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Abstract. Duchenne muscular dystrophy (DMD) is a severe muscle-wasting disease with unmet medical need. The disease is
caused by mutations that disrupt the open reading frame of the dystrophin protein that is required to maintain muscle fiber stability
during contraction. Lacking dystrophin patients’ muscle fibers are continuously damaged eventually leading to replacement of
muscle tissue by fibrotic and adipose tissues and loss of muscle function. Many therapeutic approaches aiming at dystrophin
restoration are in development, and some have been or are being tested in clinical trials. For these approaches, showing dystrophin
restoration or increased dystrophin expression could serve as a pharmacodynamic biomarker to confirm mechanism of action.
This review provides an overview of methods currently in use to assess dystrophin in clinical trial muscle biopsies and discusses

challenges of dystrophin quantification and using dystrophin as a biomarker in clinical trials.
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INTRODUCTION

The skeletal musculature makes up ~30-40% of
the human body, which contains over 500 different
muscles. Muscles are connected to bones on both
ends with tendons, and consist of post-mitotic mus-
cle fibers that can contract in a concerted fashion
to bring about movement. In most tissues integrins,
transmembrane proteins involved in the connection
of a cell to other cells or to the extracellular matrix,
are sufficient to prevent membrane damage. However,
during muscle contraction the strain on the muscle
fiber membrane is beyond that experienced by cell
membranes of other tissues. Therefore, the integrin
connection by itself is insufficient to prevent muscle
fiber damage, and a second connection is required to
ensure muscle fiber integrity during contraction. This
system is the dystrophin-glycoprotein associated com-
plex, which connects the cytoskeleton actin to laminin,
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a constituent of the layer of connective tissue that sur-
rounds each muscle fiber and connects muscle fibers
to each other [1].

The fact that the stability provided by integrins is
not enough to prevent muscle damage is underlined by
the fact that patients with mutations in genes encoding
dystrophin or associated proteins suffer from mus-
cular dystrophies [2]. The most frequent and severe
of these diseases is Duchenne muscular dystrophy
(DMD), which is caused by mutations that disrupt the
open reading frame of the dystrophin gene [3, 4]. This
results in a premature truncation of translation from
the dystrophin mRNA and complete loss of protein
function, since the link between the actin cytoskele-
ton and extracellular matrix can no longer be made.
As such, muscle fibers of DMD patients are very sen-
sitive to injury during muscle contraction, resulting
in a permanent state of muscle damage and chronic
inflammation, which impedes muscle regeneration and
instead gives rise to fibrotic and adipose tissue forma-
tion [5]. Thus, patients continuously and relentlessly
loose muscle tissue and muscle function. No therapy is
currently available for DMD patients, but symptomatic
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Fig. 1. Schematic depiction of the dystrophin protein (adapted from [51]). The dystrophin protein consists of 2 N-terminal actin binding domains
(ABD) encoded by exon 2-8. The central rod domain contains 24 spectrin-like repeats (S1-24) and 4 hinge regions (H1-4), a potential 5th hinge
domain may exist between S15 and S16. Spectrin-like repeats each consist of 3 alpha helices that can be unfolded when force is applied to both
ends. Individual spectrin-like repeats are not all equally stable (the darker the repeat the more stable it is [51]). S11-17 contain a third ABD
and S16-17 contain the nNOS binding site. Furthermore, S1-3 and S4-19 have been shown to be able to interact with phospholipids [52]. The
C-terminal domain contains a cystein-rich domain encoded by exon 6470 which consists of a WW and ZZ domains involved in dystroglycan
binding and 2 EF hands. The C-terminal domain contains 2 coiled coil domains (CC) involved in binding syntrophin (SBD) and dystrobrevin
(DBD). Syntrophin in turn can bind nNOS. The dystrophin transcript (exons and their phasing) is shown underneath the dystrophin protein,
indicating which of the domains are encoded by which exons.

Table 1
Overview of clinical trials with approaches aiming at dystrophin restoration
Phase Trial identifier Status
A. Cell therapy
Cell type
Myoblast 1 None found Published [26]
Mesangioblast 1 None found Ongoing
B. Exon skipping
Compound
Drisapersen 1 (intramuscular) NTR1241! Published [22]
1 (single dose in nonambulant patients) NCTO011288552 Published [53]
2a (dose escalation) NCT01910649 Published [21]
2 (dose regimen) NCTO01153932 Complete
2 (dose comparison) NCT01462292 Complete
3 NCT01254019 Complete
Eteplirsen 1 NCTO00159250 Published [20]
2a NCT00844597 Published [19]
2b NCT01396239 Published [18]
PRO044 2a NCTO01037309 Complete
PRO045 2a NCT01826474 Ongoing
PROO053 2a NCT01957059 Ongoing
C. Gene therapy
Vector
rAAV2.5-CMV-minidystrophin 1 NCT00428935 Published [24]
D. Stop codon readthrough
Compound
Ataluren 1 None found Published [54]
2a NCT00264888 Published [17]
2b NCT00592553 Complete
3 NCT01826487 Ongoing
Gentamicin 2 NCT00451074 Published [16]

INetherlands trial registry. >Clinicaltrials.gov registry.

treatment and care is offered to patients in the Western
world that can slow down the disease to some extent

reading frame, allowing the production of an internally
deleted protein, which maintains its crucial domains

[6, 7]. Nevertheless, most patients become wheelchair-
dependent in their teens, require assisted ventilation in
the late teens or early twenties and die due to respira-
tory or cardiac complications in the second to fourth
decade.

In addition to DMD, mutations in the dystrophin
gene can also give rise to Becker muscular dystrophy
(BMD) [3]. Notably, here mutations maintain the open

for binding to actin and the dystrophin associated com-
plex. The severity of BMD varies, with some patients
being almost as severe as DMD but also patients being
diagnosed in the fifth or sixth decade of life. Gener-
ally, BMD patients have a less progressive disease than
DMD patients, remain ambulant for ten to fifteen year
after diagnosis, do not need assisted ventilation and
have near normal life expectancy [2].
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Dystrophin (Fig. 1) contains 2 N-terminal actin-
binding domains, a central rod domain consisting of 24
spectrin-like repeats and 4 hinge regions, a cysteine-
rich domain and a C-terminal domain [8]. The central
rod domain contains a third actin-binding domain that
is located in repeats 11-17 and a binding site for neu-
ronal nitric oxide synthase (nNOS) located in repeats
16 and 17 [9]. The cysteine-rich domain contains
YY and WW domains involved in binding to beta-
dystroglycan and EF hand domains. The C-terminal
domain binds to syntrophin, which in turn can also
bind to nNOS, and a domain that binds to dystrobrevin
[1, 8].

The dystrophin gene is huge (a stunning 2.2 Mb,
making up ~10% of the X-chromosome and close to
0.1% of the human genome). While the mRNA is larger
(14 kb) than the average transcript, the 79 exons only
contribute to 0.7% of the gene, with excessively long
introns accounting for the other 99.3%. The majority
of DMD and BMD patients carry deletions of one or
more exons. The size and location of in-frame deletions
have taught the field a lot about the relative importance
of dystrophin domains depicted in Fig. 1 (reviewed in
[10]). Mutations that abolish all three actin-binding
domains or that affect the cysteine rich domain invari-
ably result in DMD regardless of whether mutations
are in-, or out-of-frame, and even missense mutations
in the dystroglycan-binding domain have been found
to cause DMD [11]. As there are three actin-binding
sites, there is some redundancy here and in-frame
mutations that leave at least one actin-binding site
intact generally lead to BMD, although patients with
only a single actin binding site often have a relatively
severe disease progression. Most BMD patients have
mutations that delete part of the central rod domain
and provided that at least one third of this domain is
maintained these deletions do not abolish dystrophin
function. The nNOS binding domain encoded by exon
42-45 is arelatively recent discovery (until then, it was
thought nNOS recruitment through the dystrophin-
glycoprotein associated complex was mediated only
through syntrophin) [9]. The nNOS protein plays a
role in functional sympatholysis (ensuring contracting
muscle receives enough blood). The nNOS enzyme
can generate NO, which leads to blood vessel dilation
[12]. When NO production fails because nNOS is not
located near the muscle membrane, as is the case for
DMD patients and a subset of BMD patients, there
is a risk for ischemia during exercise, which can obvi-
ously exacerbate the muscle damage already occurring
in DMD and BMD patients [13]. However, the contri-
bution of the presence or absence of the nNOS binding

domain encoded by exon 42-45 to disease severity
is not yet fully elucidated and studying this is ham-
pered by the fact that indirect nNOS recruitment is
also possible through syntrophin.

What is clear is that without dystrophin, DMD
patients suffer from a very severe, debilitating dis-
ease, characterized by loss of one function after
another. Towards developing a therapy for DMD
patients, different approaches to restore dystrophin
are in development, such as stop codon read through,
exon skipping, gene therapy and cell therapy [14, 15].
Stop codon read through can be achieved by e.g. gen-
tamicin and ataluren and applies to patients carrying
a premature stop codon (~13% of DMD patients)
[16, 17]. The exon skipping approach aims to reframe
dystrophin transcripts by skipping an exon from the
pre-mRNA to allow production of BMD-like dys-
trophins using antisense oligonucleotides (AONs) that
specifically bind to a target exon [18-22]. Different
chemically modified AONs are currently evaluated
in clinical trials, the 2’-O-methyl phosphorothioate
(drisapersen, PRO044, PRO045 and PRO053 targeting
exons 51, 44, 45 and 53) and the phosphorodiami-
date morpholino oligomer (eteplirsen targeting exon
51) [23]. For gene therapy generally artificially con-
structed mini-dystrophins are used, since the coding
sequence of the full length dystrophin is larger than
the capacity of the adeno-associated viral vector —
the only virus which can transduce muscle with good
efficiency [24]. These mini-dystrophins contain only
the most crucial domains (the first two actin-binding
domains, 4 spectrin repeat domains, 2—3 hinge domains
and the cysteine rich domains) and have been shown
to slow down disease progression in animal models
[25]. Cell therapy involves either transplanting cells
with myogenic potential from a healthy donor, or autol-
ogous transplantation where patient-derived cells are
genetically modified with gene therapy ex vivo [14,
26]. These therapeutic approaches have been and are
being tested clinical trials in DMD patients (Table 1).
For market approval by e.g. the European Medicine
Agency (EMA) and US Food and Drug Administra-
tion (FDA) therapies have to show clinical benefit [27].
However, as these therapeutic approaches all aim at
restoration of dystrophin, showing dystrophin restora-
tion or increased expression in a muscle biopsy would
serve as an obvious pharmacodynamic biomarker to
confirm mechanism of action. Unfortunately, dys-
trophin analysis and quantification are challenging due
to e.g. the low abundance of the protein, its size and
the fact that many DMD patients have a low level of
dystrophin positive ‘revertant fibers’ [28]. This review
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will provide an overview of different methods for dys-
trophin analysis that have been reported so far for
clinical trials and will discuss how dystrophin analysis
can guide clinical trials and therapy development.

METHODS TO DETECT AND QUANTIFY
DYSTROPHIN IN CLINICAL TRIALS

Dystrophin is a challenging protein to detect and
quantify, due to its size (427 kDa), low abundance
(0.002% of total muscle protein) and the presence of
revertant fibers. Numerous methods have been reported
to detect and/or quantify dystrophin in a diagnos-
tic or research setting, such as immunohistochemical
or fluorescence analysis [29, 30], western blotting
[31], enzyme linked immuno sorbant assay (ELISA)
[32], mass spectrometry [33] and a reverse protein
assay [34]. It is good to bear in mind that west-
ern blotting and immunohistochemistry/fluorescence
are semiquantitative methods, while ELISA and mass
spectrometry based methods potentially allow absolute
quantification. However, this requires a characterised
standard of known concentration and linearity of
signal. Unfortunately, dystrophin protein of known
concentration has not been used so far, and therefore
these methods are for now quasi or semi quantita-
tive at best. Furthermore, except one report, no one
has been able to get an ELISA-based system opera-
tional for dystrophin quantification despite extensive
efforts (my own unpublished observation (2012), and
unpublished observations from EP Hoffman, Chil-
dren’s National Medical Center, Washington DC,
US (2013); V Arechavala-Gomeza, BioCruces Health
Research Institute, Barakaldo, Spain (2012) and JCT
van Deutekom, Prosensa Therapeutics, Leiden, the
Netherlands (2009)). In our hands the ELISA sys-
tem was suboptimal, because the signal for healthy
muscle was similar to, or only slightly above the
background signals. These high backgrounds occurred
for all dystrophin antibodies tested and with various
blocking methods, suggesting that perhaps (most) dys-
trophin antibodies have a high affinity for plastics.
Mass spectrometry for dystrophin quantification, using
total human healthy muscle protein extract contain-
ing dystrophin as a ‘standard’, is a newly developed
method that has so far not been used to quantify clin-
ical trial samples and therefore will not be discussed
in this review. Instead it will focus on the two meth-
ods that have been used so far to detect dystrophin in
biopsy samples: western blotting and immunofluores-
cence analyses.

For western blotting samples (in this case muscle
biopsies) are lysed and the protein lysate is loaded on a
denaturing polyacrylamide gel to separate for size [31].
The gel is then blotted onto a membrane and antibodies
are used to detect the protein of interest (dystrophin in
this case). Secondary antibodies containing conjugates
(fluorescent or infrared dyes, or enzymes able to react
with chemiluminescence substrates) are used to visual-
ize the target protein. Generally a concentration series
of healthy muscle protein lysate is taken along, while
co-staining with an antibody for a reference protein is
used to ensure equal loading of samples. This allows
semi-quantification, where the intensity or density of
the dystrophin band is a measure for quantity, while
the height of the band on the blot is a measure for its
size.

For immunofluorescence analysis muscle cross-
sections are incubated with a dystrophin specific
primary antibody, followed by incubation with sec-
ondary antibodies carrying a fluorescent conjugate
specific for the species in which the primary anti-
body was raised in. Often co-staining with muscle
specific proteins is used (e.g. laminin or spectrin) to
allow identification of muscle fibers and/or to have an
internal reference [29, 30]. Cross-sections of healthy
muscle can be used as an external reference, while
cross-sections incubated with only the primary and
only the secondary antibodies can be used for back-
ground correction. Immunofluorescence analysis does
not provide information on protein size, however,
unlike western blotting it does reveal where the dys-
trophin is located and how it is distributed over muscle
fibers (e.g. 10% of muscle fibers with 100% dystrophin
and 100% of muscle fibers with 10% of dystrophin will
both lead to ~10% of dystrophin by western blotting)
and whether the dystrophin can interact with associated
proteins [35]. When a muscle specific reference protein
is taken along, it also provides information on muscle
quality (the number of muscle fibers in the biopsy).
In immunofluorescence analysis assays, dilutions are
not possible and hence linearity of the response can-
not be demonstrated. Dystrophin “quantification” can
be done in several ways (see below) but it is always
relative and never absolute.

As neither method provides a complete picture, both
techniques are often used in combination for biopsies
taken in trials testing therapeutic approaches aim-
ing at dystrophin restoration. Table 2 contains details
on methods used for dystrophin analysis that have
been published or submitted for clinical trial sample
analysis [16-22, 24, 26] (and unpublished observa-
tions A Lourbakos, Prosensa Therapeutics, Leiden, the
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Netherlands (2013)). Notably, for all published trials
immunofluorescence analysis was performed, while
western blotting was performed for only a subset of
trials and not always for all patients. The most likely
reason for this is that immunofluorescence is more sen-
sitive than Western blotting and also that less sample
is required for immunofluorescence analysis. As can
be appreciated from Table 2 for both western blotting
and immunofluorescence analyses different protocols
are in use. The western blotting protocol used is based
on an original protocol published by Anderson et al.
[31], although each group has introduced adaptations
and uses e.g. different loading controls, types of poly-
acrylamide gels and gel running and blotting protocols.
For immunofluorescence standardized protocols have
been published by two different groups and submitted
by a third group. The first method was published by
Arechavala-Gomeza et al and has been developed in
the group of Francesco Muntoni (“Muntoni method”)
[29] and has been used to analyse muscle biopsies
from phase 1 and 2a eteplirsen exon skipping tri-
als [19, 20]. The second method was published by
Taylor et al in 2012 and has been developed by the
group of Kevin Flanigan (“Flanigan method”) [30]
and was used to analyse muscle biopsies from the
phase 2a ataluren trial [17]. The Muntoni method
uses four images from different areas of the muscle
cross section selected at random while out of focus
and then captured in focus. Ten regions are selected
from each image (so per cross section 40 measure-
ments are taken), with the proviso that when regions
are selected in the center of a fiber, an area of fibro-
sis, on a neuromuscular junction, or in a previously
selected fiber, the region is moved to the nearest fiber
membrane. Each region contains both a portion of
sarcolemma and cytoplasm. Then for each region the
intensity value of the fluorescence is assessed by Meta-
Morph in a dynamic range of 0-4095 intensity units.
Since 4095 is the maximum that can be measured, it
is crucial to prevent saturation (i.e. making sure all
intensities are well below 4095, also for the control
muscle). To correct for background the minimal inten-
sity (i.e. the value of the cytoplasm) is subtracted from
the maximum intensity. Then each of the 40 values
are normalized with the beta-spectrin intensity mea-
surements measured from different cross section of
the same biopsy and plotted and presented as a scatter
plot and summarized as a percentage ratio of control.
Using this method is was possible to distinguish dys-
trophin levels in samples from DMD and BMD patients
and controls, where very low levels were observed
for DMD patients, and intermediate levels (between

control and DMD) were observed for BMD patients
[29].

The Flanigan method also uses a beta-spectrin dys-
trophin co-staining, but selects fields while viewing the
spectrin signal under 20 times magnification. Image
acquisition parameters (e.g. pinhole size, exposure
time) are set for dystrophin and spectrin channels with
a normal control tissue and then subsequently used
to capture all samples. For each sample four non-
overlapping images are acquired and analyzed with
MetaMorph. First a signal threshold for spectrin inten-
sity is set manually. All signals over the threshold
make up the spectrin region of interest, which is con-
verted into a binary mask. In a subsequent step all
spectrin areas smaller than 3 by 3 contiguous pixels
are removed to obtain a contiguous muscle membrane.
This binary image is then dilated to create a spectrin
mask that is overlaid on the spectrin and dystrophin
images and the intensities are quantified for both. This
method thus obtains dystrophin intensities for the sar-
colemma (stained by spectrin) of the entire image. The
sum of the dystrophin intensities and sum of spec-
trin intensities are calculated, and the dystrophin to
spectrin ratio is calculated and defined as the average
dystrophin intensity for the image. The total spec-
trin intensity value is divided by the total area of
spectrin-positive regions, resulting in the average spec-
trin intensity for the whole image. Finally, by dividing
the average dystrophin intensity by the average spectrin
intensity the dystrophin/spectrin ratio is obtained. The
methods paper showed that spectrin intensity is similar
for DMD, BMD and control samples and also is simi-
lar between individual samples from DMD and BMD
patients (thus validating spectrin as a good reference
protein for DMD and BMD immunofluorescence anal-
ysis) [30]. Finally, a good correlation between average
dystrophin intensities relative to control samples as
assessed by immunofluorescence and dystrophin lev-
els as assessed by Western blotting were observed.
For analysis of clinical trials samples, revertant fibers
can be excluded in pre- and post-treatment samples by
applying a maximum threshold.

A third method is currently in use by Prosensa Thera-
peutics (“Lourbakos method””) and was presented at the
World Muscle Society meeting 2013 [36] and has been
submitted for publication (unpublished observations,
C Beekman and A Lourbakos, Prosensa Therapeutics,
Leiden, the Netherlands (2013)). Biopsy quality was
assessed by hematoxylin and eosin staining, which
was also used to evaluate freezing artefacts and mus-
cle quality (relative amount of fibrotic and adipose
tissue). Per biopsy, 2—4 sections are stained with
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dystrophin and spectrin antibodies, and per section
5 non overlapping images are acquired by confocal
microscopy at 25 times magnification. Areas contain-
ing very few muscle fibers or extensive fibrosis or
adiposis were avoided. Parameters such as pinhole
size, exposure time etc were standardized, for stud-
ies comparing healthy, BMD and DMD biopsies these
were set based on healthy muscle samples; for stud-
ies comparing DMD biopsies pre- and post treatment,
fluorescent beads were used to set imaging parame-
ters. The Definiens Architect image analysis software
version 2.0 identifies all individual muscle fibers in
one image, and identifies for each fiber the mem-
brane and the cytoplasm based on the spectrin signal.
For each fiber dystrophin and spectrin intensities are
measured in arbitrary units. Then, for each fiber the
mean dystrophin intensity is calculated (i.e. the mean
of all dystrophin pixels present in the membrane sur-
face area) as well as the mean of the 10% pixels with
the highest intensity in the spectrin membrane sur-
face area (the Q90-mean). Revertant fibers are readily
detected (because of their high dystrophin intensity)
and excluded from further analysis. Individual fibers
are then ‘binned’ based on their dystrophin intensity
and the distribution of dystrophin intensity of the entire
fiber population is then plotted as a histogram of the
percentage of fibers versus dystrophin intensity. The
method was shown to be reproducible between exper-
iments and between replicate samples and operators
and a good correlation was found between different
dystrophin antibodies.

Using this analysis, Beekman and colleagues
showed that dystrophin levels vary between fibers
in healthy muscle (up to threefold) as had been
reported before [19, 29, 30]. They also observed
variation in dystrophin levels between fibers from dif-
ferent muscles from one individual (lowest in tibialis
anterior and highest in gastrocnemius, 30% differ-
ence)(unpublished observations, C Beekman and A
Lourbakos, Prosensa Therapeutics, Leiden, the Nether-
lands (2013)). Furthermore, (very) low levels of
dystrophin (“trace amounts™) can be detected for most
DMD patients, while intermediate levels were found
for BMD patients [36]. Like for healthy muscle, dys-
trophin intensities varied between fibers for BMD
and DMD patients (up to three-fold) (unpublished
observations, C Beekman and A Lourbakos, Pros-
ensa Therapeutics, Leiden, the Netherlands (2013)).
Notably, after treatment of patients in the phase 2
dose regimen study with drisapersen, a shift towards
higher dystrophin intensities could be observed in the
majority of post-treatment samples compared to pre-

treatment fibers [37]. Furthermore, a 30% increase
in intensities was observed for post-treatment sam-
ples vs pre-treatment samples from patients involved
in the phase 2a trial with PRO044 for exon 44
skipping [36](unpublished observations, C Beekman
and A Lourbakos, Prosensa Therapeutics, Leiden, the
Netherlands (2013)). The method also revealed higher
intensities for spectrin in DMD and BMD samples
than healthy samples (unpublished observations, C
Beekman and A Lourbakos, Prosensa Therapeutics,
Leiden, the Netherlands (2013)). However, since the
dystrophin quantification does not rely on spectrin
intensities (spectrin staining is only used to generate
the mask), this will not influence dystrophin quantifi-
cation for this method.

Comparison between groups can only be done
when the same reference proteins are used. For the
immunofluorescence method there now appears to be
a consensus that beta-spectrin is the best choice. This
reference is used for each of the most recent trials
(Table 2) and it has also been confirmed that beta-
spectrin levels in fibers are reasonably stable between
individuals, and between DMD, BMD and healthy
individuals [30], although the latter was not found by
Beekman and colleagues (unpublished observations,
C Beekman and A Lourbakos, Prosensa Therapeutics,
Leiden, the Netherlands (2013)). For western blotting
there is more variation in the choice of reference pro-
tein/loading control. Because dystrophin is such a large
protein, low percentage or gradient polyacrylamide
gels are generally run overnight and the commonly
used loading controls (small proteins such as beta-
actin and alpha-tubulin) will no longer be present in the
gel. So ideally a larger protein is used as a reference.
Myosin heavy chain (200 kDa) has been used for west-
ern blots on cell lysates of cultured cells [38]. However,
due to its extremely high abundance in skeletal muscle
(~45% of total muscle) this is not a good loading con-
trol, since it oversaturation is impossible to prevent.
Of the various reference proteins used, alpha-actinin is
probably the most attractive, since expression is similar
between healthy and dystrophic muscle at least in mice
(my own unpublished observations (2013)). However,
since alpha-actinin is a higher abundance protein, lack
of saturation of the alpha-actinin signal needs to be
demonstrated, because oversaturated signals cannot be
used for normalisation. Alpha-actinin also allows cor-
rection for muscle quality, since it is not expressed by
fibrotic and adipose tissues. Spectrin, a lower abun-
dance protein in muscle for which the signal saturates
at higher amounts of protein input, has also been used
by Prosensa.
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STANDARDIZATION OF DYSTROPHIN
QUANTIFICATION IN CLINICAL TRIALS

The question is of course how well the different
methods that are used by different groups compare
(and more importantly how comparable the dystrophin
levels reported in various trials are). This issue was
also raised in a workshop hosted by the EMA in
2009 on the development of exon skipping therapies
for DMD [39], and resulted in an effort coordinated
by Francesco Muntoni to compare the Flanigan and
Muntoni methods. This endeavour involved different
expert laboratories (Muntoni (University College Lon-
don, UK), Flanigan (Nationwide Children’s Hospital,
Columbus OH, USA), Prosensa Therapeutics (Leiden,
the Netherlands), Voit (Institute de Myologie, Paris,
France) and Straub (Newcastle University, UK). Mus-
cle biopsy samples from DMD and BMD patients were
divided in 5 pieces and distributed to the 5 centres in
a blinded fashion, along with 2 samples from healthy
controls. Each centre performed the quantification with
the two methods; Prosensa also used the Lourbakos
method. Notably, the dystrophin levels for the dif-
ferent patient samples concurred very well between
laboratories for each of the methods, and also for the
two different methods within laboratories (or three
methods for Prosensa). Furthermore, the results corre-
lated with quantification performed by western blotting
(unpublished observation K Anthony and F Muntoni,
University College London, UK (2014)). This suggests
that, at least when using the same control samples and
performing the analyses in a standardized setting, these
methods are comparable.

When assessing dystrophin levels in a clinical trial
setting, the protocol should of course be standardized
as much as possible. Differences in obtaining, han-
dling, storing and shipping muscle biopsy samples can
account for a lot of variation between biopsy samples,
especially for multicenter trials [40]. Ideally, stan-
dardized operating procedures should be in place and
people obtaining, handling and receiving the biopsy
should be trained and experienced couriers should be
used for shipping. Sending duplicate biopsies at two
different time points is a way to avoid precious samples
being lost during shipping.

The quantification of dystrophin for clinical trials
is challenging and laborious and poses a number of
specific challenges. In the past it was always assumed
that muscle fibers from DMD patients did not pro-
duce dystrophin, aside from the occasional revertant
fibers. However, with more sophisticated microscopes,
cameras and detectors it has now become apparent

that almost all fibers from DMD patients express trace
amounts of dystrophin [28, 36] and [29](unpublished
observation C Beekman and A Lourbakos, Prosensa
Therapeutics, Leiden, the Netherlands (2013)). The
levels of these trace amounts vary between fibers
and between patients and generally patients will also
have revertant fibers where dystrophin is expressed at
high levels. This ‘pattern’ can only be detected with
immunofluorescence, and the analysis is not a mat-
ter of showing dystrophin restoration after treatment
where before treatment there was none, but of show-
ing higher levels of dystrophin after treatment than
before. Thus, the analysis should be both sensitive and
accurate and both pre- and post-treatment biopsies are
required. Analysis is further hampered by the fact that
dystrophin levels even vary between different fibers in
a cross-section for healthy muscles and that different
dystrophin levels are expressed in different muscles
in mice [41] and man (unpublished observations, C
Beekman and A Lourbakos, Prosensa Therapeutics,
Leiden, the Netherlands (2013)). This underlines that
it is important to use a control sample derived from the
same muscle type as the clinical trial biopsies to pre-
vent over- or underestimation of wild type levels for
that muscle. Since dystrophin levels vary also between
individuals, ideally different groups should use the
same reference sample. In fact, one of the reasons the
three different methods concurred as well as they did,
may be that all groups used the same reference con-
trol samples. Obviously, control samples generally are
in short supply, so having a common pool of human
control muscle is probably not realistic. A transgenic
animal model expressing human dystrophin in a mouse
dystrophin-negative background is available and mus-
cles harvested from this animal may provide a more
accessible common source for control muscle [42].
However, this is mouse tissue and generally mouse
monoclonal antibodies are used for Western blotting
and immunofluorescence. It will have to be established
whether there is interference with secondary antibodies
recognizing mouse IgGs in muscle.

A further complication of dystrophin assessment
in clinical trial samples is the muscle quality of the
biopsy. Due to the lack of dystrophin, muscle fibers
will be replaced by fibrotic and adipose tissues in DMD
patients and muscle quality of patients will deteriorate
over time. However, the level and rate of deterioration
is not similar for each muscle (e.g. the quadriceps is
generally affected in early stages of the disease, while
the tibialis anterior and posterior are reasonably well
preserved initially [43]). Furthermore, muscle quality
varies within individual muscles, where often patches
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of fibrosis and adipose tissue can be found. Thus, the
quality of a muscle biopsy is not necessarily repre-
sentative for the quality of the whole musculature of
the patient. Finally, since dystrophin is not expressed
by fibrotic and adipose tissue but only by muscle tis-
sue, the dystrophin levels observed in a muscle biopsy
do not necessarily reflect the dystrophin levels in the
whole musculature of the patient. Magnetic resonance
imaging (MRI) provides a more general picture of mus-
cle quality in a limb and, provided that MRI is available
in the trial site, MRI can be used to guide obtaining a
biopsy from a reasonably well preserved area.

TOWARDS DEVELOPING DYSTROPHIN AS
A BIOMARKER

Given the invasiveness of muscle biopsies, espe-
cially for patients who have a limited amount of muscle
tissue to begin with, one could question whether mus-
cle biopsies should be performed for clinical trials
aiming at dystrophin restoration. Market approval of
treatments by regulators will not be based on the
presence of dystrophin but on “clinical benefit”, i.e.
functional improvement of DMD patients compared to
the natural history of the disease. For DMD the most
commonly used primary outcome measure in current
trials (i.e. the outcome measure measuring functional
benefit) is the 6 minute walk test, where a significant
difference of ~30 meters between treated and placebo
groups has been proposed to reflect clinical benefit
[44].

Since dystrophin prevents muscle fiber damage,
restoring dystrophin in DMD patients will hopefully
slow down further disease progression. It will, how-
ever, most likely not restore muscle tissue that has been
lost. A slower disease progression qualifies as a valid
clinically important outcome for regulatory agencies,
but it is obviously more challenging to detect a sig-
nificant difference when looking for a slower decline
muscle function than for improved muscle function,
especially in a disease with a relatively slow disease
progression (a decline of ~30 meters per year for
most ambulant patients) [45—47]. As such, dystrophin
restoration is a valuable pharmacodynamic biomarker
to confirm mechanism of action of the treatment and
could provide additional proof for a treatment effect.

It has been proposed to use dystrophin as a surro-
gate endpoint for clinical trials aiming at dystrophin
restoration. A surrogate endpoint is an outcome that
is used instead of the primary outcome measure. As
such the surrogate endpoint has to correlate to, or be

predictive of clinical benefit [27]. DMD is caused by
lack of dystrophin and patients with low levels (>20%)
of partially functional dystrophin (BMD patients) have
a significantly different disease progression [48]. Fur-
thermore, recent studies in animal models suggest that
lower levels of dystrophin (<4%) are sufficient to sig-
nificantly prolong survival in a dystrophin-utrophin
negative background [49, 50]. Also in humans, very
low levels of dystrophin can slow down disease pro-
gression, as underlined by the finding that patients
with a deletion flanking exon 44 have a significantly
slower disease course than other deletion patients [45].
This is most likely the result of spontaneous low
level exon 44 skipping, and the production of very
low levels of dystrophin in this subset of patients.
Indeed, it has been reported that trace dystrophin lev-
els in pre-treatment samples of patients involved in an
exon 44 skipping trial are higher than in pre-treatment
of patients involved in exon 51 skipping trials [36]
(unpublished observations C Beekman and A Lour-
bakos, Prosensa Therapeutics, Leiden, the Netherlands
(2013)). Thus, arguably, some dystrophin is better than
none and as such restoring dystrophin in DMD patients
would be expected to lead to clinical benefit and dys-
trophin should be an acceptable surrogate endpoint.
Unfortunately it is not as simple as that. First, in the
examples described here, patients have low levels of
dystrophin from birth. By contrast, in DMD patients
involved in exon skipping trials, dystrophin is restored
at a later time point, when muscle quality will already
be affected by the disease. As dystrophin is needed
to prevent muscle damage, it is anticipated that restor-
ing dystrophin in these muscles will slow down further
muscle damage. The amount of functional benefit that
can be expected for a given patient will depend on
both the level of dystrophin produced in the muscle
and the muscle quality. However, it is not yet known
which levels of dystrophin are needed to slow down
disease progression, whether the amount of dystrophin
needed to achieve this, is the same for early and late
stage patients, and whether dystrophin restoration is
unable to lead to functional benefit when a certain
amount of muscle damage has accumulated. Due to
these unknowns dystrophin is as yet not a surrogate
endpoint for DMD. Another issue is that surrogate
endpoint validation involves showing accuracy and
reproducibility of the assay, all of which could prove
difficult for dystrophin quantification due to the chal-
lenges pointed out throughout the manuscript.

For the exon skipping approach, the matter is fur-
ther complicated by the fact that different internally
deleted dystrophins can be generated through skipping
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of a single exon (e.g. exon 51 skipping can restore the
reading frame for a deletion of exon 47-50, 48-50,
49-50, 50 and 52). The stability and functionality of
the different dystrophins will likely vary, presenting
yet another parameter that can influence the extent of
functional benefit any given patient may have from the
exon skipping approach.

Most of the therapeutic approaches currently in
development for DMD are personalized medicine type
of approaches and will apply to only subsets of patients.
This will make showing clinical benefit with the 6
minute walk test challenging, since most likely not
all patients with eligible mutations will be ambulant
and for those who are there will be variation in base-
line performance. Therefore, even though dystrophin
restoration is not an acceptable surrogate endpoint at
this point in time, hopefully it will be an acceptable
endpoint for e.g. exceptional, conditional or acceler-
ated approval mechanisms once clinical benefit has
been shown for one or a few dystrophin restoring
approaches. Towards this, Academics and Industry
should continue working towards standardized proto-
cols and common references both for preclinical and
clinical work. However, this effort should also involve
regulators, to ensure that the assay adheres to criteria
outlined by e.g. the FDA and EMA for biomarker qual-
ification. Having dystrophin as a qualified biomarker
would enable early market approval, pending the gath-
ering of additional data. Since there is a clear unmet
medical need for DMD, any way to accelerate access
to therapies is sorely needed.
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