et al 1996; Smythe et al 2001). Even though bFGF

did not significantly decrease MHC expression in the present study, a significant

increase in cell expansion was detected in accordance with the literature.

Interestingly, Hashimoto and colleagues demonstrated that the satellite cell

specification marker Pax7 (Seale et al 2000) was highly expressed in small round

cells in the presence of bFGF. Additionally, I showed that not only Pax7 levels, but

more specifically Pax7-positive, MyoD-negative cells were elevated, albeit non-

significantly, indicating that more ‘stem cell like’ reserve cells were present when

culture conditions comprised bFGF.

C) Oxygen conditions

Finally, an increased focus is currently directed at defining the appropriate oxygen

conditions for primary myoblast expansion. In fact, hypoxic conditions in skeletal

muscle are predominantly found during embryonic development and adult muscle

regeneration due to the lack of neovascularisation (Borselli et al 2009). An early

study observed enhanced proliferation of rat primary myoblasts under low oxygen

conditions (3%) associated with concomitant down-regulation of cell cycle

inhibitors (Chakravarthy et al 2001). Subsequently, a number of studies

investigated the effects of hypoxia on satellite cell function, thereby slowly

beginning to unravel the molecular pathways affected. These studies consistently

reported inhibition of myoblast differentiation, partially by down-regulation of
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MyoD and myogenin, and a delay of age-related diseases (e.g. atherosclerosis,

diabetes, hypertension) when oxygen levels were low (Gates et al 2007; Majmundar

et al 2012; Modarressi et al 2010). Moreover, a very recent study reported the

survival of quiescent satellite cells under anoxic conditions in muscle tissue up to at

least 14 days post-mortem (Latil et al 2012). These satellite cells were highly

fusogenic in vitro and efficiently regenerated muscle in vivo when they were

transplanted into pre-injured muscles of immunocompromised mice. It was further

shown in that study that satellite cell survival under anoxic conditions was

achieved by cellular quiescence, in which cells had a reduced cell metabolic activity

and a transcriptional state that was less primed for commitment. Taken together,

these findings indicate that severe hypoxia increases the proliferative potential of

myoblasts, whilst maintaining the stem cell viability and regenerative potential of

satellite cells. My findings of enhanced proliferative rates of primary mouse

myoblasts at 5% oxygen levels are therefore in line with the literature. Interestingly,

even though hypoxia is beneficial for myoblast expansion in vitro, oxygen

deprivation (ischemia) in combination with a lack of hypoxia-induced factor (HIF)

is detrimental for muscle regeneration in vivo (Majmundar et al 2012).

Notably, alteration of culture conditions with the appropriate substrate coating and

growth factor supplementation did not prevent cells from losing their myogenicity

and proliferative capacity within three passages or 5-12 population doublings. This

finding is supported by Ikemoto and colleagues who reported a 2 to 5-fold

reduction of the in vivo engraftment efficiency with passaged mouse myoblasts, but

not with expanded, non-passaged cells (Ikemoto et al 2007). In a subsequent clonal

expansion experiment, the group found that a reduction in the size of colonies, and

thus a gradually declined proliferative capacity, was mediating the hampered

regeneration in vivo of passaged cells, whereas the fusogenic properties were not

altered by one passage (Ikemoto et al 2007). On the contrary, Montarras et al.

observed a 10-fold reduction of the in vivo regenerative potential when cells were

only expanded for 3 days (Montarras et al 2005). Interestingly, the data of
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Montarras et al. are supported by my findings, in which cultured IN- LV infected

cells produced 10-fold less donor-derived myofibres as compared to freshly

isolated, non-expanded satellite cells. In conclusion, satellite cell expansion still

remains difficult and replicative senescence cannot be prevented by changes in

culture conditions. Nevertheless, the data of my work and of other groups as

outlined above demonstrate that satellite cell expansion can be greatly enhanced by

using the commercially-available substrate, Matrigel, together with the soluble

growth factor bFGF and low oxygen levels.

High viral loads for genetic modifications of satellite cells ex vivo

In the present study I have successfully demonstrated the genetic manipulation of

satellite cells ex vivo. However, high multiplicities of infection (MOIs) were

required to yield an adequate percentage of transduced cells. When SM/C-2.6-

sorted mouse satellite cells were transduced with a LV vector expressing

microdystrophin fused to a fluorescent reporter controlled by the viral CMV

promoter, an MOI293T of 200 resulted in more than 97% transgene-expressing cells

as determined by flow cytometry, whereas toxicity was detected with MOI 300

(Ikemoto et al 2007). In contrast, LV infection of quiescent satellite cells in this

study saturated at approximately 90%, and MOI 200 only transduced 50-60%.

Interestingly, in the present study no toxicity was detected up to MOI 660 with the

LV vector expressing SFFV-EGFP. In a different study mdx myoblasts were infected

with a number of LVs expressing EGFP or microdystrophin, and stable

transduction of essentially 100% of cells was achieved with MOIs 50-100 (Li et al

2005). A possible explanation for the low MOI required in this study is a slightly

altered infection protocol, in which polybrene was used. However, despite the

minor differences in MOIs between studies, it seems to be consistent that generally

high viral loads (MOI >50) are required to efficiently transduce mouse myoblasts.

Notably, most studies have used already activated myoblasts or sorted satellite

cells for LV infection (Ikemoto et al 2007; Li et al 2005; Quenneville et al 2007).

Alternatively, LV vectors were injected directly into muscles of prenatal or
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neonatal mice, to circumvent an immune response against the vector or transgene,

as at this stage the immune system has not yet fully developed (Kimura et al 2010;

MacKenzie et al 2002; MacKenzie et al 2005; Talbot et al 2010). However, at this

developmental stage the majority of satellite cells is activated and extensively

proliferating to contribute to postnatal growth (Biressi & Rando 2010). As an

example of LV transduction of non-dividing tissue, Li et al. successfully infected

terminally-differentiated myotubes in vitro (Li et al 2005). Expanding on this

finding, I showed that quiescent satellite cells in their niche position could be

transduced with LV vectors in vitro. GFP expression in LV-infected satellite cells

was first detected 48hpi, irrespective of whether cells were transduced in their

niche or when removed from their parent fibre. This is in line with the literature.

Thus, whereas gammaretroviral vectors have been previously used to transduce

activated, dividing satellite cells and their progeny in the single fibre model 24h

post-isolation (Collins et al 2009; Perez-Ruiz et al 2008; Zammit et al 2006b), I

demonstrated that LV vectors are suitable tools to transduce quiescent satellite cells

underneath the basal lamina even before their activation and cell cycle re-initiation.

In an attempt to investigate the translational potential of my work, I compared

transduction efficiencies between human and mouse myotubes. A much higher

MOI (MOI 30) was required to successfully transduce one third of mouse

myotubes, whereas a low MOI (MOI 1.5) was sufficient to transduce human

myotubes at a similar rate. Moreover, MOIs of as low as 10 transduced the majority

of human myotubes (approximately 80%). This is supported by a LV study on

human myoblasts, in which an MOI of 1 was sufficient to transduce approximately

80% of cells (Cudre-Mauroux et al 2003). Indeed, a species-specific block of HIV-1

provirus integration and transcription has been detected in mouse T-cells (Tervo et

al 2008), however, interference of HIV-1 reverse transcription and nuclear import

has also been reported in mouse fibroblast lines (Baumann et al 2004; Tsurutani et

al 2007). Inhibition of HIV-1 early infection is most likely mediated by differing

mouse orthologues or even complete absence of essential HIV-1 interacting factors,

e.g. cyclin T1 (Sun et al 2006). Whereas the murine receptors for HIV-1 infection



Discussion Chapter Six

413

(CD4mouse, CCR5mouse) permit only insufficient binding of the viral envelope

glycoprotein (Bieniasz & Cullen 2000), this disadvantage can be circumvented by

pseudotyping vectors with the pan-tropic VSV-G glycoprotein.

In this study, two strategies were explored to enhance viral transduction of murine

quiescent satellite cells.

,

A) Pseuodtyping of LV vectors

B) Pharmacological treatment of cells with cyclosporine A

A) Pseudotyping

Pseudotyping LVs with selected envelope proteins is a convenient tool to enhance

the tropism of viral infection and to increase transduction efficiencies of muscle

tissue. A recent study compared different envelopes and demonstrated enhanced

tropism for muscle when LVs were pseudotyped with Ebola or Mokola

glycoprotein envelopes (MacKenzie et al 2002). Furthermore, a follow-up study

confirmed the successful in vivo transduction of functional satellite cells with both

envelopes (MacKenzie et al 2005). In contrast, VSV-G-pseudotyped particles had a

very low efficiency during muscle transduction (MacKenzie et al 2002). As LV

vectors pseudotyped with Ebola-GP (Ebo-GP) gave rise to the highest viral copy

numbers in muscle, it was assessed in this study whether it enhances the

transduction efficiency of primary myoblasts. In contrast to the literature, no

increase in the percentage of GFP-positive cells was found when compared to VSV-

G. Notably, the infectious titre of Ebo-GP pseudotyped particles was significantly

reduced by 100-fold, which was also reported by MacKenzie et al. Even though the

number of infectious particles of VSV-G and Ebo-GP-pseudotyped LV vectors used

for transduction was similar, there is no clear explanation why the transduction

rate of myoblasts was reduced with Ebo-GP compared to VSV-G. A plausible

explanation could be that VSV-G pseudotyped particles are more stable ex vivo

compared to vectors comprising Ebo-GP envelopes, so that they transduce a higher

number of cells in vitro but not in vivo. Interestingly, a recent PhD thesis of Natalie

Ward aimed at the comparison of multiple envelopes in several cell types also
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found no superiority of Ebo-GP when compared to VSV-G in C2C12 myoblasts.

Furthermore, following the intramuscular injection of LV particles into adult

DBA/1 mice, her data showed that Ebo-GP enveloped particles resulted in reduced

intramuscular transgene expression compared to VSV-G-pseudotyped vectors at all

measured time points (7-60 days post-injection) (N. Ward, Ph.D. dissertation 2010,

UCL). Thus, whereas my data support the findings of that PhD study, it cannot be

excluded that Ebo-GP-pseudotyped particles are very effective in transducing

quiescent satellite cells or adult myofibres in vivo, but less so when transducing

dividing myoblasts. However, it needs to be noted that in the MacKenzie study

mice were injected in utero at 14-15 days gestation, when satellite cells do not yet

exist, and a heterogeneous mixture of embryonic and fetal progenitors participate

in the formation of muscle and eventually give rise to sublaminal satellite cells

from E16.5 onwards (Biressi & Rando 2010; Lepper & Fan 2010; MacKenzie et al

2005).

B) Cyclosporine A treatment

An additional strategy to enhance transduction efficiencies of primary mouse

myoblasts was the addition of cyclosporine A (CSA). It was previously reported by

Noser and colleagues that addition of CSA increases the transduction efficiency of

primary murine bone marrow-derived cells and macrophages up to 20-fold.

Primary bone marrow-derived cells became progressively more susceptible to HIV-

1 LV infection during culture and less responsive to CSA treatment, so that the

authors concluded a maturation-dependent block to HIV-1 infection (Noser et al

2006). In the present study, CSA treatment during LV infection of quiescent murine

satellite cells increased transduction efficiencies of satellite cells up to 3-fold in the

single myofibre suspension model as well as when cells were removed from their

parent fibre. As in the Noser study the effect was dose-dependent, but I did not

obtain the 20-fold increase that Noser et al. achieved. Interestingly, Ricks et al.

tested CSA treatment to increase LV transduction of murine mesenchymal stem

cells (MSCs) and did not detect any effect (Ricks et al 2008). However, MSCs were
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thawed from frozen stocks and thus had been cultured extensively before

transduction. Nevertheless, the data might suggest that the effect of CSA is not

only maturation-dependent, but also cell type-specific. An additional finding was a

minor effect of CSA on myogenicity. The percentage of Pax7-expressing cells was

elevated in the myofibre suspension model as well as when cells were cultured

with CSA ex vivo. MyoD levels were only investigated in expanded satellite cells

and an increase in MyoD-positive cells was detected with CSA concentrations of

5μM and higher. In the single fibre model, myosin expression quantified based on 

reporter gene expression under the MLC1/F promoter was decreased at early time

points. Even though decreased percentages of myosin-expressing cells were not

detected in the ex vivo culture, most likely due to missing cues from the niche or

parent fibre substrate, the data indicate that CSA in concentrations of 5μM and 

higher delays differentiation and promotes cell cycle progression by maintenance

of Pax7 expression. Indeed, a dose-dependent inhibitory effect of cyclosporine A on

human myoblast fusion has been reported in the literature (Hardiman et al 1993).

Later this effect could be attributed to the inhibition of calcineurin, which has been

shown to be essential at the myogenic commitment stage (Friday et al 2000).

Furthermore, block of calcineurin signalling alters fibre type specification

(Higginson et al 2002) and increased ROS levels and oxidative stress. In fact, Hong

and colleagues investigated the effect of a dose response curve ranging from 1-

10μM CSA on mouse myoblasts and reported complete down-regulation of 

myogenin at CSA concentrations of 2.5μM and higher (Hong et al 2002). 

Additionally, a ROS-dependent cytotoxicity was detected with levels of 10μM CSA, 

which caused apoptosis of cells (Hong et al 2002). Similarly, I observed a significant

decline in cell density of satellite cell-derived myoblasts at a CSA concentration of

10μM. Finally, intraperitoneal administration of CSA into adult mice prolonged 

up-regulation of myostatin and its downstream effectors, Id1 and Smad3, and

delayed differentiation and muscle regeneration following bupivacaine injury in

vivo (Sakuma et al 2005). Taken together, these data underline the marked effect
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CSA has on myoblast differentiation and on ROS homeostasis in vitro and in vivo,

independent of its role as an immunosuppressive drug.

Commonly, polybrene is used to enhance LV transduction, however, altered

human myoblast proliferation was detected when polybrene treatment was

previously analysed in our group (C. Adkin, Ph.D. dissertation 2009, University of

London), as well as a complete cell cycle arrest when polybrene was used for the

transduction of MSCs (Lin et al 2011). For that reason, it was not used for the

genetic manipulation of quiescent satellite cells.

In conclusion, whereas pseudotyping of LV vectors with Ebo-GP did not increase

transduction efficiencies of quiescent satellite cells compared to VSV-G, treatment

of cells with 2.5μM-5μM CSA during the time of LV infection increased 

transduction efficiencies up to 3-fold. However, CSA treatment delayed myogenic

differentiation of satellite cells and was therefore not incorporated into the

standard transduction protocol.

Conditionally-immortalised satellite cell-derived myoblasts

Alteration of culture conditions did not circumvent the decline in myogenicity and

proliferation capacity of primary satellite cell-derived progeny in vitro. Hence, an

alternative was sought to overcome limitations with regards to restricted starting

material for reliable, unbiased promoter assessment. The need for controllable

expansion of primary myoblasts has long been recognised as an essential goal to

produce sufficient quantities for therapeutic and experimental assays. Several

means have been identified to achieve irreversible or conditional immortalisation

of cells. Continuous growth of primary cells can be achieved by over-expression of

factors stimulating cell cycle entry (e.g. SV40 T-antigen (Ali & DeCaprio 2001)), by

down-regulation of cell cycle inhibitors or tumour suppressor genes (e.g. Bmi-1

(Jacobs et al 1999)), or alternatively by expressing factors preventing cell senescence

(e.g. telomerase (Greider & Blackburn 1987)). Human myoblasts from patients with

various muscular dystrophies have been successfully immortalised by over-

expression of telomerase and cyclin-dependent kinase 4 (cdk4), thus generating a
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biobank to allow the investigation of several disease pathologies and potential

therapeutic strategies (Mamchaoui et al 2011). However, high levels of

immortalisation genes can also lead to genetic instability in human satellite cells

and primary myoblasts (Cudre-Mauroux et al 2003). Additional studies have

reported that SV40 T-antigen and adenoviral E1A gene expression in human and

mouse myoblasts resulted in loss of myosin heavy chain expression (Mouly et al

1996) and consequently failure of myoblasts to undergo differentiation (Webster et

al 1988). Thus, a fine balance of such immortalisation genes is crucial. Furthermore,

a means to de-immortalise cells for transplantation studies in vivo to circumvent

tumour formation is desirable (Morgan et al 1992). Conditional immortalisation is a

reversible strategy to expand myoblasts under temporarily immortal conditions. A

number of inducible promoters and systems have been identified to mediate

temporally controlled transgene expression (e.g. tetracycline-dependent systems,

tamoxifen-inducible promoters, expression of temperature-sensitive SV40 T-

antigen), however, these methods require the stable transduction of the inducible

gene expression system and its components into the desired cell type in vitro and

thus increases the risk of insertional mutagenesis. These technical difficulties were

overcome when the H-2Kb-tsA58 immortomouse was generated in 1991 (Jat et al

1991). The immortomouse drives the expression of the temperature-sensitive

variant of SV40 T-antigen (SV40 tsA58) under the control of the mouse major

histocompatibility complex (MHC) class I promoter (H-2Kb). Although the

promoter has broad, basal activity in most tissues, transcriptional promoter activity

can be enhanced, depending on the cell type, in the presence of γ-IFN. Thus, gene 

expression is under two control elements: 1) temperature and 2) γ-IFN. Jat and 

colleagues showed that temperature is the main factor determining transgene

expression, as expansion of cells and thus, immortalisation was still detected under

semi-permissive conditions (33°C, -γ-IFN), albeit at reduced growth rates (Jat et al 

1991). In this study, a cell clone derived from a satellite cell isolated from the H-2Kb-

tsA58-Myf5nLacZ/+ transgenic mouse was characterised and analysed for:
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A) SV40 T-antigen down-regulation in vitro.

B) The in vivo regenerative potential.

C) Satellite cell formation in vivo.

A) SV40 T-antigen down-regulation in vitro

Supporting the findings of Jat et al., residual SV40 T-antigen protein levels in the

present study were still detected when cells were cultured under semi-permissive

conditions for 7 days (33°C –γ-IFN). In contrast, no SV40 T-antigen expression was 

observed when cells were cultured under non-permissive conditions. Notably,

residual levels of SV40 T-antigen in myoblasts did not prevent cells from exiting

the cell cycle to commit to terminal differentiation and to fuse to form

multinucleated myotubes when a critical density of 70-80% confluency was

reached. Interestingly, in a recent study with a satellite cell-derived H-2Kb-tsA58

clone, SV40 T-antigen expression was completely absent by culturing cells at 37°C

in the absence of γ-IFN for 4 days (Muses et al 2011a). In contrast, 50% of H-2Kb-

tsA58-Myf5nLacZ/+ myonuclei still expressed the immortalisation gene after 4 days at

non-permissive conditions (37°C, -γ-IFN, reduced serum). Possibly, the difference 

in the genetic background as well as clonal differences might account for the slower

down-regulation of SV40 T-antigen expression in this study.

B) In vivo regenerative potential

When regenerative capacities were compared between expanded satellite cells and

conditionally-immortalised H-2Kb-tsA58-Myf5nLacZ/+ myoblasts, no significant

difference was observed. Furthermore, in concordance with a recent in vivo study

on H-2Kb-tsA58 cells (Muses et al 2011a), non-transduced H-2Kb-tsA58-Myf5nLacZ/+

myoblasts regenerated similar mean numbers of donor-derived dystrophin-

positive fibres when engrafted into mdx nude mice (379 and 395, respectively).

Nonetheless, in my in vivo comparison, fewer cells were transplanted (2.5x105

instead of 5x105 myoblasts/TA) therefore resulting in a higher regenerative index

compared to the Muses study (0.158 and 0.075 donor-derived fibres per 100
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engrafted cells, respectively). Interestingly, when primary satellite cells were

isolated from immortomouse EDL single fibres, a similar mean number of donor-

derived, dystrophin-positive fibres was regenerated (372), resulting in a

regenerative index of 0.074 (Cousins et al 2004). As the mean numbers of donor-

fibres seem to be comparable between different studies, these data suggest that the

number of engrafted donor cells per TA is very likely to be saturated. Hence, a

decrease in the number of injected cells results in an equivalent amount of donor-

derived fibres, but due to the lower number of cells also in a higher regenerative

index. Furthermore, these results demonstrate that extensive passaging of H-2Kb-

tsA58-Myf5nLacZ/+ myoblasts (up to passage 15; representing 30 mean population

doublings) did not affect the regenerative capacity of H-2Kb-tsA58-Myf5nLacZ/+

myoblasts to participate in muscle formation in vivo. This was also underlined by

the absence of any significant difference in regenerative potential of passaged H-

2Kb-tsA58-Myf5nLacZ/+ myoblasts and primary, expanded, non-passaged myoblasts.

Concordantly, one of the first studies to characterise H-2Kb-tsA58 myoblasts from

enzymatically-disaggregated muscles successfully demonstrated preserved

myogenicity in vitro up to 60 passages, and in vivo up to 7 passages (Morgan et al

1994).

Interestingly, cross-sectional diameters of donor-derived fibres from H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts were smaller when compared to those derived from expanded

primary myoblasts. The median fibre diameter of donor-derived dystrophin-

positive fibres generated from satellite cell-derived progeny was 16μm. This 

finding is in line with a report of satellite cells isolated by the pre-plating technique

and separated based on CD34 expression (Jankowski et al 2002). CD34-negative

and CD34-positive myoblasts regenerated fibres with comparable diameters (16μm 

and 18μm, respectively), whereas mdx non-regenerated host fibres had a median

diameter of 46μm. However, H-2Kb-tsA58-Myf5nLacZ/+ myoblasts regenerated much

smaller fibres with a median diameter of 8μm. Small mean fibre diameters of 

9.5μm were also reported for engrafted myoblasts derived from the C2C12 and F8B 

cell line (Wernig et al 1991). This observation was also described, but not quantified
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in other studies (Morgan et al 2002; Morgan et al 1992). Hence, the regeneration of

small calibre fibres might be a characteristic of immortalised myoblasts.

C) In vivo satellite cell formation

When H-2Kb-tsA58 myoblast clones, were analysed for self-renewal in vivo, only

one out of eight clones was able to self-renew in serial transplantation experiments

(Morgan et al 1994). As clones were established from proliferating myogenic cells,

this heterogeneity in self-renewing capacities clearly underpins the importance of

generating myogenic cell lines from quiescent satellite cells instead of from a

heterogeneous mix of activated and cycling myogenic precursor cells. Indeed,

when engrafted H-2Kb-tsA58 myoblasts previously marked with a γ-retrovirus 

were isolated from pure single fibre cultures, these cells efficiently regenerated new

donor-derived muscle after either notexin injury or when transplanted into a

second recipient host, thereby confirming the robust self-renewing potential of H-

2Kb-tsA58 myoblasts when they were derived from quiescent satellite cells (Cousins

et al 2004). Similarly, I showed that the satellite cell-derived H-2Kb-tsA58-Myf5nLacZ/+

clone E4 (generated by C. Collins) formed satellite cells in vivo. Donor-derived

satellite cells expressed the satellite cell marker Myf5, but anatomically were found

to be mainly in the interstitial space or outside the basal lamina. Although it is not

known whether PICs express the satellite cell marker Myf5, they do not express the

satellite cell marker Pax7 (Seale et al 2000). Nevertheless, observed Myf5-positive

cells could represent the interstitial subtype of PW1-positive myogenic cells.

Alternatively, Myf5-positive, donor-derived cells observed in the interstitium

might represent activated satellite cells outside the basal lamina as was described

by Mouly and colleagues (Mouly et al 1997). To test for functionality of donor-

derived satellite cells, muscles engrafted with lentivirally-marked H-2Kb-tsA58-

Myf5nLacZ/+ of passage 15 were injured with notexin 19 days post-injury and analysed

16 days post-injury. Due to time constraints, this injury protocol was different from

the standard protocol, in which muscles are normally injured 21 days post-
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transplantation and analysed at 7 days post-injury (Boldrin et al 2009; Collins et al

2005; Muses et al 2011a). This protocol allows the quantification of neonatal

myosin, a marker for recently regenerated myofibres (Whalen et al 1990). However,

as neonatal myosin is progressively replaced by mature myosin isoforms from 7

days post-injury, this marker could not be used to confirm recent regeneration

(Whalen et al 1990). However, central nuclei together with small fibre diameters

were used to identify newly regenerated fibres (Collins et al 2005; Gross & Morgan

1999). Following notexin injury, three out of four TAs exhibited 300-500

lentivirally-marked fibres after notexin injury. As shown in previous studies,

notexin destroys up to 70% of myofibres in rat EDL muscles (Plant et al 2006) and

up to 70-80% of fibres in adult mouse TA muscles (Collins et al 2005). These results

suggest that the majority of notexin-injured muscles were likely to be degenerated,

and that small, GFP-expressing fibres were presumably derived from donor-

derived satellite cells. Even though the lack of neonatal myosin staining prevented

a definite conclusion that clone E4-derived H-2Kb-tsA58-Myf5nLacZ/+ myoblasts form

functional satellite cells in vivo, a number of previous studies have confirmed self-

renewing capacities and functionality of donor-derived H-2Kb-tsA58 satellite cells

in vivo (Cousins et al 2004; Gross & Morgan 1999; Muses et al 2011a).

Taken together, the discussed published reports together with the data obtained

from my work confirm the suitability of conditionally-immortalised H-2Kb-tsA58

myoblasts as a possible myogenic cell model. In fact, a number of studies have

crossed the immortomouse (Jat et al 1991) with other transgenic mice to utilise this

cell model and to study disease pathologies or treatment strategies (Macpherson et

al 2004; Thompson et al 2010; Vandenburgh et al 2009; Volonte et al 2003).

Furthermore, it has been shown that H-2Kb-tsA58 myoblasts can be easily

transduced with retroviral (Cousins et al 2004) or non-viral (sleeping beauty

transposons (Muses et al 2011a)) vectors making them ideal models for genetic

manipulation.
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Differential diffusion of dystrophin and GFP in vivo

In the present study, H-2Kb-tsA58-Myf5nLacZ/+ myoblasts could be easily transduced

with the LV vectors whilst maintaining their myogenic capacities. I confirmed that

LV infection did not perturb in vitro and in vivo myogenicity, however, a trend of

non-significantly higher numbers of transgene-expressing donor-derived fibres

was detected when LV-infected myoblasts compared to non-infected were

engrafted. This finding was consistent with both primary and H-2Kb-tsA58-

Myf5nLacZ myoblasts. Initially, it was thought that constitutive GFP expression

under the control of the SFFV promoter is already detected at an earlier

differentiation state, such as in differentiated myoblasts and early myotubes, in

which dystrophin would not yet be expressed (Rando et al 2000). Fibre diameters

have been demonstrated to increase in size during the process of maturation

(Whalen et al 1990), so that cross-sectional diameters of donor-derived fibres in

host muscles engrafted with infected and non-infected myoblasts were compared.

Cross-sectional diameters were comparable between both groups, suggesting that

earlier onset of GFP expression did not lead to an increase in quantified donor-

derived fibres. Moreover, it confirms that LV-infection did not affect the

maturation of fibres or impaired regeneration. An alternative explanation was a

variable biodistribution of dystrophin and GFP protein in donor-derived fibres.

Indeed, whereas dystrophin does not spread far from the donor-derived nucleus

(Blaveri et al 1999), cytoplasmic transgene expression, such as β-gal has been 

shown to spread along the entire fibre syncytium (Morgan et al 2002). Thus, it is

likely that GFP expression was detected far away from its corresponding donor

nuclei, whereas dystrophin expression was detected only locally and close to its

parent nucleus. Indeed, immunohistological analysis of recipient muscles engrafted

with LV-infected H-2Kb-tsA58-Myf5nLacZ/+ myoblasts revealed several GFP-positive

donor-derived fibres lacking dystrophin expression. Hence, quantification of

donor-derived fibres ultimately resulted in higher engraftment efficiencies when it

was quantified based on cytoplasmic GFP than dystrophin, tethered to the

sarcolemma. A third underlying cause for the observation of more GFP-positive
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fibres than dystrophin-positive fibres could be an enhanced proliferative rate of

LV-infected myoblasts as compared to non-infected control H-2Kb-tsA58-Myf5nLacZ/+

myoblasts. In this scenario, enhanced proliferation would lead to higher numbers

of fusogenic progeny and enhanced engraftment efficiencies. Indeed, enhanced

proliferation and reduced doubling times were observed for all LV-infected

myoblasts in vitro and could have led to enhanced proliferation in vivo. Despite the

large deletion in the U3 region of the SIN LTR, binding sites for transcriptional

activators, such as SBF1 and SP1 are still present in the LTR and might confer

residual enhancer activity possibly leading to up-regulation of pro-proliferative

genes and an ultimate increase in the proliferative rate (Logan et al 2004).

In summary, my data demonstrate that conditionally-immortalised H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts retain their myogenicity in vitro and their regenerative

capacity in vivo throughout several passages and at least 30 mean population

doublings. H-2Kb-tsA58 and H-2Kb-tsA58-Myf5nLacZ/+ myoblasts are able to form

satellite cells in vivo, which can be recruited for serial rounds of regeneration in

vivo, as demonstrated previously by a number of studies discussed above and by

my work. Regenerated fibres from engrafted H-2Kb-tsA58-Myf5nLacZ/+ myoblasts

were of smaller calibers compared to primary myoblasts, although the regenerative

index, and thus capacity, was similar. Whereas H-2Kb-tsA58 myoblasts have been

extensively used in the past as an in vitro myoblast model, the H-2Kb-tsA58-

Myf5nLacZ/+ myoblasts used in this study contain the Myf5nLacZ/+ transgene, which

further facilitates the identification of donor-derived cells and myofibres in vivo.

Finally, my work showed that this myoblast model was suitable to assess different

LV vectors in vitro and in vivo.

Promoter analysis in conditionally-immortalised myoblasts

Since the 1980s experimental and therapeutic gene transfer has been routinely

carried out to genetically-modify or correct mammalian cells ex vivo (Escors &

Breckpot 2010). Hematopoietic stem cells were the first cell type to be genetically

corrected by a γ-retrovirus (Brenner 1993; Dunbar et al 1995) rapidly leading to the 
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first approved gene therapy clinical trial for the treatment of severe combined

immunodeficiency (SCID)(Anderson et al 1990). Soon after these initially promising

results, the success was hampered by two independent follow-up trials, in which

leukemia as a response to the insertional mutagenesis profile of the γ-retrovirus 

was detected (Cavazzana-Calvo et al 2000; Gaspar et al 2004; Hacein-Bey-Abina et

al 2008; Hacein-Bey-Abina et al 2003a). These findings highlighted the major risk

associated with γ-retroviruses. Whereas γ-retroviruses and LVs both integrate into 

active genes, γ-retroviruses integrate into the transcriptional start site with 

increased frequency in or near CpG islands (Bokhoven et al 2009; Wu et al 2003). In

contrast, LVs integrate within the entire transcriptional unit of active genes

(Schroder et al 2002). As most regulatory sequences are found close to the

transcriptional start site, γ-retroviruses exhibit a greater risk of activating proto-

oncogenes as compared to LVs, which have been found to be less genotoxic

(Hematti et al 2004; Montini et al 2009). However, it has to be noted that both

viruses integrate with high frequency into proto-oncogenes involved in survival or

growth (Beard et al 2007). Interestingly, the LV integration profile differs in post-

mitotic tissue due to its altered chromatin arrangements. Thus, it has recently been

reported that LVs preferably integrate into long-interspersed-nuclear-elements

(LINEs), repetitive DNA elements randomly distributed along the genome

(Bartholomae et al 2011). This could explain why infection of quiescent satellite

cells did not result in any conspicuous abnormality in vitro or in vivo, whereas LV

infection of constantly dividing H-2Kb-tsA58-Myf5nLacZ/+ myoblasts increased

proliferation rates and most likely resulted in clonal expansion of a particular

hDES-EGFP LV-integrant and associated malignancy in vivo. Non-integrating (IN-)

LVs carrying mutations in the integrase gene have been developed to increase the

biosafety of LV vectors. However, these vectors are not suitable for ex vivo gene

modification and subsequent in vitro or in vivo expansion of transduced cells, as the

viral genome would be lost with several divisions. Hence, a rapid decline in the

percentage of transgene-expressing cells of IN- LV infected cultures (to less than

20% within 9 days in vitro) was detected in this study as well as in others (Apolonia
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et al 2007). Current investigations focus on strategies which target the therapeutic

gene into a safe gene locus within the human genome to circumvent complications

due to insertional mutagenesis (Schambach & Baum 2008). An additional concern

in gene therapy is the transduction of off-target tissue, in particular antigen-

presenting cells (APCs), or the potential down-regulation of promoter units due to

transcriptional silencing. The use of cell-type specific or synthetic promoters is

regarded as a promising means to improve biosafety of LV vectors and in vivo

longevity of transgene expression (Liu et al 2004a). The striking advantage of a

tissue-specific promoter became apparent in a study in which the liver-specific

albumin promoter mediated long-term transgene expression in the rat liver after ex

vivo LV transduction of hepatocytes and subsequent transplantation (Oertel et al

2003). On the contrary, the CMV promoter was rapidly silenced in vivo and

transgene expression was lost. Extensive silencing of the CMV promoter within 24h

has also been detected following the adenoviral gene transfer into rat muscle

(Brooks et al 2004). Furthermore, linking muscle-specific promoter elements to

enhancer elements provided stable transgene expression in muscle up to 6 months

(Takeshita et al 2007). Interestingly, no rapid in vitro or in vivo down-regulation of

the viral SFFV promoter was detected in this study. In vitro, SFFV-EGFP transgene

expression was stably maintained in primary myoblasts for at least 3 weeks, and in

sorted or non-sorted conditionally-immortalised myoblasts for at least 1.5 months.

Even though the number of transgene-expressing fibres in vivo was lower at 6

months when compared to 4 weeks post-transplantation, the SFFV promoter gave

rise to similar numbers of GFP-positive fibres as compared to the tissue-specific

promoters, hDES and A2.hDES. The absence of SFFV promoter silencing is in

contrast to a very recent study published in March 2012, in which the SFFV

promoter was used to generate transgenic mice by LV-transduction of fertilised

oocytes. None of the offspring expressed the transgene and methylation studies

revealed extensive methylation of the promoter. Additionally, the group also

reported SFFV promoter silencing in infected ESCs, which were differentiated into

cardiomyocytes (Herbst et al 2012). An explanation for the conflicting results could
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be that the SFFV promoter is rapidly methylated in murine embryonic stem cells

but not in adult muscle precursor cells, such as quiescent satellite cells or

myoblasts. In addition to ESC cells, the SFFV promoter also underwent

transcriptional silencing in hematopoietic stem cells, and was prone to positioning

effects (Zhang et al 2007). Interestingly, positioning effects were overcome and

stable transgene expression was obtained when expression was mediated from the

silencing-resistant A2UCOE promoter, which lacks enhancer elements and consists

of a dual housekeeping promoter system (Williams et al 2005; Zhang et al 2007).

Even though the nature of a housekeeping promoter is to drive basal expression

levels in a variety of different tissues, expression levels can vary between cell types

(Talbot, unpublished data). Previously, the A2UCOE has been shown to drive

stable transgene expression in cells of the hematopoietic system, in particular in

myeloid cells (Brendel et al 2011), and lymphocytes (Zhang et al 2007) isolated from

peripheral blood or the bone marrow. However, characterisation of the A2UCOE

promoter in muscle has not been done so far. My data revealed only basal

transcriptional activity of the A2UCOE promoter in H-2Kb-tsA58-Myf5nLacZ/+

myoblasts, which was consistently lower compared to the hDES and A2.hDES

muscle-specific promoters. Nevertheless, the A2UCOE promoter was found to

have comparable expression to the HSA promoter. Interestingly, the median

fluorescence intensity (MFI) in myoblasts infected with A2UCOE-EGFP LV was

comparable, but slightly lower to the intensities reported in HeLa, Jurkat or K562

fibrosarcoma cells (MFI~50 and MFI 50-200, respectively) (Zhang et al 2007).

Furthermore, my data showed that A2UCOE-mediated expression levels in

myofibres in vivo were very low and likely to be insufficient for a potential

phenotypic correction of dystrophic myofibres. Despite the low expression levels in

myoblasts and muscle in vivo, expression in the present study was stably

maintained in vitro and in vivo, and no silencing was detected in accordance with

the data in the hematopoietic system. Thus, my data support the existing evidence

that the A2UCOE promoter confers silencing resistance. In an attempt to combine

the dominant chromatin opening function of the A2UCOE promoter with muscle-
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specific expression, a recent study linked the A2UCOE element to the hDES

promoter, and compared its promoter performance to the hDES and muscle

creatine kinase (MCK) muscle-specific promoters after LV intramuscular injection

into neonatal mice (Talbot et al 2010). This study reported comparable gene

expression per viral copy of the A2.hDES promoter to the hDES and CMV

promoters, and revealed markedly reduced expression with the MCK promoter. In

the present study comparable expression per viral copy was also detected for both

the hDES and A2.hDES promoters, thus underlining the results of the Talbot study.

However, relative expression and MFI was higher for the hDES promoter as

compared to the A2.hDES combined promoter. Interestingly, my data suggested

some A2.hDES promoter down-regulation in vitro and in vivo, which was not

detected with the hDES promoter. In contrast, Talbot and colleagues showed broad

GFP expression up to 44 weeks in A2.hDES-GFP LV-injected mice, however,

quantification of the GFP signal over time was not carried out (Talbot et al 2010).

My in vitro data of the A2.hDES-EGFP LV infected myoblasts did not reveal any

reduction in viral copy number per cell, but instead indicated a loss of GFP-

positive cells over time. This was very surprising, as both individual promoters,

A2UCOE and hDES, sustained stable transgene-expressing populations in vitro for

45 days. An additional muscle-specific promoter, which showed a marked

reduction in the transgene-expressing population over time, was the HSA

promoter. Concomitantly to the decline in the percentage of GFP-positive cells was

a reduction in integrated viral copies and expression, suggesting a progressive

level of transcriptional silencing. However, promoter methylation of this muscle-

specific promoter in myoblasts or myofibres has not yet been reported in the

literature. Furthermore, even though the endogenous human HSA promoter is

highly tissue-specific and tightly regulated during development (Brennan &

Hardeman 1993), the level or methylation pattern of the mouse skeletal muscle

promoter did not correlate with expression in tissues, but appeared very dynamic

and reversible (Warnecke & Clark 1999). In contrast to my finding is also a recent

study, in which a LV vector expressing microdystrophin-EGFP under the HSA
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promoter was injected into neonatal mice and resulted in strong and stable

transgene expression even after two years (Kimura et al 2010). It might be that the

insertional profile of the HSA-EGFP LV favoured transcriptional silencing and that

the HSA promoter is prone to positioning effects, as it was previously shown for

the MCK promoter (Talbot et al 2010). Interestingly, when expression levels for the

HSA promoter were compared in proliferating myoblasts and differentiated

myotubes, no increase in transcriptional HSA promoter activity was detected. In

concordance with this finding is a study which used the HSA promoter to knock

out β-integrin in skeletal muscle and reported high Cre recombinase expression not 

only in skeletal post-mitotic muscle, but also in primary myoblasts in vitro

(Schwander et al 2003). Furthermore, up-regulation of HSA promoter activity was

reported to be cell-line dependent, as high HSA transcriptional activity was

detected in C2C12 myoblasts, and no further increase in promoter activity was

observed upon differentiation. In contrast, the HSA promoter mediated high

expression levels exclusively in multinucleated myotubes derived from L8

myoblasts (Muscat & Kedes 1987). Another interesting observation in the Talbot

study was the off-target expression of the A2.hDES promoter in the liver and

spleen, which was not detected with the hDES promoter. Tissue-specificity

dramatically increases biosafety of LV vectors when vectors are directly delivered

in vivo, but also when applied in an ex vivo context as it was strikingly

demonstrated by Oertel and colleagues (Oertel et al 2003). In this particular study,

hepatocytes were transduced ex vivo using a lentiviral vector that expressed the

transgene under the CMV promoter or a liver-specific albumin promoter.

Following transplantation, the CMV promoter was rapidly down-regulated in vivo

resulting in loss of transgene expression. In contrast, the tissue-specific albumin

promoter sustained expression in vivo for several months (Oertel et al 2003).

Whereas the present study did not investigate expression in liver and spleen, it

clearly demonstrated markedly reduced expression levels in Jurkat, ThP-1, HEK

cells and macrophages with the A2.hDES and hDES muscle-specific promoters. In

contrast, the 2.2kb HSA promoter (Brennan & Hardeman 1993; Schwander et al
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2003) mediated comparable or higher transgene expression in immunogenic cells

(THP-1, Jurkat) and HEK cells as compared to myoblasts. Previous literature

investigating tissue-specificity for the 2.2kb HSA promoter reported absence of

transcripts in liver, lung, kidney, brain, intestines and the testis, but high levels in

heart and adult muscles (Brennan & Hardeman 1993). Additionally, my data point

to significant HSA promoter activity also in T-lymphocytes and myeloid-derived

monocytes. An important finding of this study was the up-regulated

transcriptional activity of the SFFV promoter in macrophages, despite their low

infectability. Low transducibility of macrophages with HIV-1 LV vectors has been

reported previously (Neil et al 2001), however, my data indicate high expression in

this cell type only with the viral SFFV promoter, but markedly reduced promoter

activity with cellular, non-viral promoters. This finding has important implications

for in vivo gene therapy strategies in which transduction of macrophages results in

transgene antigen representation to T-lymphocytes followed by an immune

response directed against the transgene, thereby resulting in clearance of

transgene-expressing cells. Indeed, greatly elevated numbers of antigen-presenting

cells (APCs), in particular macrophages and dendritic cells, have been detected in

mdx mouse muscles compared to healthy muscles highlighting the importance of a

tissue-restricted promoter when delivering a gene transfer vector directly into

dystrophic muscle (Hartigan-O'Connor et al 2001). Accordingly, a cytotoxic T-cell

response against the transgene was detected following the injection of an

adenoviral vector expressing β-gal (Yang et al 1996; Yang et al 1995). Even though 

adenoviruses and rAAV vectors are highly immunogenic due to existing

neutralising antibodies in the human system (Chirmule et al 1999), LV vectors have

also shown to transiently elicit a αβ-IFN response against the viral particle, 

therefore significantly reducing LV transduction efficiencies (Brown et al 2007b). In

fact, the present study observed infiltration of mono-nucleated cells in close

proximity to transgene-expressing fibres following the in vivo delivery of LVs into

immunocompetent neonatal MF1 mice. However, this finding was observed with

both the viral and muscle-specific promoter suggesting that the immune response
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against the transgene was not due to the transduction of an APC. The possibility

that an immune response against the viral vector was elicited seems also unlikely,

as infiltration was detected in adult, immunocompetent MF1 mice, 6-12 weeks

post-injection. As HIV-1 viral particles are replication-incompetent and have a

maximum half-life of 2 days (Marcello 2006; Pierson et al 2000), an immune

response against the virus itself would have declined by 6 weeks. Notably, when

rAAV was systemically administered into immunocompetent mice and a cytotoxic

T-cell response was elicited against the rAAV8 capsid, transgene-expressing fibres

were eliminated in less than 4 weeks (Ohshima et al 2009). An additional

explanation for the detected immune response against GFP-expressing fibres is the

high immunogenicity of GFP, which is commonly detected in vivo and in vitro

(Gambotto et al 2000). Indeed, high intramuscular EGFP expression impaired

endogenous actin - myosin interactions and perturbed contractile functions of

myoblasts in vitro and in vivo (Agbulut et al 2006). It is therefore likely that GFP-

positive fibres degenerated due to abnormal metabolic function rather than

because of the transgene being presented as an antigen. However, it cannot be

excluded that immunological clearance of LV-infected fibres was slower than the 4

weeks previously reported (Odom et al 2010a; Ohshima et al 2009). In experiments,

in which GFP-expressing myoblasts were engrafted into immunodeficient mdx nude

mice to test the selected viral and cellular promoters in vivo, no infiltration or

clearance of GFP-positive donor-derived fibres was observed at 4 weeks or 6

months. However, mdx nude mice lack mature T-lymphocytes (Mecklenburg et al

2001), so that an immunological reaction against the LV vector, engrafted donor

cells or the foreign transgene was unlikely.

In conclusion, my promoter analysis revealed the strongest, stable transgene

expression with the viral SFFV LTR promoter, which was not affected by extensive

transcriptional silencing for 1.5 months in vitro and 6 months in vivo. However, the

transcriptional activity of the SFFV promoter was also high in macrophages,

serving as APCs, making this promoter less suitable for in vivo administration.

From the tested muscle-specific promoters, the hDES and A2.hDES promoters
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conferred the strongest expression, although expression from the A2.hDES

promoter was progressively lost over time and thus might be susceptible to

transcriptional silencing despite the chromatin-opening function from the UCOE

element. In contrast, stable, but insufficient expression was detected with the

A2UCOE promoter alone, confirming its resistance to silencing when

transcriptional promoter activity is very low. The HSA promoter mediated the

lowest expression amongst the muscle-specific promoters and was susceptible to

transcriptional silencing.

Non-integrating vectors to mark a slowly-dividing subpopulation of satellite cells

Satellite cells, defined by their anatomical position between the basal lamina und

sarcolemma, have been shown to be a greatly heterogeneous population (Baroffio

et al 1995; Biressi & Rando 2010; Kuang et al 2007; Ono et al 2012; Zammit 2008). In

injured rat muscles first desmin- and MyoD-positive myoblasts appeared within 12

hours of injury. In contrast, satellite cell proliferation as assessed by BrdU

incorporation was first detected 24 hours post-injury (Rantanen et al 1995). The

data exemplify two distinct myogenic populations within the muscle: a more

committed population with fast cell cycle progression and immediate

differentiation potential, and a latent stem-cell population, which requires a longer

activation time and divides more slowly (Biressi & Rando 2010; Schultz 1996).

Whereas a high proportion of cells belong to the category of rapidly dividing cells,

recent studies have illustrated that only a very small population of satellite cells

and myoblasts possess stem cells characteristics (Schultz 1996). I postulated that

upon transduction with a GFP-expressing, non-integrating (IN-) LV only the

slowly-dividing, self-renewing stem cell population will retain the episomal

transgene-expressing cassette, whereas it will be rapidly lost in fast dividing cells.

The IN- LV should therefore mark the more stem cell-like subpopulation of satellite

cells, so that cells can be sorted and their functional heterogeneity characterised in

vitro and in vivo. I showed that satellite cells infected with a GFP-expressing IN- LV

successfully mediated transgene expression in 60% of cells. However, subsequent
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expansion of satellite cell-derived progeny for 21 days resulted in a rapid decline of

the transgene expressing population by 9dpi. Thereafter, the GFP-expressing

population remained stable at 20%. Interestingly, in early studies Schultz and

colleagues reported a proportion of 20% to be slowly dividing in postnatal rat

muscle, whereas 80% of satellite cells and progenitors were highly proliferative

(Beauchamp et al 1999; Schultz 1996). Nevertheless, a stable transgene-expressing

population could also be indicative of IN- LV background integration, as high

MOIs (>600) were applied to transduce the majority of satellite cells. Indeed,

integration of IN- LVs has been reported to be reduced 103-fold compared to

wildtype LVs (Apolonia et al 2007). An apparent observation of the present IN- LV

study was the detection of GFP-expressing myotubes and differentiating

myoblasts. These are likely to represent transduced committed, fast-cycling

progenitors as described by Rantanen and colleagues (Rantanen et al 1995), which

exited the cell cycle after only few divisions. Functional differences were assessed

between the label-retaining cells and fast cycling cells that had lost expression.

Even though GFP-expressing cells regenerated slightly more donor-derived fibres

in mdx nude mice than GFP-negative myoblasts, no statistically-significant

difference was observed. Furthermore, freshly isolated control cells regenerated

approximately 10-fold better than GFP-expressing, slowly-dividing myoblasts

expanded for 10 days, in concordance with the Montarras data (Montarras et al

2005). This study therefore concluded that a pulse-chase strategy to mark label-

retaining stem cell-like satellite cells without an additional molecular marker will

result in a mixture of early differentiated myoblasts as well as slowly-dividing

satellite cells. In contrast, a study presented at a recent myology conference (Lille

Myology congress, 2011) and published early this year, reported the successful

separation of rapidly and slowly dividing primary mouse satellite cells using the

fluorescent, lipophylic dye PKH26 (Ono et al 2012). After a 4.5d pulse, cells were

separated based on high (4%) or low (30%) fluorescence intensity and characterised

in vitro and in vivo. The data showed that cells with high fluorescent labels resulted

in less progeny, but retained self-renewing capacities in vitro through two passages.
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In contrast, PKH26-marked cells with low intensity proliferated more rapidly, but

lost self-renewing capacities during two passages. Furthermore, a significantly

increased regenerative potential was reported with self-renewing PKH26high cells as

compared to PKH26low cells when myoblasts were sorted 4.5d post-pulse and

transplanted into immunodeficient NOD/SCID mouse muscles previously injured

with cardiotoxin. As fast cycling cells can also promptly differentiate without

undergoing multiple divisions (Rantanen et al 1995), they could also retain high

levels of the dye in vitro after 4.5 days. Thus, it is likely that PKH26low cells

represent more differentiated cells with larger cytoplasm therefore resulting in

lower dye intensity as compared to small, self-renewing cells with little cytoplasm

representing high dye intensity. Conversely to this theory are my data, which

showed that cells with high GFP intensity were large in size (FSC) and granularity

(SSC). In contrast, small and non-granular cells exhibited low GFP intensity. The

recent study from Ono and colleagues did not provide information on the

percentage of cells that had lost the dye completely (as they could represent also a

fast cycling population), or alternatively the in vitro and in vivo performance of the

65% of cells that were excluded from the analysis as they retained average levels of

the dye. However, their in vivo data confirms no interference of the dye with

regenerative capacities of self-renewing stem cells, so that PKH26 could represent

an easy means to isolate the stem cell-like fraction of satellite cells. In both of these

strategies (IN- LV and PKH26), the label in disseminated populations would be lost

during repetitive muscle regeneration in vivo, as engrafted cells will participate in

multiple rounds of divisions. Thus, for the in vivo assessment a second marker

would be required to label donor-derived myofibres in vivo. An alternative strategy

would be the conditional GFP expression mediated from an integrating LV (IN+). A

recent proof-of-principle study took advantage of the tet-off inducible expression

system to drive nuclear GFP expression under the histone H2B promoter, thereby

labelling slowly cycling or non-dividing label-retaining cells (Falkowska-Hansen et

al 2010). In this approach, supplementation of doxycycline (Dox) to the culture

medium prevented GFP expression in proliferating cultures and marked label-
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retaining cells. This strategy would allow successful dissemination of slowly and

rapidly-cycling populations by cell sorting similar to the approach with IN- LV and

PKH26. However, following the in vivo transplantation of sorted cells into recipient

mice the Dox repressor would be absent and allow nuclear GFP expression in all

derived progeny. Even though this elegant approach seemed very promising for

our research aim, I was unable to obtain the LV expression vector from the group

for preliminary proof-of-principle analysis.

In conclusion, my data suggest that IN- LVs are an inefficient means to label self-

renewing subsets of satellite cells. Whereas the lipophilic dye PKH26 has been

shown to increase the abundance of satellite cells exhibiting robust self-renewing

properties in a sorted myoblast culture, this method is less suitable for long-term

tracking of donor-derived progeny in vivo. Alternative conditional promoter

systems exist that would allow both isolation of label-retaining satellite cells and

tracking of their progeny in vitro and in vivo, although such a system has not been

tested in satellite cell cultures to date.

6.1 Concluding remarks

This study provided a useful insight into the suitability of LV vectors to genetically

manipulate quiescent satellite cells and myoblasts. The hDES and A2.hDES

promoters were identified as promising promoter alternatives to the SFFV viral

promoter, with mediating sufficient and sustained GFP expression in myoblasts.

As the A2.hDES promoter seemed to be more susceptible to silencing and is larger

than the hDES promoter (3.2kb and 1.7kb, respectively), this study recommends the

hDES as a first choice for LV-mediated satellite cell or myoblast genetic correction.

Notably, even though the coding sequence for the reporter gene EGFP was used in

this study, the hDES promoter in the lentiviral backbone would allow the

successful incorporation of different therapeutic genes in the context of DMD, such

as exon-skipping constructs (Goyenvalle 2012; Goyenvalle et al 2012; Muntoni &

Wood 2011), or codon-optimised micro- and minidystrophin coding sequences (≤ 
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6.8kb) (Jorgensen et al 2009; Kornegay et al 2010). For gene-knockdown studies, in

which minimal expression of transgenic products are required, the A2UCOE

promoter is a suitable promoter element, as it confers basal, but sustained

expression levels in satellite cells and myoblasts. As the HSA promoter mediated

expression in myoblasts and myotubes, but at lower levels than the hDES and

A2.hDES promoters, and additionally was very susceptible to silencing and off-

target expression, it did not exhibit any specific advantage when compared to the

hDES and A2.hDES promoters. Additional promoters exist, which have been used

by other groups in a muscle-specific context. These are in particular synthetic

muscle-specific promoters, such as the SPc5-12 promoter (Foster et al 2008; Li et al

1999) or the muscle-specific MCK promoter, which was shown to mediate high

levels of transgene expression in the muscle, when it was incorporated into the

rAAV backbone (Wang et al 2008), but was less potent in a lentiviral backbone

(Talbot et al 2010). In this study I chose to assess the hDES and HSA muscle-

specific promoters, as they could be readily obtained from collaborators (Prof Mike

Antoniou and Martin Schwander, respectively) and because they were the most

likely to be of use for dystrophin restoration in satellite cells and myofibres. As the

HSA promoter has been widely used in the past it presented a good baseline for

muscle-restricted expression (Kimura et al 2010; Li et al 2006; McCarthy et al 2012;

Schwander et al 2003). Additionally, strong expression in myofibres in vivo

comparable to the CMV promoter was reported for the codon-optimised hDES

promoter (Talbot et al 2010) and prompted me to further investigate this promoter

in an ex vivo context. The A2UCOE promoter element was chosen due to its

promising results in the hematopoietic system (Zhang et al 2010; Zhang et al 2007),

which appealed to assess its silencing-resistant effects also in the myogenic lineage

as a single promoter or combined with the strong hDES promoter. Despite the list

of muscle-specific promoters used in this study not being exhaustive, it provides a

suitable assay for additional promoters to be tested and to be compared. Similarly,

the experimental design used in this study to investigate transgene expression in

mouse satellite cells and myoblasts can be rapidly applied to other myogenic cell
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types of human or mouse origin, such as AC133+ cells, mesoangioblasts, PICs or

iPS cells (Besson et al 2011; Charville & Rando 2011; Darabi et al 2011; Meregalli et

al 2012; Mitchell et al 2010; Nishiyama & Takeda 2012; Park 2010; Peault et al 2007).

6.2 Future outlook

This study used a reporter gene system to analyse promoter performance.

However, in a translational context, patient DMD myogenic stem cells would be

genetically-corrected with a therapeutic gene (e.g. codon-optimised opti-, mini- or

microdystrophin) which may be detrimental to cells or alter their stem cell function

when temporal expression is ectopic. In fact, ectopic overexpression of Pax3 in

satellite cells isolated from the EDL of wildtype mice altered satellite cell

proliferation, morphology and transcriptional levels of MRFs (Collins et al 2009).

Transcriptional changes to a more committed cell state may be even more

pronounced when transgenes are expressed that are typically only observed in

terminally-differentiated myotubes. Thus, ectopic expression can be particularly

critical when the self-renewing satellite cell population is targeted by gene transfer.

All promoters have shown transcriptional activity in satellite cells and myoblasts.

Ubiquitous promoters such as the SFFV and A2UCOE promoters are likely to

confer basal or even high levels of the therapeutic gene in quiescent satellite cells.

Even though a satellite cell, which expressed GFP under the hDES promoter, was

detected at T0 in this study, it cannot be ruled out that this cell was already

activated and not quiescent. However, it demonstrates that mini- or

microdystrophin will be expressed at a very early stage in satellite cell activation.

As quiescence and activation are tightly regulated, temporally deregulated

dystrophin expression might perturb satellite cell self-renewal or activation. To

date, this question has not been addressed appropriately, but needs to be resolved

before human DMD satellite cells or myoblasts with self-renewing capacities are

genetically-modified for autologous transplantation. Previous results in mice

indicate that exon skipping in myoblasts does not interfere with regenerative

capacities (Benchaouir et al 2007; Quenneville et al 2007), however, less is known
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about its effect on satellite cell regulation and its stem cell properties. I therefore

generated two constructs driving the coding sequence of microdystrophin

(obtained from H. Lochmüller, Newcastle) under the control of either the HSA or

SFFV promoter. The SFFV promoter was chosen due to high, constitutive

expression irrespective of the cell cycle state. In contrast, the HSA promoter

mediated lower expression levels, and even though expression was detected in

proliferating myoblasts, promoter activity is likely to be restricted in early activated

satellite cells (Gunning et al 1983; Gunning et al 2001). A V5-tag was cloned in

frame to the 3’ microdystrophin coding sequence to facilitate in vitro detection and

analysis by flow cytometry. These constructs have been cloned into the LV

backbone and were used to produce integration-proficient LV particles. These

vectors could be used in the future to transduce quiescent satellite cells and to

determine any functional abnormalities in satellite cell activation or self-renewal.

Indeed, whilst the first autologous and heterologous cell transplantations in DMD

patients have shed light on their potential benefit (Torrente et al 2007; Vilquin et al

2011) a commonly shared vision for the most promising treatment of DMD is the

combined approach of cell and gene therapy (Meregalli et al 2012). Whereas the list

of clinical trials using the LV vector system in combination with stem cells,

especially in the hematopoietic field is constantly growing with thus far no major

drawbacks (Cartier et al 2009; Kaiser 2009; Persons 2010), larger sample sizes are

required to draw conclusions about the biosafety of these gene therapy vectors in

combination with cell-based therapy.
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