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General Introduction

1.1 Duchenne muscular dystrophy

Aetiology and pathology

In 1852 Edward Meryon was the first to describe the severe muscle wasting
disease we now know by the name of Duchenne muscular dystrophy (DMD)
(Meryon, 1852). It was named after the man who made a detailed description
16 years later, Guillaume Duchenne (Duchenne, 1868). Early symptoms are
muscle weakness and hypertrophy of the calf muscles, apparent around the
age of four. Within a few years, patients have difficulty walking and need
Gowers’ maneuver to stand up (figure 1, Gowers), early in their second
decade they lose the ability to walk or stand altogether. Without treatment,
patients die of respiratory failure around the age of twenty. However, with
current treatment, especially assisted ventilation, most patients in the
western world make it into their third decade. The heart muscle is also
affected in DMD and nowadays 10-30% of patients die of heart failure (Cox
and Kunkel, 1997).

Figure 1: Gowers’ manoeuvre. Standing up by 1. getting on hands and knees, followed
by 2. stretching the legs and 3. ‘walking’ the hands up the upper legs, is a typical sign
of Duchenne muscular dystrophy. (Drawings from Gowers, Pseudo-hypertrophic
muscular paralysis: a clinical lecture, 1879, J A Churchill, London)

One in every 3500 newborn boys is affected by the disease, which proved to
be monogenic and is caused by mutations in the X-chromosomal 2.2 Mb DMD
gene (Koenig et al., 1987), the biggest human gene known to date. The protein
it encodes is called dystrophin, is located at the cell membrane, better known
as sarcolemma (Wakayama et al., 1993), and can be divided in four domains:
the N-terminal domain, the central rod domain, the cysteine-rich domain and
the C-terminal domain (figure 2) (Hoffman et al., 1987; Blake et al., 2002). The
N-terminal domain and elements of the central rod domain interact with
cytoskeletal actin; the N-terminal part binds actin tightly, while repeats 11-17
in the central rod domain have a looser electrostatic interaction (Rybakova et
al., 2006). Through spectrin-like repeats 1-3 in the central rod domain,
dystrophin also interacts with phospholipids in the sarcolemma (Legardinier et
al., 2008). Further, the spectrin-like repeats in the central rod domain give the
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protein elastic properties (Mirza et al., 2010). The cysteine rich and C-terminal
domains interact with a series of proteins at the sarcolemma to form the
dystrophin-glycoprotein complex (DGC) (Judge et al., 2006). Through B- and a-
dystroglycan in the DGC, dystrophin is connected to the sarcolemma and the
extracellular matrix (ECM). This connection, plus the interaction with actin and
the elastic properties, makes dystrophin into a shock absorber (Ervasti, 2007)
and stabilize muscle fibers during contraction. If one of the two actin binding
parts is deleted this effect is partly lost, but compared to DMD, the phenotype
is mild (Corrado et al., 1996, also see Becker muscular dystrophy on page 29).
Neuronal nitric oxide synthase (nNOS) is recruited by both dystrophin itself
(Lai et al., 2009) and syntrophin, which is part of the DGC (Miyagoe-Suzuki and
Takeda, 2001). nNOS is activated by the increased Ca** levels during
contraction, through Ca/calmodulin (Bredt and Snyder, 1990). Activation of
nNOS is important for a normal muscle function, since nitric oxide (NO)
relaxes smooth muscle, i.e. dilates blood vessels, preventing functional
ischemia (Sander et al., 2000; Asai et al., 2007) and increasing glucose uptake
(Baron et al., 1996). It also increases glucose uptake through AMPK-a-1
signaling (Deshmukh et al., 2010).

Actin Lipid Actin Dystroglycan  Syntrophin
nNOS

Figure 2: The dystrophin protein. The dystrophin protein can be divided in an N-
terminal domain (NT), a central rod domain with spectrin-like repeats 1-24 and hinges
1-4, a cystein rich domain (CT) and a C-terminal domain (CT). Regions interacting with
other molecules are depicted underneath the protein.

In DMD, pre-mature stop codons occur during transcription due to nonsense
and splice-site mutations and frame shifting deletions or duplications
(Aartsma-Rus et al., 2006b). The resulting proteins are truncated, no longer
recruit the DGC proteins and no longer stabilize muscle fibers. As a result,
muscle fibers will be damaged upon contraction and eventually will die.
Symptoms in skeletal muscle and heart are most severe, although severity
differs between different muscles (Porter et al., 2004). Further, dystrophin is
also expressed in other tissues and the absence of dystrophin is shown to
have detrimental effects in these tissues as well. For instance, a third of all
patients has mental impairment, with approximately 20% having an
intelligence quotient of 70 or lower (Emery, 2002). The absence of dystrophin
in vascular smooth muscle cells is thought to contribute to the skeletal muscle
and heart pathology (Asai et al., 2007; Loufrani et al., 2004); restoration of
dystrophin only in vascular smooth muscle cells already greatly ameliorates
DMD symptoms (lto et al., 2006). Absence in the intestinal smooth muscle
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cells results in slower bowel transit and lower fecal output (Mule et al., 2010).
In mdx mice, the mouse model for DMD, prostate function is also impaired
(Pinto et al., 2010).

Repair in healthy muscle

In healthy people, despite the presence of dystrophin, excessive exercise will
still cause muscle damage (McNeil and Khakee, 1992). Several mechanisms
are activated to repair this damage and to prevent damage in the future (see
figure 3 for a simplified schematic overview, see table 1 for an overview of the
main factors involved). To be able to sustain a high workload in the future, the
high intracellular Ca** levels, caused by an influx of Ca®* through the damaged
sarcolemma and ion channels, will induce hypertrophy of the muscle fibers
through the calcineurin/NFAT pathway (Jiang et al., 2009) and the insulin-like
growth factor (IGF)/Akt pathway (Shavlakadze et al., 2010). To restrain
hypertrophy, the IGF-1 pathway is inhibited by myostatin (Otto and Patel,
2010). Further, to repair ruptures in the sarcolemma, vesicles expressing
dysferlin and trim72/mg53 are recruited within seconds after muscle damage
and fuse with the sarcolemma at the site of damage (Han and Campbell, 2007;
Cai et al., 2009). Trim72/mg53 also acts as a negative feedback mechanism, by
inhibiting the IGF/Akt pathway (Lee et al., 2010). Finally, to remove damaged
proteins, calpain 3 is activated (de Morree et al., 2010).

Dormant satellite cells

Muscle damage l
'/‘/ \ Activated satellite cells
Repair  Hypertrophy Necrosis i

|

Inflammation to remove debris

!

Fibrosis to save functionality

|

Breakdown of fibrotic tissue to
make room for novel myotube Myotube maturation

Division of satellite cells and
satellite cell fusion

Novel myofiber

Figure 3: Simplified schematic overview of cellular mechanisms after muscle damage.
In healthy muscle, repair and hypertrophy are the main mechanisms. Due to the
absence of dystrophin, myofibers damage more easily in DMD and necrosis occurs
much more often. Further, because of the constant cycles of necrosis and
inflammation in DMD, there is not enough time for this mechanism to work properly
and eventually myofibers are replaced by permanent fibrosis and fat tissue.
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If part of a muscle fiber is too severely damaged to be repaired, it can be split
off of the rest of the muscle fiber and be degraded (Carpenter and Karpati,
1979; Papadimitriou et al., 1990). During this process an immune reaction,
including pro-inflammatory M1 macrophages, mediates clearance of the
cellular debris. However, these cells also cause extra damage to the
surrounding tissue and inhibit regeneration. Therefore, 2-4 days after damage
the macrophage population shifts to M2 macrophages, which are anti-
inflammatory and induce regeneration (Arnold et al., 2007; Tidball and
Wehling-Henricks, 2007; Tidball and Villalta, 2010). TGF-B, produced by
immune cells, is shown to induce this shift (Vidal et al., 2008), through
induction of the IKK-B/NF-kappa-b pathway (Fong et al., 2008). On the other
hand, this pathway is associated with an increase in overall inflammation
(Acharyya et al., 2007) and inhibition of regeneration (Guttridge et al., 2000;
Acharyya et al., 2007).

Apart from reducing inflammation and inducing regeneration, M2
macrophages furthermore induce the production of connective tissue (Vidal et
al., 2008), which replaces the necrotic fibers to ensure tissue functionality and
stability during regeneration (Jarvinen et al., 2005). Connective tissue is also
induced by angiotensin Il through up-regulation of myostatin (Li et al., 2008;
Wang et al., 2008a), TGF-B (Sun et al., 2009) and osteopontin (Kupfahl et al.,
2000). Interestingly, the angiotensin Il type | receptor is not only activated by
angiotensin Il, but also by mechanical stress on the sarcolemma (Zou et al.,
2004). Osteopontin does not only induce the production of connective tissue,
but is shown to be important for fibroblast survival (Zohar et al., 2004) and
differentiation (Lenga et al., 2008) as well. Fibroblast proliferation is induced
by myostatin (Li et al., 2008) and platelet derived growth factor (PDGF), PDGF
itself is up-regulated by TGF-B and the PDGF receptor B is up-regulated by
angiotensin (Wang et al., 2008b). Angiotensin also reduces blood flow through
vasoconstriction, which reduces oxygen supply and thereby reduces muscle
activity, giving the muscle time to repair the damage. Decorin and biglycan are
part of the connective tissue and are known to inhibit both myostatin and
TGF-B (Brandan et al., 2008; Kishioka et al., 2008); another negative feedback
mechanism, this time to prevent excessive fibrosis. Follistatin has a similar
function (Abe et al., 2009b).
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Table 1: Overview of the main factors involved in muscle hypertrophy, repair,

degeneration and regeneration.

Factor

Effect

Angiotensin Il

TGF-B up

Myostatin up

Platelet derived growth factor receptor up
Osteopontin up

Vasoconstriction

VEGF up

calcineurin/NFAT pathway

Hypertrophy
Interleukin-4 up

Remove damaged area/enable cellular

Calpain3 remodelling
Decorin and biglycan Inhibit myostatin
Inhibit TGF-B
Dysferlin Sarcolemma repair
Follistatin Inhibit myostatin

Hepatocyte growth factor
(HGF)

Satellite cell activation
High level: myostatin

Hypoxia

MGF up
ca® (ryanodine receptor) up
Myoblast differentiation

Insulin-like growth factor/Akt pathway
(IGF)

Hypertrophy

Interleukin-4
(11-4)

u-PA and u-PAR up
Integrin expression on myoblasts

M1 macrophages

Increase immune reaction
Cell lysis

M2 macrophages

Reduce immune reaction
Induce regeneration
Debris clearance

Induce fibrosis

1I-4 up

Mechano growth factor
(MGF, IGF splice variant)

Satellite cell activation

Matrix metalloproteinases
(MMPs)

Release membrane bound HGF
Release membrane bound NRG1
Cleave beta-dystroglycan

ECM breakdown
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Myostatin Inhibit IGF
Fibroblast proliferation

Neuregulin-1 Prevent SC apoptosis
Mononuclear cardiomyocytes proliferation
Ca®* homeostasis maintained

eNOS up
Neuronal nitric oxide synthase Dilated vessels/prevent ischemia
(nNOS) Increases glucose uptake

MMP up

Satellite cell activation

Reduce inflammation

Inhibits HDAC2 - hypertrophy

Upon inactivity = cytoplasm = atrophy

Notch Satellite cell activation

Osteopontin Fibroblast survival
Fibroblast differentiation

Platelet derived growth factor Fibroblast proliferation
(PDGF)
Transforming growth factor-beta Fibrosis
(TGF-B) Platelet derived growth factor
M1 macrophage = M2 macrophage
Tissue inhibitor of MMP Inhibit MMP
(TIMP)
Trim72/mg53 Sarcolemma repair
Inhibit IGF/Akt
u-PA and u-PAR plasminogen = ECM breakdown
Vascular endothelial growth factor Neovasculature
(VEGF)

To replace the necrotic myofiber that has been removed, satellite cells (SCs,
the muscle stem cells) are activated by the notch pathway (Conboy et al.,
2003; Turk et al., 2005), mechano growth factor (a splice variant if IGF)(Hill
and Goldspink, 2003), nitric oxide (NO) and hepatocyte growth factor (HGF). In
addition NO induces the production of matrix metalloproteinases (MMPs)
(Hnia et al., 2007), which increase HGF levels by cleaving membrane bound
HGF. Interestingly, high levels of HGF are shown to induce myostatin
expression; this possibly is another negative feedback mechanism (Yamada et
al., 2010).

Under influence of all the activating factors, SCs start to divide rapidly and
move towards the injured area. The distance covered can be up to millimeters
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(Schultz et al., 1985), but movement between different myofibers is rarely
seen. SCs develop into myogenic precursor cells and fuse with each other to
form a new myotube, all under the influence of the myogenic transcription
factors: myoD, myf5, myogenin and mrf4 (Perry and Rudnick, 2000). These
differentiating myofibers can function in the hypoxic conditions created by the
angiotensin induced vasoconstriction, in fact the mouse myoblast cell line
C2C12 needs hypoxia to differentiate (Ono et al., 2006). However, maturing
fibers need new blood vessels to supply them with oxygen. These are formed
under the influence of vascular endothelial growth factor (VEGF), which is
activated by angiotensin Il as well (Amaral et al., 2001). To improve satellite
cell mediated repair, the damaged myofibers and the M2 macrophages
produce interleukin-4 (Il-4) (Horsley et al., 2003), which has been shown to be
induced by the calcineurin/NFAT pathway (Jiang et al., 2009). Il-4 up-regulates
u-PA and u-PAR, which will cause ECM breakdown through plasminogen, and
it up-regulates integrins, which will improve satellite cell adhesion (Lafreniere
et al., 2006).

In differentiating SCs, but also in motor neurons innervating the muscle,
neuregulin-1 is up-regulated (Hirata et al., 2007), for instance by cleavage of
membrane bound neuregulin-1 by MMPs (Shirakabe et al., 2001; Lebrasseur
et al., 2003). Neuregulin-1 prevents SCs from apoptosis (Golding et al., 2007)
and is shown to induce proliferation in mononuclear cardiomyocytes (Bersell
et al., 2009). Further, neuregulin-1 is shown to activate endothelial-NOS,
which will enhance muscle perfusion. Finally, it is proven to have a beneficial
effect on Ca®* homeostasis in cardiomyocytes (Brero et al., 2010).

Like plasminogen, MMPs also break down the connective tissue and thereby
make room for the newly formed myotube (Guerin and Holland, 1995; Wang
et al., 2009b). To control this process, MMPs are inhibited by tissue inhibitor
of metalloproteinases subtype 1 (Dennis et al., 2008). If regeneration takes
too long, because there is too much damage or because regeneration is
inefficient, the connective tissue will become denser and a certain amount of
fibrotic scar tissue can remain (Kaariainen et al., 2000). With increasing age,
satellite cells are shown to be less effective (Webster and Blau, 1990) due to
the presence of this scar tissue in the interstitium (Gopinath and Rando,
2008). Further, reduced blood supply, neuromuscular junction remodeling
(Gopinath and Rando, 2008) and possibly a decrease in SC number (Day et al.,
2010) reduce effectiveness of SC repair. The impact of these environmental
changes on functionality is underlined by the major differences seen between
dystrophin knock out mice with different, otherwise healthy, genetic
backgrounds (Fukada et al., 2010). Dystrophin negative mice with a mostly
DBA/2 background showed to be more severely affected than standard mdx
mice with a C57BL/10 background. This might be explained by the reduced
regenerative capacity of satellite cells seen in healthy DBA/2 mice after
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repeated injury (Fukada et al., 2010). Possibly elevated bone morphogenetic
protein 4 (BMP4) levels cause this reduced capacity. After induction of bone
formation, BMP4 levels in DBA/2 were low after 2 weeks and high after 4
weeks, while in C57BL/6, a mouse comparable to C57BL/10, the opposite was
the case (Marusic et al., 1999). Together with the facts that quiescent satellite
cells are shown to have high BMP4 levels (Fukada et al., 2007) and inhibition
of BMP4 ameliorates symptoms in the mdx mouse (Shi et al., 2011), this could
indicate an important role for BMP4. However, it is unknown whether satellite
cells and/or other cells of DBA/2 mice also have elevated BMP4 levels after
induction of muscle regeneration. Another difference is that DBA/2 mice are
shown to be more prone to fibrosis, probably because of an increased activity
of T helper 2 cells (Chung et al., 2003). These cells support M2 macrophages
(Wehling-Henricks et al., 2010) and although M2 macrophages have beneficial
effects on regeneration, they also induce fibrosis.

Finally, even in young and healthy people the regeneration process is not
perfect. For instance in power-lifters, who have repeated but mild muscle
damage, signs of suboptimal repair can be seen (Eriksson et al., 2006). They
have split fibers, as well as an altered microstructure. Over time, such changes
can lead to a decrease in force, because of altered excitation contraction
coupling, and higher susceptibility to damage (Head et al., 1990; Lovering et
al., 2009; Head, 2010; Friedrich et al., 2010).

Muscle damage in DMD

Due to the absence of dystrophin, myofibers of DMD patients will already be
damaged after everyday use of muscles. And because of the extent and
chronicity of this damage, repair mechanisms have difficulties to ensure
sufficient repair. Therefore, the malformations mentioned above, which are
seen in healthy subjects after many years, can already be seen in the embryo
of the mdx mouse model (Merrick et al., 2009). A loss of satellite cells has also
been seen in mdx (Merrick et al., 2009), however this is not seen in DMD
patients (Kottlors and Kirschner, 2010). In due course, high levels of
intracellular Ca®*, that enter myotubes not only through the damaged
sarcolemma, but also through malfunctioning transient receptor potential
cation (TRPC) and stretch-activated ion channels (Bellinger et al., 2009;
Fanchaouy et al., 2009; Millay et al., 2009), cause more extensive necrosis
through increased mitochondrial permeability, production of reactive oxygen
species (ROS) and calpain mediated protein degradation (Turner et al., 1988;
Millay et al., 2008; Shkryl et al., 2009). The parts of the fibers that do survive
might accumulate deletions in the mitochondrial DNA due to the reactive
oxygen: mitochondrial DNA deletions accumulated in healthy aged muscle
fibers are shown to lead to fiber malformation and eventually fiber loss
(Herbst et al., 2007).
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In healthy muscle, necrotic fibers are replaced by connective tissue, which is
later mostly resolved and replaced by the regenerating myofibers. However in
DMD, the degree of permanent fibrosis increases, because of the continuous
damage (Chung et al.,, 2003). This process occurs despite anti-fibrotic
mechanisms, such as down-regulation of myostatin (Chen et al., 2005) and up-
regulation of decorin (Fadic et al., 2006; Abe et al., 2009a), biglycan (Fadic et
al., 2006) and follistatin (Chen et al., 2005).

The constantly induced inflammation is harmful (Gosselin and McCormick,
2004; Mavrogeni et al., 2010), and also appears to be an important factor
causing fibrosis, since mdx mice without T and B lymphocytes show a
significant reduce in fibrosis (Farini et al., 2007). Possibly, the chronic
inflammation and necrosis cycles even cause extra fibrosis, since fibroblasts
from dystrophic muscle are shown to be constitutively active (Mezzano et al.,
2007) and even satellite cells from dystrophic muscle are shown to produce
collagen (Alexakis et al., 2007). If, in the future, a therapy is found which
prevents damage in DMD, these fibroblasts and SCs might have to be
normalized, or ‘reset’, to stop the pathology completely. Not only the loss and
malformation of myofibers, but also fibrosis hampers muscle function,
especially if it is endomysial (Desguerre et al., 2009). A close connection
between SCs and endothelial cells is important for regeneration (Christov et
al., 2007); this connection might be lost by increased fibrosis. Malformations
of the blood vessels, such as multiple basement membranes, might also
interfere with this connection (Miike et al., 1987).

As mentioned before, pathology is further increased because nNOS is not
recruited to the sarcolemma (Chang et al.,, 1996). The absence of NO
produced by nNOS will lead to functional ischemia and damage caused by
functional ischemia takes longer to be repaired; force and fatigue resistance
are still greatly reduced at 14 days after injury (Vignaud et al., 2010).

NO also inhibits histone deacetylase 2 (HDAC2), and an siRNA induced
reduction of HDAC2 ameliorated symptoms in mdx muscle (Colussi et al.,
2009). Class Il HDAC activity is reduced upon increased Ca** levels, leading to
myocyte enhancer factor 2 mediated muscle development (reviewed by
McGee and Hargreaves, 2011), possibly especially of slow twitch fibers
(Potthoff et al., 2007).

After a prolonged time of inactivity, nNOS is released from the DGC and
moves into the cytoplasm (Suzuki et al., 2007). There it will activate the Foxo
pathway, a well know pathway that leads to muscle atrophy (Sandri, 2010). It
is likely that iNOS, which is also located in the cytoplasm and which has a high
expression in inactive and a low expression in active muscles (Song et al.,
2009), has the same effect. nNOS that is not recruited to the sarcolemma in
DMD possibly has this effect as well. Furthermore, NO is shown to have an
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anti-inflammatory effect (Wehling et al., 2001). Loss of NO in DMD can
therefore aggravate inflammation.

Next to nNOS recruitment, a-syntrophin is also suggested to recruit voltage
gated sodium channels (NaCh)(Piitulainen et al., 2008). And transient receptor
potential cation channels (TRPC) are also thought to be associated with the
DGC (Sabourin et al., 2009). Therefore the functionality of these channels
might be impaired in DMD.
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1.2 Treatment of DMD

Among the mechanisms involved in muscle repair and regeneration, there are
several factors that can be interesting for DMD treatment. For instance NO
donors (Mizunoya et al., 2011), since NO has a beneficial effect on all
important processes, namely inflammation, fibrosis and regeneration, or
neuregulin-1 up-regulation (see page 28), since it has a beneficial effect on
both skeletal muscle and the heart and maybe even on the innervating
neurons, or angiotensin inhibition (see page 27), since practically all fibrotic
factors are increased by angiotensin. However, these are very general
molecules and treatment might lead to detrimental effect elsewhere in the
body. This could be overcome by specific delivery to the muscle, or by
targeting a muscle specific factor in their pathways. A good example of this
last option is targeting of myostatin (see page 27). Another example might be
inhibition of stretch activation of the angiotensin receptor. Further, due to the
complexity of repair and regeneration mechanisms, with several agents
working on the same process and many negative feedback mechanisms, and
additional regulation by miRNAs (Eisenberg et al., 2007; Yuasa et al., 2008;
Greco et al., 2009; De, V et al., 2010), it is unlikely that changing the level of
one factor will extensively normalize muscle pathology in patients. For
instance, corticosteroids are shown to have a beneficial effect on several
symptoms, but, although the beneficial effects are certainly noticeable, they
are relatively limited (see chapter 1.2.1). If the underlying cause, absence of
dystrophin, is not corrected, such treatment will only partially relieve
symptoms and can only delay disease progression. Thus, treatments that can
restore a (partially) functional dystrophin at the sarcolemma (see chapter
1.2.2 and 1.3) are preferred. The restored dystrophin might be sufficient for
the body to adequately regulate repair and regeneration again. In case repair
and regeneration still is not 100%, stimulation or inhibition of one or more
factors from the repair and regeneration processes can be very helpful.

1.2.1 Current treatment

A treatment that restores dystrophin is not available yet, however, palliative
treatments have proven to improve quality of life. Present day management
of the disease is extensively described by Bushby and colleagues (Bushby et
al., 2010a; Bushby et al., 2010b) and includes, among others, the use of
assisted ventilation, corticosteroids, physical therapy, orthoses and scoliosis
surgery.
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Assisted ventilation

From the list of interventions, assisted ventilation has proven to be most
effective. Respiratory failure used to be the main cause of death, with patients
dying within a year after the first symptoms of respiratory failure. Assisted
ventilation has prolonged lives up to 15 years (Eagle et al., 2002; Kohler et al.,
2009) and has greatly improved quality of life as well (Dreyer et al., 2010).

Corticosteroids

In the last two decades corticosteroids like prednisone, prednisolone (the
active form of prednisone) and deflazacort have also proven to be beneficial in
DMD and currently they are the only medicines widely prescribed for DMD
patients. Clinical trials with these corticosteroids have shown improvement in
muscle strength and function, mainly on the short term, but evidence for long
term effects is available as well (Manzur et al., 2008; Guerron et al., 2010).
Unfortunately, long term corticosteroid treatment is accompanied by side
effects, including osteoporosis, weight gain, growth inhibition, delayed
puberty and cataracts, and sometimes patients cannot continue treatment
because of these side effects. An alternating dosing regimen, such as 10 days
on 10 days off (Straathof et al., 2009), might reduce severity of side effects,
and combining corticosteroids with a synergistic drug might make it possible
to lower their dose (Cozzoli et al.,, 2010). Also, of the used corticoids,
deflazacort is thought to cause fewer side effects. Finally, the effect of
corticosteroids on heart is unclear. Some studies suggest a beneficial effect
(Markham et al., 2008; Mavrogeni et al., 2009), while others suggest a
negative effect (Bauer et al., 2009; Guerron et al., 2010). It must be noted that
the first two studies were generated from patient data, while the latter were
done in mice. More research is needed to clarify these suggestions as well as
the beneficial effects of corticosteroids on the long term. Currently a clinical
trial, consisting of 300 patients, is being planned by NIH and TREAT-NMD to
answer these questions (FOR-DMD).

The exact way in which corticosteroids alleviate symptoms is unknown, but
anti-inflammatory effects are likely to be very important. The NF-kB pathway
is shown to be inhibited through activation of the glucocorticoid-induced
leucine zipper (GILZ) (Kagoshima et al., 2003; Ayroldi and Riccardi, 2009).
Further, Wehling-Henricks and colleagues showed a decrease in immune cell
specific adhesion molecules and a subsequent decrease in immune cells
(Wehling-Henricks et al., 2004). Nevertheless, even in a dystrophin deficient C.
Elegans the amount of degenerating cells is decreased after treatment with
prednisone (Gaud et al., 2004). Since C. Elegans only has a very simple
immune system this indicates that other mechanisms may be involved. This
idea is supported by the fact that corticosteroids increase the tetanic force of
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myofibers grown in vitro (Vandenburgh et al., 2009). No effect was seen with
the anti-inflammatory drug azathioprine (Griggs et al., 1993), however the
mechanism of immune inhibition is not identical for azathioprine and
corticosteroids.

Corticosteroids might also increase the expression of utrophin, which can
partly take over dystrophin’s function (see page 26), possibly by increased
transcription through the calcineurin/NF-AT pathway (St Pierre et al., 2004),
though others claim utrophin mRNA levels are unaltered (Courdier-Fruh et al.,
2002). Maybe utrophin protein levels are elevated by alternative translation
through an internal ribosome entry site (IRES) (Miura et al., 2008). Induction
of the calcineurin/NF-AT pathway also increases Il-4 expression (St Pierre et
al., 2004), which can shift macrophages from the damaging M1 phenotype to
the more beneficial M2 phenotype (Villalta et al., 2009), and Il-4 is expressed
by differentiating muscle fibers to attract myoblasts (Horsley et al., 2003). This
indicates a positive effect of corticosteroids on differentiation. On the other
hand, corticosteroids are shown to down-regulate the myogenic transcription
factors myogenin and myoD, through binding to the GILZ (Almon et al., 2007;
Bruscoli et al., 2010).

Fibrotic agents TGF-B and collagen are also inhibited by corticosteroid
treatment (Hartel et al., 2001), however this could be a result of reduced
inflammation. There is evidence that corticosteroids stabilize the sarcolemma
(Weissmann, 1976), act as free radical scavengers (Suzuki et al., 1985) and
reduce intracellular Ca®* levels (Leijendekker et al., 1996), which all would
prevent most of the damage that occurs due to the lack of dystrophin.
Utrophin is shown to be a substrate of the Ca®* induced calpain (Courdier-Fruh
and Briguet, 2006), thus the previously mentioned increase in utrophin levels
might also be caused by a reduction in breakdown. Others, however, have not
seen a reduction in Ca®* levels after corticosteroid treatment (Vandebrouck et
al., 1999).

1.2.2 Potential therapies

There is a large amount of potential therapies, aimed at alleviating a specific
element of the pathology, or aimed at preventing muscle damage altogether.
Efficiency of these therapies naturally depends on their target(s), but also on
how much of the potential medicine is delivered to the muscle. Since
approximately 40% of the body consists of muscle tissue, local injection to
achieve efficient delivery is not a realistic option. In heart and diaphragm,
tissues which are very important in the course of the disease, local injections
are even impossible, especially when repeated injection is required.
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After systemic administration, the potential medicines have a few barriers to
overcome (figure 4). First, they should not be altered or destroyed by the
immune system or enzymes present in the bloodstream. Further, if they are
not administered intravenously (e.g. orally, topically, subcutaneously or
intraperitoneally), they should not be trapped at the delivery site, but diffuse
or move to the vascular system. Next, the compound has to extravasate,
preferably at the muscle tissue. For small molecules this is relatively easy, but
for bigger medicines passing the endothelium is not so straightforward, some
might even say it is impossible (Prof. G. Storm, personal communication).
However, due to the continuous inflammation, the endothelium in DMD
patients is not as tightly closed as is the case in healthy muscle. Further,
vessels in DMD show malformations, which could increase permeability. On
the other hand, another malformation in DMD, the increased fibrosis, is an
additional barrier for the medicines. Finally, medicines have to move from the
interstitium into the muscle fibers. Normally, this is a difficult barrier to cross,
especially for bigger molecules. However, because of the damaged
sarcolemma in DMD, medicines can move into the myofibers relatively easily
(Chapter 4). If a medicine is actively taken up by the myofiber, through
endocytosis, it has to escape from the endosomes as well. Finally, in case a
medicine efficiently normalizes the endothelium and sarcolemma in DMD
patients, these barriers will be more difficult to pass during later treatments.

Myofibers are long multinucleated fibers and it is unclear whether medicines
that enter one part of the fiber also have an effect on the rest of the fiber. For
instance, if a new DMD gene is inserted, will the mRNA or protein it produces
move into the whole cell, or will it stay locally? It is known the myofiber is
made up of nuclear domains, and in Drosophila it has been shown that mRNA
transport is restricted to these domains (van Gemert et al., 2009). Also, shortly
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after fusion of LacZ expressing human bone marrow mesenchymal stem cells
to mouse myofibers, x-gal staining is confined to a small area, however, over
time, the stained area increases considerably (de la Garza-Rodea AS et al.,
2010). A patient with somatic mosaicism for dystrophin showed a similar
effect, blood cells were 50% dystrophin positive, as expected, but muscle
fibers were 80% dystrophin positive (Kesari et al., 2009). This is probably
caused by replacement of dying dystrophin negative fibers by myotubes
formed by dystrophin positive SCs. During regeneration, proliferating SCs
move long distances along the myofibers, thus if 50% of these cells is
dystrophin positive, it is possible that dystrophin will be restored in a bigger
area over time. The heart does not have the same kind of regeneration as
skeletal muscles, therefore this process will probably not take place in the
heart (Tanaka et al., 1990). Thus, in this case pathology will be reduced in
skeletal muscle but not in the heart, which could aggravate heart problems
(Townsend et al., 2009). This might require additional treatment of the heart,
transplantation being one of the options.

Unfortunately, cost-effectiveness is also important. Currently, the total cost of
healthcare in the Netherlands is 83.8 billion euro per year, or 14.7% of the
gross national product, and costs have grown approximately 6% in both 2008
and 2009 (CBS). To many people, health is much more important than money,
but in countries with a mainly publicly financed healthcare system, cheaper
treatments will be preferred by the government and insurance companies.

Gene therapy

In recessive genetic diseases, such as DMD, a non-mutated copy of the gene
can be introduced as a treatment, using gene therapy, for instance with viral
vectors. Encouraging results with integrating viral vectors have been seen in
clinical trials for Leber’s congenital amaurosis (Cideciyan et al., 2009) and for
adrenoleukodystrophy (Cartier et al, 2009). Unfortunately, random
integration in the genome can lead to oncogenesis, as seen after gene therapy
of X-linked SCID patients (Hacein-Bey-Abina et al., 2008). Further, cells must
divide for these viruses to integrate and myofibers are postmitotic. However,
SCs are mitotic and will introduce the non-mutated gene in the myotubes by
fusing with them during regeneration. Nevertheless, viruses that do not
integrate their genetic code into the genome, and do not need their target cell
to be mitotic, such as adeno associated viruses (AAVs), will probably be more
efficient and safer. Further, DMD patients have increased fibrosis as well as
less and altered capillaries. AAVs are small enough to cross this and reach the
myotubes, but the other viruses can get stuck in these layers. Because they
are so small, AAVs have a limited capacity and can only contain the cDNA of a
drastically shortened dystrophin protein, so called micro- and
minidystrophins. These dystrophins miss a large part of the central rod
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domain and will not be as functional as full length dystrophin. Nevertheless,
treatment is shown to induce a significant functional improvement in mdx and
dystrophin/utrophin knock out mice (Liu et al., 2005; Wang et al., 2009a). Five
months after treatment with AAV particles containing microdystrophin, 80%
of the muscle fibers were dystrophin positive (Rodino-Klapac et al., 2010), but
treatment was less effective in the heart (Bostick et al., 2009). Other beneficial
genes might also be introduced by AAV. For instance, delivery of the
myostatin propeptide, an inhibitor of myostatin, showed an increase in muscle
mass and a reduction of pathology in mdx mice (Qiao et al., 2008). Since
viruses are immunogenic, repeated treatment will be difficult and
optimization is very important. So far, AAV treatment has been optimized by
testing different serotypes (Wang et al., 2005), and by addition of a muscle-
targeting peptide (Yu et al., 2009) (see page 37 and chapter 6 for more on
muscle targeting). Accessibility can be increased by cells expressing MMP-9
and placenta growth factor (PIGF, an angiogenic factor) which are shown to
reduce fibrosis and increase vascularization (Gargioli et al., 2008). A first
clinical trial with local AAV injections has been conducted in the USA (Mendell
et al., 2010). The treatment itself was well tolerated and micro-dystrophin was
produced albeit at very low levels. However an immune reaction against this
micro-dystrophin was seen in two out of six patients. This could potentially
mean micro-dystrophin gene therapy is not possible in part of the DMD
patients, but the significance of the immune reaction has to be further
elucidated before any conclusions can be drawn. The fact that immune cells
directed against dystrophin were already detected before treatment
commenced, probably directed against revertant fibers, which were present
despite the anti-dystrophin T-cells, might indicate the immune reaction is not
very significant. Finally, although micro-dystrophin production after local
injection shows some promise, local injections will not be feasible for full body
treatment. Efficiency after systemic treatment will be much lower and will
need a very large amount of virus, which, with current technology, will be very
expensive and challenging to produce.

Cell therapy

Since skeletal muscle is repaired by fusion of stem cells (mainly the so called
satellite cells) with damaged muscle fibers, introducing stem cells with a full
copy of the DMD gene would gradually introduce dystrophin in all myofibers.
Initial experiments were done with healthy donor cells, and after promising
results in mdx/nude mice (Partridge et al., 1989), 4 out of 12 patients showed
novel dystrophin in a clinical trial (Mendell et al., 1995). However, to prevent
rejection, patients have to be treated with immune suppressants and these
are shown to have a detrimental effect on the injected cells (Hardiman et al.,
1993). As an alternative, autologous stem cells can be corrected for
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dystrophin ex vivo and re-administered to the patient. Injection of un-
corrected autologous muscle derived CD133+ cells showed no adverse effects,
but did already show an increase in the number of capillaries per myofiber
(Torrente et al.,, 2007). To induce a correct version of the DMD gene in
autologous cells, there are a few options. For instance, induced pluripotent
stem (iPS) cells transfected with a human artificial chromosome (HAC)
produced dystrophin in chimeric mice (Kazuki et al., 2010). Muscle precursor
cells (MPCs) and CD133+ cells infected with a virus coding for a u7 skipping
construct (see page 35), proved to introduce dystrophin after transplantation
(Quenneville et al., 2007; Benchaouir et al., 2007).

After local injection, efficiency of cell therapy is compromised by the lack of
migration away from the injection site (Moens et al., 1996) and the fact a lot
of the injected cells die soon after injection (Fan et al., 1996), especially if
large volumes are injected (Skuk et al., 2007b). Therefore, to reach high levels
of dystrophin positive fibers, up to 200 injections per square centimeter would
be needed (Skuk et al., 2007a). Although such a therapy for one muscle was
well tolerated, this is practically not feasible and systemic treatment would be
preferred. However, the amount of cells that ends up in the muscle after
systemic injection is currently very small. Although skeletal muscle is very
receptive for stem cells and even metastatic cells are shown to be converted
into myofibers (Parlakian et al., 2010), efficiency can still be improved by
selecting the best myogenic stem cell type. Available stem cells are muscle-
derived stem cells, side population cells, CD133+ cells, myoendothelial cells,
perycites, mesoangioblast, multipotent adult progenitor cells, hematopoietic
stem cell, mesenchymal stem cells and iPS cells (Peault et al., 2007). Another
way to improve efficiency is to pre-treat cells. Cells exposed to hypoxia before
treatment showed to be more efficient in a hind-limb ischemia mouse model
(Leroux et al., 2010), the same is true for NO treatment (Spallotta et al., 2010).
Further, combining stem cell therapy with other therapies can greatly improve
efficiency, combinations with an antibody against myostatin (Geng et al.,
2009), laminin-111 (Goudenege et al., 2010), the E domain of MGF (Mills et
al.,, 2007) and cells expressing MMP-9 and PIGF (Gargioli et al., 2008) have
already proven to be successful in mouse models, as well as exercise
(Bouchentouf et al., 2006).

Nevertheless, although stem cell therapy has proven its potential in animal
models, major improvements still have to be made to make stem cell therapy
clinically applicable, especially with systemic injection. Finally, efficient
expression of dystrophin in skeletal muscle has been reported to aggravate
heart problems in mdx mice (Townsend et al., 2009), although cell therapy in
the heart is showing some promise as well (Menasche, 2010).
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Utrophin up-regulation

The utrophin protein is very similar to dystrophin, the N- and C-terminal
domains are 80% homologous (Pearce et al., 1993) and utrophin recruits a
DGC-like complex, although it does not recruit nNOS (Li et al.,, 2010). In
developing muscle and regenerating myofibers utrophin is present along the
whole sarcolemma (Galvagni et al., 2002), but in the adult muscle fiber it is
restricted to the neuromuscular junction (NMJ). Notably, in DMD patients the
level of utrophin is shown to correlate with disease severity (Kleopa et al.,
2006), and in the mdx mouse, the extraocular muscles show a marked up-
regulation of utrophin and do not show a dystrophic phenotype (Lewis and
Ohlendieck, 2010). Artificial up-regulation of utrophin in other muscles might
lead to stabilization of the myofibers. The feasibility of this approach is
demonstrated by the mild phenotype seen in mdx mice, the severe phenotype
seen in dystrophin/utrophin knock out mice (Deconinck et al., 1997) and the
intermediate phenotype of the dystrophin knock out utrophin+/- mice (Zhou
et al.,, 2008)(van Putten et al., manuscript submitted). Further, over-
expression of utrophin is shown to improve the phenotype in mdx mice
(Tinsley et al., 1996; Tinsley et al., 1998).

Compounds that increase utrophin expression have been found by screening a
library of molecules. These molecules are based on known medicines and
have alterations which are potentially beneficial. A first candidate compound
has been tested in healthy volunteers, but serum levels detected were too low
to induce utrophin up-regulation. Other candidate compounds are currently in
pre-clinical testing.

Stop codon read-through

Approximately 10-15% of DMD patients have a nonsense mutation and thus a
premature stop codon, while the rest of the mRNA is unaffected (Tuffery et
al.,, 1998). A few molecules are able to read through these premature stop
codons, while mostly respecting the true stop codons, these include
aminoglycoside antibiotics and PTC124. PTC124 (ataluren®) has been tested in
clinical trials for several diseases (Welch et al., 2007; Kerem et al., 2008) and a
phase 2a clinical trial in DMD patients showed a 10% increase in dystrophin
levels without inducing adverse effects in DMD. A clinical trial with a longer
treatment period was performed to confirm whether the increased level of
dystrophin resulted in functional improvement. Unfortunately, no
improvement was seen in a 6 minutes walking test (press release:
http://ptct.client.shareholder.com/releasedetail.cfm?ReleaselD=448803).
However this is a crude test and a small effect might be present. Currently, the
trial is suspended and further analysis, including dystrophin analysis, is
pending. Gentamicin is also shown to read through premature stop codons in
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the DMD gene (Malik et al.,, 2010). Here, however, there is a risk of
irreversible ototoxicity and transient nephrotoxicity upon chronic use.

Angiotensin I

Because angiotensin Il induces fibrosis in DMD, inhibiting this pathway might
reduce fibrosis and thereby reduce pathology. Indeed, blocking the
angiotensin Il receptor with losartan normalized muscle histology and function
in mdx mice (Cohn et al., 2007). Since angiotensin Il also increases
angiogenesis, blocking it might reduce neovascularization and cause hypoxia
in newly formed myofibers. However, this effect was not apparent in the
treated mdx mice, thus it might be compensated by other pathways.
Currently, a clinical trial with losartan is in preparation, as well as clinical trials
with the angiotensin converting enzyme (ACE) inhibitors ramipril and lisinopril.

Myostatin

Myostatin inhibits muscle growth and induces fibrosis, both of which are
major problems in DMD, therefore blocking myostatin is a very promising
treatment option. The effects of myostatin can be blocked by reducing the
levels of one of its receptors (Dumonceaux et al.,, 2010), increasing a
myostatin inhibitor such as follistatin (Qiao et al., 2008), or by inactivating
myostatin itself. The last option can be achieved with a myostatin targeting
antibody. Such antibodies have been tested in patients with muscle diseases
(not DMD) and were shown to be safe (Wagner et al., 2008). No increase in
muscle mass or functional improvement was seen yet, but single myofibers
isolated from treated patients showed improved contractile properties
(Krivickas et al., 2009). Targeting the myostatin receptors might improve
skeletal muscle mass more efficiently. When myostatin levels are lowered
with 60%, the remaining myostatin can still influence muscle growth and
fibrosis, and no beneficial effect is seen (Welle et al., 2009). If the receptors
are lowered by 60%, 60% of the cells are not influenced by myostatin
anymore, which, possibly, will have a greater effect. A new antibody, targeting
the receptor that binds both myostatin and TGF-B, has been developed by
Accelleron (recently taken over by Shire). This has shown an increase in
muscle mass in healthy volunteers. Clinical trials to assess the efficacy of this
antibody in Duchenne patients are currently ongoing in Canada (press release:
http://www.acceleronpharma.com/content/news/pressreleases/detail.jsp/q/
news-id/143). In the meantime, expressing a dominant negative myostatin led
to an improvement in skeletal muscle in mdx mice, but did not show a
significant reduction in the pathology of the diaphragm (Morine et al., 2010),
especially not in older mice, which have a more advanced pathology (Murphy
et al., 2010). This indicates treatment in patients should start early and that
trials in older patients might have disappointing results. Further, cardiac
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hypertrophy and dysfunction have been shown in mdx mice (Morine et al.,
2010), indicating the heart is not rescued efficiently either.

Neuregulin-1

Neuregulin-1 is important for muscle regeneration and it increases utrophin
expression (Basu et al., 2007). Intraperitoneal injection of a peptide encoding
the epidermal growth factor-like region of neuregulin-1 showed to ameliorate
the phenotype in mdx (Krag et al., 2004). A phase Il clinical trial showed no
side effects and some improvement in heart failure patients (Gao et al., 2010).

Pentoxifylline

Pentoxifylline inhibits human dermal fibroblast proliferation and the collagen
synthesis by these cells (Berman and Duncan, 1989). In mdx no reduction in
fibrosis was seen (Gosselin and Williams, 2006; Burdi et al., 2009), but Ca**
homeostasis was improved and ROS were reduced (Rolland et al., 2006; Burdi
et al.,, 2009). During a clinical trial, pentoxifylline treatment was not well
tolerated by patients and it is unlikely that this compound will be developed
further.

Antioxidants

A lot of the muscle damage in DMD is caused by ROS and scavenging of these
could ameliorate pathology. In mdx mice, treatment with the antioxidant
idebenone showed to be beneficial, also in the heart (Buyse et al., 2009).
Clinical trials with idebenone (phase lll) are ongoing. Oxandrolone, another
antioxidant, is also in clinical trials.

Membrane resealing

The polymer poloxamer 188 is thought to reseal the damaged sarcolemma,
but an initial test did not show a functional improvement in mdx mice
(Quinlan et al., 2006). However, in later experiments it was shown to reduce
the decline in force seen in mdx mice (Ng et al., 2008), and to prevent cardiac
injury in the GRMD dog (Townsend et al., 2010). Poloxamer 407 is thought to
improve delivery of antisense oligonucleotides (AONs, see chapter 1.3, page
29) (Lu et al., 2003; Lu et al., 2005). With poloxamer 188, we have not seen an
increase in exon skipping level (Heemskerk et al, unpublished results).
Possibly, the added effect of poloxamers to the exon skipping therapy is not
by means of delivery but by membrane sealing.
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1.3 Antisense oligonucleotide mediated exon skipping

Currently, the most promising approach to treat DMD might be antisense
oligonucleotide (AON) mediated exon skipping. In this approach one or more
specific exons are removed from the pre-mRNA, in order to restore the
disrupted reading frame (figure 5). To achieve this exon inclusion signals,
and/or splice sites are concealed from the spliceosome by AONs. As a result,
the targeted exon is not recognized as such and is spliced out together with
the introns. Or in other words, the exon is skipped. The resulting dystrophin
protein will be shorter, but at least partially functional, since it contains the
crucial C-terminal domain and can link the actin cytoskeleton to the DGC.
Similar shorter proteins are found in another muscular disease, Becker
muscular dystrophy (BMD). Patients with BMD are generally less severely
affected than DMD patients; some are even a-symptomatic (Ferreiro et al.,
2009). Incidentally, patients with spontaneous exon skipping due to a
mutation in the DMD gene are seen (Matsuo et al., 1991; Ginjaar et al., 2000).

% stop codon

- ’ l deletion exon 45
exon 1-42 x c exon 48—79. pre-mRNA

AON targeting exon 46: exon not recognized by spliceosomal complex

splicing (exon 46 is skipped)

20142 JSEEEe -exond879,,  reading frame mRNA restored

translation

v

m BMD-like protein produced

extracellular matrix

cytoskeletal actin

protein function restored: severe DMD phenotype converted into milder BMD phenotype

Figure 5: Schematic overview of the exon skipping process. In this example exon 45 is
deleted, resulting in a premature stop codon in exon 46. When an AON targeting exon
46 is added, exon 46 is removed from the pre-mRNA, together with the introns. If the
mMRNA is translated a shorter but at least partially functional, BMD-like protein is
produced. (Figure is kindly provided by Annemieke Aartsma-Rus)

Relatively soon after the idea was born, artificial exon skipping was induces for
the first time (Pramono et al., 1996), and shortly after, the first promising
exon skipping results were seen in cell culture of the mdx mouse (Dunckley et
al., 1998; Wilton et al., 1999). In the following years, high skipping levels as
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well as high protein levels were seen in cell cultures of several patients (van
Deutekom et al., 2001; Aartsma-Rus et al.,, 2003) and after intramuscular
injection in both the mdx mouse (Mann et al., 2001) and the hDMD mouse
(Bremmer-Bout et al., 2004 and Chapter 2), which has a copy of the human
DMD gene and facilitates testing of AONs targeting human exons in vivo.
Systemic delivery of the AON also showed to be successful in the mdx mouse
(Lu et al., 2005). Further proof of principle was shown in another animal
model for DMD, the golden retriever muscular dystrophy dog (GRMD), both in
vitro (McClorey et al., 2006) and systemically in vivo (Yokota et al., 2009). In
the GRMD dog, exon 7 is skipped due to a mutation in intron 6, and it needs
artificial skipping of exons 6 and 8 to restore the reading frame (Sharp et al.,
1992). Such double exon skipping has also been successful on patient cell
cultures (Aartsma-Rus et al.,, 2004a) and when it is successful in patients
themselves as well, exon skipping will be applicable for an extra 19% of all
patients (Aartsma-Rus et al., 2009). Further, it has been proposed to treat
patients with a cocktail of AONs targeting a series of exons, to produce a
protein that is a lot shorter than normal dystrophin, but is known to be
functional (Beroud et al., 2007). Unfortunately, while single and double exon
skipping have proven to be relatively straightforward, multi-exon skipping has
been unsuccessful so far (Aartsma-Rus et al., 2006a; van Vliet et al., 2008).
Finally, if patients miss too much of the DMD sequence or if they miss
essential parts, it is doubtful whether they will make protein of sufficient
functionality.

Meanwhile, single exon skipping has made it to the stage of clinical trials. The
most promising AON chemistries available, 2’-O-methyl phosphorothioate
(20MePS) and phosphorodiamidate morpholino (PMO) (see page 32) have
been used for these clinical trials. Local injection with 0.8 mg 20MePS
targeting exon 51 in the tibialis anterior proved to be safe and induced novel
protein production in almost all myofibers in the absence of side effects (van
Deutekom et al., 2007). In a parallel study, 0.09 and 0.9 mg PMO targeting
exon 51 was injected in the extensor digitorum brevis. Again no adverse
effects were detected and protein production was seen in most myofibers for
the highest dose (Kinali et al., 2009). The 20MePS has also been tested
systemically in a phase /Il dose escalation trial, with 5 weekly subcutaneous
injections of 0.5, 2, 4 and 6 mg/kg. Preliminary results show dystrophin
expression in a dose dependent manner for the three higher doses (Goemans
et al., manuscript accepted). The PMO has been tested with 12 intravenous
injections of 0.5, 1, 2, 4, 10 and 20 mg/kg. Here preliminary results showed
dystrophin expression in some of the patients in the four higher doses
(Muntoni et al.,, presented at the World muscle society 2010, manuscript
submitted). The dystrophin in these trials was clearly detectable and, although
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no functional improvement is reported yet, these levels are an indication that
long-term treatment might result in functional improvement as well.

The question arises how much dystrophin is needed to alleviate muscle
weakness. In X-linked dilated cardiomyopathy a patient with 30% dystrophin
did not have muscle weakness (Neri et al., 2007), thus 30% dystrophin might
be enough. Further, a difference in age at loss of mobility was seen between
patients with an average dystrophin level of 5.9% and 14.8% (Nicholson et al.,
1993). As shown in figure 6, skipping levels of only 4% already reduce
immunologic and fibrotic markers in mdx mice. This suggests that, with long-
term treatment, a protein percentage of lower than 30 could have a marked
effect and might even be sufficient. However, this has to be further examined
and the required levels may differ for different mutations.

Despite all the promising results, research is still ongoing to further improve
the efficiency of AON mediated exon skipping. One important issue to be
resolved is the lower skipping efficiency in the heart (Chapter 2). High
dystrophin expression in skeletal muscle and low expression in heart induces
cardiomyopathy in mdx mice and X-linked cardiomyopathy patients
(Townsend et al., 2009).
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Figure 6: Low levels of exon skipping improve muscle condition. After 8 weeks of AON
treatment (4 weeks 50mg/kg and 4 weeks 100mg/kg) mdx mice had exon skipping
levels of ~¥4% and novel protein levels of ~1-2% (data not shown). In these mice, levels
of CD68 (expressed by macrophages), Lox (involved in fibrosis) and MyoD
(transcription factor increased upon regeneration) decreased. (N=4) (* p < 0.05)
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1.3.1 Refinement of antisense oligonucleotide mediated exon skipping

Although exon skipping has already shown to be relatively efficient,
refinement will make it possible to reduce the injected dose or prolong the
effect. Lowering the dose will reduce the possibility of adverse effects and will
make a possible therapy more cost-efficient, which means a possible therapy
will become available for more patients.

Antisense oligonucleotide chemistry

To be applicable for exon skipping, AONs need to meet a few prerequisites.
They should be endonuclease resistant to prevent them from being broken
down, and RNAse H resistant to prevent the target RNA from being cleaved,
instead of skipped. Several AON chemistries meet these prerequisites,
including 20MePS, PMO, peptide nucleic acids (PNA) and locked nucleic acids
(LNA). Differences in methods make comparisons between different studies
difficult (Chapter 5). Therefore, to find the optimal chemistry, they should be
compared directly; however this is rarely done (Aartsma-Rus et al., 2004b;
Arechavala-Gomeza et al., 2007 and Chapter 2). So far, the PMO AON has
shown to be most efficient in skipping exon 23 of the mdx mouse (Alter et al.,
2006)(Chapter 2), but for AONs inducing exon skipping in the human DMD
gene, PMO and 20MePS showed to be more comparable (Chapter 2). The first
clinical trials with these two chemistries, using local intramuscular injections,
proved to be comparable as well (van Deutekom et al., 2007; Kinali et al.,
2009; Aartsma-Rus and van Ommen, 2009). Preliminary results from clinical
trials with systemic administration even suggest the 20MePS is efficient at
lower doses than the PMO. The preferred AON chemistry will likely depend on
the targeted sequence. An additional factor in the choice between chemistries
is the sequence specificity. When AONs of the same sequence are used, PMOs
have been shown to be less sequence specific (Popplewell et al., 2009 and
Chapter 2). Reduced sequence specificity could result in mistargeting to other
RNAs with possible detrimental effects, however so far this has never been
detected.

Antisense oligonucleotide sequence

Increasing the length of an AON will increase binding affinity for the target
sequence, which will increase skipping efficiency in some but not all cases
(Arechavala-Gomeza et al., 2007; Harding et al., 2007 and Chapter 2).
Increasing the length of an AON also increases the possibility of mistargeting.
There are no definite rules for identification of the target sequence which will
result in the best skipping results. However, AONs with a higher GC content
and higher binding energy are significantly more effective (Aartsma-Rus et al.,
2008; Popplewell et al.,, 2009). To optimally interfere with the splicing
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machinery, sequences facilitating splicing (or ‘exon inclusion signals’), e.g.
exonic splice enhancer sites, seem to be the most effective targets, although
AONSs close to the acceptor splice site are also effective (van Ommen et al.,
2000; Aartsma-Rus et al., 2008). The difference in efficiency between AONs
targeting exonic splice enhancer sites and splice sites might be caused by the
higher GC content in exons (Aartsma-Rus et al., 2010). The fact that AONs
targeting the first half of an exon are shown to be more efficient might be
related to the splicing mechanism (Wilton et al., 2007). AONs targeting
sequences with a partially open configuration in the secondary structure of
the RNA have been reported to be more effective as well (Aartsma-Rus et al.,
2002; Wee et al., 2008; Popplewell et al., 2009).

All these analyses are based on in vitro experiments. AONs might act
differently in vivo, although in vitro and in vivo results have been shown to be
comparable (Wang et al., 2010). If the splicing process in the dystrophin RNA
is further elucidated, more optimization of AON sequences might be possible.

Antisense oligonucleotide administration method

There are several ways in which medicines can be administered to patients.
For DMD the method with the highest effect/dose ratio would be
intramuscular injection. However, since approximately 40% of the body is
muscle, it would be very difficult to administer AONs that way, especially
because repeated treatment will be necessary. Moreover, it is impossible to
repeatedly inject crucial muscles like diaphragm and heart. Systemic injection
is more convenient and can be done through subcutaneous, intravenous or
intraperitoneal injection. Comparison of these routes of administration,
showed marked differences in uptake and exon skipping levels just after
injection: intravenous shows highest immediate bioavailability followed by
subcutaneous and finally intraperitoneal injection (Chapter 4). However, after
intravenous injection, AON levels are also much higher in liver and kidney
(Chapter 4), and high acute levels increase the risk of toxicity. Since long term
availability of AON after intravenous and subcutaneous injections is
comparable (Chapter 4), subcutaneous injection offers optimal characteristics,
with low acute liver and kidney levels and with high availability over a longer
period of time. Subcutaneous injection is also the easiest and most patient
friendly method, e.g. standard insulin injection is also subcutaneous.
Continuous slow subcutaneous release of AON through an implant might be
even more convenient for patients. A short preliminary test with implants in
mdx mice showed comparable results compared to subcutaneous injection
(Heemskerk et al., unpublished results). Oral delivery would be the most
patient friendly way of administering AONs, but it is anticipated that a lot of
AON will be lost in the gastrointestinal tract.
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Optimizing dosing regimen can also improve delivery. A series of low dose
injections of PMOs shows an accumulation in skipping levels, which are higher
than after a single high dose injection (Malerba et al., 2009). An accumulative
effect is also seen with 20MePS (Chapter 3). Research is ongoing to determine
the optimal dosing regimens for both PMO and 20MePS AONs.

Interestingly, the very pathology of DMD significantly enhances AON delivery;
due to the sarcolemmal damage, myotubes of mdx mice take up considerably
more AON than healthy myotubes (Chapter 4). Further, the constant
inflammation, and possibly also the malformation of the blood vessels (Musch
et al.,, 1975), may assist in reducing the endothelial barrier for AONSs.
Nevertheless, a lot of the injected dose still ends up in the kidneys and the
liver (Chapter 2). Possibly, AON uptake in muscles can be further increased by
massage, which has proven to work for kidney, liver and spleen (Mukai et al.,
2009; Mukai et al., 2010). The increased uptake might be caused by the
increase in blood flow (Mori et al., 2004) and thus mechanical loading might
also improve uptake (Wu et al., 2009). Interestingly, massage is known to
increase creatine kinase levels in healthy muscle (Arkko et al., 1983). This is an
indicator of muscle damage, and could mean massage may aggravate
pathology in DMD. However, it also means AON uptake can improve because
of this damage, and if the damage is not severe and repairable, pathology
might not be worsened.

Antisense oligonucleotide treatment in combination with other therapies
Ideally, AON mediated exon skipping restores expression of a sufficiently
functional dystrophin to such an extent that no co-treatment is necessary.
However, this might not be the case and the damage that has occurred before
treatment might already have impaired functionality and the body’s repair
mechanisms. First of all, improving the exon skipping process itself, with
chemical compounds, would increase skipping levels and thereby the
efficiency of the therapy. In a screen of 2,000 compounds, guanine analogues
proved to increase skipping levels (Hu et al., 2010). Other candidates for co-
treatment are corticosteroids, which are currently the only medicines
systematically used in the clinic (see page 20). Our comparison of AON
treatment with and without prednisolone indicated an additive effect of
prednisolone on muscle tissue quality (Heemskerk and Verhaart et al.,
manuscript submitted). However, in this pilot experiment, prednisolone
treatment was given longer than AON treatment. It is possible that longer
treatment with AON by itself might result in similar improvement in muscle
quality. This is underlined by the finding that AON treatment resulted in
dystrophin levels, which reduced the level of immunological markers to a level
comparable to prednisolone treatment.
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Of the potential therapies mentioned in chapter 1.2, all therapies aiming at
dystrophin restoration are candidates for co-treatment with the other
treatments. Of these therapies, down-regulation of myostatin has already
been shown to give beneficial effects in combination with DMD exon skipping
(Dumonceaux et al., 2010; Kemaladewi et al., 2011). A test in BMD patients of
a myostatin antibody without AONs showed no beneficial effect (Wagner et
al., 2008), while results of the myostatin receptor antibodies in DMD patients
are pending. Co-treatment with a compound that stimulates satellite cell
activity might be required, since satellite cells are claimed to become less
active in DMD (Webster and Blau, 1990). Importantly, some of the dystrophins
produced after exon skipping will not include all actin binding parts or the part
that recruits nNOS (Lai et al.,, 2009). Since nNOS restoration without
dystrophin restoration already drastically reduces pathology (Wehling et al.,
2001), separate restoration of nNOS function might be necessary in these
patients for an optimal result.

Finally, exon skipping can also be induced by modifying the short nuclear
ribonucleoproteins Ul and U7. If the antisense units of these
ribonucleoproteins are designed to mask sequences involved in splicing, the
targeted exon will be skipped. Together with a promoter, these U7 or Ul
genes can easily be inserted in an AAV. After delivery to the myofibers, these
will produce the skip inducing U7 or U1l themselves (De Angelis et al., 2002;
Goyenvalle et al., 2004; Denti et al., 2006). In itself this would be a therapy
comparable with AON exon skipping, but without the burden of repeated
injections. However, the same hurdles as described for gene therapy (see
page 23) apply for this approach. A combination of AON and U7/U1 exon
skipping could combine the best of both worlds. An initial injection with AAV
containing U7 or Ul can induce exon skipping in a large number of cells.
Subsequently, AON can be injected to induce skipping in all cells, and
compared to treatment without AAV U7/U1, fewer injections and/or lower
doses will be needed. Further, the U7 can also be inserted in the genome of
mitotic cells with, for instance, a lentivirus. These can be used to correct
autologous stem cells ex vivo, followed by ‘stem cell therapy’ (Benchaouir et
al.,, 2007; Quenneville et al., 2007). This therapy can also be combined with
AON mediated exon skipping. AMT is preparing a clinical trial to test a Ul
small nuclear ribonucleoprotein targeting exon 51 in Duchenne patients,
which is anticipated to take place in 2013.

Increasing delivery with non-viral delivery systems

A lot of research is going on in the field of non-viral oligo delivery, as can be
seen in recent reviews (Mintzer and Simanek, 2009; Zhao et al., 2009; Guo et
al., 2010). A lot of variations are possible and screening of non-viral delivery
systems (vectors) will help in determining which vector is most efficient (Akinc
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et al., 2008). Several vectors have been tested for skeletal muscle and heart
delivery. Polyethylenimine (PEI) is extensively used as a transfection reagent in
vitro and increases uptake and, even more important, induces endosomal
escape. It has shown promise in vivo in complex with polyethylene glycol
(PEG) to reduce toxicity (Sirsi et al., 2008), although PEG reduces efficiency.
The recently designed poly(amido amine)s also induce endosomal escape, but
are less toxic. In vitro these polymers have shown to efficiently deliver siRNA
into cardiomyocytes (Kim et al.,, 2008). In vivo experiments are needed to
assess the real potential of these polymers. Nanoparticles have already shown
their potential in mdx mice (Ferlini et al., 2010). They prolong AON presence in
the bloodstream and in the tissue. Poloxamers have a similar effect, they are
inert and have been suggested to improve delivery (Lu et al., 2003; Lu et al.,
2005; Yang et al., 2005), although to a lesser extent. However, the main effect
of poloxamers might be resealing the damaged membrane (see page 28).

Cell penetrating peptides to improve efficiency

Cell penetrating peptides (CPPs) are short, positively charged peptides, which
a-specifically bind to the cell surface. Through macropinocytosis, they are
taken up by the cells (Wadia et al., 2004). Whether they escape the
macropinosomes actively or passively is unknown. AONs conjugated to the
HIV derived TAT protein or to the drosophila derived penetratin induce higher
exon skipping levels compared to unconjugated AON in an in vitro skipping
model (Turner et al.,, 2007). Poly(arginine) peptides are also positively
charged, and therefore have similar properties. For in vivo use, it is important
the poly(R) is stable both in the bloodstream and intracellularly. Adding a 6-
aminohexanoic acid residue (X) and a B-alanine residue (B) increased stability
in both surroundings (Youngblood et al.,, 2007). Several X and B containing
peptides have been tested for exon skipping and for toxicity, and
(RXRRBR)2XB was the optimal peptide (Wu et al., 2007; Jearawiriyapaisarn et
al., 2008). Using this ‘B-peptide’ to deliver a PMO targeting exon 23 in mdx
mice showed high levels of exon skipping and dystrophin protein, even in
heart, in which skipping levels are normally considerably lower than skeletal
muscle (Yin et al., 2008). Cardiac hypertrophy and diastolic dysfunction
significantly ameliorated, up to 7 months after treatment (Jearawiriyapaisarn
et al., 2010) and in the severely affected dystrophin/utrophin knock out
mouse, myopathy was prevented (Goyenvalle et al., 2010). A further increase
in efficiency was seen after addition of a muscle targeting peptide (Yin et al.,
2009) and after addition of a lipid domain (Koppelhus et al., 2008). Because of
their charge, poly(R) peptides immediately bind all cells, therefore a lot of
poly(R)-AONs do not end up in the muscle. Possibly, this can be prevented by
adding a polyanionic domain, which neutralizes the positive charge, through
an MMP cleavable linker. This way, they can diffuse into all tissues and be
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activated in tissues with high MMP levels, i.e. dystrophic muscle (Aguilera et
al.,, 2009). A combination with a muscle homing peptide (see below) could
further increase muscle specificity.

AVI-Biopharma intended to perform clinical trials with a PMO linked to the B-
peptide targeting exon 50. Unfortunately, while treatment was tolerated well
by mice, this compound turned out to be toxic in monkeys (Moulton and
Moulton, 2010) and clinical development of the B-peptide PMO has been
abandoned for now.

Phage display to find muscle homing peptides

Even when AONs have the optimal design in sequence and chemistry, and
efficiency is further improved by polymers and co-treatment with other
compounds, most of the injected dose will not end up in the intended organ,
but in the rest of the body. In some cases this can lead to detrimental effects,
as they could change the expression/form of a specific protein in an area that
is not diseased. In the case of DMD, exon skipping is supposed to occur in all
cells that express dystrophin, thus such detrimental effects are not
anticipated. However, a lot of the AONs will end up in the kidney and the liver,
which might lead to toxic effects. Furthermore, the AONs that end up in cells
that do not express dystrophin are lost for skipping. If AONs are targeted to
dystrophin expressing cells, the injected dose can be lowered, which will
reduce the chance of adverse effects and reduce therapy cost.

The delivery of the AONs to the target tissue can be improved by homing
peptides. One way to identify such peptides is by phage display (Scott and
Smith, 1990; Kehoe and Kay, 2005). Different cell types express different
proteins on their surface, especially diseased tissues. Peptides binding to
these proteins can increase the amount of AON delivered to the target tissue.
An important obstacle in this approach is the endothelium. A normally
functioning endothelium will prevent entry of most compounds, and targeting
peptides will not be able to bind cells in the underlying tissue. In this case
peptides targeting the endothelium of the tissue of interest can be selected
(Pasqualini et al., 2010). Proteins expressed on endothelium also differ
between tissues, especially in a disease state, and a high local concentration
of AON due to binding to the endothelium may eventually lead to higher
tissue uptake, for instance in the heart (Zhang et al., 2005). The inflammation
seen in DMD probably causes the endothelium to open up enough to facilitate
muscle binding peptides to enter the tissue.

Phages, or more complete bacteriophages, are viruses that infect bacteria.

Random peptide sequences can be added to their genome in such a way that
they express these peptides on their surface (Scott and Smith, 1990; Kehoe
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and Kay, 2005). This can be in a polyvalent or monovalent manner, for
instance most libraries made up of the M13 phage express the random
peptides on all plll proteins (Kehoe and Kay, 2005). When a complete library
of phages with random peptides is added to a molecule, cell or tissue of
interest, phages expressing binding peptides can be isolated. Libraries
expressing peptides of different lengths are available. Further, the attachment
of the peptide to the phage can be on one side or on two sides, making the
peptide circular. All these libraries contain different peptide sequences and it
is important to realize that a given library will not give a complete list of all
possible binding peptides. In fact, when two similar libraries with respectively
8 and 9mer peptides were compared, results did not even overlap
(Kuzmicheva et al., 2008).

After selection, phages can be amplified in bacteria to allow another round of
selection. More rounds of selection will increase the amount of specifically
binding peptides, generally 3-5 rounds of selection are performed. However,
this introduces a bias, because phages encoding some peptides replicate
faster than others.

Not all peptides found with phage display will specifically bind the target
sequence, in vitro and in vivo testing will be needed to confirm specificity.
Before testing, websites such as Pepbank (Duchrow et al., 2009) and SAROTUP
(Huang et al., 2010), can help to make a first separation. For example
SAROTUP will tell you the phage expressing HAIYPRH in the Ph.D.-7 library
(New England Biolabs) has a mutation that makes amplification of this phage
faster (Brammer et al., 2008). These websites are only as good as the input
they have, thus publishing complete lists of results will increase the usefulness
of these tools. Possibly, high throughput sequencing can reduce the amount
of selection rounds needed. Millions of phages can be sequenced with high
throughput sequencing, reducing the risk of missing a peptide that is only
modestly increased after two rounds (Di Niro et al., 2010; Dias-Neto et al.,
2009 and ‘t Hoen et al., manuscript submitted). However, it is impossible to
test all higher expressed peptides from such an experiment, since thousands
of potentially interesting peptides are identified. Therefore data analysis and
filtering is required. The previously mentioned websites are a good starting
point for this, but additional criteria should be added to rank peptides.
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Figure 7: Schematic overview of phage display. A. A pool of phages, expressing
random peptides on the outside, is added. B. Some peptides will bind, others will not.
C. Unbound phages are washed away. D. Binding phages are isolated and sequenced.

Phage display can be performed on specific molecules, cells or in vivo,
experiments have even been done in human subjects (Arap et al., 2002). If a
molecule is proven to be highly expressed in the target tissue or the
endothelium in that tissue, it is relatively easy to enrich for peptides efficiently
binding to that molecule. In cell culture, the amount of potential binding sites
is enormous and less enrichment will be seen. The advantage of selection on
cell culture is the possibility to isolate both membrane bound phages and
internalized phages. Since AONs need to enter the cells, internalized phages
might be more interesting. A lot of the peptides found on muscle cells might
not only bind muscle cells, but other cells as well. Also, cells in culture are
known to differ considerably from cells in vivo and can express different
molecules on their surface. Therefore, extensive in vivo testing of the peptides
will be needed. This is also true for in vivo selection, although the comparable
environment during selection and treatment can increase the success rate.
Especially for in vivo selection, circulation time of the phages is important.
Peptides should have enough time to bind their target, but if circulation time
is too long they will be broken down. It takes about 30 minutes for a phage to
be taken up by a cell (Molenaar et al., 2002) and it has been shown that the
amount of isolated phages is similar after 5 and 30 minutes circulation time
(Nicol et al., 2009). During a first round of in vivo selection, the most effective
peptide might not be present in the isolated tissue, especially in the case of
skeletal muscle, because only one of the many muscles present in the body is
isolated. To make sure none of the peptides is lost, a combination of in vitro
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selection followed by in vivo selection might be preferred. Finally, it is
important to keep in mind that, for a given target, several targeting peptides
can be found and that some of these peptides may show better results
compared to AON-only treatment, but they are not the most efficient
peptides.

The first muscle targeting peptide found was ASSLNIA, it was discovered by a
combination of in vitro and in vivo phage display (Samoylova and Smith,
1999). When added to an AAV this peptide improved muscle delivery (Yu et
al., 2009). This effect disappeared when a large amount of free peptide was
co-injected, suggesting a specific targeting effect. Exon skipping levels were
increased when the peptide was combined with a PMO and a CPP (Yin et al.,
2009). However, while CPP-ASSLNIA-PMO showed an increase in skipping
levels, ASSLNIA-CPP-PMO did not. Possibly targeting is not the primary effect
in this case. A peptide targeting heart vasculature, DDTRHWG, was found by in
vivo phage display (Nicol et al., 2009). The peptide proved to increase AAV
delivery to the heart. Other peptides have also been shown to target muscle
(Seow et al., 2010) or heart (Zahid et al., 2010). We have found a promising
muscle binding peptide after performing an in vivo phage display experiment
(figure 8). Of all the tested peptides, this peptide, PPX, was most promising in
in vitro and intramuscular muscle binding tests. Also, after conjugation to an
AON, the peptide still ensured muscle binding after intramuscular injection.
Further, while ‘naked’ AON reaches its peak exon skipping level 10 days after
intramuscular injection, a preliminary test showed PPX-AON reaches this level
already after 6 hours (data not shown). This might indicate primary entrance
into the cell is not through endocytosis, although the peptide clearly binds to
the cell membrane, also at three days after injection. After systemic injection,
more PPX-AON compared to AON was detected in all tissues, but especially in
gastrocnemius muscle and heart. It should be noted that this increased level
can be caused by increased binding in the tissues, but also by prolonged
presence in the blood, because the blood was not removed from the tissues.
Either way, these levels resulted in PPX-AON induced skipping percentages
which were higher than AON induced levels. The most striking difference in
exon skipping level was seen in heart and diaphragm, two tissues very
important in DMD pathology. Currently, in vitro and intramuscular
experiments are ongoing to shed more light on the characteristics of PPX-
AON. Further, systemic experiments with higher doses are in preparation.
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Figure 8: In vivo phage display experiment. An in vivo phage display experiment was
performed with phages expressing 7-mer peptides as described in chapter 6. A.
Subsequent rounds of phage display, performed to find heart and skeletal muscle binding
peptides. Red arrows indicate phages were sequenced after those rounds of phage display.
B. All peptides found more than once and peptides with 6 similar amino acids were
fluorescently labeled and tested for muscle binding in vitro, peptide PPX was one of the
peptides showing good muscle binding in vitro. C. Conjugated to an AON and visualized by
sense staining (see chapter 6), PPX showed to ensure muscle binding after intramuscular
injection. D. After systemic injection of the PPX-AON, presence in all tissues was increased,
but especially in gastrocnemius muscle and heart. E. After systemic injection of the PPX-
AON, skipping levels were higher compared to AON, especially in heart and diaphragm
(equivalent of 50mg/kg AON, 3 injections in one week, N=2). (G = Gastrocnemius, H =
Heart, B = Brain, K = Kidney, L = Liver, * = p < 0.05)
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1.4 Concluding remarks

In the last two decades much more has happened in the field of DMD research
and treatment than in the preceding 100 years following its first description.
First of all, the standard use of assisted ventilation, to prevent respiratory
failure, has greatly improved life for patients. Corticosteroids have also
become a standard treatment, and, although the beneficial effect is not as
robust as with assisted ventilation, it also shows dramatic effects.

Due to the constant damage in DMD muscle, all processes involved in repair
are switched on at the same time. All these processes interfere with each
other, and none of them can function as they are supposed to, resulting in
severe damage and fibrosis. For treatment, all these processes can be
targeted, as well as introducing a (partially) functional dystrophin to prevent
damage in the first place. A lot of potential medicines have been tested, and a
lot of them have shown beneficial effects in mice.

Currently, AON mediated exon skipping is the method with the most
promising results in patients, and there is a reasonable chance exon skipping
will become a treatment in the coming decade. However, there are a few
uncertainties that have to be elucidated. The level of dystrophin needed to
stabilize myofibers is unknown, and it is unknown what dystrophin levels will
be feasible with exon skipping. If these levels are within the same range, exon
skipping might be efficient enough on its own. If higher levels are needed, co-
treatment with other medicines will be desired. Also, if the maximum
dystrophin level is reached, what AON doses will be needed to sustain this
level? Can doses be lowered, because only the protein turnover has to be
replaced? Or do they have to be increased, because the normalized myofibers
are more difficult to reach? Further, most patients will have different shorter
dystrophins, and the functionality of these proteins will be different as well.
Some of these proteins are comparable to proteins seen in BMD and are
proven to be functional. Others will miss crucial parts of the protein and will
probably be less or non-functional. And finally, for most proteins it is unknown
how functional the protein will be. Ideally, pre-clinical tests should give an
indication of their functionality before treatment is commenced.

Further, since patients have different mutations, different exons have to be
skipped. AONs currently in clinical trials are applicable to only 20% of all
patients, a number that increases to 40% if the 10 most applicable AONs are
developed. Therefore, a considerable percentage of the patients cannot be
treated with single AONs in the foreseeable future.

At the age of diagnosis, DMD patients already have some damage and
malformation in their muscles. Possibly, this will hamper muscle function in
further life, even when exon skipping proves to be very efficient. Compared to
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the untreated DMD phenotype it will only be a modest effect, however,
treatment should be optimized as much as possible.

Finally, therapies with more permanent restoration of a (partially) functional
dystrophin, namely cell and gene therapy, might become available in the
future. If this is the case, the experience that will be gained with exon skipping
will be very useful.

Considering that these advances took place within 25 years of the discovery of
the DMD gene and the start of functional genetics, there is good reason for
optimism, both for further improvement of current approaches, and for the
development of additional approaches and supporting methods.
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