]
A s
i
15|

Universiteit

*dlied) Leiden
'%‘Q,:y‘;\& The Netherlands

E
3
H oo
B
=
=)
@\
-3

o

Exon skipping: a first in class strategy for Duchenne muscular dystrophy
Niks, E.H.; Aartsma-Rus, A.

Citation

Niks, E. H., & Aartsma-Rus, A. (2017). Exon skipping: a first in class strategy for Duchenne
muscular dystrophy. Expert Opinion On Biological Therapy, 17(2), 225-236.
doi:10.1080/14712598.2017.1271872

Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license

Downloaded from: https://hdl.handle.net/1887/114532

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/114532

OPINION

OM BIOLDEICAL THERNFY

Taylor & Francis
Taylor & Francis Group

Expert Opinion on Biological Therapy

ISSN: 1471-2598 (Print) 1744-7682 (Online) Journal homepage: https://www.tandfonline.com/loi/iebt20

Exon skipping: a first in class strategy for
Duchenne muscular dystrophy

Erik H. Niks & Annemieke Aartsma-Rus

To cite this article: Erik H. Niks & Annemieke Aartsma-Rus (2017) Exon skipping: a first in class
strategy for Duchenne muscular dystrophy, Expert Opinion on Biological Therapy, 17:2, 225-236,
DOI: 10.1080/14712598.2017.1271872

To link to this article: https://doi.org/10.1080/14712598.2017.1271872

8 © 2016 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

@ Accepted author version posted online: 12
Dec 2016.
Published online: 23 Dec 2016.

N
CJ/ Submit your article to this journal &

||I| Article views: 5165

A
& View related articles '

/BN

View Crossmark data &'

CrossMark

@ Citing articles: 59 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=iebt20


https://www.tandfonline.com/action/journalInformation?journalCode=iebt20
https://www.tandfonline.com/loi/iebt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/14712598.2017.1271872
https://doi.org/10.1080/14712598.2017.1271872
https://www.tandfonline.com/action/authorSubmission?journalCode=iebt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iebt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/14712598.2017.1271872
https://www.tandfonline.com/doi/mlt/10.1080/14712598.2017.1271872
http://crossmark.crossref.org/dialog/?doi=10.1080/14712598.2017.1271872&domain=pdf&date_stamp=2016-12-12
http://crossmark.crossref.org/dialog/?doi=10.1080/14712598.2017.1271872&domain=pdf&date_stamp=2016-12-12
https://www.tandfonline.com/doi/citedby/10.1080/14712598.2017.1271872#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/14712598.2017.1271872#tabModule

EXPERT OPINION ON BIOLOGICAL THERAPY, 2017
VOL. 17, NO. 2, 225-236
http://dx.doi.org/10.1080/14712598.2017.1271872

Taylor & Francis
Taylor &Francis Group

REVIEW

3 OPEN ACCESS

Exon skipping: a first in class strategy for Duchenne muscular dystrophy

Erik H. Niks®* and Annemieke Aartsma-Rus®

2Department of Neurology, Leiden University Medical Center, Leiden, The Netherlands; "Department of Human Genetics, Leiden University Medical

Center, Leiden, The Netherlands

ABSTRACT

Introduction: Exon skipping is a therapeutic approach for Duchenne muscular dystrophy (DMD) that
has been in development for close to two decades. This approach uses antisense oligonucleotides
(AONs) to modulate pre-mRNA splicing of dystrophin transcripts to restore the disrupted DMD reading
frame. The approach has moved from in vitro proof of concept studies to the clinical trial phase and
marketing authorization applications with regulators. The first AON (eteplirsen) has recently received
accelerated approval by the Food and Drug Administration in the US.

Areas covered: In this review the authors explain the antisense-mediated exon skipping approach,
outline how it needs be tailored for different DMD mutation types and describe the challenges and
opportunities for each mutation type. The authors summarize the clinical development of antisense-
mediated exon 51 skipping, and discuss methods to improve efficiency. Finally, the authors provide
their opinion on current developments and identify topics for future prioritization.

Expert opinion: Exon skipping development has been a learning experience for all those involved.
Aside from an approved therapy, its development has yielded side benefits including the development
of tools for clinical trials and has increased collaboration between academics, patients, industry and
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regulators.

1. Introduction
1.1. Duchenne muscular dystrophy (DMD)

DMD is a genetic disorder that is inherited in an X-linked
manner and thus affects primarily boys, although female car-
riers can be symptomatic as well. The incidence is estimated at
1:5000 newborn boys [1]. Clinical symptoms derive from pro-
gressive muscle weakness that generally becomes apparent in
the first years of life. Affected boys can have delayed motor
milestones, and although they obtain the possibility to walk
independently, they cannot keep up with their peers and
walking is compromised by frequent falls. They have difficulty
climbing stairs, and proper running or hopping is not
achieved. Motor performance typically plateaus around the
age of 5-7 years, after which a large number of the boys
lose ambulation between 8 and 12 years. However, natural
history studies have shown that the distance covered in the
6 min walking test (6MWT), used as primary endpoint in all the
recent clinical trials, can still increase beyond 7 years, and can
even be stable for some time in young teenagers [2,3]. The
reasons for this variability are largely unknown. Genetic modi-
fiers involved in inflammatory pathways are being identified
and may explain part of this variation [4,5]. It has also become
clear that cohorts of patients with certain mutations have a
different mean age at which they lose ambulation [6]. In the
non-ambulatory phase, further progression of muscle weak-
ness leads to a decline of arm and hand function, the need for
respiratory support, and cardiomyopathy. Life expectancy is

severely reduced, and sudden death can still occur before the
age of 20. Nonetheless, international standards of care prob-
ably enable survival beyond the third decade of life for the
majority of currently diagnosed children [7]. These standards
include the use of corticosteroids, which are usually com-
menced around the age of 5 years. Corticosteroids have clearly
prolonged the ambulatory phase for DMD patients. The med-
ian age at loss of ambulation is estimated to be postponed by
3 years (13.0 versus 10.0) by using steroids for more than
1 year in the ambulant phase compared to a combined cohort
with steroid treatment less than 1 year and untreated patients
[8]. Unfortunately, this study also illustrates the wide variability
in treatment regimes. Both prednisone and deflazacort are
used at various levels, and dosing can be either daily or
intermittent with variable intervals. This non-uniformity in
the natural history and treatment of DMD clearly is an impor-
tant factor to consider when recruiting patients in interna-
tional clinical trials.

1.2. DMD mutations and the exon skipping approach

DMD is caused by mutations that abolish the production of
functional dystrophin protein, either through frame-shifts or
through nonsense mutations [9] (Figure 1(a,b)). Dystrophin
acts as a molecular shock-absorber and provides muscle fibers
with stability during exercise [10,11]. Lacking functional dys-
trophin, muscle fibers are easily damaged, which eventually
leads to replacement of muscle tissue by fibrotic and fat tissue
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Article highlights

e Duchenne muscular dystrophy is a severe, progressive muscle wast-
ing disease with unmet medical need

¢ Antisense-mediated exon skipping is a therapeutic approach that
aims to increase production of partially functional dystrophin
proteins

* Antisense-mediated exon skipping is a mutation specific approach

¢ Clinical development of exon skipping compounds has been challen-
ging due to the lack of natural history data and clinical trial tools

o Stakeholder collaboration in the DMD field has generated new tools
for clinical trials that hopefully will facilitate future therapy develop-
ment for DMD

This box summarizes key points contained in the article.

and the progressive loss of muscle function. Notably, in-frame
deletions can allow the production of internally deleted, par-
tially functional dystrophin proteins [9] (Figure 1(c)). These
dystrophins are associated with a less severe and less progres-
sive disease, Becker muscular dystrophy (BMD).

The exon skipping approach aims to restore the disrupted
open reading frame for DMD dystrophin transcripts [12]
(Figure 2(a)). This can be achieved by antisense oligonucleo-
tides (AONs), small modified pieces of DNA or RNA that spe-
cifically hybridize to a target exon, hiding said exon from the
splicing machinery so that it is spliced out with its flanking
introns. While this makes the deletion larger, the restoration of
the reading frame allows the production of a partially func-
tional dystrophin like those found in BMD patients [13].

2. Applicability
2.1. Exon skipping for deletion mutations

Exon skipping is a mutation-specific approach; which exon to
skip depends on the size and location of the mutation [12]. As
such, having a genetic diagnosis of the disease is important
[14]. Most DMD patients have a deletion of one or more exons

(a) Healthy

Dystrophin

(b) Duchenne

(~68%); the reading frame can be restored by single exon
skipping for 70% of these deletions (Figure 2(a)), while an
additional 8% need skipping of two exons to restore the read-
ing frame [12] (example in Figure 2(b)). Because deletions
cluster between exon 45 and 55, the skipping of exons in this
area applies to larger groups of patients, with exon 51 skipping
applying to 14% of patients, exon 45 and exon 53 skipping
both applying to an additional 8% of patients and exon 44
applying to an additional 6% [15]. AON-induced single and
double exon skipping leading to dystrophin restoration have
both been shown feasible in patient-derived cell cultures and
animal models (overview given by Aartsma-Rus [13]). Thus far
only single exon skipping has been pursued in clinical trials (see
later). Double exon skipping requires a combination of two
AONs (Figure 2(b)). This was quite straightforward in vitro,
being almost equally efficient as single exon skipping with
regards to exon skipping efficiency and the percentage of
dystrophin positive cells [16]. However, it is good to bear in
mind that the transfection efficiency in cultured cells is very
high (close to 100%). Therefore, most cells will take up both
AONSs in relatively high amounts, making the chance that two
AONs target the same transcript high. It has been observed that
double exon skipping is less efficient in vivo, probably requiring
higher doses [17,18]. This makes sense, since much less AON
will be taken up by individual muscle fiber nuclei after systemic
delivery, thus decreasing the chance that two AONs target the
same transcript. It therefore follows that when AONs for two
different exons are approved, further tests needs to be done
before combining these AONs for patients requiring double
exon skipping is approved as well [19].

2.2. Exon skipping for patients with small mutations

About 20% of patients have small mutations within exons [15].
Half of these (~10% of all patients) have nonsense mutations
(Figure 1(b)), while ~35% consist of small deletions or inser-
tions that disrupt the reading frame (7% of all patients). The

% Nonsense mutation
Exon 42 Exon 43

Exon 1......41

| 4

Prematurely truncated, non-functional dystrophin

Exon 1....51 Exon 53.....79
(c) Becker
Exon 1....50 Exon 53.....79

¥

Internally deleted, partially functional dystrophin

Figure 1. Mutations in the DMD gene. (a) In the healthy situation the dystrophin mRNA transcript encodes a fully functional dystrophin protein. (b) In Duchenne
patients, mutations that disrupt the reading frame (e.g. a deletion of exon 52, left panel) or nonsense mutations (e.g. nonsense mutation in exon 42, right panel)
lead to a premature truncation of protein translation and non-functional dystrophins. (c) In Becker patients mutations maintain the reading frame (a deletion of
exon 51 and 52), allowing production of internally deleted, but partially functional proteins.
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(a) Deletion requiring double exon skipping

Exon 53

(b) Deletion requiring double exon skipping

Exon 1

(c) Splice site mutation

* Splice site mutation (exon not included in mRNA)

B Don 144 B Exon 46 Exon 47.....79
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_E bp insertion (in-frame exon becomes out of frame
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4 Nonsense mutation in exon 56
..... Exon 56 Exon 57
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(f) Duplication
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Figure 2. Antisense mediated exon skipping for various mutation types. (a) Antisense oligonucleotides (AONs) can hybridize to a target exon during the pre-mRNA
splicing process. This will hide the target exon from the splicing machinery, and it will be spliced out with its flanking introns. For a deletion of exon 52, the skipping
of exon 51 will restore the reading frame, to allow the production of a Becker-type dystrophin rather than a non-functional dystrophin. (b) Double exon skipping for
a deletion mutation. For most deletions the reading frame can be corrected by skipping a single exon (see Figure 2). Some deletions however, such as a deletion of
exon 46-50, required the skipping of both flanking exons to restore the reading frame. (c) Exon skipping for a splice site mutation. Most splice site mutations, will
cause a single exon deletion on mRNA level (a 3 splice site mutation in intron 44 results in exon 45 no longer being recognized by the splicing machinery in this
example). Like with exon deletions, skipping additional exons (exon 46 in this example) can restore the reading frame. (d) Single exon skipping for small mutations.
When small mutations are located within an in-frame exon, skipping this exon will bypass the mutation, while maintaining the reading frame. In this example, a 1
basepair insertion in exon 42 disrupts the reading frame. Skipping exon 42 bypasses the frame-disrupting mutation. (e) Double exon skipping for small mutations.
When small mutations are located within out-of-frame exons, the mutation containing exon needs to be skipped as well as a flanking exon, to bypass the mutation
without affecting the reading frame. In the example a nonsense mutation in exon 56 requires the skipping of both exon 56 and exon 57. (f) Exon skipping for single
exon duplications. Single exon skipping for single exon duplications allows restoration of the normal transcript when either the original or duplicated exon is
skipped (left panel). However, double exon skipping will lead to an out of frame transcript (right panel). (g) Exon skipping for cryptic splicing mutations. Deep
intronic mutations can activate splice sites, leading to the inclusion of part of an intron into the mRNA. These cryptic exons often are out-of-frame and/or contain
stop codons. Targeting the cryptic exon with an AON can restore the normal transcript.
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final 15% (3% of all patients) have splice site mutations. These
are anticipated to result in the skipping of the exon involved.
As such mutations will generally be similar to deletions on
RNA level and skipping of adjacent exons can often restore the
reading frame (Figure 2(c)). For the insertions, deletions and
nonsense mutation, the exon itself will need to be skipped to
bypass the mutation (Figure 2(d,e)). When mutations are
located in in-frame exons, this can be done without disrupting
the reading frame. However, when mutations are located in
out-of-frame exons this will require the skipping of two or
more exons [12]. As with deletions, single and double exon
skipping straightforwardly resulted in dystrophin restoration
for small mutations (overview in Aartsma-Rus [13]). However,
the same considerations for double exon skipping for deletion
mutations apply here. Furthermore, small mutations do not
cluster in a hotspot. As such, the applicability of skipping in-
frame exons to bypass these mutations by single exon skip-
ping is low (0.02-0.8% of all patients [12]) making the clinical
development of such AONs challenging if not impossible [19].

2.3. Exon skipping for duplication mutations

Duplications of one or more exons occur in ~11% of patients
and cluster between exon 2 and 11. Single exon duplications
are interesting from two perspectives. First, skipping one of the
two exons would restore the normal transcript (Figure 2(f)).
Second, the ‘dose’ of the target is double compared to deletion
mutations. However, there is of course also a risk of skipping
both exons, leading to an out-of-frame transcript. In patient-
derived cell cultures, this in fact can happen, either exclusively
or in combination with single exon skipping [20,21]. However,
for single exon duplications, it is anticipated that in vivo AON
treatment will result in single exon skipping, because the
chance that two AONs end up in the same nucleus and target
the same transcript is much smaller than in vitro. A recently
developed mouse model with a duplication of mouse exon 2
[22] will allow experiments to hopefully shed more light on this.

For duplications involving multiple exons, exon skipping is
challenging, because here the effect will be diluted, skipping a
duplicated exon will often restore the reading frame, while
skipping an original exon will not. Furthermore, splicing for
multiexon duplications is often complex and unpredictable [23].

2.4. Exon skipping for deep intronic mutations that
affect splicing

Deep intronic mutations giving rise to aberrant inclusion of
‘cryptic exons’ occur in less than 1% of DMD patients. Here,
AONSs can be designed to skip the cryptic exon (Figure 2(g)),

Actin binding domain Central rod domain

which has been successfully done in patient-derived cells [24].
The main challenge is that most of these mutations are
unique, which poses challenges on clinical development of
these AONs [19].

2.5. Multiexon skipping approach

Skipping a stretch of multiple exons has been proposed as a
way to increase applicability of the exon skipping approach
[16,25]. Exon 45-55 skipping has been studied most, because
this would apply to ~40% of patients in global databases
[12,15] and 62% of patients in a French database [25]. This
multiexon skipping relies on a combination of 11 AONs target-
ing each of the individual exons present in the exon 45-55
stretch. In patient-derived cells cultures, skipping this stretch
of exons was revealed to be challenging [26]. More success
was achieved in a mouse model with a deletion of exon 52,
where a cocktail of 10 AONs could induce skipping of exons
45-51 and 53-55 leading to dystrophin restoration [27]. The
biggest challenge for multiexon skipping is the fact that in
addition to the in-frame intended skipping, multiple out-of-
frame transcripts will be induced as well. Thus, there is a
dilution of the therapeutic effect to a much larger extent
than with the previously described double exon skipping.
Another challenge is the dosing, which will have to be higher
than for single and double exon skipping. It is as yet unknown
whether these high doses will be safe in humans.

2.6. Mutations to which exon skipping is not applicable

While exon skipping would in theory apply to up to 81% of
patients, there are notable exceptions. These are directly
related to the location of the functional domains of the dys-
trophin protein (Figure 3, [28]). Dystrophin connects F-actin to
beta-dystroglycan and thus the cytoskeleton to the extracel-
lular matrix [28]. It contains three actin binding domains and a
cysteine-rich domain. When in-frame mutations abolish all
actin binding domains and/or the dystroglycan binding
domains of the dystrophin protein, the resulting protein will
not be functional [28]. Furthermore, in-frame deletions in the
central rod domain that intersperses the actin- and dystrogly-
can-binding domains, are generally well tolerated. However,
deletions involving more than 36 exons results in non-func-
tional dystrophins. As such it is anticipated that exon skipping
will not result in functional dystrophins when mutations abol-
ish all actin-binding domains, involve the dystroglycan bind-
ing domain and/or are deletions involving 36 exons or more
[28,29].

Cysteine rich/C-terminal domains
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Figure 3. Dystrophin protein domains relative to the encoding exons (previously published [28], used with permission from |0S press). Dystrophin function relies on
the presence of at least one actin binding domain (encoded by exon 2-9 and exon 31-45) and the dystroglycan-binding domain (encoded by exon 64-70).
Furthermore, the central rod domain (encoded by exon 10-63) does not tolerate deletions involving 36 or more exons.



3. Clinical development

Clinical trials investigating the effect of exon skipping have
until now been performed using two different chemically
modified AONs, that is, 2'-O-methyl-phosphorothioates
(20MePS) developed by Prosensa, GlaxoSmithKline (GSK) and
finally BioMarin, and phosphorodiamidate morpholino oligo-
mers (PMO), applied by AVI-Biopharma, a company that chan-
ged its name to Sarepta Therapeutics in 2012. Modification is
done to increase the stability of the AON and endow AONs
with good pharmacokinetic properties. Splice modulating
AONs further need a modification to prevent cleavage by
RNA nucleases of the AON-target hybrid. Different AON che-
mistries have different pharmacokinetic, pharmacodynamic,
and safety profiles. 20MePS are negatively charged, have a
high level of plasma protein binding, and a relatively long
plasma half-life ranging from weeks to months upon systemic
subcutaneous administration [30]. PMOs are charge-neutral
and have a much shorter plasma half-life of several hours
after intravenous dosing [31]. Both compounds have limited
penetration in cardiomyocytes and do not cross the blood-
brain barrier upon systemic administration.

3.1. Results from 20MePS-mediated exon skipping in
DMD

PROO051, developed by Prosensa Therapeutics, was the first
20MePS AON targeting exon 51 in the DMD gene to be tested
in humans. In 2006, intramuscular injection of 0.8 mg into the
tibialis anterior muscle of four non-ambulant patients (PRO051-
CLINO1) resulted in clear sarcolemmal dystrophin signals in the
immunofluorescence analyses performed 28 days later, although
formally, no pretreatment biopsies were performed [32]. Next,
systemic administration of PRO051 with weekly subcutaneous
injections was studied in 12 ambulant patients using a dose
escalation design (four groups of three patients per dose) ran-
ging between 0.5 and 6.0 mg/kg for 5 weeks [30]. In this study,
starting in 2008 (PRO051-CLINO2, ClinicalTrials.gov Identifier
NCT01910649), muscle biopsies from the tibialis anterior muscle
were available at baseline and 2 weeks after the last injection
from the three patients included in 0.5 mg/kg dosing cohort, and
at 2 and 7 weeks after the last injection for the patients treated
with 2.0, 4.0, and 6.0 mg/kg. Although the study duration was
short considering the plasma and tissue half-life of PRO051, exon
skipping was observed on RNA level in all six patients receiving
4.0 and 6.0 mg/kg. Immunofluorescence analyses in the 6.0 mg/
kg cohort 2 weeks after treatment revealed an increase in dys-
trophin signal intensity ranging from 4.7% to 15.5% of that of a
control sample. Importantly, from this and other studies it
became increasingly appreciated that if advanced immunohis-
tochemistry techniques are applied, nearly all DMD patients
show traces of dystrophin in their biopsies [33,34]. Variations
between different techniques, within single DMD muscle biop-
sies, and between controls complicate the use of detailed dys-
trophin quantification as biomarker [28].

After the dose escalation phase and a pause of 6-15 months, all
12 patients resumed dosing at 6 mg/kg per week subcutaneously
for 72 weeks followed by an interruption of several weeks and
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intermittent dosing. By then, PRO051 was licensed in by GSK
changing the compound code to GSK2402968. The generic
name drisapersen was introduced and the trial code changed to
DMD114673 (ClinicalTrials.gov identifier NCT01910649). Although
two boys lost ambulation before the open label extension (OLE)
study was initiated, and another two lost ambulation within
1.5 years after the onset of the OLE study, the remaining eight
showed a stable course of the ambulatory capacity. At 177 weeks,
the median change from baseline of the OLE phase was +8 m on
the 6MWT at an age range of 9.3-15.4 years [35].

Upon acquisition of the PRO051 license, GSK initiated a
number of studies planned and conducted more or less in
parallel. An exploratory study conducted only in the US
(DMD114876, ClinicalTrials.gov Identifier NCT01462292) com-
pared weekly subcutaneous dosing of 3 and 6 mg/kg to pla-
cebo for 24 weeks, but failed to demonstrate a statistically
significant difference in the 6MWT. The randomized controlled
trial DEMAND 2 (DMD 114117, ClinicalTrials.gov Identifier
NCT01153932) was defined as a phase 2 study, and compared
two subcutaneous dosing regimens (an initial loading dose of
six doses in 3 weeks followed by 6 mg/kg weekly or 6 mg/kg
intermittently, adding up to nine doses per 10 weeks) to pla-
cebo in 53 ambulant boys who had a baseline distance in the
6MWT of more than 75 m, and who could rise from the floor
within 7 s. Until now, it is the only published trial from the
drisapersen program showing a promising mean difference
from placebo in the 6MWT of 35.09 m at week 25 (p = 0.014),
and 35.84 m at week 49 (p = 0.051) in the 18 boys on contin-
uous dosing [36]. By contrast, no significant changes were
found in the intermittent dosing group despite similar pharma-
cokinetic exposure. The 17 boys in this group were slightly
older and heavier at baseline. Results of the muscle biopsies,
performed at week 25, are reported qualitatively, and do not
provide insight in absolute RNA or protein levels of the skipped
product. Nevertheless, an effect on RNA and/or protein was
observed for the majority of drisapersen-treated patients.

The pivotal phase 3 trial DEMAND 3 (DMD114044,
ClinicalTrials.gov Identifier NCT01254019), started in parallel
in 2010, included 186 boys worldwide and compared
48 weeks of subcutaneous dosing at 6 mg/kg weekly in 125
patients to 61 controls. In this study, no differences in the
6MWT as primary endpoint nor in any of the secondary clinical
endpoints were met, leading to a discontinuation of the whole
drisapersen program in September 2013, and to GSK handing
over the DMD research data back to Prosensa Therapeutics. In
this pivotal trial, the inclusion criteria were not as strict as
those in the DEMAND 2 study, that is, the boys were required
to walk more than 75 m on the 6MWT, but the requirement of
rising from the floor within 7 s was left out. This resulted in a
difference at baseline between the subjects in the DEMAND 2
and 3 studies (mean age 7.2 versus 8.0 years, and mean 6MWT
distance 337 versus 428 m), favoring the smaller DEMAND 2
study [35]. By then it had become clear from natural history
studies and placebo cohorts from these and other clinical trials
that the 6 MWT did not show any consistent linear correlation
with age. A baseline distance below 330-350 m, and an age of
>7 are predictors of an increased decline in walking or even
the loss of ambulation within 1-2 years [37,38]. This example
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illustrates why ideally one has natural history data of the
primary endpoint available before planning a trial. This will
allow powering of the study and selection of cohorts in which
a therapeutic can be best assessed [39].

Side effects from the subcutaneous dosing of drisapersen
included mainly injection-site reactions, proteinuria and
thrombocytopenia. The latter two were most often subclinical,
and resolved upon temporarily withholding the dosing. The
injection-site reactions included pain, erythema, swelling and
hematomas in the acute phase. However, long-term use led to
discoloration, induration of the skin, sclerotic changes, and
subcutaneous lipodystrophy that did not seem to resolve
after cessation of dosing. Although structural reports and
studies are lacking, this seems to be a class effect of AONs
with a phosphorothioate backbone [40]. It directly led to the
exploration of intravenous administration of drisapersen, but
also PRO044, PRO045, and PROO053. These latter compounds,
selected to skip exons 44, 45, or 53, respectively, had been
tested in smaller phase 1/2 studies. Aim of these studies was
to study the safety, pharmacodynamics and pharmacokinetics
in a small group of patients while waiting for the results of the
drisapersen program, and with the possibility to expand the
inclusion to demonstrate clinically significant benefit later on.

The pooled data from all drisapersen results was acquired
by the end of 2014 by BioMarin Itd. This included long-term
follow-up from the initial 12 patients and patients from the
DEMAND 2 and 3 trials who had continued dosing in an open-
label  extension  study  (ClinicalTrials.gov Identifier
NCT01480245) up to September 2013. Data were presented
to the US and European regulators. The US Food and Drug
Administration (FDA) indicated that the data were as yet not
convincing of a positive risk-benefit balance for this com-
pound. BioMarin Itd. withdrew the marketing authorization
application from the European Medicines Agency in May
2016. The company announced that they would stop the
20MePS AON programs for all DMD-related products in the
summer of 2016 and would focus on the next generation of
AON:Ss.

3.2. Results from PMO mediated exon skipping in DMD

The first study in humans testing a PMO AON targeting exon
51 used AVI-4658, which was developed by AVI-BioPharma.
The study was done in seven DMD patients between 10 and
17 years old through intramuscular injections of 0.09 (n = 2)
and 0.9 mg (n = 5) into the extensor digitorum brevis (EDB)
muscle (ClinicalTrials.gov Identifier NCT00159250). Saline injec-
tions in the contralateral muscle were used as a control [41].
Muscle biopsies taken 3-4 weeks later showed dystrophin
expression in the five patients treated with the higher dose.
Signal intensity was related to that of healthy control muscle
and increased from 4% to 14% in the saline-treated EDB to
22-32%. Next, systemic treatment was studied in 19 boys
between 6 and 13 years old using 12 weekly intravenous
doses of AVI-4658 in a dose escalation study ranging from
0.5 to 20 mg/kg per dose (ClinicalTrials.gov Identifier
NCT00844597). Muscle biopsies were taken 2 weeks after the
last dose from the biceps brachii muscle and compared to a
pretreatment biopsy available from the diagnostic procedure

(n = 3), or from the contralateral biceps (n = 16) [42]. Efficacy
of the treatment was assessed using three parameters: per-
centage of dystrophin-positive fibers, mean fluorescence
intensity per fiber, and dystrophin expression calculated by
western-blotting. Although at least one of these parameters
favored treatment in all eight patients dosed at 10 or 20 mg/
kg, this study again confirmed that untreated patients express
some dystrophin, with up to 11% mean fluorescence intensity
per fiber. When looking at this parameter in more detail, the
three patients with the highest response (one patient in each
cohort of 2, 10, and 20 mg/kg, respectively) had an increase
from 5-9% pretreatment to 19-27% post-treatment. By con-
trast, even in the two cohorts dosed with 10 and 20 mg/kg,
some patients showed more limited or no change in the
percentage of dystrophin positive fibers, the mean fluores-
cence intensity or western blotting, and no formal dose
response relation could be established from this study.

Data on more long-term systemic dosing of this com-
pound came from 12 boys randomized to three cohorts of
weekly intravenous dosing at 30 and 50 mg/kg per week
and placebo for 24 weeks in the 4658-us-201 study
(ClinicalTrials.gov Identifier NCT01396239) [31]. AVI-4658
had by then received the generic name of eteplirsen. After
24 weeks, the placebo cohort was randomized to 30 (n = 2)
and 50 (n = 2) mg/kg per week in the 4658-us-202 exten-
sion study (ClinicalTrials.gov Identifier NCT01540409).
Biopsies from the biceps muscle were taken at baseline
and at 12 weeks for the 50 mg/kg cohort and two controls,
and at 24 weeks for the 30 mg/kg cohort and two controls.
Muscle biopsies from the deltoid muscle were taken in all
patients at 48 weeks. The main biopsy parameter that was
reported was the percentage of dystrophin fibers assigned
as positive by a pathologist in blinded fashion. This percen-
tage had increased significantly at 24 weeks of 30 mg/kg
eteplirsen treatment by 15.9-22.9%, but not at 12 weeks of
50 mg/kg eteplirsen treatment. At week 48, the deltoid
muscle showed an increase of 29.8-60.3% positive fibers in
the cohorts treated with 30 and 50 mg/kg. All patients
continued treatment using the same dose as given at
48 weeks. Clinical data from these 12 boys have been
published recently [43]. Two boys in the original 30 mg/kg
cohort had lost ambulation soon after enrolment. After
3 years of treatment, however, none of the remaining 10
boys had lost ambulation at an age of 10-13 years.
Although this is not uncommon for steroid-treated DMD
patients, it differed from a selected population of 13 histor-
ical Italian and Belgian controls, matched by age and carry-
ing mutations amendable to exon 51 skipping. In this
cohort, six patients had lost ambulation within 3 years of
follow-up. Eteplirsen had a good safety profile, no systemic
reactions or treatment-related serious adverse events were
reported, and none of the adverse events led to treatment
interruptions of dose adjustments [43]. Sarepta filed for
accelerated approval with the FDA based on data obtained
in these 12 patients (referred to as the 201/202 study
results). Upon request of FDA, dystrophin was quantified
using western blot in biopsies obtained after 180 weeks of
treatment. Since baseline tissue was not available for all
patients, tissues from six untreated patients amenable to



exon 51 skipping were added to this baseline analysis. This
revealed an increase of dystrophin protein levels from
0.08% to 0.93% [44]. In June 2016, FDA indicated that
they were unable to decide on eteplirsen until Sarepta
provided them with western blotting data on additional
muscle biopsies from patients involved in a currently
ongoing phase 3 clinical trial for eteplirsen (4658-301 or
PROMOVI study, Clinicaltrials.gov Identifier: NCT02255552)
[45]. At that time, 13 patients had been treated for at
least 48 weeks. Analysis of biopsies taken before and after
48 weeks of treatment revealed an increase of 0.28% of
dystrophin for about half of the patients, while no increase
was observed for the rest [46]. On 19 September 2016, FDA
decided to give eteplirsen accelerated approval based on
the dystrophin data, which were considered ‘reasonably
likely to predict a clinical benefit’ [47]. At the same time,
FDA stated that ‘a clinical benefit of eteplirsen, including
improved motor function, has not been established’, and
that Sarepta will have to confirm a functional effect in
future trials. The decision was made after extensive internal
debate of which details have been made public [46] (for a
commentary see Aartsma-Rus and Krieg [48]).

4. Alternative approaches

What is clear from the above is that the exon skipping
approach would benefit from ways to increase the efficiency
of AONs and/or the longevity of the effect.

4.1. Alternative chemistries

Ongoing efforts aim to optimize AON chemistry [49]. Tricyclo
DNA (tcDNA) was recently reported as an alternative chemistry
to induce dystrophin exon skipping [50]. The tcDNA chemistry
is a constrained oligonucleotide analogue that is more hydro-
phobic than regular DNA and RNA and has a very high affinity
for target RNA. Therefore, shorter AONs can be used (14-16mer,
compared to 18-22mer 20MePS, and 25-30mer PMOs).
Treatment with tcDNA in mdx mice resulted in exon skipping
and dystrophin restoration in skeletal muscle and heart at levels
that were significantly higher than in mdx mice treated with
equimolar levels of 20MePS and PMO AONS [50]. Furthermore,
detectable levels of exon skipping and dystrophin restoration
were also observed in brain, partly correcting behavioral defects
observed in mdx mice. However, high doses of tcDNA were
needed to achieve exon skipping in brain, and this was accom-
panied by mild toxicity [50]. As this chemistry has not been
tested in humans yet, tolerability in humans is as yet unknown.
As such, it is not yet known whether the therapeutic window
will allow treatment effects in the brain in humans.

The 2'deoxy 2'fluoro phosphorothioate (2FPS) was recently
reported to recruit interleukin enhancer binding factors 2 and
3, and in this manner to increase exon skipping levels, prob-
ably through increased steric hindrance by the bulky pre-
MRNA-AON-protein complex, thus preventing splicing factors
to bind the target exon [51]. We evaluated 2FPS AONs for
DMD exon skipping and found that indeed in vitro these AONs
are extremely efficient, leading to enhanced exon skipping
levels for most 20MePS counterparts tested [52]. However,
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upon systemic treatment in the mdx mouse model, the 2FPS
AONs did not induce any exon skipping. Furthermore, a
decrease in weight and splenomegaly was observed for
2FPS-treated animals.

4.2. Conjugates

Because the PMO chemistry is uncharged, it is relatively
straightforward to conjugate peptides to these AONs. The
addition of arginine rich peptides leads to a significant
increase in uptake by muscle, and to a larger extent heart
and for some peptides even by the central nervous system,
accompanied by high levels of exon skipping and dystrophin
restoration in muscle and heart [53-59]. A plethora of arginine
rich peptides have been generated and tested in DMD mouse
models [55,56,59]. Only one peptide has so far been tested in
non-human primates. Unfortunately, this peptide-PMO caused
severe kidney toxicity in injected monkeys already at levels
below those needed to induce exon skipping in muscle [60].
Safety has yet to be evaluated for additional peptides, but as
the toxicity may have been driven by the amount of arginines,
it is likely that most of these compounds are not tolerated well
by higher species. Hopefully, peptides with less arginines will
have a better safety profile, while still leading to a significant
increase in uptake by muscle and heart.

Attempts have also been made to improve muscle and
heart-specific uptake by conjugating homing peptides to the
AONs [57,61]. For PMOs, addition to muscle-specific peptides
by themselves did not result in increased uptake [57].
However, combining them with arginine rich peptides did
increase uptake and exon skipping beyond what was achieved
with the arginine rich peptide. However, this only was
observed when the muscle-specific peptide was placed
between the arginine rich peptide and the PMO, suggesting
that it may be possible the peptide is acting more as a hydro-
phic spacer (which has been shown to increase PMO effi-
ciency) than directing PMO homing to muscle. For 20MePS
AONss, arginine rich peptides cannot be conjugated due to the
negative charge of the backbone. However, the addition of a
7-mer peptide heart-homing identified by phage display bio-
panning did result in increased uptake and exon skipping after
injection of a 20MePS AON in the mdx mouse model [61].

4.3. Formulations

In addition to conjugates and chemical modifications, recent
reports have shown that formulating AONs in high hexose
solutions (5% glucose/fructose or 5% fructose) can increase
uptake, exon skipping levels and dystrophin restoration as
well [62,63]. For the glucose/fructose solution this effect
occurred for 20MePS and PMO AONs and siRNA in mdx mice
[63]. The effect was shown to be the result of an impaired
muscle energy metabolism in mdx mice [63]. It is known that
mdx muscles have relatively good quality muscle due to very
efficient regeneration and that these mice are extremely
hypertrophic (~50% more muscle than wild-type mice) [64].
It is possible that the hypertrophy and/or regeneration pro-
cesses drive the increased uptake of AONs in a sugar formula-
tion. As these processes are occurring at much lower levels in
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humans, it is possible that uptake effect will not translate to
humans. Experiments in the DBA/mdx mouse (which is not
hypertrophic [64]) will have to elucidate this further.

4.4. CRISPR/Cas9

Since exon skipping AONs target the pre-mRNA, the effect is
transient and repeated injections are required. CRISPR/Cas9
technology allows editing of the DMD gene to bring about
permanent exon skipping (Figure 4). This technology uses
guide RNAs that target Cas9 enzymes to generate double
stranded breaks in the DNA. These will be repaired by non-
homologous enjoining or, when a template is provided, by
homologous recombination.

It has been shown that genome editing for the DMD gene is
feasible in cell culture and mouse models [65-74]. Most studies
use a pair of guide RNAs to target intron 22 and intron 23 in the
mdx DMD gene, and generate an exon 23 deletion on DNA
level, thus removing the mutation while maintaining the read-
ing frame [68-71] (Figure 4(a)). Alternatively, a single guide RNA
targeting the 3’ or 5’ splice site has been used successfully as
well. Here, the splice site will be mutated in a subset of targeted

cells due to the error-prone non-homologous end joining pro-
cess, resulting in a permanent skip on mRNA level (Figure 4(b)).
It has been shown feasible to correct the mutation in patient-
derived myoblasts and iPS cells using the same strategies [65—
67,72,73]. To increase the applicability, CRISPR/Cas9 has also
been used to delete larger genomic regions, for example, an
exon 45-55 deletion [65,72], which would apply to larger
groups of patients and is associated with a mild phenotype in
Becker patients [15,75] or to generate an exon 50-54 fusion
exon [66]. Gene correction, that is, replacing the mutated exon
for a correct one via homologous recombination (Figure 4(c)),
has been shown in iPS cells [73]. However, homologous recom-
bination is a very inefficient process, and most likely not occur-
ring in postmitotic cells such as muscle tissues, so this finding
probably has limited translational value.

5. Conclusions

Exon skipping for DMD is a mutation-specific approach that
would in theory apply to over 80% of patients. Exon 51 skip-
ping AONs, which would apply to the largest group of DMD
patients have been developed further and two AON
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Figure 4. Genome editing approaches for DMD. (a) Deletion of a mutated or frame-disrupting exon. Using a pair of guide RNAs targeting the introns flanking an
exon containing a mutation (the nonsense mutation in exon 23 from the mdx mouse is shown in this example), the exon can be removed on DNA level when the
generated ends in intron 22 and intron 23 are linked by non homologous end joining. (b) Splice site mutations. A single guide RNA can be used to generate a
double strand DNA break at a splice site. Since the non homologous end joining process is error prone, the repaired DNA will often involve a mutated splice site.
Thus the exon containing the mutation is no longer recognized and skipped on RNA level, thus bypassing the mutation or restoring the reading frame. (c) Gene
correction. In stem cells, double strand DNA breaks can activate homologous recombination (in addition to non homologous end joining). Homologous
recombination requires a template with the correct information, that is provided with the guideRNA and CRISPR/Cas9. Homologous recombination between the
homologous DNA at the borders of the DNA break and the template will result in a corrected DNA (exon 52 is restored in this example).



chemistries have been tested in phase 2 and 3 clinical trials
and one has now received accelerated approval in the United
States after extensive internal dispute within the FDA. Key
findings from the clinical development of AON mediated
exon skipping in DMD are that these compounds are able to
reach the target tissue through intramuscular, subcutaneous
or intravenous admission. Both 20MePS and PMO AONs
induce skipped transcripts and the expression of internally
deleted dystrophins. At the same time, it has become clear
that all muscle fibers of untreated DMD patients show variable
traces of dystrophin, and that methodology to quantify the
levels of localized and functional protein is still in
development.

No randomized placebo control trial has been able to
demonstrate a clinically relevant benefit of AON treatment up
to 48 weeks in ambulant DMD patients. Small uncontrolled
studies suggest that long-term systemic dosing of both eteplir-
sen and drispersen might prolong the ambulatory phase in
DMD. Long-term subcutaneous treatment with drisapersen led
to local injection-site reactions of the skin that may prove to be
permanent. Eteplirsen treatment was safe and well tolerated in
patients treated so far. As yet, the number of patients exposed
is a lot smaller than the drisapersen-treated cohort and further
studies will need to be done to confirm a functional effect.

It is clear that there is room for improvement for this
approach. Currently, work focuses on the development of
more effective AON chemistries, increasing distribution of
AONs to muscle or having a permanent reading frame restora-
tion using CRISPR technology. However, these approaches
have their own challenges, such as lack of safety data in
humans.

6. Expert opinion

At the onset of these clinical trials, which were among the first
randomized controlled trials in DMD, no detailed data were
available on the natural history of the disease, especially regard-
ing the clinical endpoints such as the 6MWT and timed function
tests. The 6MWT was not developed for DMD, but for adult
patients with chronic lung disease [76]. The 6MWT was recom-
mended by the FDA for one of the first DMD trials studying a
read-through compound [77]. By studying the placebo cohorts
from these trials, the variability of this scale, the nonlinear decline
towards loss of ambulation, and the fact that younger children
can still show an increase in the distance within 1 year has posed
questions for the clinical relevance of this outcome parameter. It
is also questionable if the clinical effect from compounds that
aim to restore dystrophin, and thus to prevent muscle damage
rather than increase muscle power, can be captured by such a
scale over a relatively short period of one to two years. This
period seems the maximum that is feasible for placebo con-
trolled studies in children. Over the last years, intensive interna-
tional collaboration between scientists, commercial partners,
patients organizations, and regulators has led to joined efforts
to further standardize clinical care, to develop clinically relevant
outcome parameters (including those that can be used in non-
ambulant patients), but also to look at alternative outcome
parameters such as serum biomarkers or muscle MRI that are
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able to demonstrate treatment effects over shorter periods [39].
Since the primary endpoint in clinical trials aims to measure
clinical benefit of a therapy, it is important that outcome mea-
sures assess functions that are deemed important by patients.
Unlike the 6MWT that was not developed specifically for DMD,
the performance upper limb scale was developed in collabora-
tion with patients and the items of this scale reflect functions that
DMD patients indicated they find important [78,79].

In parallel to efforts to optimize the tools needed for clinical
trials, research focuses on optimizing the tools to induce exon
skipping. New chemistries are reported on a regular basis and
many of these could in theory be used for DMD exon skipping.
However, in our opinion, two things should be considered
ideally in an early stage. First, whether the manufacturing
allows upscaling. Since skeletal muscle makes up 30-40% of
our body mass and repeated injections are required, high doses
of AONs will be needed. So, when upscaling is impossible,
ineffective or very expensive, this may not be compatible with
developing this chemistry for DMD exon skipping. The second
consideration is whether the chemistry is safe. Mice are not very
predictive for AON safety, so ideally very promising chemistries
are screening at an early stage for safety in a pilot experiment
in a more relevant animal such as rat.

The CRISPR technology has been used to restore the read-
ing frame on DNA level rather than RNA level, thus effecting
a permanent change. Expectations about the therapeutic
potential for this technology are high. However, we should
not forget that in order for this approach to work in DMD
patients, the guide RNAs and CRISPR/Cas9 will need to be
delivered to muscle efficiently. In animal models, this has
now been achieved with the adeno-associated virus or
using cell transplantation of ex vivo corrected cells.
However, these approaches (gene and cell therapy) have
been in development for DMD for decades, so far without
success [80]. This is mainly due to the abundance and inac-
cessibility of skeletal muscles, that precludes sufficient deliv-
ery of genes or cells to muscle.

Another challenge (one that faces all therapies) is that the
time of intervention will influence the therapeutic effect.
When disease progresses muscle tissue is replaced by fat
and adipose tissues. These tissues do not express dystrophin,
so AONs will not have a target transcript to hybridize to and
when genome editing would occur in these tissues this will
not lead to a therapeutic effect. Thus, early intervention is
anticipated to result in a larger therapeutic effect. The majority
of DMD patients are non-ambulant. While exon skipping will
not restore the ability to walk for these patients, slowing down
the loss of arm, hand and respiratory function would have
therapeutic value as it would increase autonomy and inde-
pendence and quality of life.

In conclusion, the exon skipping development has been a
learning experience for everyone involved. While exon skip-
ping is not yet an approved treatment yet, the clinical devel-
opment of this approach has already yielded side benefits in
the form of the development of tools for clinical trials and
increased collaboration between academics, patients, industry
and regulators [39], which will hopefully expedite the devel-
opment of current and future therapeutic approaches
for DMD.
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