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Abstract
Of the 700 neuromuscular diseases currently described in man Duchenne Muscular
Dystrophy (DMD) is both the most common and most severe of those diseases affecting
primary muscle function. Mutations in the dystrophin gene result in the loss of
dystrophin or production of a non-functional dystrophin protein, an essential element in
the membrane stabilising machinery of muscle fibres. DMD is an X-linked recessive
disease that affects about 1 in 3500 live male births. Males suffer almost exclusively
from the crippling pathology of this disease due to their lack of a second X chromosome
with a competent dystrophin gene. The dystrophin gene is one of the largest known
human genes making it particularly susceptible to random mutations. In fact
approximately one third of cases arise with no prior family history of the disease. There
is no cure for DMD and despite decades of research only palliative treatment is
available to sufferers.
Myoblast Transfer Therapy (MTT) is aimed at utilising the muscles natural repair
mechanism via the direct injection of donor myoblasts (muscle precursor cells), which
express functional dystrophin, into the damaged, dystrophic, tissue in order to provide a
cell-based gene rescue. The objective of this procedure is for the donor myoblasts, upon
injection into dystrophic muscle, to migrate throughout the tissue and fuse with host
myoblasts to form what is referred to as mosaic muscle fibres. Whilst numerous animal
model studies and some human clinical trials have indicated the MTT approach to be
feasible in principle, myoblast death and immune rejection appears to limit the
practicality of this potential therapy.
The rapid disappearance of donor myoblasts from transplanted muscles after MTT is
one of the most controversial and significant obstacles facing research in this area. A
commonly used method to detect cell survival is quantitation of the Y chromosome
following transplantation of male donor cells into female hosts. This thesis presents a
direct comparison between real time quantitative polymerase chain reaction (Q-PCR)
and the DNA hybridisation (slot-blot) technique for quantitation of Y chromosome
DNA. Results show that Q-PCR has a significantly greater linear quantitation range
and is up to 40-fold more sensitive at low concentrations of male DNA, detecting as
little as 1 ng of male DNA in each female Tibialis Anterior (TA) muscle. At high male
DNA concentrations, accurate quantitation by Q-PCR is 2.5 times higher than the
12

maximum possible with slot-blot. Thus Q-PCR has a greater dynamic range and is
more sensitive than slot-blot analysis for the detection of donor cell engraftment in a
trans-sexual transplantation model. Subsequent to these improvements in transplant
quantitation experiments were conducted to examine claims in the literature that a
significant loss of donor myoblasts occur in the first hour following MTT. These
experiments defined the appropriate reference standard for the quantitation of donor cell
survival and clearly showed that there is no significant loss of donor cells during the
first hour post-transplantation.
The fate of donor myoblasts during the first few days following myoblast transfer
however remained a controversial issue. Dystrophin-deficient muscles show
constitutively high levels of inflammation, thus necessitating an examination of whether
inflammatory cells, specifically natural killer (NK) cells, neutrophils, and macrophages,
within dystrophic muscle are responsible for poor graft survival. Female mdx mice
were treated with RB6-8C5 monoclonal antibody (mAb), PK136 mAb, or clodronate
liposomes to systemically deplete neutrophils, NK cells, and macrophages, respectively.
After each depletion regimen, the mice and age-matched controls received 5 x 105 male
myoblasts injected longitudinally into each TA muscle. Donor myoblast survival was
assessed by Y-chromosome specific Q-PCR. The systemic depletion of host
neutrophils and NK cells resulted in a transient improvement in donor myoblast survival
at 72 hr and 7 days post-MTT, respectively. Systemic depletion of macrophages had no
significant beneficial effect on myoblast survival. Overall, the number of detectable
male donor myoblasts was similar immediately after (Time 0) and 1 hr post-MTT;
however, there was significant loss by 24 hr (50%–70%) followed by a continual
decline in donor cell numbers. Therefore neutrophils, macrophages and NK cells do not
appear to play a major role in the rapid death of donor myoblasts after transplantation
into dystrophic muscle.
Reports of improved myoblast survival in immunomodulated, immunosuppressed or
immunodeficient animal models provide evidence that host acquired immunity does
plays a role in donor myoblast loss. However, the poor engraftment of donor cells in
human clinical trials conducted under stringent, broad spectrum immunosuppressive
regimes highlights the need for an examination of novel immunosuppressive treatments.
Regulatory T cells (Tregs) have been implicated in a number of clinical settings where
they play an important role in immune regulation. The skeletal muscle of individuals
13

with muscular dystrophy has an increased presence of immune cells associated with the
ongoing rounds of muscle fibre degeneration and regeneration. Such a scenario requires
immune regulation but the existence of such a mechanism in skeletal muscle is poorly
documented. Results presented in this thesis have utilised flow cytometry and
immunohistochemistry to demonstrate, for the first time, that there is a resident
population of Tregs in murine skeletal muscle and that an expanded population of these
cells exists within the inflamed environment of dystrophic (mdx) muscle. The
identification of skeletal muscle resident Tregs offers opportunities for specific
interventions aimed at controlling the pathogenesis of inflammatory myopathy and
improving cell transfer therapy.
In order to study the effect of upregulating Treg populations on MTT outcomes this
thesis finally describes a set of experiments which apply known Treg inducing protocols
to the described MTT model. Treatment regimes included; the administration of pretransplantation donor specific transfusions (DST), adoptive transfers of pre-”tolerised”
Tregs, muscle targeted gene therapy to induce expression of the “tolerogenic”
cytokines IL-10 and TGF-β and a combined treatment of Rapamycin with IL-10.
Despite these regimes having been demonstrated to produce significantly better
outcomes in other transplantation models again no significant improvement in donor
myoblast survival was observed.
Overall, these results brought into question the viability of the PP6 myoblasts used for
transplantation in this thesis. Indeed, a preliminary experiment conducted in severely
immunocompromised (SCID) mice has further demonstrated the poor survival capacity
of these cells. Future work must now be focussed on examination of the finer details of
muscle repair with the aim of describing and isolating novel muscle precursor cell
subsets (i.e. stem-like cells) which can participate in muscle regeneration and offer
superior MTT outcomes.
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Chapter 1: Literature Review
This literature review provides the general background required to place the research
described in this thesis into context. This doctoral research program was conducted
over an extended period of time, initially as a full time candidature (2003-2004) and
subsequently part-time (2005-2008). Developments in the field during this extended
period have influenced the nature and direction of these studies. Therefore, following
this general literature review each results chapter is preceded by additional detail from
the literature as required. Taken together, the literature review and relevant results
chapter introductions contain the relevant available information at the time of writing
(September 1st 2008).

1.1 Duchenne Muscular Dystrophy
The first detailed and systematic description of Duchenne Muscular Dystrophy (DMD)
was made by the English physician Edward Meryon in 1852 [1]. Although earlier
clinical descriptions had been made [2], Meryon’s observations included the first
detailed description of the clinical progression of the disease, its selective presentation
in related males and histological observations suggesting damage to the muscle fibre
membrane. However, Meryon’s work became overshadowed by the later work of Dr
Guillaume Duchenne who published the results of his own observations in 1868 [3] and
went on to make a number of contributions to neuromuscular physiology including the
invention of the “histological punch” or “harpoon” for the collection of percutaneous
muscle biopsies [4].
Of the 700 neuromuscular diseases currently described in man DMD is both the most
common and most severe of those diseases affecting primary muscle function [5]. The
incidence of DMD is widely reported to be 1 in 3500 live male births and its occurrence
and clinical progression are unaffected by race or geographical location [6, 7].
1.1.1 Disease Characteristics and Progression
Patients typically present at about 4-5 years of age when they begin to exhibit a
perceptible lack of muscle strength relative to other children. Young sufferers also
commonly present with calf hypertrophy, difficulty in rising from the floor (Gower’s
sign) and an abnormal, waddling gait. Following diagnosis, and with the aid of
hindsight, parents often note a number of other symptoms that had either gone relatively
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unnoticed or had not caused concern. These commonly include a delay in walking
(about half of DMD sufferers are not walking at 18 months), toe-walking, clumsiness
and/or a tendency to fall over. Furthermore, DMD sufferers, on average, have
significantly lower IQ scores than unaffected individuals [8] with the Muscular
Dystrophy Association (USA) estimating that about a third of DMD sufferers have
some form of learning difficulty or intellectual impairment. Biochemically the disease
is characterised by elevated serum levels of muscle enzymes, particularly serum creatine
kinase levels (some 50 times higher than normal). The histology of dystrophic muscle
is characterised by irregular fibre size and shape, a significant increase in the percentage
of centrally located muscle fibre nuclei (characteristic of fibre regeneration), muscle
fibre splitting, multi-focal necrosis and endomysial fibrosis [9] (Figure 1.1A and B).
Pathogenesis of DMD results in the progressive replacement of muscle with fatty and
connective tissue. It has been suggested that the regenerative ability of muscle may
become exhausted or that the sheer amount of damage caused by the disease simply
overwhelms the muscles ability to regenerate however the mechanism underlying this
process remains unexplained. Clinically, the loss of muscle mass progresses to see the
patient become wheelchair bound by the age of 12 with death due to respiratory or
cardiac complications typically in the third decade of life.
Considering this relatively high rate of occurrence, it’s incidence amongst all races and
its significant, progressive clinical manifestations it is almost unimaginable how this
disease was not more accurately described before the observations of Meryon and
Duchenne.
1.1.2 The Dystrophin Gene
In line with Meryon’s original observations DMD is an inherited, X-linked recessive
disease suffered almost exclusively by males due to their lack of a second X
chromosome with a competent gene copy (as is the case with “carrier” females). The
severe physical disability caused by DMD generally prevents young sufferers from
fathering children and passing their defective gene on. However, like their brothers,
females can still inherit one defective gene copy from their mothers making females the
"carriers" of this disease.
The gene responsible for DMD was first localised to the X-chromosome by several
research teams in the early eighties eventually being mapped to Xp21.1 on the short arm
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of the human X-chromosome by Kunkel and co-workers in 1986 [10]. The 2,300 kb
gene is comprised of 79 exons and takes some 16 hours to be transcribed [11]. Gene
expression is driven by at least 7 independent, tissue specific promoters which result in
the production of a range of different dystrophin isoforms each with alternative first
exons [12]. Furthermore, the dystrophin mRNA is subjected to alternative splicing and
has multiple polyadenylation sites which together yield a number of protein isoforms of
different length [13].
The dystrophin gene is the second largest human gene (after CNTNAP2 encoding the
Caspr2 protein) [14] making it particularly susceptible to random mutation. Indeed, it is
widely quoted in the literature that as many as one in three cases of DMD arise
following de novo mutation giving the DMD locus the highest known mutation rate of
any single hereditary disease [15].
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Figure 1.1 Histopathology of Duchenne Muscular Dystrophy.
The top panels show H&E stained muscle sections from a control (A) and a DMD (B)
patient. Panel B demonstrates the abnormal variation in fibre size, infiltration of
immune cells (lower right), muscle fibre degeneration and fibrosis characteristic of
DMD. The lower panels show fluorescent immunohistochemical detection of
dystrophin in a normal patient (C) and a DMD patient (D) demonstrating the complete
absence of dystrophin at the sarcolemma of dystrophic muscle. Adapted from O’Brien
and Kunkel (2002) [16]
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1.1.3 The Dystrophin Protein.
Cloning of the newly found DMD gene in 1987 led to the identification of it’s protein
product which was subsequently named “dystrophin” [17]. As discussed above there
are a number of tissue specific isoforms of the dystrophin protein which are expressed
in a diverse range of tissues including muscle, brain, kidney, liver, lung and the
pancreas. However the full length, 427kD protein is predominantly expressed in muscle
(smooth, cardiac and skeletal) with a much lower level of expression in brain. Indeed,
the prevalence of learning difficulties and developmental delays in Duchenne patients
may be related to the demonstration that several isoforms of dystrophin are normally
expressed in brain tissues [12]. However the exact function (or range of functions) of
the dystrophin molecule is still being elucidated.
Structurally, the dystrophin protein can be divided into four domains consisting of; an
amino terminus domain, a central domain comprised of repetitive motifs, a cysteine rich
domain and finally the carboxy terminal domain. The amino terminus domain of
dystrophin is homologous with the actin binding domain of the α-actinins and contains
three regions that are highly conserved amongst actin binding proteins [18]. The central
rod domain represents ~75% (i.e. amino acids) of the full length protein and is
comprised of 24 repeats of triple helical “spectrin-like” motifs interspersed with four
proline rich “hinge” regions [19]. The combination of these repeating triple helical
elements and proline rich “hinge” regions are predicted to give the molecule elasticity
and flexibility. The cysteine rich region of dystrophin binds to the membrane located
protein β-dystroglycan [20], thereby anchoring the C terminal end of the dystrophin
protein to an oligomeric complex of proteins (the dystrophin associated protein (DAP)
complex) which links the muscle fibre membrane to the extra cellular matrix
(Figure 1.2). Similarly, the carboxy terminal domain of the dystrophin protein interacts
with a number of other DAPs, including the syntrophins [21] and the dystrobrevins [22].
However, unlike the cysteine rich region of dystrophin which is functionally essential
[23], normal muscle function (including assembly of the DAP complex) is still observed
after deletion of the entire carboxy terminal domain [24].
Thus, dystrophin is a large protein that links the intracellular cytoskeleton, through
binding of filamentous actin, to the DAP complex which in turn links the muscle fibre
membrane to the extracellular matrix. This linking function combined with the
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elasticity and flexibility conferred to dystrophin by the repeating “spectrin-like” motifs
and interspersed “hinge” regions support the assertion that the role of dystrophin in
skeletal muscle is to protect the muscle fibre membrane from the shearing forces of
muscle contraction and relaxation. There is also some evidence that dystrophin
participates in cell signalling activity [12] and controls the recruitment of particular
DAP isoforms during DAP complex formation [24] however the discussion of these
roles is outside the scope of this thesis.
Mutations which result in the loss of dystrophin expression or functional inhibition of
the protein, specifically the ability to bind either actin or the DAP complex, results in
the severe DMD phenotype. In contrast, mutations which reduce the expression of
dystrophin or produce a mutant protein which is still capable of binding to actin or the
DAP complex result in a less severe phenotype called Becker Muscular Dystrophy
(BMD) [25]. Thus a point mutation which causes a premature stop codon or disturbs
the reading frame before the cysteine rich (DAP complex binding) region will result in
the severe DMD phenotype whereas significant mutations (i.e. deletions of entire exons)
may result in almost asymptomatic BMD if the reading frame is maintained and the
essential binding regions are preserved. These are important considerations in the
treatment of DMD that will be discussed in later sections.
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Figure 1.2 Dystrophin, its Molecular Domains and Associated Protein Complex
This figure shows the dystrophin protein in its oligomeric complex of associated
proteins which together link the intracellular cytoskeleton to the extracellular matrix. It
is the structure of dystrophin and its localisation to the muscle fibre membrane that has
led to the widely accepted view that this molecule is helping to protect the muscle fibre
against the shearing forces of muscle contraction and relaxation (Image taken from
Davies and Nowak, 2006 [26]).
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1.1.4 Animal Models of DMD
The dystrophin protein is highly conserved in all vertebrates while invertebrates have a
dystrophin-like protein that shares more than 50% identity with the human protein [27].
Considering the size of the gene and its high mutation rate (discussed earlier) it is not
surprising that dystrophic mutants have now been described in a number of species
including zebra fish (Danio danio), the important invertebrate models Drosophila
melanogaster and Caenorhabditis elegans and a number of mammals including cats,
dogs and mice (reviewed in [28]). While each of these animal models have made
important contributions to the field it is the dystrophic mdx mouse which has led the
way with more than 1500 scientific articles citing the use of this murine model.
1.1.4.1 The Dystrophic mdx Mouse
In 1984, while looking for glycolysis metabolism mutants in C57BL/10Sn mice,
Bulfield et al observed that some mice were exhibiting elevated serum levels of both
pyruvate kinase and creatine kinase, suggesting the presence of a muscular dystrophy.
Histological and ultrastructural studies in these mice showed the presence of primary
lesions on the muscle fibres without any involvement of the nervous system while
genetic research linked the disease to the murine X chromosome where the locus was
shown to be amongst the same genes (which occur in the same) as found on the human
X chromosome [29]. When in 1987 researchers discovered that like human DMD
sufferers the muscles of this mutant mouse lacked dystrophin, the strain was embraced
by the scientific community as an animal model of human DMD [17]. The gene locus,
and indeed the mouse itself, was designated mdx for X-linked muscular dystrophy.
The mdx mutation was found to be caused by a point mutation in exon 23 of the
dystrophin gene (a thymine for cytosine substitution at nucleotide position 3185) that
produces a stop codon which prematurely terminates translation [30]. The result of this
mutation in the mdx mouse is that only the N terminal domain and about a third of the
central rod domain are produced while the integral cysteine rich domain and
downstream C terminal domain are not translated [30]. Thus, like DMD in humans the
mdx mouse has a parallel genetic background and similar histological and biochemical
manifestations. However, unlike DMD in humans where muscle regeneration is finite,
eventually leading to the replacement of muscle with fatty and connective tissue, mdx
muscles appear to be hypertrophied and regeneration of damaged muscle remains
effective throughout the life span of the animal [29]. This difference in pathogenesis
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initially generated great excitement with researchers seeking to define the mechanism
by which the mdx mouse could cope with the lack of dystrophin. However, the failure
to elucidate any specific mechanism as being responsible for this phenomenon led many
to question the usefulness of the mdx mouse as a model for DMD. Nonetheless, the
pathogenesis of mdx diaphragm muscle closely models the progression of DMD, an
observation Stedman et al suggest may be due to the life long, obligatory respiratory
workload in the mouse (more than five times that of the normal workload of human
respiration) as opposed to the limb muscles whose workload is limited by the sedentary
lifestyle of the laboratory mouse (not to mention other physiological differences) [31].
This assertion is supported by the observation that exercise can increase the severity of
pathology in mdx mice [32].
Apart from its genetic, biochemical and pathological similarities to human DMD, the
speed of breeding, relative ease of agistment and lower costs associated with small
animal research makes the mdx mouse an ideal animal model for the pre-clinical testing
of potential therapies for DMD.

1.2 Potential Therapies for DMD
Several therapy protocols have been suggested for Duchenne Muscular Dystrophy but it
must be stated that there is no cure for DMD, all treatments are palliative in nature with
diagnosis being a death sentence for sufferers. However, several potential therapies are
being actively pursued and they are discussed here.
1.2.1 Gene Therapy
The most highly pursued approach to correcting the dystrophic phenotype is the use of
gene therapy to either; correct the dystrophin gene in situ, replace it with a functional
gene copy or induce the expression of a functional homologue.
As mentioned earlier the dystrophin gene is one the largest genes described in nature
and as such cannot be easily inserted into the most commonly used viral/plasmid
vectors. However, when in 1990 England et al described a family segregating for very
mild BMD in which almost half of the dystrophin gene had been deleted the potential to
harness these “mini-dystrophin” genes for gene therapy was realised [33]. This led to
an explosion in the field with a wide variety of viral and plasmid vectors being used to
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deliver a number of different “mini-dystrophins” (either cloned from BMD patients or
artificially engineered) which include only the most functionally important motifs.
1.2.1.1 Plasmid mediated delivery of mini-dystrophin constructs
One of the first gene therapy approaches examined for DMD was the delivery of
Becker-like cDNA constructs using plasmid vectors. This early worked clearly
demonstrated the proof of principle with full length human dystrophin being expressed
in mdx mice for up to 6 months post-treatment [34, 35]. However problems with poor
transfection efficiencies and adverse immune responses have limited the clinical
applicability of this approach [36]. While the addition of techniques like
electroporation and targeted plasmid integration have increased transfection efficiencies
and improved both gene expression and protein distribution this approach, like so many
of the gene therapies, remains limited by sub-therapeutic protein expression [37-39].
1.2.1.2 Retroviral delivery of mini-dystrophin constructs
Early work on viral delivery systems focused mainly on the use of retroviral and
adenoviral vectors with experimentation in murine models of DMD produced promising
results [40-42]. However this approach has a number of limitations. Although
retroviral vectors are large enough to incorporate many of the mini-dystrophin
constructs while retaining their ability to integrate into the host genome, complement
mediated lysis of retroviral vector particles is known to reduce the efficiency of gene
delivery in vivo [43]. Attempts at by-passing this problem have included the ex vivo
transfection, expansion then transplantation of myocytes [44] or the transplantation of
retroviral producer cells however these methodologies tend to be limited by the
combined drawbacks of cell and gene therapies, particularly with regard to the host
immune response [45].
1.2.1.3 Adenoviral delivery of mini-dystrophin constructs
Similarly, adenoviral delivery systems have been shown to be immunogenic eliciting
strong CD8+ T cell responses [46] which, of interest to later themes of this thesis, has
led some researchers to co-administer immunosuppressive agents to improve the
efficacy of mini-dystrophin delivery [47]. Furthermore, many adenoviral vectors are
episomal in nature meaning that they are eventually lost due to cell turnover. This is an
important point in the context of muscular dystrophy where rate of tissue turnover is
affected by the constant cycles of degeneration and regeneration.
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1.2.1.4 Adeno Associated Virus delivery of mini-dystrophin constructs
The advent of adeno-associated virus (AAV) vectors which can infect a wide variety of
human tissues (including both dividing and non-dividing cells) and are naturally
replication deficient, sparked renewed interest in the viral delivery of mini-dystrophin
constructs, particularly after it was shown that AAV vectors are very efficient at
transducing mature myofibres [48, 49]. However, despite the clear advantage over
other delivery systems, AAV vectors have a limited insertion capacity of <5 kb meaning
that only the very smallest mini-dystrophin constructs can be incorporated. Moreover, a
recent study in a canine model of DMD found that two AAV vectors that had previously
been shown to successfully deliver mini-dystrophin constructs to murine muscle, in fact
elicit a robust immune response involving both CD4+ and CD8+ T cells [50]. Thus the
major problems with this form of therapy continue to be the efficiency of transduction
(including the longevity of the treatment) and the immune response mounted against
both the vector and the transgene. Targeting of specific tissues, particularly hard to
access tissues like the diaphragm, also represents a significant hurdle that must be
overcome if these approaches are to advance to clinical practice.
1.2.1.5 Anti-sense Oligonucleotide Mediated Exon Skipping
Perhaps the most promising potential therapy for DMD arose from the observation that
in many DMD cases, and in most animal models, rare dystrophin positive fibres can be
detected [51-53]. Although these “revertant” fibres are rare and offer no clinical benefit
themselves [54] they do clearly demonstrate that (at least in those cases exhibiting
revertant fibres) dystrophic muscle is still capable of producing dystrophin molecules
and correctly localising them to the muscle fibre membrane. Although the exact
mechanism of this “revertant fibre” phenomena remains undescribed what is clear is
that alternate transcripts are being expressed in these revertant fibres and that these
alternate transcripts exclude exons surrounding the primary mutation thereby negating
it’s effect [55, 56]. The further observation that transcript splicing matches known exon
boundaries makes the argument that revertant fibres are a result of a second mutation
correcting the primary lesion unlikely [53, 55].
When in 1993 Kole et al directed an antisense oligonucleotide (AO) to mask a cryptic
splice site and restore production of normal β-globulin [57] the potential application of
this technique to mask normal dystrophin splice sites and promote skipping of mutation
bearing exons, as was already being hypothesised to be the natural cause of revertant
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fibres, was immediately apparent. The application of this technology to the dystrophin
gene has progressed rapidly with a variety of oligonucleotide chemistries and delivery
systems having been successfully demonstrated to induce the in vivo expression of
Becker-like dystrophin proteins, (i.e. excluding the mutation bearing sequences) in a
number of animal models (reviewed in [58]). Indeed, several groups investigating this
approach are currently in the early phases of clinical trials with more trials scheduled to
begin in the immediate future (Dr S Wilton (Australian Neuromuscular Research
Institute), personal communication).
As promising as this potential therapy is there are still several major hurdles to be
overcome. Although the systemic delivery of oligonucleotides to smooth and skeletal
muscle has been shown in animal models [59, 60], delivery to cardiac muscle has only
recently been demonstrated [61] and remains a critical test for clinical trials. Research
directed at finding the most stable and effective oligonucleotide chemistry is similarly
ongoing. Although the dystrophin gene does contain mutational hotspots around exons
2-19 and 44-55, about a third of mutations appear to be distributed throughout the gene
(reviewed in [62]). This means that although targeting particular exons for skipping has
the potential to correct the reading frame for a variety of different mutations the sheer
number of different mutations in different locations will require the design,
development and clinical testing of a large number of AOs. It should be noted however
that it has been estimated that the exon skipping approach may be applicable to as many
as 70-80% of DMD cases [63]. Indeed, the targeted skipping of just 12 individual
exons may restore the reading frame in as many as 50% of reported deletions and 22%
of duplications [64]. However, some mutations, like those which impair or delete key
functional motifs (e.g. the cysteine rich β-dystroglycan binding domain) or simply
delete too much of the protein, cannot be corrected by this approach. For these DMD
sufferers other therapies must be developed.
1.2.1.6 Induction of Utrophin Expression
In 1990 Love et al reported the identification of an autosomal homologue of dystrophin
predicted to have a more than 80% amino-acid sequence identity [65]. This protein,
later called utrophin, was found to be expressed during muscle formation and
regeneration, localised to the sarcolemma in the place of dystrophin [66]. However in
adult muscle fibres utrophin expression is restricted to the myotendinous [67] and
neuromuscular [68] junctions. These observations led to the suggestion that utrophin
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upregulation in dystrophic muscle may be of functional and therefore therapeutic
benefit. However, while this concept has been clearly demonstrated in animal models
the ability of this approach to induce long-term therapeutically relevant improvements
in muscle function remains to be shown (reviewed in [69])
1.2.1.7 Pharmaceutical Mediated Translational Read-through
In 1999 Barton-Davis and colleagues reported that the in vivo use of gentamycin in mdx
mice had caused translation read-through of the nonsense mutation responsible for the
mdx phenotype resulting in the restoration of dystrophin expression, localisation and
function [70]. Although further work was marred by issues of variable efficacy and
toxicity it did demonstrate a proof of principle and initiated studies screening for
compounds capable of inducing the same “read-through” mechanism. Of particular
interest is the development of the compound PTC124 (PTC Therapeutics Inc, USA)
which mimics the action of aminoglycosides like gentamycin causing ribosomes to
bypass stop codons in mRNA. Animal studies have yielded promising results and
clinical trials are underway (reviewed in [71]) however it must be stated that this
therapy will only be applicable to the less than 7% of DMD sufferers that carry in frame
nonsense mutations.
1.2.1.8 Targeted Gene Correction
The transfection of mdx cells with DNA constructs homologous to the mutation bearing
region but incorporating a corrective, non homologous sequence corresponding to the
mutation site itself have been shown to recombine with the endogenous sequence
thereby correcting the mutation. Although RNA/DNA chimeroplasts and short fragment
homologous replacement have been shown to cause gene correction in more than 15%
of cultured myoblasts, parallel in vivo studies have shown less than 1% correction [7274]. While this approach is most obviously suited to point mutations it may also be
applied to restore the reading frame following some of the large number of frameshift
mutations which cause the majority of DMD cases (i.e. by inserting or removing a
base). As this methodology can be applied to cells ex vivo it may also facilitate the use
of corrected autologous cells for cell therapy, thereby overcoming many of the
immunological problems associated with the use of third party donor cells (see setion
1.4). However, the sub-therapeutic expression levels of functional dystrophin remains a
major hurdle for this approach.
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1.2.2 Muscle Grafts
Perhaps the most obvious treatment approach is the use of whole muscle grafts to
replace some of the dystrophic tissue with healthy donor muscle. Although this
approach has been successfully demonstrated in this laboratory using the mdx mouse
[75], the acquisition of sufficient tissue to offer therapeutic benefit from a suitably
matched donor clearly limits the clinical potential of this therapy. However, the good
survival of whole muscle grafts is a clear demonstration that myogenic tissue can
survive intramuscular transplantation and introduce a competent dystrophin gene copy
to the host muscle. Similarly, Myoblast Transfer Therapy (MTT) seeks to transplant
normal (non-dystrophic) muscle pre-cursor cells into dystrophic muscle with the aim
that they will participate in muscle repair and develop into dystrophin positive muscle
fibres. This approach has been actively pursued for more than two decades and is the
central approach under examination in this thesis.

1.3 Myoblast Transfer Therapy (MTT)
MTT, sometimes referred to as “cell therapy”, is the only potential therapy for DMD
that aims at restoring the expression of full length functional dystrophin. Furthermore,
it is the only approach that, if successful, is applicable to all DMD sufferers (not to
mention other genetic myopathies including BMD when advantageous). Although early
success in animal models [76-79] led to clinical trials in the early 1990's these were
found to be highly premature with no demonstrable therapeutic benefit [80-83] and
evidence of an immunological response [84]. However, the disappointing clinical
results and lack of progress with other potential therapies have renewed interest in the
role MTT might play in future treatment regimes.
1.3.1 Regeneration of Skeletal Muscle
The regenerative capabilities of mature skeletal muscle were first described in the 18th
century and have now been well characterised in all muscle types. A skeletal muscle
fibre is a multinucleated syncytium formed by the fusion of muscle precursor cells,
known as myoblasts [85, 86]. Figure 1.3 shows a representation of a normal muscle
fibre including multiple myonuclei. Also note the satellite cell which lies outside of the
muscle fibre itself but beneath the basal membrane of the muscle [87]. It has been
shown, using tritiated thymidine labelling of these satellite cells, that upon injury to the
muscle these satellite cells are activated to differentiate into myoblasts which are then
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sequestered into the muscle repair system [88]. These myoblasts proliferate and either
fuse to each other or the ends of damaged myofibres to form or repair the muscle [89].
1.3.2 Principles of Myoblast Transfer Therapy
Myoblast Transfer Therapy is aimed at utilising the muscles natural repair mechanism
via the direct injection of donor myoblasts, which possess a normal/functional
dystrophin gene, into the damaged, dystrophic tissue in order to provide a cellular based
gene rescue. The objective of this procedure is for the donor myoblasts, upon entering
the dystrophic tissue, to migrate throughout the tissue and fuse with host myoblasts to
form what is referred to as mosaic muscle fibres (see Figure 1.4). These mosaic muscle
fibres would therefore contain both donor nuclei, expressing functional dystrophin
(Figure 1.4, green nuclei), and host nuclei lacking the functional dystrophin gene
(Figure 1.4, white nuclei). The expectation being that the introduced, dystrophin
expressing, nuclei would express sufficient levels of functional dystrophin to give
significant clinical improvement in the patients’ muscular strength. Thus the success of
myoblast transfer therapy is gauged by the donor myoblasts ability to survive,
proliferate, migrate through host tissue, participate in tissue repair and finally express
functional dystrophin. It is worth noting that although in the context of this thesis
myoblast refers to a population of mononuclear myogenic cells isolated from muscle
many other cell types have been shown to have myogenic potential and are therefore
good candidates for cell transfer therapy (see opening paragraph of section 8.3).
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Figure 1.3 Natural Repair Mechanism of Skeletal Muscle.
Upon injury to the muscle the satellite cells are activated to differentiate and proliferate
forming a pool of myoblasts which fuse to form multinucleated myotubes which in turn
associate to repair (or form) the muscle.
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Figure 1.4 Principles of Myoblasts Transfer Therapy (MTT).
MTT aims to introduce competent dystrophin gene copies to dystrophic muscle via the
direct injection of dystrophin positive (green nuclei) muscle pre-cursor cells (myoblasts)
in cell based gene rescue. The goal is that donor cells will participate in muscle repair,
become incorporated into host myofibres (right hand image) and subsequently express
functional dystrophin protein. Dystrophin deficient host nuclei are shown as colourless.

36

1.3.3 Tracking the Fate of Donor Myoblasts
Following the MTT procedure a surveillance system is required for tracking the fate of
donor myoblasts within the host tissue. An ideal cell marker for this purpose must be
present in all of the host or donor cells, but not both, and must not affect the cell
lifespan or other cellular functions. A desirable marker would also show minimal
dilution through cell proliferation and would not be transferable between cells except by
fusion. Intrinsic genetic markers are excellent candidates in this regard although the use
of variability of gene expression can affect the sensitivity of assays which depend on the
detection of gene products. Use of the Y chromosome to determine the survival of male
donor cells following transsexual MTT would thus satisfy all of these criteria.
1.3.3.1 The Y-Chromosome Assay
Utilising the Y chromosome as a cell marker of donor origin has several advantages.
Firstly, it does not require gene expression and therefore sensitivity of detection is not
dependant upon the level of expression or factors that alter gene expression. Secondly,
it allows detection of donor nuclei which can be an advantage when examining
multinucleated syncitia formed by the fusion of host and donor cells as is the case
following MTT. Finally, it permits syngeneic transplantation thereby minimising the
immunological response in an otherwise fully immunocompetent transplantation
scenario. Indeed, Y-chromosome specific probes have been used in humans since the
late 1980's to track the fate of donor tissue following skin graft [90, 91] and bone
marrow transplantation [92, 93]. This approach was first applied to the field of MTT in
1991 by this laboratory to analyse male donor myoblast engraftment following
transsexual transplantation into mdx recipients [94]. Experimentally, even the earliest Y
chromosome assays were shown to be extremely sensitive, capable of detecting a 1%
male cell fraction in a mixed population [95]. Taken together these observations
demonstrate the Y chromosome specific assay to be a powerful tool for the
discrimination of donor tissue following transplantation and as such will be the
cornerstone for the quantitative assessment of donor myoblast survival in the
experimentation conducted towards this thesis.
1.3.3.2 The Early Death of Transplanted Myoblasts
The initial goal of myoblast transfer therapy is the survival of donor myoblasts
following transfer into host tissue. The Y-chromosome probe has helped to show that
this basic requirement is a major hurdle for successful MTT and that donor myoblasts in
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fact undergo rapid and massive death following MTT [96]. Indeed, Hodgetts et al have
shown a 95% loss of donor myoblasts in the first 24 hours post MTT [97]. Several
research teams have investigated this problem, using a variety of markers and cell types,
and have seen similar cell losses to those described by Hodgetts et al. In fact
Beauchamp and co-workers in 1999 reported a 99% donor cell loss 4 days post MTT
using a [14C] thymidine labelling technique [98]. Figure 1.5 shows the average
survival of male donor myoblasts following MTT in this laboratory, similarly
demonstrating a significant loss of donor myoblasts within the first days post MTT.
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Figure 1.5 Average Survival of C57BL/10Sn Donor Male Myoblasts Following
Transplantation into Untreated Female mdx Host Mice
This figure presents the average results achieved following MTT in untreated female
mdx mice in this laboratory (e.g. T72hr is 72 hours post MTT).
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1.4 Donor Myoblast Survival and the Host Immune Response
The host immune response has been shown to be at least partly responsible for the death
of donor myoblasts as improved donor cell survival has been reported when myoblasts
were engineered to express anti-inflammatory factors like IL-1 receptor antagonist [99]
and Transforming Growth Factor beta (TGF-β) [100] or when immunosuppressed or
immunodeficient hosts were used [101, 102]. The immunosuppressant drugs FK506
and cyclosporine are commonly used in MTT studies as the prolonged survival of donor
myoblasts following their use allows other important parameters, such as migration and
fusion, to be examined. However these drugs have been shown to have deleterious side
effects and their withdrawal results in immediate donor myoblast death [103, 104].
1.4.1 Humoral Immunity
The rapid rate of donor myoblast loss following injection strongly suggests the
involvement of the non-specific immune system, the main factor of which is the
complement system. The complement system is comprised of 20 complex serum
proteins that act in a cascading fashion to form a membrane attack complex (MAC) that
ultimately results in the rapid lysis of the target cell [105]. However, research by
Hodgetts et al has shown that although depletion of complement C3 with cobra venom
factor (CVF) does enhance the survival of donor myoblasts, activation of the membrane
attack complex plays no role in the massive initial loss of donor cells [96].
Complement has been associated with myofibre necrosis in vivo thus it is possible that
although complement plays no central role in the initial massive loss of donor myoblasts
through its membrane attack complex it may play an indirect role by attracting and
activating non specific immune cells such as macrophages, neutrophils and NK cells
[106].
1.4.2 Innate Immunity
A number of innate immune cells reside in skeletal muscle and/or infiltrate muscle
following MTT (reviewed in [107]). Particularly, macrophage and neutrophil
populations have been shown to be highly elevated in dystrophic tissue [108] and have
been shown to infiltrate the graft site following MTT [109-111]. Macrophages play an
integral role in the regeneration of skeletal muscle, suggested to occur through the
production of factors that result in the chemotaxis and proliferation of myoblasts [112].
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However macrophages are also phagocytic cells with antigen presenting capabilities and
thus their role in donor myoblast survival is both unclear and difficult to predict.
Neutrophils are also one of the first immune cells to infiltrate the graft site following
MTT [111] and a number of studies have indirectly implicated them in donor myoblast
loss [100, 109, 110]. However, the anti-LFA-1 and TGF-β treatment regimes used in
these studies were not specific to neutrophil activity thus further investigation of the
specific role of neutrophils in poor MTT outcomes is required.
NK cells are large, non-phagocytic, granular leukocytes which play a fundamental role
in the innate immune response through cytokine production and cytolytic activity. NK
cells infiltrate dystrophic muscle following MTT in mdx mice [111, 113] and have been
shown to have potent cytolytic activity against myotubes in vitro [114]. NK cells have
been associated with xenograft rejection [115, 116] and, as discussed in reference to
neutrophils above, anti-LFA-1 treatment (LFA-1 is also expressed by NK cells)
improves donor myoblast survival. NK cell activity is regulated by a range of activating
receptors and inhibitory signals from specific interactions with Major
Histocompatibility Complex (MHC) Class I molecules [117]. Like many cell types
myoblasts express MHC Class I constitutively leading Hodgetts et al to propose that
aberrant MHC Class I expression on myoblasts, due to ex vivo manipulation, may
render them susceptible to NK mediated attack [118]. Together these observations
demand closer examination of NK cell activity in the context of MTT.
1.4.3 Acquired Immuntiy
MHC Class I molecules (expressed by most cell types), and Class II molecules
(expressed by antigen presenting cells and B cells) play integral roles in the
immunological rejection of transplanted tissues and can interact with T cells in both a
direct and indirect fashion. Donor cell antigens can be detected directly by T cells via
the recognition of donor MHC molecules by the T cell receptor (TCR) or indirectly
when donor MHC molecules are recognised, processed and presented to T cells by
antigen presenting cells [119]. Thus, including the NK cell scenario, there are several
MHC mediated mechanisms which may lead to donor myoblast loss.
T cells expressing CD4 or CD8 are responsible for the recognition of MHC class II and
class I molecules respectively and both T cell subsets have been described in dystrophic
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muscle [120, 121]. CD4+ and CD8+ T cells are known to play essential roles in the
rejection of transplanted tissues and their depletion from mdx recipients has been shown
to enhance the survival of donor myoblasts following MTT [97]. This result is in line
with the aforementioned improvements in donor myoblast survival following MTT in
immunodeficient or immunosuppressed recipients. However the eventual decline of
donor myoblast number in each of these studies and the failure of human clinical trails
conducted under immunosuppressive treatment regimes suggest that effector T cells are
not the only cell involved in donor myoblast loss following MTT. Nonetheless the
acquired immune response clearly does play a role in poor MTT outcomes and the
clinical application of allogeneic MTT will demand the use of immunosuppression
regimes. However, along with an array of other side-effects current clinical
immunosuppressive regimes leave the patient immunocompromised (as would the
depletion of CD4+ and/or CD8+ T cells). Thus, along with the majority of other
transplantation scenarios, this field awaits more advanced immunomodulatory regimes
for testing in the MTT context.
1.4.4 Regulatory T cells and Peripheral Tolerance
Perhaps the most exciting development in immunology in recent times was the 1995
publication of Sakaguchi et al describing a CD4+ T cell co-expressing CD25 (the α
chain of the IL-2 receptor) that was capable of suppressing autoimmune disease [122].
Although such a mechanism had been proposed more than twenty years earlier [123]
Sakaguchi’s seminal publication give rise to the field of Regulatory T cell biology and
led to an explosion of research in a variety of contexts.
Early work reported the same CD4+CD25+ T cells in humans and found that these cells
were capable of suppressing the activation and proliferation of CD4+(CD25-) and
CD8+ effector cells [124, 125]. These observations led to the now widely held view
that the role of Tregs is to overcome the limitations of central tolerance and establish
peripheral tolerance to immune responses (against self or foreign antigens) that might
otherwise cause significant tissue damage in the host. Tregs have now been described
in a number of clinical settings including autoimmunity, infectious disease, tumour
development and, importantly the induction of tolerance following transplantation
(reviewed in [126]).
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Tregs can be broadly placed into two classes, natural and induced. Research suggests
that the majority of CD4+CD25+ Tregs are generated in the thymus and are anergic (i.e.
do not proliferate in response to TCR stimulation), have specific cytokine expression
patterns (high levels of IL-10 and IL-5 with little IL-2 and no IL-4 production), mediate
their suppressive function through cell to cell interactions and constitutively express
both Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4) and CD25 [124, 127, 128].
Exposure to antigen in the presence of IL-10 or TGF-β can induce peripheral
CD4+CD25- T cells to become Tregs (labelled Tr1 and Tr3 Tregs respectively) which,
as opposed to the natural Tregs, exert and maintain their suppressive function through
cytokine mediated mechanisms (i.e. the production of IL-10 and/or TGF-β) and behave
in a more antigen dependant manner [129, 130]. As with any emerging field, the
literature regarding Tregs is complicated by the sheer amount of work being conducted
in a wide variety of contexts. This is highlighted by the wide variety of phenotypic
markers that have been associated with Tregs in particular contexts but not others.
Indeed, the original assertion of Sakaguchi et al that Tregs could be defined by CD25
co-expression remained the dominant description of Tregs for nearly a decade despite
CD25 being an activation marker expressed on a number of different cell types
including activated effector CD4+ T cells. This situation was finally advanced when
the forkhead-winged-helix transcription factor (Foxp3) was shown to be a critical
regulator of Treg development [131, 132]. Thus, despite the described differences, it is
important to note that both natural and induced Treg subsets have potent
immunosuppressive capabilities and are phenotypically defined as CD4+CD25+Foxp3+
T cells. Many research teams around the world are racing to apply this new knowledge
to the field of transplantation and recent reports that known immunosuppressive regimes
may actually be functioning through Tregs inspired much of the work described in
chapters 6 and 7 of this thesis. Further details on relevant Treg properties are described
in the introductions to these later chapters.
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1.5 Research Proposal
The preceding review of the literature highlights a number of unanswered questions
regarding the fate of donor myoblasts following MTT and the role that both innate and
acquired immunity play in these poor outcomes. The primary aim of this thesis
therefore, is to examine those innate immune cell subsets that have been indirectly
suggested to play a role in poor donor myoblast survival as well as the potential of
novel immunosuppressive regimes to improve donor cell survival. Importantly
however, it must be stated that the field of MTT is marred by the lack of a reliable,
standardised approach to the quantitation of donor myoblast survival. Although the Y
chromosome specific assay is a sound approach (as already discussed), its utility is
confounded by the technical difficulties associated with Southern hybridisation and
densitometric analysis. Therefore, the initiating study of this thesis will examine the
application of quantitative polymerase chain reaction (Q-PCR) methodologies to
improve the quantitation of donor cell engraftment and respond to a number of recent,
highly controversial publications.
After assessing and defining the most appropriate quantitative methodology the research
will turn to the ongoing questions regarding the role of the immune systems in myoblast
loss following MTT. Components of both the effector and regulatory arms of the
immune response will be examined with a particular focus on neutrophils, macrophages,
NK cells and the emerging potential of Tregs.
The ultimate goal of the proposed research is to further define the role of host immunity
in poor MTT outcomes with a view to identifying new intervention strategies to
improve MTT as a treatment for DMD in humans. Within this context, the methods of
immunomodulation proposed in these mouse studies are directly relevant to the
development of a human therapy.
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Chapter 2: Materials
2.1 Reagents
The following is a list of reagents used during the course of research completed for this
thesis.
Acetone

Merck, Germany

Agar (No 1)

Oxoid, England

Ammonium Sulphate ((NH4) 2SO4)

BDH Chemicals, Australia

Ammonium Chloride (NH4Cl)

BDH Chemicals, Australia

Ampicillin

Sigma, USA

Anti-CD4 (RM4-5) APC conjugated

eBioscience, USA

Anti-CD25 (PC61.5)
conjugated with Alexa Fluor 488

eBioscience, USA

Anti-CD25 (PC61.5) FITC conjugated

eBioscience, USA

Anti-Desmin antibody

BioGenex, USA

Anti-Foxp3 (mouse/rat) (PE) Staining Set

eBioscience, USA

Anti-FoxP3 (FJK-16s)
conjugated with Alexa Fluor 647

eBioscience, USA

Anti-GR-1 (RB6-8C5) FITC conjugated

BD Pharmingen, USA

Anti-IL-10 (human/viral)(JES3-12G8)
biotinylated

eBioscience, USA

Anti-IL-10 (human/viral)(JES3-9D7)

eBioscience, USA

Anti-IL 10 (mouse)(JES5-16ES)
biotinylated

eBioscience, USA

Anti-IL-10 (mouse)(JES5-2AS)

eBioscience, USA

Anti-NK1.1 (PK136) PE conjugated;

BD Pharmingen, USA

Anti-Rat IgG Biotin conjugated

BD Pharmingen, USA

Anti-Rat IgG2B FITC conjugated

BD Pharmingen, USA

Anti-TCRβ (H57-587) APC conjugated

BD Pharmingen, USA

Anti-TGF-β (mouse/human/pig) (A75-2)

BD Pharmingen, USA

Anti-TGF-β (mouse/human/pig) (A75-3)
biotinylated

BD Pharmingen, USA

Ammonium Sulphate ((NH4)2SO4)

BDH Chemicals, Australia

Basic Fibroblast Growth Factor (bFGF)

Peprotech, USA
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Benzyl penicillin

CSL, Australia

Bovine Serum Albumin (BSA)

Sigma, USA

Calcium Chloride (CaCl2)

BDH Chemicals, Australia

CD Hybridoma Media

Gibco BRL, USA

Chick Embryo Extract

MP Biomedicals, USA

Chlodronate Liposomes

Dr N Van Rooijen, Free University

Collagen Solution (0.1%)

Sigma, USA

Collagenase (Type 1A)

Sigma, USA

DAB Tablets

Fluka, Switzerland

[32P] dCTP

PerkinElmer, USA

Decanucleotide Mix

Geneworks, Australia

Dextran T500

Amersham Pharmacia, Sweden

Dimethyl Sulphoxide (DMSO)

BDH Chemicals, Australia

Dispase (II)

Roche, Austalia

DNase I (Type II)

Sigma, USA

EDTA

Merck, Australia

Ethanol

Merck, Australia

Fluorescent DNA Quantitation Kit

BioRad, USA

Foetal Calf Serum
Gibco BRL, USA
(N.B. All FCS was heat-inactivated
for 30 mins at 55°C before use)
GenElute™ Endotoxin Free Maxiprep
Plasmid Purification Kit

Sigma, USA

Gentamycin

Delta West, Australia

Haematoxylin

Sigma, USA

Hams F-10

Gibco BRL, USA

H&E Stain

Sigma, USA

Horse Serum

Gibco BRL, USA

Hybond N+ membrane

Amersham, UK

Hydrochloric Acid (HCl)

Ajax Finechem, Australia

Hydrogen Peroxide, 30% w/v (H2O2)

BDH Chemicals, Australia

IMag Cell Separation System
Becton Dickinson, USA
CD4+ T cell Enrichment Set
R-Phycoerythrocin (PE) Magnetic Particles
Isopentane

Sigma, USA

L-Glutamine

Sigma, USA
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Liberase Blendzyme 3

Roche, USA

Ketamine

Troy Laboratories, Australia

Klenow Enzyme

Geneworks, Australia

Methoxyfluorane (Penthrane)

Med. Developments Aust., Australia

Normal Goat Serum

DAKO, USA

Magnesium Sulphate (MgSO4)

BDH Chemicals, Australia

Methanol

BDH Chemicals, Australia

O.C.T. Embedding Medium

Sakura, USA

PBS Tablets (Dulbecco A)

Oxoid, England

PBS Liposomes

Dr N Van Rooijen, Free University

Penicillin/Streptomycin

Trace, Australia

pMP6A Mammalian Expression Plasmids

Prof. J Bromberg,
Mount Sinai Hospital, New York, USA

Prolong Gold Antifade Reagent

Molecular Probes, USA

Propidium Iodide

Sigma, USA

Protease Inhibitor Cocktail

Sigma, USA

Proteinase K

Promega, USA

PVA Mounting Solution

Ms M Davis, UWA

QIAamp® DNA Mini kit

Qiagen, Germany

QuantiTect SYBR Green PCR kit

Qiagen, Germany

Rat IgG (Whole Molecule)

Rockland, USA

Rat IgG1 isotype control (eBRG1)
conjugated with Alexa Fluor 488

eBioscience, USA

Recombinant mouse IL-10

Becton Dickinson, USA

Recombinant human IL-10

Becton Dickinson, USA

Recombinant human TGF-β

Becton Dickinson, USA

RPMI 1640

Gibco BRL, USA

SDS

Sigma, USA

Sephadex G50

Sigma, USA

Sodium Azide (NaN3)

AJAX Chemicals, Australia

Sodium Chloride (NaCl)

BDH Chemicals, Australia

Sodium Citrate (C6H5Na3O7)

BDH Chemicals, Australia

Sodium Hydrogen Carbonate (NaHCO3)

BDH Chemicals, Australia

Sodium Carbonate (Na2CO3)

BDH Chemicals, Australia

Sodium Hydroxide (NaOH)

BDH Chemicals, Australia
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Sodium Phosphate, monobasic (NaH2PO4) BDH Chemicals, Australia
Sodium Phosphate, dibasic (Na2HPO4)

BDH Chemicals, Australia

Sodium Pyrophosphate, (Na4P2O7)

BDH Chemicals, Australia

Streptavidin-Horse Radish Peroxidase

Sygnet Pathology Systems, USA

Sudan Black B

Sigma, USA

Tetramethylbenzidine (TMB)
(+ Hydrogen Peroxide)

Sigma, USA

Tris

Sigma, USA

Tris-HCl

Sigma, USA

Triton X-100

Sigma, USA

Trypan Blue Solution

Sigma, USA

Trypsin/EDTA Solution

Sigma, USA

Tryptone Peptone

Oxoid, England

Tween-20

Sigma, USA

Ultra Streptavidin Detection System

Signet Laboratories, USA

VEET

Redcliff and Colman, Australia

Xylazine

Troy Laboratories, Australia

x10 Buffer

Geneworks, Australia

Y1 Probe

Dr Stuart Hodgetts, UWA

Y Chromosome Specific Primers (Zfy)

Geneworks, Australia

Yeast Extract

Oxoid, England

2.2 Solutions and Buffers
N.B. Quantities written in brackets indicate the amount or concentration in the final
solution.
Ammonium Sulphate ((NH4) 2SO4 ) - 80% Saturated
To make 1L;
Add 608.8g of (NH4) 2SO4 slowly, with stirring to 1L of ddH2O.
Aliquot into 500 ml glass storage bottles and autoclave.
Store at room temperature.
Carbonate Coating Buffer - 0.025M
To make 500 ml;
Dissolve 1.325 g of Na2CO3 (0.025M) and 1.05 g of NaHCO3 (0.025M) in
490 ml of ddH2O, with stirring.
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Adjust to pH 9.6 using NaOH
Make the solution up to 500 ml with ddH2O, transfer to a 500 ml glass storage
bottle and store at room temperature.
Calcium Chloride (CaCl2) - 10mM
To make 100 ml;
Dissolve 1.47 g of CaCl2 in 100 ml of ddH2O
Transfer 20 ml aliquots to glass storage bottles and autoclave.
Store at room temperature.
Cell Lysis Buffer
To make 500ml;
Dissolve 0.605 g of Tris (10mM), 0.690 g of NaH2PO4 (10mM), 0.710 g of
Na2HPO4 (10mM), 3.790g NaCl (130mM) and 1.330g of Na4P2O7
(10mM) in 495 ml of ddH2O, with stirring.
Adjust to pH 7.5 with HCl and add 5 ml of 1% Triton X-100 (dilute Triton with
ddH2O as required)
Filter sterilise by passing through a 0.2 μm filter and store at 4ºC
Before use aliquot required amount and add 5 µl/ml of Protease Inhibitor Cocktail
DAB Solution
To make stock solution;
Dissolve 1 tablet per 1 ml of TSB to produce 10 mg/ml DAB.
Store at -20oC in 500 μl aliquots.
To make 7.5ml of DAB Solution.
Add 500 μl of DAB Stock Solution and 4 μl H2O2 to 7 ml of TSB.
Dextran T-500 (2%) in PBS
To make 200 ml;
Dissolve 4 g of Dextran T-500 in 200 ml of PBS.
Transfer 20 ml aliquots into glass storage bottles and autoclave.
Store at room temperature.
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Dispase/Collagenase Digestion Solution
To make 100 ml;
Dissolve 100 mg of Dispase and 160 mg of Collagenase in PBS.
Filter sterilise 25 ml aliquotes through a 0.2µm syringe filter.
Store at -20ºC.
Final concentrations should be 1 mg/ml Dispase and 200U/ml Collagenase.
DNase I Solution
To make 2.3 ml;
Dissolve 23 mg of DNase I in 1 ml of ddH2O and 1.3ml of 10mM CaCl2
Pass through a 0.2 μm filter and divide into 100 μl aliquots
Store at -20ºC
The final concentration is 10 mg or 20,000 U/ml
EDTA - 0.1M
To make 500 ml;
Place 18.6g of EDTA into a 2.5L conical flask and add 400 ml ddH2O.
Stir on magnetic stirrer and adjust to pH 7.2 using NaOH or HCl as required.
Make volume up to 500ml and stir until clear.
Transfer to a 500 ml glass storage bottle and autoclave.
Store at room temperature.
EDTA – 1mM
To make 1L;
Place 0.372g of EDTA into a 2.5L conical flask and add 900 ml ddH2O.
Stir on magnetic stirrer and adjust to pH 8 using NaOH.
Make volume up to 1L and stir until clear.
Transfer to a 1L glass storage bottle and autoclave.
Store at room temperature.
EDTA - 3 mg/ml
To make 200 ml;
Dissolve 0.6g of EDTA in 200ml PBS.
Dispense 20ml aliquots in McCartney bottles and autoclave.
Store at room temperature.
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FACS Wash
To make 1L;
Dissolve 0.325g of NaN3 and 10 PBS tablets in 1L of ddH2O
Transfer 100 ml aliquots to sterile bottles and autoclave.
Store at room temperature until required.
Add 5 ml of FCS to each 100 ml aliquot immediately before use.
Goat Serum Blocking Solution
To make 10ml;
Add 1ml of Normal Goat Serum and 30μl of H2O2 to 9 ml of TSB.
Always make blocking solutions fresh for immediate use.
Ketamine/Xylazine Anaesthetic
Dilute Ketamine 1 in 10 in ddH2O then add xylazine such that it is diluted 1 in 100.
The final concentrations in the mixed solution should be 10 mg/ml Ketamine and
1 mg/ml Xylazine
Liberase Blendzyme 3 Solution
Resuspend 7 mg vial in 2 ml of ddH2O with swirling on ice for 30 min.
Pass through a 0.2 μm filter and divide into 100 μl aliquots.
Store at -20ºC.
L-Glutamine for Media
To make 250 ml;
Dissolve 7.3g L-glutamine in 250 ml of ddH2O and stir for 5-10 minutes.
Pass through a 0.45μm filter and divide into 5 ml aliquots.
Store at -20°C.
Add 5 ml of this L-Glutamine preparation to 500 ml of media to give a final
concentration of 2mM.
Luria-Bertani Media (LB)
To make 1L of LB Broth (Millers formula);
Dissolve 10g of Tryptone Peptone, 10g of NaCl and 5g of Yeast Extract in 1L of
ddH2O.
Adjust to pH 7 by the dropwise addition of NaOH and HCl
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Sterilise by autoclaving and store at 4°C until required.
To make LB Agar;
Add 15 g of agar per litre of LB broth and autoclave.
Store until required, then simply melt in a microwave and pour plates.
Normal Serum Blocking Solution
To make 10 ml;
Add 200 μl of FCS to 9.8 ml of PBS.
Always make blocking solutions fresh for immediate use.
Phosphate Buffered Saline (PBS)
To make up 100 ml;
Dissolve 1 PBS tablet of in 100ml of ddH2O.
Autoclave and store at room temperature.
Pre-Hybridisation Buffer
To make 50 ml;
With gentle swirling dissolve 50 mg of BSA (0.1% w/v), 3.5 g of SDS (7% w/v)
and 3 g of NaH2PO4 (0.5M) in 50 ml of ddH2O.
Red Cell Lysis Buffer
To make 1L;
Dissolve 9.3g of NH4Cl in 1L of ddH2O
Dissolve 4.12g of Tris in 200 ml ddH2O and adjust to pH 7.65 with HCl
Take 9 volumes of the NH4Cl solution and add 1 volume of Tris solution.
Pass through a 0.2 μm filter and aliquot into two 500 ml glass storage bottles.
Store at room temperature.
Scott’s Tap Water Substitute
To make 1L;
Dissolve 3.5 g of NaHCO3 and 20g of MgSO4 in 900ml of ddH2O.
Adjust to pH 8 with NaOH.
Make up to 1L with ddH2O, autoclave and store at room temperature.
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Sodium Citrate Buffer (SSC) 20X
To make 1L;
Dissolve 175.3g of NaCl and 88.2 g of C6H5Na3O7 in 800 ml of ddH2O.
Adjust to pH 7 with NaOH.
Make up to a litre with ddH2O, autoclave and store at room temperature.
Dilute with ddH2O as required.
Sodium Phosphate Coating Buffer - 0.2M
To make 500ml;
Dissolve 5.9 g of Na2HPO4 and 8.05 g of NaH2PO4 in 490 ml of ddH2O, with
stirring.
Adjust to pH 6.5 using HCl and make solution up to 500 ml with ddH2O.
Sudan Black B Stain - 1%
To make 10 ml;
Add 0.15 g of Sudan Black B to 15 ml of 70% ethanol (diluted in ddH2O)
Incubate with stirring at room temperature for 2 hours
Allow it to stand at room temperature overnight
Filter the suspension through a 0.2 µm syringe filter.
Store the filtered 1% w/v Sudan Black B stain in the dark at 4ºC for not longer
than 4 months
TSB-T Wash Buffer
To make 500ml;
Dissolve 1.576g of Tris-HCl and 4.383g of NaCl in 490ml of ddH2O, with
stirring.
Adjust to pH 7.6 with HCl or NaOH.
Add 250μl Tween-20 (0.05% (v/v)).
Make solution up to 500 ml with ddH2O.
Tris Saline Buffer (TSB)
To make 5L;
Add 12.1g of Tris and 146.1g of NaCl to 4.8L of ddH2O.
Adjust to pH 7.6 with HCl then make volume up to 5L with ddH2O.
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2.3 Tissue Culture Media
All media was supplied ready made and glutamine free.
Hams F-10 Growth Media
Hams F-10 for tissue culture was supplemented with 10% (v/v) FCS, 10% (v/v) Horse
Serum, 4mM L-glutamine, 100 IU/ml penicillin, 100μg/ml streptomycin, 0.5% (v/v)
Chick Embryo Extract and 12.5ng/ml basic fibroblast growth factor (bFGF).
RPMI 1640 Growth Media
RPMI 1640 for tissue culture was supplemented with 10% (v/v) FCS and 2mM LGlutamine.
Collagen Coating Solution (0.01%)
Dilute the collagen stock solution (Type I, 0.1% w/v) 1 in 10 with ddH2O to form a
0.01% w/v solution. To coat plates apply this diluted collagen solution to tissue culture
vessels at a rate of ~1 ml per 25 cm2 and incubate for 2-3 hours at 37˚C. Remove and
discard the excess collagen and incubate flasks overnight, allowing the collagen to dry
before use.
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Chapter 3: Methods
3.1 Cell Culture
3.1.1 Preparation of Primary Murine Myoblast Cell Lines
All gluteal muscles (minimus, medius and maximus), obturator muscles (externus and
internus), quadratis femoris, biceps femoris, adductor brevis and vastus lateralis muscle
groups were removed from 8 male C57BL/10Sn mice and placed in Hams F-10 medium
containing 20 μg/ml gentamycin. The tissues were washed twice with PBS, centrifuged
for 5 mins at 1000g, and then placed in a petri dish with 5 ml of dispase/collagenase
digestion solution (see section 2.2). Using curved surgical scissors the tissues were
minced in the petri dish for 10 mins or until the dispase/collagenase/tissue mixture
could be easily pipetted into a 250 ml trypsinising flask, through a wide mouthed 10 ml
pipette, leaving little or no tissue in the petri dish. The petri dish was washed with a
further 20 ml of the dispase/collagenase solution which was then added to the flask to
give a final volume of 25 ml, plus the tissue, in the flask. The tissue was digested for 45
mins, at 37°C with the flask sitting on a pre-warmed stirring plate with a magnetic flea
gently stirring the solution. The solution was then centrifuged at 1000g for 10 mins.
The pellet was washed twice by resuspension in PBS and centrifugation at 1000g for 10
mins. The tissue was further digested by resuspending the pellet in 20 ml of
Trypsin/EDTA and digesting, in a clean 250ml trypsinising flask, with stirring, for 10
mins at 37°C. The trypsin was inactivated by the addition of 1 ml of FCS and the
solution was centrifuged for 10 min at 1000g. The pellet of cells was then resuspended
in 10-15 ml of Hams F 10 Growth Media, and subjected to a series of pre-platings (first
described by Richler et al [133] and modified by Qu et al [99] these pre-platings purify
myogenic cells by allowing non-myogenic cells which adhere more quickly, to be
removed from the cell preparation). Initially the cell suspension was transferred to a
collagen coated 75 cm2 culture flask (see section 2.3) and incubated at 37°C for 1 hour
(this is called pre-plate 1 or PP1). After 1 hour non-adherent cells in suspension were
transferred to a fresh, collagen coated, 75 cm2 culture flask and the first set of adherent
cells (pre-plate 1, PP1) discarded. Following the transfer of supernatant from the
second pre-plate (PP2) to a third flask after two hours this process of supernatant
transfer was repeated every 24 hours to produce pre-plates 3 (PP3) through to 6 (PP6).
Cells adhering to pre-plate 6 (PP6 myoblasts) were then maintained in collagen coated
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flasks, at 37°C (5% CO2/95% air), in Hams F-10 Growth Medium with the media being
replaced every second day (see section 3.2).
3.1.2 Hybridoma Cell Culture
The RB6-8C5(anti-GR-1) and F4/80 cell lines were kindly provided by Dr Leanne
Sammels (Department of Microbiology and Immunology, UWA). The PK136 (antiNK1.1) cell line was kindly provided by Dr Tony Scalzo (Department of Microbiology
and Immunology, UWA) [134]. RB6-8C5 and PK136 cells were grown in 75cm2 flasks
at 37°C, 5% CO2/95% air, in 12-15ml of unsupplemented CD Hybridoma Media
(Gibco, USA) with the media being replaced every third day. F4/80 hybridoma cells
were grown under the same conditions using RPMI 1640 Growth Medium.

3.2 Cell Culture Maintenance
3.2.1 Primary Murine Myoblast Cell Culture Maintenance
When cell confluency reached 70-80% cells were harvested, following the removal of
the media and washing with 10 ml of PBS, by digestion with 0.1% (w/v) Trypsin/EDTA
for 5 min at 37°C. (Allow the trypsin to just cover the bottom of the culture vessel).
The trypsin was then inactivated by the addition of 1 ml of FCS (per ml of trypsin
used). The flask supernatants were then combined (if more than one flask) and a viable
cell count completed using a haemocytometer and trypan blue exclusion. The culture
supernatant was then centrifuged for 10 min at 1000 g. The pellet was then resuspended
in enough fresh Hams F-10 Growth media to reseed tissue culture flasks at
approximately 1-2 x 105 cells per 75cm2 (in ~12-15 ml of media) and returned to a
37°C, 5% CO2/95% air incubator.
3.2.2 Hybridoma Cell Culture Maintenance
Following a viable cell count conducted using a haemocytometer and trypan blue
exclusion, culture supernatant from hybridoma cell culture was harvested every three
days by centrifugation at 1000g for 5 minutes. The supernatant was stored at 4°C for
later use while the cell pellet was resuspended in adequate fresh media (relevant to cell
line) to allow reseeding of the flasks at approximately 2 x 105 cells/12-15ml of
media/75cm2 flask. In the case of the semi adherent RB6-8C5 cell line re-seeding was
often not required, as enough cells remained in the flask, so fresh media was placed
directly into the flask.
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3.2.3 Storage of Cell Lines
Cells were harvested as relevant (described earlier for specific cell types) and a viable
cell count conducted using a haemocytometer and trypan blue exclusion. The cell
suspension was then centrifuged for 10 min at 1000g. The pellet was then resuspended
at 1 x 106 cells per 1ml using a solution of 80% fresh culture media, 10% FCS and 10%
DMSO. Aliquots of 1 ml were then transferred into 1.8 ml cryotubes and stored
overnight at -80°C before transfer to liquid nitrogen for long term storage.
3.2.4 Recovery of Frozen Cell Lines
Cryotubes were removed from storage and quickly thawed in a 37°C water bath (~2 min
for a 1ml sample). The cell suspension was transferred to a 15 ml centrifuge tube and
topped up to 10 ml with the relevant growth media. The suspension was then
centrifuged for 10 min at 1000g. The pellet was resuspended in 10ml of the relevant
growth media and centrifuged for 10min at 1000g twice more. The pellet was then
resuspended in the relevant growth medium, transferred to a culture flask and
maintained as described above.

3.3 Desmin Staining of Primary Murine Myoblast Cultures
Immunodetection of desmin positive cells (myoblasts) was conducted using an Ultra
Streptavidin Detection System (Signet Laboratories, USA) with an anti-desmin primary
antibody (BioGenex, USA). The procedure was completed as per the manufacturer
instructions. Briefly, at each passage ~5000 cells (in 500μl of the Hams F-10 Growth
Media) were seeded into each well of an eight well slide and cultured, as described in
section 3.1.1, until 70-80% confluent. The media was then removed from these cells
and they were washed with PBS before being fixed with methanol for 1 minute. A 3%
hydrogen peroxide block was then applied to the cells followed by the application of the
anti-desmin monoclonal primary antibody. Biotin conjugated rat anti mouse IgG
secondary antibody, streptavidin horseradish peroxidase and DAB were then
sequentially applied and removed from the cells in order to determine the percentage
myoblasts (ie desmin positive cells) within the population.

3.4 Preparation of Monoclonal Antibodies (mAb)
600 ml of supernatant, collected from the cell culture of antibody secreting hybridoma
cell lines (see sections 3.1.2 and 3.2.2), was transferred to a large 3L beaker and placed
in a cold room at 4°C. Over a one hour period a roughly equal volume of 80% saturated
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ammonium sulphate was added drop-wise to the supernatant, with gentle stirring, until
the solution went cloudy. The solution was then stored, with gentle stirring, overnight
at 4°C. The next day the solution was centrifuged at 1000g for 30 mins, at 4°C, and the
supernatant discarded. The pellet was drained and resuspended in 60 ml of PBS.
Aliquots (20 ml) of the resuspended pellet were transferred into 30 cm lengths of
dialysis tubing and dialysed against 2 litres of PBS in a 3L conical flask, overnight with
gentle stirring. The dialysis tubing had been boiled for 10 mins, in 2% w/v NaHCO3 in
1mM EDTA (pH 8), rinsed in ddH2O, autoclaved in 1mM EDTA and then rinsed again
in ddH2O just prior to use. The PBS in the conical flask was changed twice over a
period of 2-3 days. The dialysed solution, containing the mAb, was then transferred
from the dialysis tubing to a clean beaker. Aliquots of the mAb solution (~1ml) were
filter sterilised, through a 0.8μm syringe filter, into labelled 1.5 ml eppendorf tubes and
stored at -20°C. The protein content of the mAb preparations was then calculated by
measuring their optical density (OD) at 280 nm using a Varian DMS 70
spectrophotometer. These calculations were done under the assumption that an OD of
1.35 at 280 nm was equal to 1 mg/ml of protein.

3.5 In Vivo Depletion of Neutrophils and NK cells
3.5.1 In Vivo Depletion of Neutrophils using anti-GR-1 mAb
Anti-GR-1 mAb (clone RB6-8C5), prepared as described in section 3.4, was used for
the in vivo depletion of neutrophils [135, 136]. Groups of female mice were
administered with an intra-peritoneal (i.p.) injection of 40 μg of anti-GR-1 mAb
preparation every 48 hours for 7 days. Groups of control mice were administered
isotype control mAb by the same regimen.
3.5.2 In Vivo Depletion of NK cells using anti-NK1.1 mAb
The anti-NK1.1 mAb (clone PK136) used to deplete NK cells [134]. The anti-NK1.1
mAb (clone PK136), prepared as described in section 3.4, was used for the in vivo
depletion of NK cells [134]. Groups of female mice were administered with an i.p.
injection of 770 μg of anti-NK1.1 mAb preparation twice in the first two days then
every subsequent 48 hours for a week. Groups of control mice were administered
isotype control mAb by the same regimen.
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3.5.3 FACS staining of WBC suspensions
One million (1 x 106) WBCs were prepared from mAb treated or isotype treated control
mice as described in section 3.7.1. The WBCs were pelleted by centrifugation at 1000g,
for 5 minutes at 4oC and then incubated in 50 μl of the relevant primary antibodies (antiNK1.1-PE conjugated (PK136); anti-GR-1-FITC conjugated (clone RB6-8C5) or antiTCRβ-APC conjugated (clone H57-587) (BD Pharmingen, USA)), diluted 1/100 in
PBS, for 20 mins at 4 oC. Following this incubation cells were immediately flooded
with 1 ml of FACS wash and pelleted by centrifugation at 1000g. WBCs were washed
twice more in 200 μl of FACS wash and finally resuspended in 400 μl of FACS wash
for analysis using a FACSCaliburTM flow cytometer with CELLQuestTM software
(Becton Dickinson).
3.5.4 Quantification of Neutrophil and NK cell Populations by Flow Cytometry
The white blood cell suspensions, prepared as described in section 3.7.1, and stained for
neutrophils (anti GR-1) or NK cells (anti NK1.1 and TCRβ), as described in section
3.5.3, were analysed with a Becton Dickinson FACSCaliburTM. Sample acquisition and
file analysis was performed using the CELLQuestTM program (Becton Dickinson,
USA). The files were collected after gating, as defined by forward and side scatter to
ensure that each file contained 10,000 leukocytes.
3.5.5 Sorting of Neutrophils by Flow Cytometry
Following identification by flow cytometry of the cell population being depleted by
treatment with anti Gr-1RB6-8C5 mAb, ascertained as described in section 3.5.4,
twenty thousand of these cells were sorted, using a Becton Dickinson FACSVantageTM,
out of a preparation of white blood cells from an untreated C57BL/10Sn mouse (again
prepared as described in section 3.5.3). The cells were sorted into 2 ml of FACS wash
containing 50% FCS. One hundred microlitre aliquots of this cell suspension were then
spun onto slides at 1000g using a cytocentrifuge (Shandon Elliot, England). The cells
were then fixed with methanol for 1 minute and stained with H&E. These cells were
visually confirmed to be neutrophils by morphological characteristics.
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3.6 In Vivo Macrophage Depletion
3.6.1 In Vivo Macrophage Depletion Using Chlodronate Liposome Treatment
Chlodronate Liposomes (liposome-encapsulated dichloromethylene diphosphanate),
kindly supplied by Dr Nico Van Rooijen (Free University, The Netherlands), were used
for the in vivo depletion of macrophages. Groups of female mdx mice were injected
with clodronate, or PBS (control) liposomes, via both intraperitoneal (200 μl) and
footpad (20 μl) injection, 5 days prior to the beginning of experimentation (or the taking
of tissue samples to confirm depletion). All mice were deeply anaesthetised by
methoxyfluorane (penthrane) inhalation prior to treatment.
3.6.2 Detection of Macrophages by Immunohistochemistry
Spleens were removed from treated and control mice, covered with O.C.T, and snap
frozen by immersion in liquid nitrogen. Frozen sections were kindly prepared from
these tissues by Ms Angela Coletti (Department of Pathology, UWA). The frozen tissue
sections were air dried and then fixed for 10 minutes in cold methanol. Sections were
washed three times, for 2 mins, with TSB before being incubated with Goat Serum
Blocking Solution (see section 2.2) for 20 mins. After removal of the blocking solution
test slides were incubated with neat F4/80 supernatant, collected from the culture of
F4/80 cells as described in section 3.2.2, and control slides with TSB for 90 mins. The
slides were then washed three times, for 5 mins, with TSB before biotin-conjugated
anti-rat IgG (diluted 1/200 in TSB with 4% (v/v) normal goat serum) was applied to all
slides and incubated for 30 mins. The slides were then washed three times, for 5 mins,
with TSB. Undiluted streptavidin-horseradish-peroxidase was added to all slides, just
enough to cover the tissue sections, and incubated for 30 mins. Slides were then again
washed three times, for 5 mins, with TSB. Enough DAB to cover the tissue sections
was then applied to the slides and allowed to react for 5 minutes (or until a noticeable
reaction had occurred on the test slides). Slides were washed three times, for 5 mins,
with TSB before they were counterstained with 20% haematoxylin for 1 min. Slides
were then rinsed in H2O and blued in Scott's tap water substitute for 30 secs. Negative
controls omitted the primary antibody. All incubations were performed in a humid
chamber at room temperature. Slides were then mounted using aqueous PVA mounting
solution and left to dry overnight.
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3.7 Analysis of Leukocyte Populations in Murine Tissues
3.7.1 Isolation of White Blood Cells from Peripheral Blood
Mice were deeply anaesthetised with methoxyfluorane and blood collected via cardiac
puncture using a 1 ml, 26 gauge, needle. The blood was combined with equal volumes
of 3 mg/ml EDTA and 2% Dextran T-500 solutions and the red blood cells (RBC)
allowed to sediment over 30 mins at 37°C. The upper WBC fraction was collected and
centrifuged for 2 mins at 4000g. Any remaining RBCs were lysed by incubation in 5 ml
of Red Cell Lysis Buffer for 5 minutes at room temperature with occasional inversion
and the cell suspension centrifuged for 2 mins at 4000g. Purified WBCs were washed
twice in 500 μl PBS and finally resuspended in 200 μl of FACS wash prior to staining
for flow cytometric analysis.
3.7.2 Preparation of Single Cell Suspensions from Murine Skeletal Muscle
Experimental mice were euthanised as described in section 3.12 and the TA muscles
dissected out. The isolated TA muscle was placed in 500 μl of unsupplemented
Hams F-10 media inside a 2 ml eppendorf tube and minced finely with scissors before
the addition of 12.5 μl of Liberase blendzyme 3 and 13.5 μl of DNase 1 solutions (see
section 2.2). The sample was mixed on a mixing wheel for 40 minutes and then 75 μl of
EDTA (0.1 M, pH 7.2) was added before further mixing for 5 minutes. The plunger of
a 2 ml syringe was used to push the muscle homogenate through a fine spoon sieve into
a petri dish and the spoon sieve was washed with another 500 μl of Hams F-10 media.
The cells were collected into a 1.5 ml eppendorf tube and centrifuged at 3000 g for
2 minutes. The supernatant was removed and the cell pellet was washed twice with
500 μl of FACS wash and centrifugation at 3000 g for 2 minutes before being
resuspended in 100 μl of FACS wash for staining.
3.7.3 Preparation of Single Cell Suspensions from Murine Lymphoid Tissue
At appropriate time points mice were euthanised as described in section 3.12 and spleen
or lymph nodes of interest dissected and placed separately into 5 ml of unsupplemented
RPMI media. Tissues, and the 5 ml of RPMI, were then poured onto the fine wire mesh
of a spoon sieve, which itself was sitting over a 90 mm petri dish. The plunger from a
3ml syringe was then used to gently push the tissue through the fine wire mesh of the
spoon sieve into the petri dish. Using a transfer pipette three 2ml aliquots (approx.) of
fresh RPMI was used to wash any remaining tissue through the mesh into the petri dish
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until little or no tissue remained caught in the mesh. The solution in the petri dish was
then transferred to a 15 ml centrifuge tube and a further two 2 ml aliquots of fresh
RPMI used to wash the petri dish before also being added to the centrifuge tube. The
solution was then centrifuged for 7 min at 1000g and the pellet resuspended in 5 ml of
Red Cell Lysis Buffer for incubation on ice for 5 min. After the addition of 10 ml of
RPMI supplemented with 20% FCS, the solution was again centrifuged for 7 min at
1000g. The pellet was then washed twice by resuspension in unsupplemented RPMI
and centrifugation for 7mins at 1000g followed by a wash in FACS wash with similar
centrifugation. Finally the pellet was resuspended in 200-1000μl of FACS wash (i.e.
200 μl for lymph nodes and 1000 μl for spleen) and placed on ice ready for use.
3.7.4 Staining of Tregs for Flow Cytometry
Single cell suspensions, prepared as described in the previous three sections, were
centrifuged and then resuspended in 50μl /106 cell of 1/100 dilutions (in FACS wash) of
the relevant, fluorescently labelled antibodies (i.e. APC conjugated anti-CD4 (clone
RM4-5) and FITC conjugated anti CD25 (clone PC61) (eBioscience, USA) unless
otherwise stated). These staining preparations were then vortexed and incubated at 4°C
for 20 minutes. Following this incubation each sample was flooded with 1 ml of FACS
wash and centrifuged at 3000g for 2 mins. The supernatant was discarded and the cell
pellet was washed twice with 200 μl of FACS wash and centrifugation at 3000g for 2
mins. If the cells were also being stained for Foxp3 they were then permeabilised as
described next, otherwise, the cell pellet was resuspended in 500 μl of FACS wash for
analysis by flow cytometry. To permeabilise and intracellularly stain cells for Foxp3,
the eBioscience Anti mouse/rat Foxp3 (PE) Staining Set was used as per manufacturer
instructions with the cells being finally resuspended in 500 μl of FACS wash for flow
cytometric analysis.
3.7.5 Fluorescent Immunohistochemistry for the Detection of Tregs
When required, mice were euthanised as described in section 3.12. TA muscles were
dissected and immediately frozen by immersion in isopentane cooled in liquid nitrogen
to just above freezing. While still frozen, muscles were mounted onto a cryostat chuck
in OCT embedding medium and 6 μm sections cut using a Leica CM1900 cryostat
(Leica, Germany). Sections were placed onto untreated glass microscope slides and
stored in a sealed container at -80°C until required. Prior to staining slides were
warmed at room temperature for 30 mins, fixed by flooding with ice cold acetone for 5
mins then air dried for 30 mins. Sections were blocked with Normal Serum Blocking
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Solution for 30 mins and then washed twice for 2 mins with PBS. Slides were then
flooded with a 1 in 20 dilution (in PBS) of anti-CD25 (clone PC61.5 conjugated with
Alexa Fluor 488, (eBioscience, USA)) or Rat IgG1 isotype control (clone eBRG1
conjugated with Alexa Fluor 488, (eBioscience, USA)) and incubated overnight in the
dark at 4°C. Sections were washed twice with PBS for 2 mins before being flooded
with PBS and left to stand at room temperature for 15 mins. Sections were then flooded
with Fixation/Permeabilisation Solution (Anti-Foxp3 (mouse/rat) (PE) Staining Set
(eBioscience, USA)) and incubated overnight in the dark at 4°C. Sections were washed
twice with PBS and twice with Permeabilisation Buffer (Anti-Foxp3 (mouse/rat) (PE)
Staining Set (eBioscience, USA)), each for 2 minutes, before being flooded with PBS
and incubated at room temperature for a further 15 minutes. Anti-FoxP3 (clone FJK16s conjugated with Alexa Fluor 647, eBioscience, USA) was diluted 1 in 20 in PBS
and applied to each section for 1 hour at room temperature. Control sections received
the same dilution of Rat IgG2a Isotype Control (clone eBRG2a conjugated with Alexa
Fluor 488, eBioscience, USA). The staining solution was then washed away with two
changes of Permeabilisation Solution (Anti-Foxp3 (mouse/rat) (PE) Staining Set
(eBioscience, USA)) and two of PBS for two minutes each. To diminish
autofluorescence a 1% (w/v) solution of Sudan Black B in 70% ethanol was applied to
each slide for 10 mins at room temperature. A solution of 70% ethanol was then used to
decolourise the slides before a final rinse under running deionised water for 30 seconds.
Cover slips were then applied to each section with a small drop of Prolong Gold
Antifade Reagent (Molecular Probes, USA). Section examination and image collection
was conducted with a Biorad MRC 1000/1024 UV Confocal Microscope using 488 nm
and 633 nm excitation lasers at the Centre for Microscopy, Characterisation and
Analysis at the University of Western Australia.

3.8 Tolerance Induction by Donor Specific Transfusion (DST)
3.8.1 Preparation and Delivery of DSTs
Donor specific transfusions consisted of either; 250 μl of fresh whole donor (male)
blood collected via tail vein bleeds into lithium heparin coated microtainers (Becton
Dickinson, USA) or 1 x 106 male donor myoblasts suspended in 250 μl of PBS
(prepared as described in section 3.1.1). Donor mice were male C57BL/10Sn mice and
DSTs were delivered by tail vein injection to restrained but unanaesthetised female mdx
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recipients. Unless otherwise stated all DST regimes consisted of weekly administration
for 5 weeks prior to MTT.
3.8.2 Isolation and Purification of Treg Populations
Following the administration of the whole blood DST protocol described in section
3.8.1 mice were euthanised as described in section 3.12. Spleens were dissected and
splenocytes prepared as described in section 3.7.3. Regulatory T cells were then
isolated using the Becton Dickinson IMag Cell Separation System as per manufacturer
instructions. Briefly, the Becton Dickinson CD4+ T cell Enrichment Set was used to
negatively select CD4+ T cells from the prepared “tolerised” splenocytes. This CD4
enriched preparation was then stained for CD25 (PE conjugated antibody used) as
described in section 3.7.4. The CD25+ population was then positively selected using
the Becton Dickinson R-Phycoerythrocin (PE) Magnetic Particles as per manufacturer
instructions.
3.8.3 Adoptive Transfer/Co-Transfer of DST “Tolerised’ Tregs
Half a million (5 x 105) sorted Tregs (see section 3.8.2) were either adoptively
transferred into each recipient mouse (restrained but not anaesthetised) by tail vein
injection (in 200 μl of PBS) or injected directly into the site of transplantation along
with the donor myoblasts (i.e. 5 x 105 Tregs co-injected (transferred) with 5 x 105 donor
myoblasts) as part of the MTT (see section 3.10).

3.9 Muscle Specific Cytokine Gene Therapy
3.9.1 Preparation of Cytokine Expression Vectors
The pMP6A eukaryotic expression plasmids encoding murine IL-10, viral IL-10, TGF-β
and the empty vector control used in the following work were kindly provided by
Professor Jonathon Bromberg (Mount Sinai Hospital, New York, USA) [137].
Amplification of each of the plasmids was achieved through the transformation of E.coli
cells (DH5-α) by in vitro electroporation using the BTX ECM 830 Square Wave
Electroporator (BTX, USA). DH5-α cells were grown in Luria-Bertani Broth (Miller’s
Formula) and 5 x 108 bacterial cells collected at late log phase (OD600 ~ 0.7). These
cells were washed twice in 15 ml of ice cold sterile deionised water followed by
centrifugation at 1500g for 5 mins. The cell pellet was then resuspended in 50 μl of ice
cold sterile deionised water and 1 μg of the relevant plasmid added. The cell-plasmid
mixture was then transferred to a chilled 1 mm electroporation cuvette
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(Invitrogen,USA) and electroporated with a single 8 millisecond pulse of 500 volts.
Immediately following electroporation 1 ml of warm Luria-Bertani Broth was added to
the cuvette and the mixture transferred to a sterile glass bottle for 45 mins of nonselective re-growth at 37ºC with shaking. Aliquots of 50 μl were then spread plated
onto Luria-Bertani agar plates containing 100 µg/ml of ampicillin (a selectable marker
of pMP6A plasmid vectors). Transformed ampicillin resistant colonies were then
selected from the plates following growth overnight and used to inoculate Luria-Bertani
Broth (10 mg/ml ampicillin). These cultures were grown overnight at 37°C with shaking
and isolation and purification of plasmids performed using a GenElute™ Endotoxin
Free Maxiprep Plasmid Purification Kit (Sigma, USA) according to manufacturer
instructions.
3.9.2 In Vivo Electroporation of Murine Tibialis Anterior Muscles
All in vivo electroporations were conducted using the BTX ECM 830 Square Wave
Electroporator (BTX, USA). Female mdx mice were anaesthetised by intraperitoneal
injection (10µl/g body weight) of ketamine (10 mg/ml)/xylazine (1 mg/ml) (Troy
Laboratories, Australia) and the fur removed from their hind limbs using a depilatory
cream. The skin of the hind limbs was then swabbed with 70% ethanol before 10 µl (20
µg) of the relevant expression plasmid preparation was injected longitudinally into each
TA muscle using a 10 µl glass barrel syringe with a 29 gauge needle. Immediately
following injection of the plasmid preparation the two probes of the electroporation
needle array were inserted either side of the injection site and the tissue electroporated
with eight 50 milliseconds pulses at 200 volts/cm with 200 millisecond intervals
(adapted from [38]).
3.9.3 Quantitation of Cytokine Expression in Murine Skeletal Muscle by ELISA
3.9.3.1 Cytokine Extraction from Murine Skeletal Muscle
Dissected skeletal muscle was placed in a microfuge tube with about 10 times v/v (i.e.
500 μl per TA muscle) of Cell Lysis Buffer containing 5 μl/ml protease inhibitor
cocktail (Sigma, USA). The muscle was then finely chopped with scissors and the
sample transferred to a round bottomed disposable 5 ml test tube. The sample was then
further homogenised using an Ultra Turrax T 25 tissue homogeniser (IKA, Germany)
for ~30 secs at 9500-13500 rpm. The Ultra Turrax blades were washed once with 70%
ethanol and rinsed once with PBS between each sample. The samples were then
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transferred back into microfuge tubes and centrifuged at 400g for 5 mins. The
supernatant was then carefully removed and stored in 100 μl aliquots at -20°C.
3.9.3.2 IL-10 ELISA
The same ELISA protocol was used for the analysis of both vIL-10 and mIL-10
expression however the paired antibodies were different and were used at different
concentrations. For the mIL-10 assay the capture antibody was anti-mouse IL-10 mAb
(clone JES5-2AS ) diluted to 4μg/ml in 0.2M Sodium Phosphate buffer (pH 6.5) and the
detection antibody biotinylated anti-mouse IL 10 mAb (clone JES5-16ES) diluted to
1μg/ml in PBS + 10% FCS. For the vIL-10 assay the capture antibody was rat antihuman/viral IL-10 mAb (clone JES3-9D7) diluted to 1μg/ml in 0.2M Sodium Phosphate
buffer (pH 6.5) and the detection antibody biotinylated anti-human/viral IL-10 mAb
(clone JES3-12G8) diluted to 1μg/ml in PBS + 10% FCS.
Into each well of a 96 well flat bottomed Nunc Maxisorp plate was dispensed 100 μl of
the relevant capture antibody solution (prepared as described above) and the plate
incubated overnight at 4ºC. Using reagents that had been brought to room temperature
each well was aspirated and washed three times with 300μl/well PBS + 0.05% v/v
Tween-20. The wells were then blocked with 300μl/well PBS + 10% FCS for 1 hr at
room temperature. The wells were then washed three times with 300μl/well PBS +
0.05% Tween-20. Recombinant mouse IL-10 (mIL-10 ELISA) or human IL-10 (vIL-10
ELISA) (Becton Dickinson, USA) was diluted in PBS + 10% FCS to form a standard
curve of serial two fold dilutions from 1000 pg/ml – 15.6 pg/ml. Experimental samples
were also diluted 1/4 with PBS + 10% FCS. In duplicate wells 100 μl of each standard
or experimental sample was added and the plate incubated for 2 hrs at room
temperature. The wells were then aspirated and washed 5 times with 300 μl/well PBS +
0.05% Tween-20. To each well was then added 100μl of the appropriate biotinylated
detection antibody before incubation for 1 hour at room temperature. The wells were
again aspirated and washed 5 times with 300 μl/well PBS + 0.05% Tween-20 before the
addition of 100 μl streptavidin-HRP (diluted 1/1000 in PBS + 10% FCS) and incubation
for 30 min at room temperature. The wells were aspirated and washed 5 times with 300
μl/well PBS + 0.05% Tween-20 before the addition of 100 µl Tetramethylbenzidine to
each well and incubation for 30 mins at room temperature. The reaction was then
stopped by the addition of 50 µl of 1M HCl to each well and the absorbances read at
450 nm within 30 mins.
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3.9.3.3 TGF-β ELISA
Into each well of a 96 well flat bottomed Nunc Maxisorp plate was dispensed 100 μl of
rat anti-mouse/human/pig TGF-β mAb (clone A75-2), diluted to 2 μg/ml in 0.025M
Carbonate Coating Buffer, and the plate incubated overnight at 4°C. The following day,
using reagents that had been brought to room temperature, each experimental sample
was acid treated to convert all TGF-β to its bioactive form. Each experimental sample
(100 μl aliquot) was diluted 1 in 4 with PBS and brought to pH 3.0 by the addition of
20 μl of 1M HCl. These acidified samples were incubated at room temperature for 15
mins before the pH was increased to pH 7.6 by the addition of 15 μl of 1M NaOH.
Each well of the plate was then aspirated and the plate blocked by the addition of
300 μl/well PBS + 10% FCS and incubation at room temperature for 1 hour. The wells
were then washed three times with 300μl/well TSB-T Wash Buffer. Recombinant
human TGF-β (Becton Dickinson, USA) was diluted in PBS + 10% FCS to form a
standard curve of serial two fold dilutions from 1000 pg/ml – 15.6 pg/ml. In duplicate
wells 100 μl of each standard or acid treated experimental sample was added and the
plate incubated for 1½ hours at room temperature. The wells were then aspirated and
washed 5 times with 300 μl/well TSB-T. To each well was then added 100 μl of
biotinylated rat anti-mouse/human/pig TGF-β detection antibody (clone A75-3) diluted
to 1μg/ml in PBS + 10% FCS and the plate incubated for 2 hour at room temperature.
The wells were again aspirated and washed 5 times with 300 μl/well of TSB-T before
the addition of 100 μl streptavidin-HRP (diluted 1/1000 in PBS + 10% FCS) and
incubation for 1 hour at room temperature. The wells were aspirated and washed 5
times with 300 μl/well TSB-T before the addition of 100 µl Tetramethylbenzidine to
each well and incubation for 20 mins at room temperature. The reaction was then
stopped by the addition of 50 µl of 1M HCl to each well and the absorbances read at
450 nm within 30 mins.
3.10 Myoblast Transfer Therapy (MTT)
Female host mdx mice were anaesthetised by intraperitoneal injection (10 μl/g body
weight) of ketamine /xylazine anaesthetic (see section 2.2). Body hair was removed
from the lower hind limbs using depilatory cream (VEET). PP6 male myoblasts
prepared as described in section 3.1.1 were injected longitudinally (5 x 105 cells in 5 μl
Hams F-10 medium) into the Tibialis Anterior (TA) muscle using a 10 μl glass barrelled
syringe with a 29 gauge needle [4]. The needle was then retracted carefully in order to
minimise physical injury and back-flow of injected donor cells along the needle tract.
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Host mice to be used for Time 0 (T0) time points were injected after their TA's were
surgically exposed to allow for immediate removal. At appropriate time points mice
were euthanised and their TA muscles dissected, placed into eppendorf tubes and snap
frozen in liquid nitrogen. The muscle samples were then stored at -80˚C until ready for
DNA extraction.

3.11 DNA Quantitation: The Y Chromosome Assay
3.11.1 Extraction of DNA From TA Muscles
DNA was extracted from frozen TA muscle samples and myoblasts using a QIAamp®
DNA Mini kit (Qiagen, Germany) according to the manufacturer instructions. Each
DNA sample was quantitated using a Fluorescent DNA Quantitation Kit
(BioRad, USA) according to the manufacturer instructions.
3.11.2 Slot Blotting of DNA
DNA extracted from each of the female recipient TA muscles (100 μl) and the male
DNA standard curve samples were applied to Hybond N+ membrane (Amersham, UK)
using a slot-blot apparatus (BioRad, USA), as per the manufacturer instructions. The
slot blotted membrane was then air dried before being baked for 30 mins at 80ºC and
stored at room temperature.
3.11.3 Preparation of Male DNA Standard Curve
Male DNA was prepared from male myoblast cells and quantitated as described in
section 3.11.1 above. Dilutions containing 1000 ng, 100 ng, 10 ng, 1 ng, 100 pg, 10 pg
and 1 pg of male DNA, per 4 μl were prepared in autoclaved ddH2O to produce a
standard curve and determine the dynamic range of detection for both DNA
Hybridisation (slot blot) and Q-PCR methods.
3.11.4 Preparation of Radiolabelled Y1 Probe
Enough Y1 DNA probe to give a final concentration of 25 ng/ml in the hybridisation
buffer solution was denatured at 95˚C for 10 mins before being snap cooled on ice. Six
microlitres each of decanucleotide mix, x10 buffer, dCTP (32P labelled) and 1 μl of
klenow enzyme were then added to the denatured Y1 DNA and the solution incubated
for 30 mins at room temperature. Following incubation the solution was centrifuged
through a Sephadex G50 spin column to remove any unincorporated nucleotides.
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3.11.5 Detection of Male Donor DNA on Slot Blots using the Y1 Probe
The slot blotted membrane (loaded with DNA) was wet with ddH2O before being
placed in 15 ml of pre hybridisation buffer, in a hybridisation flask, and incubated for
30 min at 65˚C in a Xtra HI 2002 Hybridisation Oven (Bartlet Instruments, USA)
rotating at 4 rpm. The pre-hybridisation buffer was then poured off the slot blot and
replaced with a further 10 ml of pre-hybridisation buffer containing 25 ng/ml of the
radiolabelled Y1 probe, (prepared as described in section 3.11.4). The membrane was
hybridised overnight in the hybridisation oven (described above) at 65˚C and 4 rpm.
The following day the membrane was rinsed with 2X Sodium citrate buffer (SSC) and
then returned to the 65˚C hybridisation oven in 10ml of 2X SSC. After 2 mins the
buffer was removed, replaced with a fresh 10 ml of 2X SSC, with 1% (w/v) SDS, and
the flask returned to the hybridisation oven for another 2 mins. The 2X SSC was again
removed, this time being replaced with 0.1X SSC, with 0.1% (w/v) SDS, before being
returned to the oven for a further 5 mins incubation at 65˚C. Following these washes
the membrane was removed from the flask and wrapped in plastic sandwich wrap. The
wrapped membrane was then stored at –20°C, if not used immediately, or placed on a
phosphor screen (Fuji, Japan) overnight for quantitation. Quantitation of the DNA was
performed by densitometric analysis using the MacBas 2500 phosphorimaging system
(Fuji, Japan) and Image Reader Version 1.5E/Image Gauge V3.0 software. The amount
of male DNA present in each sample was determined in reference to a male DNA
standard curve (prepared as described in section 3.11.3) run on each blot. Samples were
standardised (for DNA extraction efficiency) by correction for total DNA quantity
(calculated as described in section 3.11.1)
3.11.6 Real-time quantitative PCR for the detection of male donor cells:
Samples of DNA extracted from transplanted TA muscles were assessed by Q-PCR,
using Y-chromosome specific primers [6]. These primers amplify a region of the Ychromosome that does not overlap with the region detected by the Y-chromosome
specific probe mentioned above [8]. Zfy-forward: 5’-TGG AGA GCC ACA AGC TAA
CCA-3’ and Zfy-Reverse: 5’-TCC CAG CAT GAG AAA GAT TCT TC-3’. Q-PCR
was performed using a Perkin Elmer-Applied Biosystems GeneAmp 9600
Thermocycler and 5700 Sequence Detector (Perkin Elmer, USA). SYBR-green
amplification reactions were prepared using the QuantiTect SYBR Green PCR kit
(Qiagen, Germany) according to manufacturer directions, using 4 μl of sample DNA,
300 nM Zfy forward and 900 nM Zfy reverse primers. PCR was performed using the
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following cycle conditions: initial denaturation for 6 mins at 95oC, followed by 45
cycles of denaturation at 94oC for 15 secs, annealing at 58oC for 20 secs and elongation
at 60oC for 35 secs. The specificity of the products was ensured by assessment of
dissociation curves for each sample. Male DNA quantification was calculated in
comparison with a titrated standard curve constructed from male myoblast DNA (as
described in section 3.11.3). Samples were standardised (for DNA extraction
efficiency) by correction for total DNA quantity (calculated as described in section
3.11.1)
3.12 Animal Experimentation
Normal C57BL/10Sn, dystrophic C57BL/10Snmdx (mdx) and immunodeficient
C.B-17-Igh-1b-Prkdcscid (SCID) mice were obtained from the Animal Resource Centre
(Murdoch, Western Australia). Animals were maintained under specific pathogen free
conditions in the M Block Animal Care Unit, QEII Medical Centre (Perth, Western
Australia) and were given food and water ad libitum. All animal experiments were
performed under the guidelines of The National Health and Medical Research Council
of Australia and with the approval of the Animal Ethics Committee of the University of
Western Australia. Experimental and control mice were selected at random from a pool
of age matched animals that had been delivered and housed together. Unless otherwise
stated, all mice used were between 6 and 10 weeks of age. When required, euthanasia
of all mice was administered by cervical dislocation following anaesthesia (inhalation)
with methoxyfluorane (penthrane).

3.13 Statistics
All statistical analysis performed in the course of this study was perform was completed
using Excel software (Microsoft, USA). When necessary, statistical significance was
determined by the two-tailed t-test assuming unequal variance of the mean. Where
appropriate, experimental values are displayed +/- the standard error of the mean.
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Chapter 4: Quantitation of MTT: Defining donor myoblast survival
following transplantation
4.1 The “Sudden Death” of Transplanted Donor Myoblast
The reporting of donor myoblast survival following transplantation has been
controversial for a number of reasons including variability in the type and quality of
myoblasts used, the mammal being transplanted and most significantly the method of
quantitation. This situation came to a head in 2000 when Hodgetts et al published the
highly controversial claim that more than 90% of murine donor myoblasts were
undetectable less than 5 minutes after transplantation [97]. While other groups have
also reported massive myoblast death (~90%) within hours of transplantation [98, 138],
a number of laboratories have reported no significant loss of the transplanted cells
during this period [99, 111]. These contradictory results clearly highlighted the need for
a full examination of the methodology for the quantitation of transplantation outcomes
in pre-clinical, murine studies of MTT. This thesis was initiated on this basis: to use the
immunocompetent murine mdx model of muscular dystrophy to conduct a full
examination of the accuracy of quantitative methodologies and settle the issue of
“sudden death”.
4.1.1 Quantitation of Donor Cell Engraftment
The central component of any transplantation study is the ability to accurately and
reproducibly quantitate donor cell engraftment. Accurate discrimination between donor
and host cells or tissues is an integral part of successful quantitation and is generally
achieved by assessing the presence of markers specific to the donor tissue. In addition
to being donor specific, ideal markers for such analysis are also permanent, nontransferable and non-immunogenic.
In the field of MTT donor cell fate has been examined using a variety of techniques
though few of them meet the above requirements. The use of exogenous substances like
vital dyes [139], tritiated thymidine [140] and polystyrene or latex microspheres [141]
have been utilised however these approaches have a number of disadvantages. Of
particular concern is the release of such markers during cell death and the subsequent
indirect labelling of neighbouring or phagocytic cells that may result. Furthermore,
these labelling systems are only applicable to short term studies as the label is divided
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between daughter cells during proliferation and thus becomes increasingly difficult to
detect with each division.
Many of the problems associated with direct labelling have been overcome by
transducing donor cells to express genetic markers like β-galactosidase. However the
vector used to mediate transduction of the donor myoblasts varies between groups with
some using adenoviral [142] and others retroviral [143] mediated gene transfer
methodologies. The different characteristics of these transduction vectors have resulted
in the reporting of varying degrees of myoblast survival. The interpretation of results
generated by this methodology is further complicated by variations in gene expression
or gene product accumulation, particularly if donor cells are at different stages in the
cell cycle, different stages of differentiation or have undergone post-transplantation
proliferation. The immunogenicity of virally encoded gene products is also a concern
when using such systems and the insertion of retroviral DNA into the genome may in
itself modify cell behaviour and further confound the interpretation of results.
The targeting of inherent genetic differences between donor and recipient tissue is an
alternative strategy that complies with many of the parameters of a good marker system.
Unfortunately this approach is limited by the immunogenicity of the donor tissue which,
being genetically different, is generally recognised and rejected by the recipients
immune system. However, utilisation of the Y chromosome as a donor specific marker
allows transplantations to be conducted between male and female animals of the same
strain thereby minimising immune rejection. Indeed the laboratory in which the work
towards this thesis was conducted was responsible for the development of a trans-sexual
transplantation model where male donor myoblasts are injected into female host tissue
and the endogenous male specific Y-chromosome used as a donor specific marker [94].
This model does not require gene expression and male donor cells can be visualised by
in situ hybridisation on tissue sections [94] or quantified by hybridisation of a
radiolabelled Y chromosome specific probe using dot-blot or slot-blot apparatus
coupled with densitometric analysis [138].
With the advent of the polymerase chain reaction (PCR), DNA detection and
quantitation has been revolutionised allowing as little as a single copy of the target
sequence to be amplified and detected. The development of Y-chromosome specific
primers [144, 145] has allowed researchers to continue working with the trans-sexual
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transplantation models already developed, while taking advantage of the more
straightforward processing of samples for PCR analysis. However, the first generation
of conventional PCR based Y-chromosome specific assays gave little quantitation
advantage over traditional DNA hybridisation analysis. Despite eliminating the need
for radioisotopes and delivering higher throughput, the assays were still labour
intensive, requiring pre-PCR adjustment of total DNA concentration and/or post-PCR
processing of the amplification products [145]. DNA quantitation using internal
standards and/or house-keeping genes also made the standard PCR approach less
quantitative than desirable. However the development of real-time (quantitative) PCR
(Q-PCR) has installed PCR as the gold standard for quantitation of specific target
sequences. It has been shown in other murine trans-sexual transplantation models that
Q-PCR is able to accurately quantitate Y-chromosome specific sequences within a
twenty-fold range of total initial sample DNA [144]. This finding eliminates the
laborious pre-PCR adjustment of total DNA necessary in conventional PCR to ensure
that primers and reagents do not become limiting factors during the reaction.
Furthermore the real time monitoring of the PCR reaction allows highly sensitive,
accurate and reliable quantitation.
Being labour intensive DNA hybridisation/densitometry methodologies are prone to
operator error and have thus been largely superseded by more advanced molecular
techniques. The application of the newly developed Y chromosome specific Q-PCR
assay to the MTT studies conducted by our laboratory therefore required direct
comparison to the extensively used slot-blot technology. Once established within the
laboratory the new Q-PCR assay will also allow the issue of an appropriate reference
standard for defining 100% myoblast survival to be addressed.
4.1.2 Donor Myoblast Survival at Time 0
Despite the technical superiority of the Y chromosome approach the aforementioned
highly controversial data reported by Hodgetts et al [97] was generated using this Y
chromosome specific probing of slot blotted DNA. Close examination of the
methodology used by Hodgetts et al [97] casts doubt on certain aspects of the
methodology used. Most importantly is the “Time 0” reference standard used to assign
100% survival (i.e. the amount of male DNA present at the time of MTT). Hodgetts et
al based 100% donor myoblast survival on the amount of Y chromosome DNA that can
be extracted and quantitated from the defined aliquots of male donor myoblasts
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prepared for transplantation but injected into microfuge tubes rather than transplanted
(ie at the time of transplantation sample are taken by injecting the same amount of cells
into a microfuge tube as are about to be injected into the recipient muscle). This
myoblast only method completely ignores any variability that may result from having to
quantitate the Y chromosomal DNA in experimental samples of transplanted female
mdx muscle which contain not only the DNA of the injected male myoblasts but the
total DNA derived from the dissected female muscle. Thus there is an implicit
assumption in the Hodgetts et al definition of 100% survival: that the efficiency of
DNA extraction is the same for isolated myoblasts and intact muscle tissue.
The experimentation detailed in this chapter therefore sought to directly compare Y
chromosome specific Q-PCR and DNA hybridisation methodologies with particular
attention to assay specificity (i.e the effect of female DNA on Y chromosome
quantitation) and the most appropriate way of defining 100% donor myoblast survival.
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4.2 Results
4.2.1 Assay Specificity
4.2.1.1 Slot Blotting and Densitometric Analysis
To examine the specificity of the slot-blot/densitometric approach and the effect of
female DNA on the detection of male DNA in mixed samples a comparison between
male DNA standards, female DNA standards (prepared as described in Section 3.11.3
but using cultured female myoblasts) and male DNA standards “spiked” with 1000 ng
of female DNA (also prepared as described in section 3.11.3) was conducted. Normally
following MTT, DNA extracted from each transplanted TA muscle is resuspended in a
400 µl volume of which 100 μl is applied to the slot-blot membrane (as described in
section 3.11.2). The amount of male DNA in each sample is then determined in
reference to titrated male DNA standards (prepared from cultured male myoblasts as
described in section 3.11.3). However, the TA muscle of an average female mouse (68wks old, body weight ≅ 20g) yields approximately 4000 ng of total DNA (extracted
and quantitated as described in section 3.11.1). Therefore, a 100 µl sample of DNA
extracted from a transplanted female TA muscle will contain some 1000 ng of
“contaminating” female DNA (10ng/μl) (i.e. this is why one set of male standards was
“spiked” with 1000 ng of female DNA).
Analysis of the female standards (conducted as described in sections 3.11.4 and 3.11.5)
demonstrated detectable signals in samples containing 500 ng or more of female DNA
(Figure 4.1B). The addition of female DNA to each of the male standards did not effect
the detection of male DNA at levels above 100 ng/sample (1ng/μl) however at lower
concentrations of male DNA (i.e. <100 ng/sample) the presence of female DNA
produced an overestimation of male DNA when compared to the standards containing
male DNA only (compare Figure 4.1C (male DNA + 1000 ng of female DNA) to Figure
4.1A (male DNA only)).
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Figure 4.1 Assay specificity of Slot-blot/Densitometric Analysis
(A) Serial dilutions of male DNA demonstrate the ability of this approach to detect male
DNA at concentrations above 0.1 ng/μl (i.e. 10 ng/ 100 μl sample). (B) Non-specific
detection is shown to occur in samples that contain 5 ng/μl (500 ng per 100 μl sample)
of female DNA. (C) Non-specific binding caused by the addition of 1000 ng female
DNA to male standards containing more than 100 ng is negligible but does causes an
overestimation when less than 100 ng of male DNA (1 ng/μl) is applied to the
membrane.
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4.2.1.2 Y Chromosome Specific Q-PCR
DNA was extracted and quantitated from cultured male myoblasts (described in section
3.11.3) and used to form standard curve of 10-fold serial dilutions ranging from 0.002525 ng/μl. To examine the effect of female DNA on male DNA quantitation in mixed
4 μl samples of each of the male DNA standards were “spiked” with a constant excess
of female DNA (100 ng per sample). Male DNA standards, with and without female
DNA, were then assessed by Q-PCR (as described in section 3.11.6). Results showed
that there was no significant difference in the amount of male DNA detected when
mixed with female DNA or when assessed alone (Figure 4.2). Furthermore Y
chromosome specific Q-PCR analysis of samples containing only female DNA
(extracted from untransplanted female TA muscle as described in section 3.11.1)
showed no amplification/detection (see “Female TA” sample in Figure 4.5)
4.2.2 Linear Range of detection
The sensitivity and dynamic range of detection of both assays was determined using
10-fold serial dilutions of DNA extracted and quantitated from cultured male myoblasts
as described in section 3.11.3. The same set of standards was then assayed using both
the Q-PCR and slot-blot methodologies (described in sections 3.11.1-3.11.6). The
linear detection range of Q-PCR was found to be much larger than for slot-blots: QPCR detects male DNA within a concentration range from 0.0025 ng/μl to 62.5 ng/μl
(Figure 4.3A), whereas the slot-blot detection range is limited to between 0.1 ng/μl and
25 ng/μl (Figure 4.3B). The increased sensitivity of Q-PCR is an important factor when
analysing MTT samples at late time points when the concentration of male DNA is
usually low.
4.2.3 MTT time course comparison
Figure 4.4 shows a typical MTT experiment where male PP6 myoblasts (prepared as
described in section 3.1.1 were transplanted into the TA muscles of female mdx
recipients as described in section 3.10. Total DNA was extracted from the TA muscles
of groups of 5 recipient mice at 1, 24 and 72 hrs and at 3 wks post-transplantation.
These DNA extracts were then analysed for the presence of male DNA using both the
Q-PCR and slot-blot methodologies (described in sections 3.11.1-3.11.6). Comparison
of the detection of male DNA in this MTT time course shows a high level of correlation
at all time points for both methods (Figure 4.4). Indeed, there is no statistically
significant difference between analyses at any time point.
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Figure 4.2 Assay Specificity of the Y Chromosome Specific Q-PCR
Female DNA does not mask the detection of male DNA in the Q-PCR reaction as
demonstrated by this comparison of standard curves constructed from male DNA
(0.0025-25 ng of male DNA/μl) either alone ( ) or mixed with a constant amount (100
ng) of female DNA( ). The Cycle Threshold (Ct) is the number of cycles in the PCR
reaction at which specific product is detected during the real-time PCR.
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Figure 4.3 Assay Detection Range
(A) A male DNA standard curve was subjected to Q-PCR using male-specific Zfy
primers. The detection range of Q-PCR was determined to be 0.0025 ng/μl to
62.5 ng/μl. (Cycle threshold represents the number of cycles before a specific product
is detected).
(B) A male DNA standard curve was applied to the membrane and hybridised with a
radiolabelled Y-chromosome specific probe. The detection range was calculated to be
0.1 ng/μl to 25 ng/μl when loading 100 μl of sample. (PSL represents the photo
stimulated light signal read by the phosphoimager).
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Figure 4.4 Detection of male DNA in MTT samples
DNA extracted from TA muscles injected with adult male myoblasts was assayed for
the presence of male DNA using both Q-PCR (□) and DNA hybridisation analysis
(slot-blot) (■). There is no statistically significant difference between assays at any
time point.
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4.2.4 Defining 100% Donor Cell Survival
As discussed in the introduction to this chapter the way in which 100% survival is
defined varies between assays and laboratories and was thought to contribute to the
controversial and conflicting data described in the literature. To examine this issue the
amount of male DNA extracted from 5 x 105 male myoblasts alone (used by Hodgetts et
al [97, 118] to define 100% survival) and the amount of male DNA extracted from the
same number of myoblasts immediately following injection into a female TA muscle
was assessed by Q-PCR (see sections 3.10, 3.11.1 and 3.11.6). The amount of male
DNA measured from extractions containing female muscle tissue were approximately
10% of the amount of male DNA extracted from myoblasts alone (Figure 4.5). As
mentioned earlier the same figure shows that no male DNA signal resulted from DNA
extracted from female TA muscle alone.
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Figure 4.5 The presence of female muscle tissue, but not female DNA, alters the
quantitation of male DNA following MTT.
Real-time quantitative PCR assessment of male DNA in total DNA extractions from a
female TA muscle only (female TA), a female TA muscle injected with 5 x 105 male
myoblasts (TA + myos) or 5 x 105 male myoblasts only (myoblasts only).
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4.3 Discussion
DNA hybridisation (slot-blot) for the detection of male donor cell DNA in transplanted
female muscles was pioneered by this laboratory and has been widely used by others to
demonstrate graft survival [94, 97, 146]. While Y chromosome detection remains an
excellent strategy for the quantitation of male donor cell survival in trans-sexual MTT, a
significant controversy over the apparent “Sudden Death” of donor myoblasts arose in
this setting [97]. The initial stages of this PhD set out to investigate the basis for this
controversy. However, at the same time the development of a Y chromosome specific
quantitative PCR by Byrne et al [144] had occurred and the methodology was promptly
incorporated into our laboratory’s Y chromosome detection system to replace the older
DNA hybridisation methodology. A comparison of the DNA hybridisation method to
the newer Q-PCR was therefore undertaken before investigation of the “Sudden Death”
controversy.
Detection of male DNA in transplant samples using both DNA hybridisation (slot-blot)
and Q-PCR techniques produced comparable results (Figure 4.4). However, Q-PCR
exhibits a number of advantages over slot-blot analysis. As demonstrated by the direct
comparison of the two assays, Q-PCR is more sensitive and has a larger dynamic range
of detection (Figure 4.3). Q-PCR is up to 40-fold more sensitive at low concentrations
of male DNA, detecting as little as 1 ng of male DNA in each female TA while in
samples containing large amounts of male DNA accurate quantitation by Q-PCR is
achievable at concentrations 2.5 times higher than the maximum possible with the DNA
hybridisation methodology. This superior range of detection means the Q-PCR can
directly assay DNA extracted from transplanted TA muscles. This contrasts with the
need to either concentrate or dilute samples outside the narrower slot-blot detection
range. Slot-blot analysis can also be effected by background signal from high levels of
female DNA (Figure 4.1B) that can lead to overestimation when there is a low male
DNA content (Figure 4.1C).
In this trans-sexual transplantation model used in the present study the samples contain
a high concentration of female DNA, making assay specificity a critical parameter. In
the direct comparison of the two techniques we have noted a small amount of Y-probe
hybridisation to female DNA. This level of background signal is not significant. For
example in Figure 4.4 it represents approximately a sixth of the smallest signal
(T=3 wks). Naturally, if smaller amounts of male DNA are to be detected against a
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similar female background this factor would need to be taken in to account. Although
this cross hybridisation of the Y-probe to female DNA is most likely due to short
labelled oligomers produced in the random priming that could be eliminated by
alternate methods of probe purification, the real time Q-PCR methodology shows no
such background signal.
There are further considerations to be made when comparing assays. The throughput of
Q-PCR and the speed at which results are obtained is much swifter than the slot-blot
process. Results are generated and analysed within one day using Q-PCR whereas the
equivalent time for slot-blot is nearly 3 days (including but not solely due to two periods
of overnight incubation). As with all PCR based assays, Q-PCR can be affected by poor
DNA quality and/or contaminating PCR inhibitory factors (e.g. extraction solution
components such as phenol). Inhibition in the Q-PCR format however, can be detected
by running duplicate samples that have been "spiked" with known amounts of male
DNA. Contaminating solutions that inhibit DNA-to-membrane binding or hybridisation
of the probe to the target sequence can similarly affect slot-blot analysis. Hybridisation
analysis can be significantly affected by re-annealment of denatured sample DNA
between denaturation and the loading of the sample onto the membrane. Inefficient
washing of the slot-blot membrane can also lead to variations in background and
“spotting” which can also affect accurate quantitation in DNA hybridisation assays.
The multi-step process of DNA hybridisation is thus more susceptible to operator error,
whereas the use of thermocyclers and one-tube reactions in Q-PCR removes a
significant proportion of sample processing where operator error may occur.
The slot-blot protocol described in this study involves the use of a radioisotope (32P)
labelled probe, which requires dedicated workspace and storage as well as specialised
training in the handling of radioisotopes. Although non-radioactive labelling of nucleic
acids is also a possibility, such methods have less sensitivity. By adopting Q-PCR the
removal of radioisotopes from the workplace offers significant benefits to occupational
safety.
Although Q-PCR is more than twice as expensive to run when compared to traditional
DNA hybridisation analysis (reagents, labour, and equipment maintenance based
comparison), it is more sensitive than slot-blot analysis, simplifies sample processing
and increases throughput. In combination with increased operator safety, Q-PCR is an
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excellent successor to slot-blot analysis for the accurate quantitation of grafted cell
survival in models of sex-mismatched transplantation.
Having thus established the Y-chromosome specific Q-PCR as a more sensitive and
specific assay than the DNA hybridisation methodology this new technique was used to
examine the “Sudden Death” controversy. Experimentation detailed in this chapter has
shown that the quantitation of male DNA is significantly compromised when the DNA
has been extracted from transplanted female muscle tissue (Figure 4.5). The 10-fold
reduction in the amount of male DNA detected when compared to myoblasts alone is
reproducible and clearly demonstrates the deficiency of using uninjected myoblasts only
as the reference standard for 100% recovery of male DNA. If a myoblast standard alone
is used, a 90% loss of male DNA would appear instantaneously, a scenario which has
previously been interpreted as rapid death [97, 118]. It follows that MTT outcomes will
be more accurately quantitated if the reference standards used to define 100% survival
are donor myoblasts that have gone through exactly the same process as every other
sample, from tissue culture and injection into recipients, through to dissection of the
muscle, DNA extraction and Y chromosome specific Q-PCR. 100% recovery of male
DNA must therefore be defined as the amount of Y chromosome that can be detected in
the DNA extracted from transplanted female muscle tissue immediately following MTT
(Time 0).
These observations re-affirm the reliability of the Y chromosome specific approach for
the quantitation of donor tissue survival which had been brought into question by
controversial and conflicting reports. However, despite the technical advancement of
the Y chromosome specific Q-PCR, including the results of this study detailing its
specific application to the MTT context, it remains that most groups report significant
and continued loss of donor myoblast in the days following MTT (e.g. Figure 4.5). The
occurrence of these significant losses within the first days of MTT suggests a role for
the innate immune response, the arm of mammalian immunity which is characterised by
its immediate, non-specific reaction to foreign antigens. The following chapters of this
thesis will expand on this theme beginning with an examination of the role of innate
immune cell subsets in poor MTT outcomes.
The research detailed in this chapter was the subject of an article published in
Cell Transplantation that can be viewed in Appendix I of this thesis.
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Chapter 5: The role of innate immune cell subsets in the survival of
donor myoblasts following MTT
5.1 Introduction
Chapter 4 of this thesis had provided a credible technical explanation for the apparent
significant loss of donor myoblasts in the first hour post-transplantation. Nevertheless,
the fate of donor myoblasts during the first few days following myoblast transfer
remained a controversial issue. Results from this laboratory and others report
significant loss of donor myoblasts in the days following MTT [97, 98, 138]. Data
presented within this thesis (Figure 4.4 and control data (black bars) in Figures 5.2D,
5.3C and 5.4C) clearly show that more than 50% of donor cells are undetectable within
24-72 hours post MTT and that this loss increases to more than 90% within the first
week post transplantation. Whilst the acquired immune response may be an important
factor at later time points following transplantation (i.e. beyond 1 week) the occurrence
of such significant donor cell loss in the first days following transplantation suggests the
innate immune response as a likely contributor to donor cell destruction. This
hypothesis is strengthened by observations of graft rejection following myoblast
transplantations performed in the muscles of histocompatible, immunosuppressed or
immunodeficient mice, which minimise the acquired immune reaction [101, 102, 110,
147, 148]. Whilst groups agree that the innate immune response is likely to be
important in the early death of donor myoblasts [107, 108], it remains unclear what
specific components of the innate immune system are involved.
Whole body irradiation, capable of destroying the entire immune system of the host,
conducted prior to myoblast transplantation has been reported to enhance myoblast
survival indicating that host immune cells are indeed contributing directly or indirectly
to myoblast death [149]. Both neutrophils [110] and natural killer cells [97, 118] have
been implicated as important cellular mediators of myoblast death following
transplantation while the expression of the anti-inflammatory chemokine TGF-β has
been shown to improve myoblast survival by decreasing polymorphonuclear cell and
macrophage infiltration into the transplanted muscle [100]. Guerette et al. demonstrated
a potential role for neutrophils after observing the infiltration of polymorphonuclear
cells in muscle tissue within one hour of a myoblast transplant, and that this event was
followed by an infiltration of Mac-1+ and LFA-1+ cells, both being surface markers
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expressed on neutrophils [110]. The same group further showed that death of injected
myoblasts was reduced ~58% by depleting the recipients neutrophil population with an
anti-LFA-1 mAb prior to transplantation [110]. A rapid inflammatory reaction,
characterised by a neutrophil infiltration, has also been demonstrated in the muscles of
dogs following myoblast transplantation [150].
Macrophages are an important cellular component of the immune system possessing
phagocytic, cytolytic and antigen presenting properties. These cells are present in the
dystrophic muscle of both humans [151] and mdx mice [5, 108] and in vitro studies
have shown that they release growth factors which enhance myoblast proliferation
[152]. While macrophages may be beneficial to graft survival by phagocytosing dead
cell debris and releasing growth factors to enhance myoblast proliferation, they may
also contribute to the specific immune response against grafted cells by performing
antigen presentation functions. Indeed macrophages have been implicated as an
important factor in controlling long-term graft survival in a study examining cardiac
xenotransplantation [153]. These observations and the importance of macrophages in a
variety of humoral and cellular immune responses demands that the role of these cells
be examined in the context of MTT.
A role for NK cells in the myoblast rejection process was determined by Hodgetts et al.
who reported that depletion of NK1.1+ cells resulted in an ~4-fold increase in myoblast
survival at Time 0, increasing to 59-fold by 48 hr post-transplant [97]. A role for NK
cells was further supported by improved MTT outcomes in biege mice (which lack
functional NK cells) and separately using donor myoblasts transfected with m144, a
murine homologue of MHC class I, which protects the cell from NK-mediated attack
[118]. However, in light of the criticisms levelled at these publications in Chapter 4 and
the subsequent development of the superior Y chromosome specific Q-PCR quantitation
methodology, the role of NK cells in poor MTT outcomes requires re-examination.
Using the Q-PCR methodology established in chapter 4 the present study aimed to
investigate whether the presence of host neutrophils, macrophages and NK cells
influenced the immediate and medium term survival of normal male donor myoblasts
following transplantation into the dystrophic muscle of female mdx recipient mice.
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5.2 Results
5.2.1 Systemic Neutrophil depletion does not improve the survival of donor
myoblasts following MTT
Neutrophils were depleted from recipient mdx mice using an anti-Gr-1 mAb (clone
RB6-8C5) prepared as described in section 3.4 and administered as described in section
3.5.1. Figure 5.1 shows the kinetics of neutrophil depletion using this regime as
determined by flow cytometric examination of peripheral blood (described in section
3.5.4). Neutrophil numbers were shown to decrease by >80% within 12 hours of the
first anti-GR-1 treatment compared to numbers in the untreated controls. The duration
of neutrophil depletion after the first injection of anti-GR-1 mAb was 5 days. After this
time, and despite continued mAb administration, neutrophil numbers rapidly rebounded
to slightly higher than pre-treatment levels (~120%) before returning to normal
circulating levels. The transient neutropenia induced by the anti-GR-1 treatment is
consistent with findings of earlier studies [135, 136]. Flow cytometry further
characterised the cell population being depleted by the anti-GR-1 mAb treatment as
having a high side-scatter/high GR-1+ phenotype (Figure 5.2 A and B). Using these
parameters this same cell population was isolated from untreated C57BL/10Sn mice and
spun onto slides using a cytocentrifuge (see section 3.5.5). Haematoxylin and eosin
staining of these isolated cells confirmed the population being targeted by the depletion
regime as neutrophils on the basis of their characteristic multi-lobed and ‘doughnut’
shaped nuclei (Figure 5.2C). Having confirmed and profiled the depletion of
neutrophils following anti-GR-1 mAb treatment it only remained to conduct myoblast
transplantations during the neutropenic window.
Twenty-four hours following the commencement of mAb therapy MTT was performed
in groups of 5 female mdx mice as described in section 3.10. At time points 0, 1 and 24
hours, 3 and 5 days post transplantation TA muscles were dissected from a group of
treated and a group of isotype control treated animals for Q-PCR analysis of donor
myoblast survival (as described in section 3.11.6). Results of this experimental MTT
show that myoblast survival following transplantation into neutrophil depleted
recipients was not improved in comparison to control treated recipients (Figure 5.2D).
At 3 days post transplant, a small statistically significant increase in male DNA
recovered was noted in the neutrophil depleted group (p = 0.0154) but this was not
sustained at 5 days.
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Figure 5.1 Depletion of GR-1+ cells from peripheral blood following mAb treatment.
Female C57BL/10Sn mice were treated with 40 μg of anti GR-1 mAb every 48 hours,
beginning at time 0, as described in section 3.5.1. Percentage depletion was established
in comparison to untreated controls using flow cytometry as described in section 3.5.4.
Results are means±SEM.
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Figure 5.2 Systemic neutrophil depletion does not improve donor myoblast survival
following MTT.
Neutrophils were depleted from recipient female mdx mice by ip injection of 40 μg
purified anti-Gr-1 mAb, starting 24 hours prior to MTT, and continuing every 48 hours
until day 5 post MTT. Control mice recieved a similar regime of isotype control mAb.
Depletion was confirmed by flow cytometric analysis of Gr-1 expression on peripheral
blood WBCs at 48 hours post antibody administration in control (A) and anti-Gr-1 mAb
treated mice (B) (SSC-H=side scatter height, an indicator of granularity). The cell
population with the side scatterhigh/GR-1high phenotype (indicated by the rectangle) was
confirmed as neutrophils by microscopic examination of FACS sorted, haematoxylin
and eosin stained cells (C) (x1000 magnification). Female recipient mdx mice (n=5)
treated with anti-Gr-1 mAb ( ) or isotype control ( ) were injected with 5 x105 donor
male myoblasts into each TA muscle. Donor myoblast survival was determined by realtime quantitative PCR analysis of DNA extracted from injected muscles collected at 0,
1, 24, 72 and 120 hours post MTT (D). The error bars represent the standard error of
the mean. * represents a statistically significant difference between treatment groups (p
< 0.05)
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5.2.2 Systemic Macrophage depletion does not improve the survival of donor
myoblasts following MTT
Systemic macrophage depletion can be achieved by treatment with clodronate
(Cl2MBP) liposomes [154]. This technique overcomes the problems of incomplete
depletion and non-specific effects on other cell types observed with other depletion
methodologies by harnessing the phagocytic mechanism. The liposomes are artificially
prepared spheres comprised of concentric phopholipid bi-layers which encapsulate
clodronate (di-chloromethylene-bisphophonate or Cl2MBP) or PBS in the case of
control treatments. Following delivery, the liposomes are endocytosed by macrophages,
disrupted by lysosomal phospholipases and their contents released into the cytoplasm.
The free clodronate, which does not readily cross cell membranes and has a short half
life in bodily fluids, accumulates within the macrophage resulting in metabolic
disruption and subsequent cell death [154]. While systemic delivery of clodronate
liposomes by intravenous or intraperitoneal injection has been shown to result in
depletion of macrophages from the spleen and liver [155-157], delivery via foot-pad
injection was shown to deplete macrophages in the popliteal lymph node (the draining
lymph node of the TA muscle) for more than a month [158]. Recipient host mice in the
present study were thus injected with clodronate, or PBS (control) liposomes via both
intraperitoneal (200 μl) and footpad (20 μl) injection (as described in section 3.6.1), 5
days prior to MTT. Such a depletion regime resulted in a systemic clearance of
macrophages for up to 3 weeks. The depletion was confirmed by
immunohistochemistry of spleen sections (as described in section 3.6.2) using an
antibody against the macrophage cell marker F4/80. In PBS liposome treated sections,
strong F4/80 positive staining was observed within the red pulp of the spleen (Figure
5.3A), whilst following clodronate liposome treatment, few F4/80 positive cells were
observed (Figure. 5.3B).
MTT was performed at day 5-post liposome treatment, as described in section 3.10, and
TA muscles sampled for Y chromosome specific Q-PCR analysis (see section 3.11.6) at
time 0, 1 hour, 24 hours, 3 days, 7 days and 3 weeks post transplant (Figure 5.3C). No
significant difference in myoblast survival was observed between clodronate liposome
and PBS liposome treated groups at any of the time points investigated. Again, there
was no significant myoblast death within the first hour following MTT, however by 24
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hours post MTT there was a clear reduction in the amount of male myoblast DNA
recovered in comparison to the 1 hour time-point.
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Figure 5.3 Systemic Macrophage depletion does not improve donor myoblast survival
following MTT.
Macrophages were depleted from recipient female mdx mice by both ip (200 μl) and
footpad (20 μl) injection of clodronate liposomes, administered 5 days prior to MTT.
Control mice were administered PBS liposomes in the same regime. Depletion was
assessed at T0 (i.e. 5 days post liposome treatment) by immunohistochemistry of frozen
tissue sections (x100 magnification) using F4/80 mAb to identify macrophages in the
spleens of (A) PBS liposome treated and (B) clodronate liposome treated mice. Groups
of female recipient mdx mice (n=5) treated with clodronate liposomes (
liposomes (

) or PBS

) were injected with 5 x105 donor male myoblasts into each TA muscle.

(C) Donor myoblast survival was determined by Q-PCR analysis of male DNA
extracted from injected female muscles collected at (T) 0, 1, 24, 72 hours post-MTT.
The 1 week and 3 week time points post MTT are designated by Twk. The error bars
represent the standard error of the mean.
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5.2.3 Systemic NK cell depletion does not improve the survival of donor myoblasts
following MTT
NK cells were depleted from recipient mdx mice by mAb therapy, using the anti-NK1.1
mAb purified from the PK-136 hybridoma cell line as described in section 3.5.2.
Briefly, depletion was achieved by intraperitoneal injection of 770 μg of the mAb
administered at 48 and 24 hours prior to MTT and continued every 48 hours until day 5
post MTT. Control mice received injections of isotype control antibody in the same
regimen. Depletion was assessed by flow cytometric analysis of splenocytes isolated
from control and anti-NK1.1 treated mice as described in section 3.5.4. Splenocytes
were stained with PE-conjugated anti-NK1.1 and APC-conjugated anti-TCRβ mAbs in
order to stain for NK and NKT cells. Figure 5.4B shows that within 48 hrs of
anti-NK1.1 treatment there was a depletion of >90% of NK cells (rectangle labelled R2)
and >75% of NKT cells (rectangle labelled R3) as compared to the isotype control
treated group (Figure 5.4A). These results are consistent with reports from the
laboratory that developed the PK-136 anti-NK1.1 mAb who showed a 90% reduction in
NK cell activity 48 hours after treatment initiation which could be sustained for more
than 8 weeks with continuing mAb treatments [159].
MTT (described in section 3.10) was performed 48 hours after initiation of mAb
treatment (as described in section 3.5.2) and muscles sampled at time 0, 1hr, 24 hours, 3
days, 7 days and 3 weeks post transplant for Y chromosome specific Q-PCR analysis
(see relevant sections in 3.11). Figure 5.4C shows that no significant difference in
myoblast survival was observed between control and NK1.1 depleted mice at the time
points immediately following transplantation (T0 and T1hr). A small but significant
increase in donor myoblast numbers was observed at day 7 post-transplant (p=0.0298)
however at the 3-week time point this difference was no longer apparent.
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Figure 5.4 Systemic NK cell depletion does not improve donor myoblast survival
following MTT.
NK cells were depleted from recipient female mdx mice by ip injection of 770 μg
purified PK-136 mAb, administered at 48 and 24 hours prior to MTT, and every 48
hours after the initial dose up to day 5 post MTT. Control mice were administered with
a similar regime of isotype control. Depletion was assessed by flow cytometric analysis
of NK1.1 expression of splenic WBCs at 48 hours post antibody administration in
control (A) and PK-136 treated (B) mice. The R2 rectangle represents NK cells (i.e.
NK1.1high/TCRlow) and the R3 rectangle represents NKT cells (i.e. NK1.1high/TCRhigh).
Groups of female recipient mdx mice (n=5) treated with NK1.1 mAb ( ) or isotype
control Ab (

) were injected with 2.5 x 105 donor male myoblasts into each TA

muscle. (C) Donor myoblast survival was determined by real-time quantitative PCR
analysis of DNA extracted from injected muscles collected at 0, 1, and 24 hours, 3 and 7
days and 3 weeks post MTT. The 1 week and 3 week time points post MTT are
designated by Twk. The error bars represent the standard error of the mean.
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5.3 Discussion
The results generated in this study were the first to analyse male donor myoblast
survival using the Y chromosome specific quantitative PCR methodology and 100%
survival paradigm described in the previous chapter. Consistent with the work
described in Chapter 4, these results demonstrate no significant loss of donor myoblasts
within the first hour post MTT, while remaining in agreement with the majority of
groups in the MTT field who report a significant loss of donor cells by 24 hours post
MTT and a continual decline in donor cell numbers detectable at later time points [9799, 160].
Disparity over the role inflammatory cells play in the loss of donor myoblasts also
exists in the literature [111]. Depletion based on LFA-1, a surface marker expressed on
neutrophils, has been shown to increase myoblast survival following transplantation
[109, 110]. Furthermore, neutrophils are one of the first populations of cells present at
the graft site following transplantation, peaking in number at 6 hours post transplant
[111]. In the present study depletion of >90% of circulating neutrophils persisted for 5
days before numbers returned to normal levels. A significant improvement in donor
myoblast survival occurred at 72 hours (3 days) post-MTT. However by 120 hours (5
days) post MTT there was no longer a significant difference between the control and
neutrophil depleted groups. This observation may be a result of the transient nature of
the mAb induced neutropenia and the rapid rebound of circulating neutrophils that
follows 5 days after initiation of mAb treatment (Figure 5.1). This rebound may result
in a significant, albeit delayed, infiltration of neutrophils into the transplanted muscle
thus negating any survival advantage that the donor cells may have had under the
depletion regime at earlier time-points. It is important to note that despite the
observation of Skuk et al that neutrophil numbers normally peak just 6 hours after
primary myoblast transfer [111] the depletion regime did not improve the survival of
donor myoblasts 24 hours post MTT. This observation suggests that the neutrophils are
not themselves responsible for the significant loss of donor myoblasts at early time
points. However it is interesting to speculate that the improvement in myoblast survival
at the 72hr time point (before neutrophil numbers rebound despite continued mAb
treatments) may indicate a role for these cells in inducing later immune responses. In
support of this conjecture research examining murine cardiac allografts has reported
evidence that neutrophils form an inflammatory locus that drives the inflammatory
reaction including a chemokine cascade which eventually regulates T cell recruitment
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and graft infiltration [161]. The depletion of neutrophils over the first 5 days post
myoblast transfer may therefore result in a diminished capacity for T cell recruitment
into the muscle, an event which Skuk et al has observed to begin two to three days
following myoblast transfer into untreated recipients [111]. Although numbers of
CD4+ and CD8+ cell peak six or seven days post MTT [111] such a delay in T cell
recruitment may be responsible for the small but significant improvement in donor
myoblast survival at the 72hr time point.
Macrophages have previously been shown to be important in transplant rejection with
their depletion improving long-term graft survival in a cardiac xenotransplantation
model [153]. The systemic depletion of macrophages using clodronate liposome
chemotherapy was clearly demonstrated in the present study (Figure 5.3A and B),
however this had little effect on the survival of donor myoblasts at any of the timepoints investigated (Figure 5.3C). It is unlikely therefore, that the presence of
macrophages within the muscles of transplanted mice is a significant contributing factor
to the early death of transplanted myoblasts, despite the fact that they are one of the first
and most significant leukocyte populations to infiltrate muscle post-MTT [111]. Unlike
the case following neutrophil depletion the lack of any significant improvement in
donor myoblast survival at later time points also rules out a role for macrophages in
driving later immune responses involved in donor cell loss. Using the same rationale
this observation also negates the suggestions by Skuk et al [111] that the infiltrating
macrophages may be acting as antigen presenting cells. This study also fails to support
a contrasting role for macrophages in promoting muscle pre-cursor cell proliferation
through the release of growth factors, as reported by Merly et al [152]. Macrophage
participation in such a process post MTT would have resulted in a poorer survival rate
in the macrophage depleted recipients, a scenario that was not observed either. It is
possible that macrophages are unable to exert such an effect on the cultured myoblasts
utilised in the present study but observations suggest that macrophage infiltration
following MTT is predominantly related to the phagocytic capacity of this cell type in
damaged tissue.
Hodgetts et al have previously reported several studies demonstrating an important role
for NK cells in the initial death of donor myoblasts [97, 118]. However the
development of superior quantitation methodologies (discussed in Chapter 4) required a
re-examination of the role of these cells in donor myoblast survival following MTT.
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The systemic depletion of NK cells in the present study did little to stem the loss of
donor myoblasts when compared to isotype treated controls. There was however a
small but significant increase in donor myoblast survival in the NK cell depleted mice at
7 days post-transplant (p = 0.03). This result is again supported by the
immunohistochemical observations of Skuk et al who showed that few NK cells
infiltrate the graft site before day 6 post transplant [111]. Nevertheless, these
observations, when taken together, clearly show that NK cells play no significant role in
the nearly 90% loss of donor myoblasts reported in the first week following MTT. The
conflicting reports of Hodgetts et al, claiming a significant role for NK cells in the early
loss of donor myoblasts can thus only be explained by the important differences that
exist between that study and the present one. Although the NK1.1 mAb depletion
regime was common many other aspects of the present study are different. The present
study included the transplantation of late plating rather than early plating donor
myoblasts, the use of immunoglobulin isotype controls and the use of superior
methodologies for quantitating donor cell survival, particularly in reference to the
definition of 100% survival (as examined in Chapter 4). The disparity between these
results re-enforces the conclusions of Chapter 4, and highlights the necessity for
flawless control of all variables to establish accurate and robust quantitative
methodologies.
Overall, systemic neutrophil depletion resulted in transient improvement in donor cell
survival at 72 hours whilst NK depletion produced transient improvement at 1 week
post MTT. These transient increases in donor cell survival may reflect the timing of
each cell population's infiltration into the graft site and the ensuing period of time in
which they exert some effect on donor myoblast survival. However, regardless of the
approach taken in this study no significant improvement in donor myoblast survival was
observed at early time points (24 hours or less), sustained over multiple time points or
was evident at 3 weeks post MTT.
Inflammation is a complex condition, mediated by both cellular and humoral
components. It is possible that a combination of factors may require modulation before
a significant effect on donor myoblast survival can be sustained. Indeed, others have
reported improvements in cardiac xenotransplant survival following Dexamethasone
treatment, a non-specific anti-inflammatory therapy, which significantly reduced the
infiltration of NK cells, macrophages and granulocytes, where the specific depletion of
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NK cells and macrophages did not reproduce the effect [162]. Less specific antiinflammatory strategies may prove to be more beneficial in enhancement of donor
myoblast survival.
Research presented in this chapter and published by other researchers in the field has
been unable to demonstrate a single aspect of the immune response as being primarily
responsible for the poor survival of donor myoblasts following MTT. This situation has
led several groups to examine the capacity of immunosuppressive regimes to improve
MTT outcomes. Early animal research (mdx mouse) utilising Cyclosporine A (an
inhibitor of T cell activation) and anti-lymphocyte serum, alone and in combination,
reported modest but significant improvements in donor cell survival ( ~5% of fibres in
treated muscles becoming dystrophin positive) [101]. Again using the mdx mouse
model this same laboratory later reported improved engraftment of donor cells using an
FK506 (Tacrolimus, an inhibitor of T cell activation and IL-2 transcription)
immunosuppression regime that resulted in more than 80% of fibres in the transplanted
muscle exhibiting dystrophin expression [102]. However human clinical trials of MTT
have all been conducted under broadspectrum immunosuppressive regimes (as is the
case with the majority of human transplantation scenarios) with poor results [80, 81,
83]. Thus the application of novel, broad spectrum, immunosuppressive treatment
regimes which may result in superior MTT outcomes requires examination.
Immunosuppressive drugs are used to modulate the immune response in a number of
clinical settings including the control of inflammation. Inflammation driven by an
increase in the number of muscle located immune cells is a key observation in many
myopathies including polymyositis, inclusion body myositis, dermatomyositis and
DMD [151]. In each of these disorders T cells account for the greatest proportion of
muscle located inflammatory cells with the majority, particularly in the endomysium,
having an effector (CD8+) phenotype [151]. The relevance of these cells in the
pathogenesis of DMD is highlighted by several important observations. Firstly, that
treatment of young sufferers with the corticosteroid prednisolone, which has
immunosuppressive activity, significantly delays disease progression [163]. Secondly,
that CD4+ and CD8+ T cell depletion regimes conducted in the mdx mouse model of
DMD reduce the amount of histologically discernable pathology by 61% and 75%
respectively [164]. Therefore all investigation of T cell immunosuppression within the
muscle environment may not only lead to improvements in donor cell survival
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following MTT but might offer novel targets for the treatment of a number of
inflammatory myopathies.
During the course of these doctoral studies the importance of regulatory T cells in
controlling effector T cell activity was emerging as an important immunological
mechanism in a variety of contexts. It was therefore decided that the relevance of
regulatory T cell biology to MTT should be investigated

The research detailed in this chapter was the subject of an article published in
Transplantation that can be viewed in Appendix II of this thesis.

100

Chapter 6: Regulatory T Cell Populations of Murine Skeletal Muscle
6.1 Introduction.
The observation that lymphocyte populations could suppress immune responses was
first made more than thirty years ago [123]. However it was the phenotypic
identification of these suppressive cells in the early 1990’s as CD4+CD25+ T cells
[165] that highlighted the significant regulatory role that these cells play in the
prevention of autoimmunity [122, 124]; dampening the immune response to microbial
infection [166] and tumour development [167] as well as mediating peripheral tolerance
following transplantation [168, 169]. Research directed at regulatory T cell (Treg)
biology has seen a range of phenotypic markers emerge however only forkhead-wingedhelix transcription factor (Foxp3) expression specifically correlates to
immunosuppressive function [131]. The immunosuppressive ability of the dominant
phenotype (CD4+CD25+FoxP3+) Tregs has been investigated in a wide variety of
models and has been demonstrated to suppress the activity of both acquired and innate
immune cells [170].
The precise location of Treg mediated suppression remains unclear though there is
increasing evidence that these cells exert their effects locally, at the site of
inflammation. Relatively high proportions of Tregs have been identified at the sites of
inflammation in various chronic infections such as tuberculosis, malaria, leishmaniasis
and AIDS [171, 172]. Continuing murine research in our own laboratory has shown
that while there is a dramatic increase in the Treg population within implanted AE17
mesothelioma tumours as they grow, peripheral Treg populations remain unaffected
[173]. Furthermore, an increased presence of Tregs has been demonstrated in long term
surviving cardiac allografts in mice [174] while a population of graft infiltrating Tregs
were also identified in accepted skin grafts [175].
As these studies have emphasised the importance of overall immune regulation at the
site of inflammation or transplantation, the research described in this chapter aimed to
identify whether a population of resident Tregs could be detected within the skeletal
muscle of normal C57BL/10Sn mice and their dystrophic C57BL/10Snmdx counterparts.
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6.2 Results
6.2.1 Regulatory T cells in the Tibialis Anterior muscle of C57BL/10Sn and mdx
mice.
Single cell suspensions were prepared from the TA muscles of eight to ten week old non
dystrophic and dystrophic mice as described in section 3.7.2. These suspensions were
divided in two with one half undergoing extracellular staining for CD4 and CD25, while
the other half was subjected to an intracellular staining protocol to additionally detect
Foxp3 (see section 3.7.4).
As shown in Figure 6.1A, the percentage of CD4+ T cells expressing CD25 in the TA
muscles of young dystrophic mice is significantly higher than that of young non
dystrophic mice (approximately 35% compared to 15%, p = 0.00024). The regulatory
phenotype of these muscle located cells was confirmed by Foxp3 expression, with
approximately 30% of all CD4+CD25+ T cells in the muscle of both dystrophic and non
dystrophic mice expressing Foxp3 (shown in Figure 6.1B, p = 0.434)). In addition, the
total CD4+ T cell population within the muscle is not different between non dystrophic
and dystrophic mice (shown in Figure 6.1C, p = 0.411). Therefore there were
approximately twice as many CD4+CD25+Foxp3+ cells (Tregs) located within the
skeletal muscle of young dystrophic mice in comparison to age matched non dystrophic
mice.
6.2.2 Tregs detected within the muscle are not merely due to the presence of
peripheral blood within muscle
As muscle is a highly vascularised tissue there was a possibility that the data derived
above was due to circulating blood rather than Treg populations resident within the
muscle. To examine this possibility, lymphocytes were isolated from the peripheral
blood (as described in section 3.7.1) and analysed for CD4, CD25 and Foxp3 expression
(as described in section 3.7.4).
There was no significant difference between dystrophic and non dystrophic mice in
regards to the percentage of CD4+ T cells expressing CD25 and Foxp3 in the blood
(shown in Figure 6.2A and B, p = 0.316 and p = 0.591 respectively). Again the
percentage of CD4+ T cells in blood did not differ significantly between dystrophic and
non dystrophic mice (p = 0.194). These results are in contrast to the results obtained
from skeletal muscle, indicating that the Tregs detected within the muscle are not due to
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the presence of peripheral blood and that a resident skeletal muscle located Treg
population is present.
6.2.3 Independent verification of Treg localisation.
Fluorescent immunohistochemistry (as described in section 3.7.5) was employed to
examine the exact location of these Tregs in the muscle. Figure 6.3 shows
representative images of a CD25 Foxp3 double positive cell lying between the muscle
fibres with no association to a blood vessel. This inter-fibre location was the same for
all of the double positive cells observed. This directly demonstrates that there is a small
population of Tregs resident within the muscle compartment. Examination of multiple
6 μm sections revealed an abundance of one Treg cell per 8 sections, which correlates
well with the flow cytometry data in the previous sections (data not shown).
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Figure 6.1 Expression of Regulatory T cell Markers Within the Tibialis Anterior (TA)
Muscle of Non-dystrophic (C57BL/10Sn) and Dystrophic (mdx) Mice.
Flow cytometry was used to examine the CD4, CD25 and Foxp3 positive cell
populations in the TA muscles of eight to ten week old non-dystrophic (shown in
white) and dystrophic mdx mice (shown in red). Panel (A) shows the CD4+CD25+ T
cell population as the percentage of CD4+ T cells; (B) the Foxp3+ regulatory T cell
population as the percentage of CD4+CD25+ T cells and (C) the CD4+ T cell population
as a percentage of total events. Only the CD4+CD25+ data in Panel A was significantly
different (p = 0.00024). n = 12 for all data points.
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Figure 6.2 Expression of Regulatory T cell Markers Within the Peripheral Blood of
Young Non-dystrophic (C57BL/10Sn) and Dystrophic (mdx) Mice.
The CD4,CD25 and Foxp3 positive cell populations in the peripheral blood of eight to
ten week old non-dystrophic (shown in white) and dystrophic (shown in red) mice was
analysed by flow cytometry. Panel (A) shows the CD4+CD25+ T cell population as a
percentage of CD4+ T cells while panel (B) shows the percentage of CD4+CD25+ T
cells that are Foxp3+. Panel C shows the percentage of total events that are CD4+. No
result was statistically significant (p = 0.361, 0.591 and 0.194 respectively). n = 6 for all
C57BL/10Sn data points and 3 for all mdx data points.
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Figure 6.3 Localisation of Regulatory T Cells in Dystrophic (mdx) Muscle Sections.
Panel A shows a transmission image of the dystrophic muscle section that was
sequentially stained with anti-CD25 (shown in panel B) and anti-Foxp3 (shown in panel
C). These figures show a regulatory cell (arrows) residing between muscle fibres
independent of any blood vessel (Scale bar = 100 μm).
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6.2.4 Age Related Changes to Treg populations in C57BL/10Sn and mdx mice.
A number of studies have demonstrated an age related increase in Treg populations in
the lymphoid organs of mice and the peripheral blood of humans[176-178]. To
determine whether a similar age related increase in Treg populations occurs in skeletal
muscle, the TA muscles of non dystrophic and dystrophic mice of 12-14 months in age
were processed to form single cell suspensions (as described in section 3.7.2) which
were then assessed for CD4 and CD25 expression (as described in section 3.7.4).
As shown above, young dystrophic mice have approximately twice as many muscle
located Tregs as young non dystrophic mice (Figure 6.1A and the two bars on the left
hand side of Figure 6.4). Similarly there was an age related doubling of muscle located
Tregs in the muscles of non dystrophic mice (Figure 6.4, white bars) with levels in aged
muscle being little different to those seen in either young or old dystrophic mice
(Figure 6.4, p = 0.265 and 0.585 respectively). However, the muscle located
CD4+CD25+ population of older dystrophic mice does not display a similar age related
increase over the levels seen in the young dystrophic mice (Figure 6.4, red bars).
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Figure 6.4 Age Related Changes to Treg populations within the Tibialis Anterior (TA)
muscle of non dystrophic and dystrophic (mdx) mice.
Flow cytometry was used to examine the CD4 and CD25 positive cell populations in the
TA muscles of young and old non-dystrophic (shown in white) and dystrophic mdx
mice (shown in red). Mice were classified as young when less than four months old or
old when 12 to 14 months old. The results show an age related doubling in the number
of CD4+CD25+ T cell in non dystrophic C57BL/10Sn mice (p = 0.095). n = 12 for all
data points except the old C57BL/10Sn data point where n = 10
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6.3 Discussion.
The use of corticosteroids and immunosuppressants remains the treatment of first choice
for Duchenne Muscular Dystrophy, despite a poor understanding of their mechanism of
action. Although corticosteroid treatment can improve muscle strength and reduce
muscle enzyme levels in the serum the side effects can be considerable and not all
individuals respond well to this form of treatment.
The need for long term non-specific immunosuppression to prevent graft rejection has
long been the major drawback in the majority of transplantation scenarios. MTT in a
clinical setting will almost always involve the transfer of allogenic cells, most likely
following expansion in tissue culture, and therefore will be no different in its
dependence on a treatment regime to prevent rejection by the host immune system. In
an effort to further define immunosuppression in skeletal muscle the present study was
initiated to establish whether there was a resident population of Treg cells.
Within the skeletal muscle of young dystrophic mice (< 4 months old) a significantly
higher percentage of CD4+ T cells co-expressed CD25 when compared to nondystrophic muscle (Figure 6.1A). There was no significant difference in the percentage
of muscle located CD4+ cells or the percentage of CD4+CD25+ cells that co-expressed
Foxp3 between dystrophic and non dystrophic samples. The extrapolation of these two
results suggests that there are approximately twice as many CD4+CD25+Foxp3+ Tregs
physically located in the dystrophic muscle. This assertion was corroborated by a later
flow cytometry study which examined the relative abundance of cells expressing
Foxp3+ (Foxp3 expression being tightly correlated with regulatory function in mice).
By examining the percentage of Foxp3+ events within single cell suspensions from both
mdx and C57BL/10Sn muscle this second study again showed that there are twice as
many Tregs residing in dystrophic muscle compared to non-dystrophic controls (Figure
7.4, left hand bars labelled C57BL/10Sn and mdx). The doubling of the Treg population
in mdx skeletal muscles correlates temporally with the ongoing rounds of muscle
damage, inflammation and repair characteristic of the pathology seen in mdx mice of
this age (6-10 wks old). The presence of Tregs in non dystrophic muscle similarly
reflects the natural vacillation of damage and repair that is a normal part of muscle
homeostasis.

109

We were initially concerned that the small Treg populations that had been detected
might be due to the presence of blood, as skeletal muscle is highly vascularised.
However, there was no difference in the Treg populations of peripheral blood between
young dystrophic and non dystrophic mice inferring that the differential presence of
Tregs within the skeletal muscle was due to Tregs resident in the skeletal muscle.
Subsequent immunohistochemical detection of Foxp3+ cells within the endomysium
further supports this interpretation.
It has previously been suggested that older animals in fact have a heightened level of
Tregs within their system[176-178] and we were interested to find out if the differential
presence of Tregs within the skeletal muscle of young dystrophic and non dystrophic
mice would continue with time. While the presence of Tregs within the skeletal muscle
of dystrophic mice did not change over time, it was found that the muscle located Treg
population of non dystrophic mice was increased in aged mice reaching a similar level
to that seen in the dystrophic mice. Again, this correlates well with what is known
about age-related changes in skeletal muscle. The degenerative loss of skeletal muscle
mass with age is poorly understood but research has demonstrated that one important
factor is an age-related reduction in the number of satellite cells within skeletal muscle
[179]. This means that the regenerative capacity of muscle decreases with age, slowing
the natural repair process that resolves the inflammation associated with muscle injury.
Regardless of the underlying mechanism, an expansion of the muscle located Treg
population would appear to be a logical response by the immune system to control the
heightened periods of muscle inflammation/degeneration that would occur during the
age-related myodegenerative process.
It is interesting to consider that the level of Tregs observed in aged normal and
dystrophic muscle might represent a natural threshold for this cell population within the
muscle compartment. Such a threshold, if real, may have implications for the potential
manipulation and expansion of this population in subsequent studies. Nonetheless it is
interesting to speculate that treatment regimes used to expand Treg numbers/function in
other transplantation models might be modified for application to skeletal muscle.
This study has demonstrated the presence of Tregs in murine skeletal muscle, an
observation not previously reported in the literature. In agreement with research
suggesting a role for Treg mediated suppression at sites of inflammation [172, 173] we
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have also reported an expanded population of these cells residing in the inflamed
environment of dystrophic muscle. These observations together warrant a similar
examination of Treg populations in other inflammatory myopathies. The observation
that Tregs populate skeletal muscle also presents the opportunity for these cells to be
harnessed to modulate immune responses to muscle specific therapies like MTT.
Indeed, the next chapter of this thesis describes the immediate efforts made to exploit
this possibility for an improved outcome following MTT.
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Chapter 7: Manipulation of Treg Populations to Induce Tolerance to
Transplanted Donor Myoblasts
7.1 Introduction
Since the elucidation of their phenotype research into the capacity of regulatory T cells
to maintain immunological tolerance and prevent the rejection of transplanted tissues
has been actively pursued. Research conducted in the previous chapter of this thesis
describes, for the first time, the presence of T cells with a regulatory phenotype residing
within skeletal muscle. The further observation that more Tregs are located within the
inflamed environment of dystrophic muscle demonstrates that this muscle located
population is capable of expansion. Together these observations demand investigation
of the capacity of this muscle located immunosuppressive mechanism to be manipulated
to improve MTT outcomes. Of particular interest therefore are protocols which have
been demonstrated to modulate Treg populations and/or functionality.
The ability to induce tolerance to alloantigens in vivo was first described by the
laboratory of Medawar who demonstrated that the pre-natal, intra-embryonic
administration of semi-allogeneic donor tissue homogenates could protect postnatal skin
transplants [180]. While this protocol was reliant on pre-natal alloantigen exposure and
therefore lacked clinical relevance, the 1973 observation of Opelz et al. that patients
who received blood transfusions before kidney transplantation exhibited improved graft
survival rates [181] drove the application of alloantigen pretreatment into clinical
practice. However, unlike the experimentation of Medawars group, the blood
transfusions given to the kidney recipients were not donor specific and its clinical
success, although significant, was limited. Although pre-transplant blood transfusion
was widely used in many transplantation centres during the late 1970’s and early
1980’s, the introduction of immunosuppressants like cyclosporine negated the
advantage that transfused patients had over their non transfused counterparts. At the
same time the introduction of erythropoietin (a hormone which stimulates blood
production) to clinical practice reduced the need for pre-transplant blood transfusions.
Together with a failure to elucidate the mechanism by which pre-transplant blood
transfusions improved graft survival this led to the administration of pre-transplant
blood transfusions becoming the subject of some debate and it was mostly abandoned in
clinical practice.
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However, work in animal models examining the effect of donor specific transfusions on
subsequent transplantation outcomes continued with the mechanism of immune
suppression being demonstrated to involve CD4+ T cells in 1989 [182]. Over the
following 15 years several important discoveries re-focused attention on the “blood
transfusion effect”. In 1995 Sakaguchi and co workers directly demonstrated a CD25+
subset of CD4+ T cells that was capable of suppressing the activity of autoreactive T
cells in an in vivo model of autoimmunity, thus defining the Regulatory T cell (Treg)
phenotype as CD4+CD25+ [122]. Then in 1997 Opelz et al, published the results of a
decade long study involving 14 transplantation centres and 423 kidney recipients which
demonstrated a clear improvement in graft survival in those patients who had received
pre-transplant blood transfusions regardless of cyclosporine administration [183].
These two fields were brought together when in 2003 Bushell et al demonstrated that
Donor Specific Transfusions (DST) of whole blood generated CD4+CD25+ T cells that,
upon adoptive transfer to naïve hosts, could protect subsequent allogeneic cardiac
transplants, in an alloantigen specific manner, without the need for concomitant
immunotherapy (i.e. effector cell depletion/immunosuppression) [184]. Numerous
studies had shown that pre-tranplant alloantigen exposure combined with depleting or
non-depleting antibody regimes (mainly against T cells) could induce alloantigen
specific unresponsiveness (reviewed in [185]). Along these lines Camirand et al.
demonstrated that a tolerance inducing protocol combining a single pre-transplantation
DST with anti-CD154 mAb treatment significantly increased the survival of donor
myoblasts in the context of allogeneic MTT in dystrophic mice [186]. Unfortunately
mAb therapy directed at the co-stimulatory molecule CD154(CD40L) has not translated
well into non-human primate studies or human clinical trials with the therapy being
associated with an increased occurrence of thromboembolic complications[187]. Thus
the aforementioned publication of Bushell et al. is important for two reasons. Firstly,
after some 30 years, it finally described a mechanism by which blood transfusions
might be prolonging graft survival. Secondly, it presents a novel, Treg based
immunomodulatory intervention (i.e. donor specific blood transfusion) for which
clinical application has already been demonstrated. This last point is in contrast with
many immunotherapies which often translate poorly to the clinical setting following
development in animal models.
Tregs have been shown to exert their suppressive capacity via two main mechanisms:
cell to cell contact and the production of the immunosuppressive cytokines IL-10 and
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TGF-β [188]. In addition, IL-10 and TGF-β have also been shown to induce the
differentiation of Tregs from naïve CD4+ T cells [189]. Indeed, since the discovery that
Tregs differentiate in response to and exert their suppressive effects through IL-10
secretion, this cytokine has been used to modulate Treg numbers in a variety of contexts
[169, 189, 190]. Thus the induction of IL-10 and/or TGF-β expression in skeletal
muscle also offers a novel strategy for increasing local suppression of the immune
response to improve MTT outcomes. Alternative treatment regimes which include the
induction/application of these cytokines have also been developed and similarly require
further investigation in the context of MTT.
As regulatory T cells have only recently been discovered to be the body’s natural
immune suppressor cell the majority of immunosuppressive regimes in clinical practice
are directed at the depletion or functional blockade of effector cells. The most common
regimes include the use of the calcineurin inhibitors Cyclosporin and FK506 which,
although having greatly improved the success of solid organ transplantation, can have
significant side effects including increased susceptibility to infection, tumour
development, nephrotoxicity/renal failure, arterial hypertension, hyperlipidaemia, de
novo diabetes mellitus and osteoporosis (reviewed in [191]). Thus, the discovery that
Rapamycin (sirolimus) could suppress the immune system through a similar but novel
mechanism created much interest in transplantation circles. Indeed, like FK506,
Rapamycin binds the immunophillin FKBP12 [192]. However, unlike the FK506:
FKBP12 and Cyclosporin:Cyclophilin complexes which inhibit TCR mediated IL-2
induction by binding calcineurin [193], the Rapamycin:FKBP12 complex binds mTOR
(mammalian target of rapamycin) [194] which together block cell cycle progression,
downstream of IL-2 induction, while preserving T cell survival [195]. Thus,
rapamycins immunosuppressive mechanism is downstream of TCR mediated T cell
activation and might therefore allow the generation of Tregs and the induction of
antigen specific tolerance. Indeed, in 2006 Battaglia et al, published the results of
experimentation conducted in a murine model of islet cell transplantation which showed
that a combined Rapamycin/IL-10 treatment regime could generate Tregs which
mediated long term antigen specific tolerance [169, 196]. The further observations that
rapamycin has no negative effect on experimental tolerance induction protocols [197]
and in fact acts synergistically with the most common clinically applied
immunosuppressants, cyclosporine and FK-506 [198], further promotes the
examination of rapamycin based immunomodulatory protocols in the context of MTT.
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The ultimate goal of transplantation immunology research is the development of
protocols which assure the survival of the transplanted tissue without the need for long
term general immunosuppression. Research has shown that not only are Tregs capable
of offering increased protection to transplanted tissues but that this tolerance can be
achieve in an alloantigen specific fashion that does not otherwise immunocompromise
the recipient [199]. The present study therefore aims to evaluate whether the
administration of tolerance induction protocols previously demonstrated to modulate
Treg populations/function can enhance donor myoblast survival following MTT.

7.2 Results
7.2.1 “Classical” Induction of Tolerance to Transplanted Donor Myoblasts
The ability of blood transfusions to induce tolerance of grafted tissues was the first
tolerance induction protocol to be practised in the clinic. The mechanism of action of
this “classical” induction protocol remained elusive however work in animal models has
gone on to refine the protocol with the pre-transplantation administration of donor
specific transfusions. Following the discovery that these donor specific transfusions
were inducing tolerance by generating Regulatory T cells this protocol was examined in
the context of MTT.
7.2.1.1 The effect of pre-MTT Donor Specific Transfusions on Donor Myoblast
Survival
In the first instance we examined the ability of pre-transplantation donor specific
transfusions (DST) to induce tolerance and improve donor myoblast survival.
Following the DST pre-treatment regime (as described section 3.8.1) MTT was
conducted in DST treated and untreated control mice (as described in section 3.10).
Results shown in Figure 7.1 indicate that the pre-MTT administration of DSTs, using
either whole donor blood or donor myoblasts, failed to improve donor myoblast survival
compared to untreated controls. Figure 7.1 shows these result excluding the time zero
data which is simply used to define 100% survival.
Although DST with whole blood does appear to improve donor myoblast survival in
comparison to controls this effect was not statistically significant (p=0.111 at one week
and 0.444 at three months post MTT ) and still resulted in the loss of more that 98% of
donor myoblasts one week after transplantation. DST of donor myoblasts delivered i.v.
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was well tolerated and, as opposed to whole blood transfusion, allowed exposure of the
recipient to all donor antigens associated with the cultured myoblasts. For these reasons
we chose to use cultured myoblasts for future DSTs thereby reducing the number of
animals required for experimentation.
7.2.1.2 The effect of Adoptive Transfer of “tolerised” Regulatory T cells on Donor
Myoblast Survival Following MTT.
To avoid the possibility that the DSTs were generating donor reactive T cells as well as
Tregs, negating any potential advantage, syngeneic third party mice were given the
regime of DSTs and Tregs sorted from their spleens for adoptive transfer into MTT
recipients. Thus a group of three female mdx mice were put through the DST
tolerisation protocol using 106 donor male myoblasts delivered via tail vein injection as
described in section 3.8.1. After five weekly DSTs these mice were euthanased as
described in section 3.12, the spleens dissected out and a singles cell suspension of
splenocytes sorted for CD4+CD25+ regulatory T cells using magnetic bead technology
(as described in section 3.8.2). In separate experiments these sorted, DST generated
Tregs were either adoptively transferred into recipient mice (by tail vein injection) the
day before MTT or injected directly into the Tibialis Anterior muscle with the donor
myoblasts (co-transfer) at the time of MTT (as described in section 3.8.3). Results
show that neither the adoptive transfer (Figure 7.2A) nor co-transfer (Figure 7.2B) of
DST generated, “tolerised” Tregs was able to improve the donor myoblasts survival in
comparison to controls.

116

6

5

% Survival

4
Controls
Blood (i.v)

3

Myoblasts (i.p)
2

1

0
T1wk

T3wk

T3mth

Time Post MTT

Figure 7.1 Effect of Donor Specific Transfusions on Donor Myoblast Survival
following MTT
Donor specific transfusions were administered weekly for 5 weeks pre-MTT and
consisted of either 250 μl whole donor blood or 106 cultured donor myoblasts (in 250 μl
of PBS) delivered via tail vein injection (see section 3.8.1). Following the regime of
DSTs, MTT was conducted in the treated and untreated control mice as described in
section 3.10. Groups of 5 mice from each treatment group were euthanased at each time
point (including T0) as described in section 3.12 and donor myoblast survival calculated
using the Y chromosome specific Q-PCR as described in section 3.11.
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Figure 7.2 Survival of donor myoblasts following MTT in female mdx mice that have
received a transfer of "Tolerised" CD4+CD25+ T cells.
Naïve female mdx recipients received either an adoptive transfer or co-transfer of
(5 x 105) Tregs from DST “tolerised” syngeneic mice the day before or at the time of
MTT respectively (see section 3.8.3). Treated and untreated control animals received
MTT as described in section 3.10 and 3 mice from each treatment group were
euthanased at each time point post MTT (as described in section 3.12). Donor myoblast
survival was calculated using the Y chromosome specific Q-PCR as described in
section 3.11.
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7.2.2 The Effect of Cytokine Gene Therapy Targeted at Host Skeletal Muscle
Plasmid stocks were prepared as described in section 3.9.1. Before commencing animal
studies plasmid gene expression was confirmed in vitro by transfecting COS-7 and
primary myoblasts. Cell culture supernatants were examined by ELISA as described in
sections 3.9.3.2 and 3.9.3.3 and showed sustained extracellular expression of the
appropriate cytokines for up to a week post electroporation. This data has not been
shown as it only served to ensure that the plasmids were still functional in a eukaryotic
context before animal experimentation was initiated. As the plasmids were for in vivo
use the most relevant check of plasmid functionality was to examine cytokine
expression following cytokine gene therapy targeted specifically at skeletal muscle.
7.2.2.1 Cytokine expression following Muscle Targeted Gene Therapy
The pMP6 eukaryotic expression plasmids encoding murine IL-10 (mIL-10), viral IL-10
(vIL-10) or murine TGF-β were incorporated into the TA muscles of female mdx mice
by in vivo electroporation as described in Section 3.9.2. Groups of three mice were
euthanased 3, 5, 7, 9, 11 ,13 and 28 days post-electroporation (see section 3.12).
Following this muscle targeted cytokine gene therapy biologically significant levels of
mIL-10, vIL-10 and TGF-β were detected by ELISA (as described in sections 3.9.3.2
and 3.9.3.3) for up to 4 weeks post electroporation (Figure 7.3). Neither form of IL-10
could be detected in untreated muscle or muscle electroporated with the blank plasmid
vector. TGF-β expression is upregulated in dystrophic muscle [200] and was detected
in both untreated and blank plasmid electroporated. However TGF-β expression in
these control animals was at the lower limit of detection by the described ELISA. This
control data has therefore been discarded as being both unreliable and insignificant
when compared to the demonstrated increase in TGF-β expression in the animals treated
with the TGF-β expression vector.
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Figure 7.3 ELISA quantitation of cytokine expression following muscle targeted
cytokine gene therapy
In vivo electroporation was used to incorporate mIL-10, vIL-10 or TGF-β encoding
eukaryotic expression plasmids into the Tibialis Anterior muscles of female mdx mice.
Panel A shows mIL-10, panel B shows vIL-10 and panel C shows TGF-β expression in
the days following this muscle targeted cytokine gene therapy.
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7.2.2.2 Treg Populations of Skeletal Muscle Targeted with Cytokine Gene Therapy
As Foxp3 expression in mice is strictly correlated with regulatory function we examined
the effect of heightened mIL-10, vIL-10 and TGF-β expression on the number of Foxp3
positive cells in the TA muscle as determined by flow cytometry.
Results shown in Figure 7.4 show that the induction of IL-10 or TGF-β expression in
skeletal muscle can induce a 4 to 5 fold increase (respectively) in the population of
Foxp3 regulatory cells residing in the murine skeletal muscle. Variability in the results
following TGF-β treatment reduced the significance of this result (p=0.1) however both
mIL-10 and vIL-10 expression significantly increased the muscle located Foxp3+ Treg
populations in comparison to pMP6a blank vector controls (p=0.002 and 0.031
respectively). Electroporation with the pMP6a blank vector did not significantly
expand the muscle located Foxp3+ population compared to untreated mdx controls
(p=0.419). The results shown in Figure 7.4 also confirm, using a different staining
strategy, the two fold increase in the number of Tregs residing in dystrophic muscle,
when compared to normal skeletal muscle (p=0.016) as reported in Chapter 6 (section
6.2.1 and Figure 6.1).
7.2.2.3 Donor Myoblast Survival Following MTT in Skeletal Muscle Targeted with
Cytokine Gene Therapy
To examine whether the induction of cytokine expression and subsequent expansion of
the muscle located Treg population could improve donor cell survival MTT was
conducted (as described in section 3.10) in recipient mice 1 week after they received
muscle targeted cytokine gene therapy (as described in section 3.9.2). Results are
shown in Figure 7.5. Based on quantitative Y chromosome PCR analysis (described in
section 3.11, Chapter 4 and [201, 202]) donor myoblast survival in untreated and empty
vector (pMP6a) control animals was less than 10%. Plasmid based vIL-10 and TGF-β
expression showed no statistically significant increase in donor myoblast survival (p =
0.226 and 0.449 respectively in comparison to untreated controls). Conversely mIL-10
resulted in a significant reduction in donor myoblast survival following transfer
(p=0.001)
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Figure 7.4 The Effect of Muscle Targeted Cytokine Gene Therapy on the Muscle
Located Treg Population.
The number of Foxp3+ cells detected was determined for non-dystrophic C57BL/10Sn,
dystrophic (mdx) and cytokine gene therapy treated dystrophic muscle and expressed as
a percentage of gated events (gating for murine lymphocytes was based on forward and
side scatter characteristics of blood samples and exactly the same gate was applied to all
samples in all treatment groups). As TGF-β results were inconsistent between animals
only mIL-10 and vIL-10 expression resulted in statistically significant increases in the
number of muscle located Foxp3+ cells in comparison to pMP6a blank vector controls
(p = 0.002 and 0.031 respectively). n = 6 for all data points.
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Figure 7.5 Donor Myoblast Survival Following MTT in Dystrophic Skeletal Muscle
Pre-treated with Muscle Targeted Cytokine Gene Therapy.
Recipient mice underwent MTT (as described in section 3.10) a week after being treated
with muscle targeted cytokine gene therapy (as described in 3.9.2). Donor myoblast
survival one week after transfer into untreated recipients (T1wk) was less that 10%
(calculated using the Q-PCR assay described in section 3.11). vIL-10 and TGF-β
expression failed to improve donor myoblast survival over untreated controls (p = 0.354
and 0.449 respectively). Conversely mIL-10 resulted in a significant reduction in donor
myoblast survival following transfer (p=0.001). n = 6 for all data points.
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7.2.3 Evaluation of “Tolerance Inducing” Combination Therapy on Donor
Myoblast Survival Following MTT
The experimental results presented in this chapter so far have clearly demonstrated the
ability of muscle targeted cytokine gene therapy to induce “tolerogenic” cytokine
expression (IL-10 and TGF-β) and expand the muscle located Treg population. Despite
these promising results the induction of known regulatory mechanisms has failed to
improve donor myoblast survival following MTT. This result raises questions about
how this protocol differs from other tolerance inducing protocols.
As mentioned in the introduction to this chapter, many tolerance induction protocols
have involved a treatment regime to downregulate the effector arm of the immune
response (i.e. effector cell depletion, co-stimulation blockade) while upregulating or
inducing regulatory mechanisms. Indeed, in a murine model of pancreatic islet
transplantation Battaglia and co-workers have shown that IL-10 administration by itself
does not protect the transplanted cells [169] and suggest that the success of a combined
rapamycin\IL-10 treatment is due to the induction of Tregs by IL-10 and the
concomitant repression of effector responses by rapamycin administration [196].
Also discussed in the introduction to this chapter is the tolerance inducing capacity of
pre-transplant antigen exposure. Although the application of donor specific transfusion
has already been examined in this thesis and found to have no effect (section 7.2.1), it is
a logical addition to this concluding study of “tolerance inducing combination therapy”
Therefore, this study replicated the Battaglia protocol with all treatment groups
receiving i.p injections of IL-10 (0.1μg/kg/day beginning the day after transplantation)
and oral delivery of Rapamycin (1mg/kg/day beginning the day before transplantation)
[Rapamycin +IL-10 (i.p)] [169, 196]. Two treatment groups also received the
previously described muscle targeted vIL-10 gene therapy (see section 3.9) a week
before MTT to ensure IL-10 expression at the site of transplantation [Rapamycin + IL10]. One of these last two treatment groups also received a single DST of 106 donor
male myoblasts (as described in section 3.8.1) a week before MTT [Rapamycin + IL-10
+ DST]. Again the results show a significant loss of donor myoblasts following transfer
into treated or untreated hosts. Figure 7.6 shows that no “tolerisation” protocol was
able to protect the transplanted cells from this fate.

124

10

Controls
Rapamycin + IL-10
Rapamycin + IL-10 + DST
Rapamycin + IL-10 (i.p)

9
8

% Survival

7
6
5
4
3
2
1
0
T2wk

T1mth

Time Post MTT

Figure 7.6 The Effect of Rapamycin, IL-10 and DST Treatment on Donor Myoblast
Survival Following MTT
All treatment groups received i.p. injections of IL-10 (0.1 μg/kg/day beginning the day
after transplantation) and oral delivery of Rapamycin (1 mg/kg/day beginning the day
before transplantation). The treatment group which received these treatments only are
shown with dark blue bars labelled “Rapamycin +IL-10 (i.p)”. Two treatment groups
also received muscle targeted IL-10 gene therapy a week before MTT. The group
which received the Rapamycin and IL-10 delivered i.p and by cytokine gene therapy is
shown with light blue bars labelled “Rapamycin + IL-10”. The final treatment group
which received Rapamycin, both deliveries of IL-10 and a donor specific transfusion
(106 donor male myoblasts delivered by tail vein injection a week before MTT) is
shown with blue bars labelled “Rapamycin + IL-10 + DST”. The control group (white
bars) were completely untreated.
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7.3 Discussion
The discovery of regulatory T cells (Tregs) as the inbuilt suppressive mechanism of the
mammalian immune system has created great interest in the field of transplantation.
The potential to harness these cells to protect transplanted tissues is being actively
pursued in all fields of transplantation in the hope of limiting or removing the need for
general immunosuppression and the raft of negative side affects associated with such
treatment regimes.
The discovery of these Tregs residing in skeletal muscle (as described in Chapter 6 of
this thesis) is therefore of great interest to field of MTT. The experimentation described
in this chapter therefore sought to apply known tolerance inducing protocols to the
context of MTT with the hope of improving donor myoblast survival following
transplantation.
However before the discovery of regulatory T cells clinicians already had a tolerance
induction protocol in clinical use. The protective effect of blood transfusion before in
kidney transplantation was first noted in the 1970’s [181] and led to an enormous body
of work attempting to elucidate the mechanisms of this effect. As opposed to the
clinical setting where third party blood transfusion was used, experimental animal work
focused on the use of blood transfusions from the tissue donor which were similarly
protective of subsequently transplanted tissues. The first experimentation described in
this thesis attempts to replicate this protocol in the context of MTT by administering
weekly donor specific transfusion of blood to the recipient animals for the five weeks
leading up to MTT. However the MTT context is quite different to solid organ
transplantation particularly with regard to the necessity to culture donor cells before
transplantation. These cultured cells are exposed to an array of culture derived antigens
(e.g. serum components, recombinant proteins, antibiotics etc) for a considerable time
ex-vivo, whilst DST of whole blood does not involve such exposure to tissue culture.
Therefore, a separate treatment group was administered DST comprising the systemic
delivery of cultured donor myoblasts instead of whole donor blood. However, neither
the blood nor cultured myoblast DST regime was able to improve the survival of donor
myoblasts following MTT (Figure 7.1).
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The obvious question with regard to the application of DST concerns the generation of
donor reactive T cells. Although the DST protocol has been shown to directly generate
tolerance in the recipient and donor specific Tregs that can attenuate graft rejection
[184] it is difficult to speculate what effect such a protocol might have on effector cells
in the already inflamed environment of dystrophic muscle.
As a proof for the regulatory capacity of CD4+CD25+ T cells generated by DST
treatment Bushell et al demonstrated significant increases in skin graft survival
following the adoptive transfer of syngeneic CD4+CD25+ Tregs generated using the
regime of 5 weekly DSTs [184]. This protocol has an advantage over the first protocol
examined in this chapter (section 7.2.1.1) in that Tregs generated using the DST
tolerisation regime are separated from any effector cells that the protocol may also have
induced. In applying this protocol to the MTT context it was decided to use Tregs
isolated from DST treated mice not only for adoptive transfer (i.e. systemic delivery to
the recipient via tail vein injection) but alternatively for co-transfer with the donor
myoblast at the time of MTT in the hope that they might protect the myoblasts right at
the site of transplantation. Again, neither the DST/Adoptive Transfer nor the DST/Cotransfer protocol was able to improve donor myoblast survival (Figure 7.2).
The one methodologic difference between this study and that of Bushell et al [184] is
the method used for the isolation and purification of the DST generated CD4+CD25+
Tregs. Where Bushell et al used flow sorting during the final purification steps [199]
the present study employed magnetic bead sorting as previous work in our laboratory
had demonstrated that flow sorting of lymphocyte populations adds significantly to the
time cells spend ex vivo and results in variable post-sort viability. However, magnetic
bead sorting alone failed to achieve more than 30% purity of CD4+CD25+ cells in the
present study (where Bushell et al reported >95% purity). This was clearly a less than
satisfactory result. Although the magnetic bead sorted population does represent a 10
fold concentration of Tregs, relative to the initial 3% of splenocytes they normally
represent [203], a significant improvement in population purity will need to be
demonstrated before this results of this experiment can be properly interpreted.
It was however notable in the DST adoptive transfer experiments that the control
transplantations exhibited over 60% survival one week and 3 weeks post MTT (Figure
7.2). This is in stark contrast to the many preceding observations in this thesis where
127

survival at comparable time points range from 2-20%. This observation is of
considerable interest and has directly impacted the conclusions that these PhD studies
have reached (see section 8.2)
As previous transplantation studies have demonstrated the presence of Tregs within
accepted allografts and a requirement for IL-10 in Treg mediated tolerance [174, 175]
muscle targeted cytokine gene therapy was applied in an attempt to induce the
expression of known tolerogenic cytokines (IL-10 and TGF-β) and examine the effect
of this therapy on muscle located Tregs. Results showed that this protocol successfully
induced biologically relevant levels of mIL-10, vIL-10 and TGF-β expression that were
sustained over the timeframe of experimental MTT described in this thesis (about 4
weeks). As the electroporation procedure itself does cause some physical damage to the
muscle it was decided that any post cytokine gene therapy experimentation (e.g.
examination of Treg populations or MTT) should occur at least a week post
electroporation when such damage is resolved but cytokine expression is ongoing
(Figure 7.3).
It is well documented that Tregs not only exert their immunosuppressive function
through expression of IL-10 and TGF-β but they can in fact be generated in response to
these cytokines (see introduction to this chapter). It was therefore not unexpected to
observe a significant increase in the number of muscle located Tregs following the
muscle targeted cytokine gene therapy induction of mIL-10, vIL-10 and TGF-β (Figure
7.4). The successful induction of IL-10 or TGF-β expression and the related expansion
of the muscle located Treg population was therefore a very promising result. After all,
this treatment was upregulating both the molecular and cellular components of
described regulatory mechanisms specifically at the site of MTT. The induction of such
an immunosuppressive environment within the dystrophic muscle therefore represented
an improved environment in which to transplant the donor myoblasts.
Unfortunately, the pre-MTT application of the muscle targeted cytokine gene therapy
did not improve the survival of donor myoblasts (Figure 7.5). Whilst a modest increase
in donor myoblast survival was seen in vIL-10 expressing muscle after one week (6% to
15%) this change was not statistically significant (p = 0.226). In contrast, expression of
mIL-10 actually led to a significant increase in donor myoblast loss (p = 0.001). This
might be explained by the observation that unlike the solely immunosuppressive activity
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of vIL-10, mIL-10 has an immunostimulatory effect on some cell types [190]. Overall,
the failure of muscle targeted cytokine gene therapy to improve donor myoblast survival
may be a demonstration that the expansion of Treg numbers alone is not sufficient to
suppress local effector cells. This interpretation is supported by the observations of
Battaglia et al who showed that IL-10 administration alone was not enough to protected
transplanted pancreatic islets [169]. The balance between effectors and suppressors
may be critical as demonstrated by the success of the same groups rapamycin/IL-10
based protocols where there is simultaneous stimulation of Tregs and ablation of
effector cells [169, 196].
Indeed, the final part of this study aimed to replicate the successful rapamycin based
tolerisation protocol of Battaglia et al which had been demonstrated in pancreatic islet
transplantation, the murine transplantation model most similar to MTT. Some treatment
groups also received additional treatments (as well as the Battaglia protocol) to address
some of the differences between the two transplantation scenarios. The Battaglia
regime delivers IL-10 i.p., which is local to the sub-kidney capsule transplantation site
in their model, so muscle targeted IL-10 gene therapy was added to ensure IL-10
expression at the site of transplantation (N.B. vIL-10 was used due to the issue with
mIL-10 described above). The same consideration was not given to rapamycin delivery
as previously published research has demonstrated distribution of the drug to solid
tissues (including muscle) following oral delivery in rodents [204]. Pre-MTT DST was
also added to one of the Rapamycin/IL-10/vIL-10 treatment groups to ensure antigen
exposure during Treg induction which we felt might be delayed in comparison to islet
transplantation due to the peripheral location of myoblast transplantation. However, as
shown in Figure 7.6, no rapamycin/IL-10 based protocol was able to protect donor
myoblast following MTT. At 2 weeks post MTT there was no statistical difference in
myoblast survival between any of the treatment regimes and the control group.
The inability of any immunomodulatory regime to significantly improve donor
myoblast survival following MTT raises serious concerns about previously published
superior survival in immunosuppressed recipients and the assertion that PP6 cells
represent a superior subset of muscle derived pre-cursor cells. These issues and the
future of MTT are the subject of discussion in the following, final chapter of this thesis.
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Chapter 8: Overview, Conclusions and the Future
8.1 Conclusions
Myoblast transfer is one of the only potential therapies for sufferers of DMD that aims
to restore the expression of full length, fully functional dystrophin in all patients.
However, as stated earlier in this thesis, whilst this approach has been shown to be
feasible in both animal models and human clinical trials, that is to say that some cells
are incorporated into the muscle and do go on to express full length functional
dystrophin, the poor survival of donor cells following transplantation limits the
therapeutic benefit of this potential therapy (e.g. Figure 8.1, red bars). Such a
significant loss of donor myoblasts immediately suggests that, as is the case with the
majority of transplantation scenarios, the recipient immune response is acting against
the transplanted donor cells. Furthermore, the rapidity with which donor myoblast loss
is observed suggests a role for the innate immune response, as discussed in the
introduction to Chapter 5 of this thesis. Evidence from the literature had previously
implicated neutrophils, macrophages and NK cells as playing a part in donor myoblast
loss however experiments examining myoblast survival in recipients systemically
depleted of these cell types, described in Chapter 5 of this thesis, did little to diminish
the decline of donor cells following transplantation.
In their seminal publications Arahata and Engel described the presence of CD8+ and
CD4+ cells within dystrophic muscle including the observation that more than a third of
the CD8+ cells had an activated phenotype [151]. MTT is thus conducted in an
environment that already contains an activated and ongoing acquired immune response.
The speed with which the acquired immune system responds to transplanted cells may
therefore be enhanced and play a role in donor cell loss earlier than the 7 day response
classically associated with T cells responding to a novel challenge. This hypothesis is
supported by Hodgetts et al who demonstrated that the depletion of CD4 and CD8 T
cells improved donor myoblast survival at time points within the first 7 days following
MTT [97]. Improved MTT outcomes following depletion of CD4 and CD8 T cells, the
use of immunosupressants such as FK506 (which inhibits T cell activation and
subsequent IL-2 expression) and the use of immunocompromised and immunodeficient
recipient mice all demonstrated a role for the acquired immune response in poor donor
myoblast survival. Furthermore, the depletion of CD4 and CD8 T cells or the use of
130

corticosteroids, which possess immunosuppressive action, have been shown to slow
disease progression in mdx mice. Thus novel immunosuppressive regimes that might be
applied to the skeletal muscle environment might offer clinical benefit to sufferers in the
context of both pathogenesis and improved MTT outcomes.
Regulatory T cells are the body’s natural immunosuppressive mechanism, helping to
protect against autoimmunity and the effects of immunological hyperresponsiveness.
The work described in Chapter 6 of this thesis describes the presence of these regulatory
cells in murine skeletal muscle for the first time. This work further describes an
accumulation of these cells within the inflammatory environment of dystrophic muscle
in the mdx mouse while Chapter 7 of this thesis demonstrates an ability to further
upregulate these cells within the muscle environment using the established ‘tolerogenic”
cytokines IL-10 and TGF-β. However, as shown in section 7.2.2.3, the induction of
IL-10 and TGF-β expression at the site of transplantation failed to improve donor
myoblast survival following MTT. Chapter 7 goes on to examine a number of other
protocols described in the literature to induce tolerance to transplanted tissues.
Unfortunately the application of these techniques in the context of myoblast transfer did
not enhance donor tissue engraftment as had been demonstrated in a variety of other
models.
Thus, serious questions must be directed at previous reports of superior donor myoblast
survival in immunomodulated recipients, particularly the quality of cells used and the
methods of assessing transplantation outcomes. Indeed the work described in Chapter 4
of this thesis set out to examine the problem of quantitating MTT outcomes and
highlighted a number of issues with regard to several common methodologies used to
assess the success of MTT. The delivery of molecular markers using viral vectors (ie βgalactosidase) was particularly discussed in relation to the variety of vectors that are
used and the number of factors that effect the efficiency of these reporter systems.
Although these systems demonstrate whether or not donor cells are participating in
muscle fibre generation or repair, the interpretation of results is complicated by
variations in gene expression or gene product accumulation, particularly if donor cells
are at different stages in the cell cycle, different stages of differentiation or have
undergone post-transplantation proliferation. These assays therefore have little to offer
with regard to quantification of post-transplantation donor cell numbers severely
limiting the conclusions that can be drawn from studies directed at improving donor cell
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survival. The experimentation described in Chapter 4 verifies the use of Y chromosome
detection in trans-sexual transplantation as an excellent marker for the quantitative
analysis of donor cell survival and describes the application of a Y chromosome specific
quantitative PCR to the mdx mouse model of MTT. The increased reliability and
sensitivity of this assay was instrumental in highlighting another issue with quantitation
of donor myoblast survival that was evident in the literature. The methodology used to
define 100% donor myoblast survival was demonstrated to have a major effect on donor
myoblast survival levels particularly at early time points following MTT. Thus, despite
the application of a robust and unambiguous quantitation methodology, the
experimentation described within this thesis has been unable to directly demonstrate an
immunological approach capable of preventing or slowing the significant loss of donor
myoblasts soon after transfer. In light of these results questions must be asked about the
quality of the cells being transplanted and their subsequent capacity to survive in vivo.
In a retrospective attempt to gauge the quality of muscle precursor cells used in these
studies (generated as described in section 3.1.1) an experiment was conducted to
examine donor myoblast survival after transfer into immunodeficient SCID mice. If
donor myoblast survival was greater in SCID recipients than mdx controls then a role
for the acquired immune response would be corroborated. If, however, the cells do not
show superior survival in the SCID muscle environment then serious doubt must be cast
upon the capacity of the transplanted cells to contribute to muscle regeneration.
SCID and mdx mice underwent MTT (as described in section 3.10) using donor
myoblasts prepared as described in section 3.1.1. At no time point following MTT did
the donor cells exhibit superior survival in the SCID recipients when compared to their
mdx counterparts. (Figure 8.1).
The results described in this thesis having failed to demonstrate any improvement in
donor myoblast survival in immunomodulated hosts while levelling some degree of
criticism at the methodologies used to assess MTT outcomes in previous reports. While
some of the experiments described in this thesis should be repeated to incorporate more
significant sample sizes before firm conclusions could be reported it has become
increasingly clear that future work must now be focussed on a closer examination of the
muscle precursor cells that are to be transplanted and their capacity to participate in
muscle regeneration.
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Figure 8.1 Comparison of donor myoblast survival following MTT in SCID and
mdx mice (personnel communication K. Pellegrini)
MTT was conducted in both dystrophic mdx (red bars) and immunocompromised SCID
mice (white bars) as described in section 3.10. At relevant time points post MTT
groups of 5 mice were euthanised as described in section 3.12 and donor myoblast
survival determined by the Y chromosome specific Q-PCR as described in section 3.11.
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8.2 Retrospective Assessment of MTT outcomes using PP6 myoblasts
Experimentation conducted as part of this thesis has shown that the survival of donor
myoblast following MTT can be highly variable with the survival of donor myoblasts in
untreated control animals one week after transplantation averaging 14.33% (±4.87
SEM) but ranging from 1% to 60% survival (see Figure 7.1 and 7.2 respectively).
Figure 8.2 shows a histogram reporting the frequency with which donor myoblast
survival rates in control animals one week after MTT have been reported in our research
group since the implementation of the Y chromosome specific Q-PCR (as per the
studies described in Chapter 4 of this thesis). In studies that examine donor cell
survival at later time points (> 2 months), our research group occasionally observes an
expansion of donor myoblasts [205] suggesting, in agreeance with the conclusions of
other groups [98, 206], that there is a discrete subset of transplanted cells that are
capable of surviving the initial loss of donor cells and subsequently proliferating. This
variation in donor myoblast survival occurs despite strict adherence to myoblast
isolation, culture and transplantation techniques reported to produce myoblasts with
superior survival characteristics. Taken together these observations add weight to the
assertion that a population of muscle derived stem-like cells does exist and highlights
the importance of donor cell quality on transplantation outcomes.
Indeed, several groups are currently pursuing novel markers of satellite and/or
myogenic cell subsets including the use of flow cytometry to isolate pure populations of
muscle derived mononuclear cells expressing a variety of extracellular marker
combinations associated with myogenicity. This approach has been shown to produce
pure cell populations that can be directly transplanted (i.e. without the need for culture)
resulting in superior engraftment (i.e. dystrophin expression) from as few as 103
transplanted cells [207, 208] (where 5 x 105 cells have previously been demonstrated to
be the optimum number [209]). The general failure of MTT combined with these
recent, exciting publications highlight how much we still have to learn about skeletal
muscle biology, particularly satellite cell biology and the myogenic progression from
“stem cell” to muscle fibre repair/formation.
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Figure 8.2 Frequency of donor myoblast survival rates 1 week post MTT
This figure summarises the frequency with which donor myoblast survival has been
reported, within a 5% range, in 14 experiments that examined a 1 week post MTT time
point since the implementation of the Y chromosome specific Q-PCR in this laboratory
(as per the studies described in Chapter 4 of this thesis).

135

8.3 Future Directions
The source of myonuclei in muscle fibre formation and repair has been the subject of a
great deal of research and over the last decade a number of different cells types have
been shown to possess myogenic capacity. Such cell populations include; bone marrow
derived stem cells [210, 211], muscle side population cells [212], muscle derived stem
cells [213], the blood vessel associated stem cells, mesangioblasts [214] and
mesenchymal stem cells [215] (comprehensively reviewed by [216]). However, as the
primary source of progenitor cells in muscle formation and repair it is the satellite cell
that remains the best candidate for cell transplantation of muscle pre-cursor cells
(reviewed [217])
Anatomically satellite cells are identified by their characteristic location adjacent to the
muscle fibre but beneath its basal membrane. Satellite cells can also be identified by a
range of molecular markers including, but not limited to, M-cadherin, CD34, myocyte
nuclear factor (MNF), c-met, Myf-5 and Pax-7 (reviewed [217], [218, 219],). In terms
of using these markers for satellite cell isolation issues of specificity, intracellular
expression and/or the availability of suitable reagents mean none of these markers alone
currently represent viable targets. It is likely that in future a number of phenotypic and
molecular parameters will need to be utilised in order to isolate alternative/homogenous
populations of muscle pre-cursor cells.
The use of transgenics to mark cell expression of myogenic markers has proven useful
in defining both molecular and cellular components of muscle regeneration however
novel methods for isolating muscle precursors cells with superior survival
characteristics from normal muscle will be required if myoblast transfer is to progress to
a clinical therapy. An excellent example of such an approach is the work of Montarras
et al who, using a green fluorescent protein (GFP) tagged Pax3 transgenic mouse
(Pax3GFP/+), were able to define flow cytometry parameters for the efficient isolation of
Pax7+CD34+ satellite cells with superior engraftment capabilities from wild type
muscles [208].
Although intracellular markers (e.g. Pax 3/7) do not allow the direct isolation of viable
muscle pre-cursor cell subsets for use in vivo they can allow qualitative assessment of
isolation techniques that are based solely on extracellular molecules or physical
136

characteristics. The description of Pax7 as a satellite cell marker will for example allow
a more targeted assessment of the cell subsets that can be generated using cell
separation techniques like density centrifugation or cell elutriation. Similarly, cell
subsets generated using a combination of molecular markers or physical attributes (eg
by flow cytometry) may be better assessed as potential candidates for transplantation
than had previously been possible. As our knowledge of muscle biology is advanced
many methodologies previously dismissed as unsuitable for the isolation of muscle precursor cells will require re-examination.
As discussed above, the results reported both in this thesis and the literature suggest a
small population of cells in muscle derived mononuclear cell preparations that,
following culture and transplantation, can survive and participate in muscle fibre
formation [98, 206]. While this interpretation partly validates the pre-plating technique
as a method of isolating myogenic cells the success of whole and sliced muscle grafts in
this laboratory [75], suggests that the culturing of cells may be having a detrimental
effect on their subsequent survival in vivo. Further attempts to fractionate muscle
derived mononuclear cell populations prepared as described in this thesis in an attempt
to isolate those cells that are capable of progressing through the isolation and tissue
culture processes and survive transplantation into the muscle environment thus
represents a logical progression from the work described in this thesis. Equally
important will be experiments that aim to remove tissue culture from the process all
together. Although the clinical relevance of this last approach must be questioned, the
transplantation of freshly isolated muscle derived mononuclear cell subsets may offer
important insights into the impact of pre-transplantation cell culture while allowing a
less encumbered assessment of the muscle pre-cursor cell population being examined.
As research continues to elucidate new pathways which drive muscle repair this
knowledge can be similarly applied to the development and assessment of
methodologies for the isolation of the cells participating in these processes.
Upon muscle injury satellite cells, which are mitotically quiescent in uninjured muscle
[220], require activation to enter the cell cycle before subsequent proliferation and
differentiation. This process is mediated by a number of mechanisms including cell-cell
and cell-matrix interactions as well as a variety of secreted factors (reviewed in [221]).
Thus another related approach for the isolation of novel muscle precursor subsets is the
use of growth factor/cytokine receptor expression as a component of cell sorting
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parameters. Hepatocyte growth factor (HGF) is an exciting candidate for such a
protocol as it’s receptor, c-met, is expressed on quiescent satellite cells, and it’s
expression has been demonstrated to activate satellite cells, leading to an expanded pool
of muscle pre-cursor cells, while inhibiting their differentiation [222]. Although c-met
is not a specific marker of satellite cells [221] the significant role that HGF plays in the
early phases of muscle regeneration suggests that c-met may be an important co-marker
for the isolation of satellite cells. Furthermore, as muscle precursor cells will most
likely require in vitro expansion in the clinical setting, as the number of cells required
will undoubtedly be significantly greater than the donor material allows, HGF may
represent a culture medium additive that would promote expansion of muscle pre-cursor
cells while inhibiting their differentiation.
Similarly, fibroblast growth factors (FGF) have been described as inducers of muscle
pre-cursor cell proliferation but inhibitors of differentiation [223]. While the role of
FGF’s in muscle repair/maintenance is still being elucidated, satellite cell proliferation
is enhanced by FGF-1, FGF-2, FGF-4 and FGF-6 [224]. Although none of these factors
inhibited the differentiation of satellite cells to a myogenin+ state FGF-6 alone was able
to slow the subsequent and rapid decline of myogenin+ cells [224]. The same study
went on to report that FGF-6 was expressed at uniquely high levels in myofibres, (in
comparison to neighbouring non-myogenic cells) and that one of the FGF receptors
(FGFR-4) is only expressed by myofibres and satellite cells, where it’s expression
correlates with myogenic potential [224]. A subsequent report suggesting that FGF-6 is
the ligand of FGFR-4 (Zhao, Hoffman, 2004) highlights the potential of FGFR-4
expression as a selection marker for satellite cell isolation.
Another group of molecules important to normal skeletal muscle repair are members of
the IL-6 superfamily which is made up of a number of structurally related factors
including leukaemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF) and IL6 itself. The addition of exogenous LIF or CNTF to regenerating muscle accelerates
muscle regeneration [225] and myotube differentiation [226] respectively. Although
LIF and IL-6 mRNA are barely detectable in normal, uninjured muscle the expression
of these factors within hours of muscle injury suggest they play a role in the earliest
events of muscle repair [227]. In parallel with these observations is the report of
increased expression of LIF receptor (LIFR) mRNA in satellite cells and other
mononuclear cells located in the extracellular spaces [228]. Interestingly the receptor
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for CNTF (CNTFR) has recently been shown to be a direct target of the Pax7
transcription factor [229]. Pax7 has emerged as an important early marker of myogenic
specification [230] but being located intracellularly cannot to be used directly for cell
sorting and selection by flow cytometry. Thus targets of this transcription factor, like
CNTFR, may offer novel markers of myogenicity.
In contrast to LIF and CNTF, IL-6 does not appear to contribute directly to muscle
regeneration but rather drives proteolysis thereby promoting the degradation of necrotic
fibres [231]. Although IL-6 has been shown to induce the in vitro expansion of murine
[232] and human [233] myoblasts the over expression of IL-6 in transgenic mice leads
to muscular atrophy [234] as does the direct injection of exogenous IL-6 [235]. Taken
together these observations demonstrate the capacity of IL-6 to drive muscle
degeneration and loss.
IL-6 has also been shown to increase collagen production by fibroblasts in vitro [236]
while IL-6 -/- mice have been reported to develop significantly less fibrosis in a mouse
model of carbon tetrachloride induced liver disease [237]. IL-6 significantly increases
TGF-β signalling [238], which is an important cytokine in the development of fibrosis
in dystrophic muscle [239]. It is important to note that in a study that examined IL-6
mRNA levels in normal and dystrophic muscles Kurek et al has reported significant
levels in the muscles of mdx mice (3 wks to 6 mths) while expression in wild type mice
of the same age was barely detectable [240].
Corticosteroid administration to Duchenne patients is known to have beneficial effect in
slowing disease progression though the exact mechanism of action remains to be
elucidated. Dexamethasone is thought to block IL-6 gene transcription by a mechanism
in which the glucocorticoid receptor physically occludes the access of transcription
factors and co-activators to the IL-6 promoter [241]. In lung derived epithelial cell lines
Borger et al have reported that concentrations of prednisolone greater than or equal to
0.01 μg/ml significantly diminished IL-6 secretion [242] while during human
endotoxemia, prednisolone dose-dependently inhibited the LPS-induced release of
TNF-α and IL-6 [243].
In vitro human myoblasts have been demonstrated to produce IL-6 in a dose-and timedependent response to IL-1β, tumour necrosis factor (TNF-α) and lipopolysaccharide
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(LPS) [244]. This may explain the beneficial effects generated in dystrophic muscle
following anti-TNF-α treatment either by antibody blockade [245] or the inhibition of
mast cell degranulation [246]. The ability of TNF-α to induce IL-6 expression and IL6s ability to drive necrosis may also explain the observation by Granchelli et al that
increased numbers of mast cells in an mdx/Tsk+/+ double mutant resulted in more severe
pathology [247].
Evidence that IL-6 drives muscle degeneration and loss while playing a role in fibrosis,
when taken together with the indirect evidence that treatment regimes that modulate
pathogenesis of dystrophic muscle may be functioning through IL-6 suggest a potential
role for IL-6 in the pathogenesis of DMD.
The growth factors and cytokines mentioned above represent pathways in normal
skeletal muscle repair the components of which may represent novel targets for the
isolation of muscle precursor cells. The long term success of myoblast transfer therapy
will depend not only on the introduction of cells capable of participating in the muscle
regeneration process but more importantly on an ability to re-populate the satellite cell
niche. By focussing future work towards understanding the biology of both muscle
degeneration and regeneration and how these processes interact, novel treatments to
control DMD pathogenesis and improve outcomes following MTT will hopefully be
achieved.
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