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Chapter 43
What We Have Learned from 10 Years 
of DMD Exon-Skipping Trials

Svitlana Pasteuning-Vuhman and Annemieke Aartsma-Rus

Abstract  Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder 
caused by truncating mutations in the DMD gene. These result in the absence of the 
muscle fibre stabilizing dystrophin protein and progressive loss of muscle tissue and 
function. In-frame mutations with partially functional dystrophin generally lead to 
Becker muscular dystrophy (BMD) with a milder disease phenotype. This was the 
inspiration for the antisense-mediated exon-skipping approach that restores the dys-
trophin reading frame to allow production of a Becker-type dystrophin. This approach 
is mutation specific. Since exon 51 skipping is applicable to the largest group of DMD 
patients, two antisense compounds targeting exon 51 were developed first, i.e. dris-
apersen and eteplirsen. Ten years have passed since the first exon-skipping antisense 
compound was tested clinically in DMD patients. If objectively evaluated, initial trials 
were suboptimal with modest clinical success. Major hurdles were that, at the time of 
trial planning, natural history data and reliable outcome measures to detect clinical 
benefit were not available. Moreover, the levels of dystrophin that are restored in 
DMD patients are lower than those observed in BMD patients. This chapter looks 
back at the lessons that were learned during the development of DMD exon skipping 
so far, to allow for more optimal exon-skipping trials in the future.
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43.1  �Exon Skipping for Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder affecting 
around 1 in 5000 newborn males worldwide [1, 2]. Patients progressively lose mus-
cle and generally become wheelchair-dependent by the age of 12, require assisted 
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ventilation by the age of 20 and usually die in the third or fourth decade due to 
pulmonary or cardiac failure [3, 4].

DMD is caused by out-of-frame mutations in the DMD gene that prevent the 
production of the muscle fibre stabilizing dystrophin protein [5, 6]. Lack of func-
tional dystrophin makes muscle fibres more susceptible to damage resulting in 
chronic injury accompanied by inflammation and replacement of muscle fibres by 
adipose and fibrotic tissue [7]. Interestingly, the crucial functional parts of dystro-
phin are located at the beginning and at the end of the protein. Internal deletions or 
duplications in the DMD gene that maintain the reading frame give rise to partially 
functional dystrophins and generally lead to Becker muscular dystrophy (BMD) with 
a later onset and slower disease progression [4].

The finding that out-of-frame mutations generally lead to DMD while in-frame 
mutations generally lead to BMD was the inspiration for the antisense-mediated 
exon-skipping approach. Here, antisense oligonucleotides (AONs) are used as steric 
blockers that hide a targeted exon from the splicing machinery, causing it to be 
skipped so that the dystrophin reading frame is restored, allowing the production of 
a Becker-type dystrophin [8, 9]. The exon-skipping approach is mutation specific. 
DMD patients carry different types of mutations that vary in position and size within 
the DMD gene [5], and, as such, different exons need to be skipped to restore the 
reading frame for different mutations. In theory, the approach would be applicable 
to the majority of DMD gene mutations (55% of all patients and 80% of patients 
with deletions) [5, 10]. Moreover, the majority of the mutations are found at the ‘hot 
spot’ between exons 45 and 53; thus skipping of certain exons would apply to larger 
groups of patients, with exon 51 skipping being applicable to the largest group 
(13–14% of patients).

AONs are chemically modified DNA or RNA analogues. Early modifications 
involved phosphorothioate linkages to improve stability and pharmacokinetic prop-
erties and 2′-O-methyl RNA to render AONs RNase H resistant and making AONs 
suitable for splicing modulation [11]. These 2′-O-methyl RNA with a phosphoro-
thioate backbone (2OMePS) AONs were the initial tool to modify splicing and skip 
one or more exons, thereby restoring dystrophin production in patient-derived cell 
models and animal models [9]. Phosphorodiamidate morpholino oligomers (PMOs), 
containing a six-membered morpholine moiety instead of ribose and phosphorodi-
amidate linkages [12], have been explored as another chemistry for DMD exon 
skipping [13–17]. The mdx mouse model was helpful to explore exon-skipping effi-
ciency for both chemistries. Interestingly, the AON uptake after systemic delivery in 
dystrophic muscles was found to be tenfold higher than in healthy muscles. This 
suggests that the dystrophic phenotype of the muscles lacking dystrophin facilitates 
AON uptake [9].

After encouraging preclinical results, both chemistries were tested in DMD 
patients who were amenable to exon 51 skipping. It has now been more than 
10 years after the first exon-skipping AON was tested clinically in DMD patients. 
This chapter will give an overview of the decade-long clinical journey for AONs and 
will outline the lessons learned along the way.
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43.2  �Clinical Trials

Since exon 51 skipping is applicable to the largest number of DMD patients, two 
antisense compounds targeting exon 51 were developed first, i.e. drisapersen and 
eteplirsen. These components differ in their oligonucleotide backbone chemistries 
(i.e. 2OMePS and PMO, respectively). Drisapersen was developed by Prosensa/
GSK/BioMarin, while eteplirsen was produced by AVI Biopharma/Sarepta. Since 
the exon-skipping approach is a mutation-specific genetic approach, it was not 
tested in healthy volunteers. First, safety data was available for both chemistries 
from trials for other indications. Secondly, exon 51 skipping would disrupt the 
reading frame in healthy volunteers and thus have the opposite effect compared to 
DMD patients.

43.2.1  �Drisapersen

43.2.1.1  �Local Injections

Drisapersen was administrated intramuscularly into tibialis anterior muscles of 
four DMD patients. The injection was tolerated well, and no side effects were 
observed beyond some redness and swelling at the injection site. A biopsy taken 
from the injection site 28 days later showed that in all four patients, drisapersen 
induced specific skipping of exon 51 during pre-messenger RNA splicing of the 
dystrophin transcript and restored dystrophin locally [18]. Patients did not show 
any functional improvement, nor was this expected due to the localized nature of 
the treatment. Interestingly, the oldest patient, who had the most advanced stage 
of the disease as assessed by magnetic resonance imaging, showed dystrophin 
restoration in almost all muscle fibres. However, since he had only a limited num-
ber of fibres left, the absolute amount of dystrophin restored was much lower than 
those observed for the three younger patients. This result underlines that the thera-
peutic effect of exon-skipping treatment relies on the muscle quality at the time of 
treatment.

43.2.1.2  �Systemic Phase 1–2a Trials

DMD is a disease that affects all skeletal muscles, and lifelong repeated AON 
treatment is required due to dystrophin mRNA transcript and protein turnover. This 
makes intramuscular injection of each muscle unfeasible. Therefore, subsequent 
trials involved systemic treatment, using subcutaneous injections as studies in the 
mdx mouse model had revealed that this resulted in lower kidney and liver exposure 
than intravenous delivery and speculating that this would be more patient-friendly 
than intravenous infusions.

43  What We Have Learned from 10 Years of DMD Exon-Skipping Trials
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First, drisapersen was tested for safety and efficacy in an open-label, dose-
escalation phase 1–2a study, where 12 DMD patients were treated by weekly sub-
cutaneous injections of drisapersen for 5 weeks, with groups of 3 patients receiving 
each of 4 possible doses (0.5, 2.0, 4.0 and 6.0  mg/kg) (PRO051-CLIN02, 
ClinicalTrials.gov Identifier NCT01910649) [19]. Treatment was tolerated well and 
resulted in detectable dystrophin production in patients treated with a dose of 
2.0  mg/kg or higher. No functional effects were anticipated or observed after 
5 weeks. After the dose-finding study, all 12 patients were enrolled in an open-label 
extension phase, during which they were treated subcutaneously weekly with a dose 
of 6.0 mg/kg (ClinicalTrials.gov identifier NCT01910649). Twelve weeks into this 
extension trial, drisapersen treatment was still well-tolerated without serious adverse 
events. Furthermore, the 10 ambulant patients showed a modest improvement in the 
distance walked in the 6-min walk test compared to the baseline at the initiation of 
the extension trial. Patients received weekly treatment for 72 weeks, followed by an 
8-week treatment break and then cycles of 8 weekly treatments and 4-week treat-
ment breaks of 6 mg/kg drisapersen for 188 weeks [20]. After 3.4 years, the most 
common observed adverse events were injection-site reactions and mild proteinuria 
and raised urinary α1-microglobulin levels. During the off-treatment periods, the 
proteinuria levels normalized. However, the injection-site reactions sometimes 
persisted.

Functionally, on average there was an improvement in 6-min walk test perfor-
mances compared to the expected decline found in natural history studies of age-
matched patients [21]. The distance walked in 6  min was stable for 8 of the 10 
ambulant patients for the duration of the study, whereas 2 patients lost ambulation. 
While this finding was encouraging, it should be interpreted with caution, since it 
involved an open-label study and only a small number of patients.

43.2.1.3  �Phase 2 Placebo-Controlled Trials

Prosensa had coordinated the local injection and the phase 2a dose-escalation trials. 
Following this, they in-licensed drisapersen to GlaxoSmithKline (GSK). GSK then 
planned and coordinated three placebo-controlled trials. In the first phase 2 double-
blind, three-arm, placebo-controlled study, different dosing regimens were com-
pared in patients (DMD 114117, ClinicalTrials.gov Identifier NCT01153932). The 
study involved 53 DMD patients aged 5 years and older from 13 specialized centres 
in 9 countries. Patients were all in the early stage of the disease, since they had to be 
able to rise from the floor in less than 7  s [22]. All patients first received twice 
weekly doses of 6 mg/kg drisapersen or placebo during a 3-week period. After this 
period, patients were treated either continuously (once weekly) or intermittently 
(twice weekly at weeks 1, 3 and 5; once weekly at weeks 2, 4 and 6; and no active 
drug in weeks 7–10 of each 10-week cycle) for a total duration of 48 weeks. Patients 
from the drisapersen continuous group showed a significant increase in 6-min walk 
distance at 25 weeks (34 m; p = 0.01), while no significant differences were found 
for patients from the intermittent group. At week 49, the 6-min walk distance 
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differed between drisapersen and placebo in 36 m and 27 m for the continuous and 
intermittent group, respectively (not statistically significant). Some decline towards 
baseline was observed in the continuous group between 25 and 49 weeks, whereas 
the intermittent group was relatively stable.

The second phase 2 placebo-controlled study compared different doses of dris-
apersen and involved 51 DMD patients in an early stage of the disease (6–8 years of 
age; time to rise from floor <15  s) (DMD114876, ClinicalTrials.gov Identifier 
NCT01462292). Patients were treated with placebo, 3 or 6 mg/kg drisapersen for 
24 weeks. Patients treated with 6 mg/kg walked 27 m more than patients treated with 
placebo or 3 mg/kg; however this difference was not statistically significant [23].

Although ambulation improvements in this young population with early stage 
of the disease appear very encouraging, both phase 2 studies were exploratory and 
contained small numbers of patients in each treatment group. Moreover, both 
studies were not sufficiently powered to be able to detect significant differences 
and clinical benefits.

In all phase 2 trials and the following open-label studies using subcutaneous 
injections of drisapersen, injection-site reactions and proteinuria were more fre-
quently reported in drisapersen-treated patients. Similar injection-site reactions 
have also been reported for mipomersen, an AON of comparable chemistry that was 
approved by the Food and Drug Administration (FDA, USA) for the treatment of 
familial hypercholesterolaemia [24]. These injection-site reactions do not occur 
after intravenous delivery, which has been explored in clinical trials for AONs 
targeting exons 44, 45 and 53.

43.2.1.4  �Phase 3 Placebo-Controlled Trial

In parallel with the two phase 2 trials, the safety and effectiveness of treatment with 
drisapersen were tested in a large phase 3 trial involving 186 ambulant patients 
between 5 and 16 years (DMD114044, ClinicalTrials.gov Identifier NCT01254019). 
Patients were treated with placebo (n = 61) or 6 mg/kg drisapersen (n = 125) for 
48 weeks, and the primary outcome measure was the 6-min walk test. At the end of 
the trial, drisapersen-treated patients walked 10.3 m more than the placebo group, 
which was not clinically relevant or statistically significant [25]. Consequently, GSK 
stopped the clinical development of drisapersen, and all rights returned to Prosensa. In 
early 2015, BioMarin acquired Prosensa and reanalysed the clinical data. Post hoc 
analysis of the data from the phase 2 and 3 trials revealed that patients in the phase 3 
trial were on average older and had a more advanced disease stage than patients in the 
phase 2 trials. Therefore, analysis was performed on the subset of patients who 
would have met the selection criteria for phase 2 trials, revealing that for this group 
the treatment difference in 6-min walk test was 21.5 m (p = 0.131) [25]. Given that 
all studies had open-label extension arms, for a substantial number of patients, 
96-week treatment data were available. Analysis of this data revealed that when 
compared to natural history data, longer-term drisapersen treatment appears to slow 
down disease progression in younger patients but also in older patients [26].
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Based on these findings, drug registration applications were filed with the FDA 
and the European Medicines Agency (EMA). FDA declined approval for dris-
apersen, saying the ‘standard of substantial evidence of effectiveness has not been 
met’. In May 2016, BioMarin announced they had withdrawn the application with 
EMA [27] and that they would stop the clinical developments of their current 
exon-skipping components, to focus on investing in research of next-generation 
oligonucleotides [28].

43.2.2  �Eteplirsen

43.2.2.1  �Local Injection Study

Like drisapersen, eteplirsen was also first tested in a local injection study. Here, the 
extensor digitorum brevis (EDB) muscles of seven DMD patients were injected 
with eteplirsen at doses of 0.09 mg (n = 2) and 0.9 mg (n = 5) (ClinicalTrials.gov 
Identifier NCT00159250). The contralateral EDB served as a control and received 
only saline injection [15]. EDB muscles were selected based on their preservation 
observed with magnetic resonance and the responsiveness to exon 51 skipping in 
cultured fibroblasts obtained from skin biopsies. Muscle biopsies taken between 3 
and 4 weeks after injections showed dystrophin restoration in all 5 patients treated 
with the higher dose. Intramuscular administration of eteplirsen appeared to be safe 
and on average intensity of dystrophin staining was 17% higher in treated muscles 
than the intensity in the contralateral control muscles. This proof-of-concept study 
led to systemic clinical trials in DMD patients.

43.2.2.2  �Dose-Funding and Efficacy Phase 2 Trials

Following proof-of-concept after the local injection study, systemic trials were per-
formed for eteplirsen. The studies used intravenous infusion as a delivery route. 
Due to poorer solubility of the PMO compound, subcutaneous injections were not 
feasible.

The safety and biochemical efficacy of eteplirsen was first examined in an open-
label, dose-escalation phase 2 study involving 19 ambulant patients with DMD aged 
5–15 years (ClinicalTrials.gov Identifier NCT00844597). Several doses of eteplirsen 
were tested (0.5, 1.0, 2.0, 4.0, 10.0 and 20.0 mg/kg body weight), and muscle biop-
sies were taken from the biceps at the start and from the contralateral biceps after 
12  weeks of weekly intravenous treatment [29]. Overall, eteplirsen was well-
tolerated with no serious drug-related adverse effects. Seven patients responded to 
treatment showing exon 51 skipping and dystrophin restoration. Three patients 
showed a clear response to treatment with 21%, 15% and 55% of dystrophin-
positive fibres, while the other four patients demonstrated only increases between 6 
and 8%. Notably, newly produced dystrophin was functional, as the dystrophin-
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associated glycoprotein complex (DGC) was restored at the sarcolemma. However, 
since even in the 20 mg/kg dose group, there were patients in whom no increase in 
dystrophin expression was observed; the conclusion was that probably a higher dose 
was needed.

A subsequent trial involved 12 patients with DMD aged 7–13 years. The trial 
started as a placebo-controlled, double-blind trial. Patients were randomized to 
weekly intravenous infusions of 30 or 50 mg/kg/weeks eteplirsen or placebo (n = 4/
group) for 24 weeks [30]. At week 25, the study became an open-label trial, and 
placebo patients switched to 30 or 50 mg/kg eteplirsen (n = 2/group), and all patients 
have been receiving weekly intravenous infusions now for over 4  years 
(ClinicalTrials.gov Identifier NCT01396239). An increase in dystrophin production 
was the primary endpoint, but function was also assessed by the 6-min walk test. No 
increase in dystrophin was observed after 12 weeks of treatment with 50 mg/kg 
eteplirsen. In biopsies taken at week 24, however, the percentage of dystrophin-
positive fibres was increased to 23% in patients treated with 30 mg/kg of eteplirsen, 
while no increase was found in placebo-treated patients. After longer treatment 
(48 weeks), even greater increases of dystrophin-positive fibres (52% and 43% in 
the 30 and 50 mg/kg cohorts, respectively) were observed. Furthermore, restored 
dystrophin appeared to be functional, since sarcoglycans and neuronal nitric oxide 
synthase were localized at the sarcolemma [31].

Two of the patients in the 30 mg/kg group lost ambulation within the first 3 months 
of the study. During the 3 years of follow-up, the 10 remaining ambulant patients 
showed a lower degree of decline in their 6-min walk distance than would be expected 
from the natural history. Namely, the eteplirsen-treated patients declined 100 m, while 
the cohort of 13 untreated Belgium and Italian DMD patients declined 250 m in a 
3-year time frame [31]. As mentioned before, comparisons of small groups of patients 
should be interpreted with caution. Nevertheless, Sarepta filed for accelerated 
approval with the FDA. However, the FDA was hesitant to approve eteplirsen based 
on such a small number of patients and also questioned the robustness of the dystro-
phin quantification method, which involved manual counting of dystrophin-positive 
fibres by a pathologist, while information on the quantity of dystrophin was lacking. 
A fourth biopsy was taken from patients after 188 weeks of treatment. Western blot 
analysis quantification revealed an increase of dystrophin of 0.9% [32, 33].

43.2.2.3  �Open-Labelled Confirmatory Phase 3 Trial

In September 2014, Sarepta initiated an open-labelled phase 3 trial to provide confir-
matory evidence of eteplirsen efficacy (ClinicalTrials.gov Identifier: NCT02255552). 
The trial involved 80 ambulant DMD patients amenable to exon 51 skipping, who 
received weekly intravenous dosing of 30 mg/kg eteplirsen for up to 96 weeks, while 
80 matched DMD patients with mutations not amenable to exon 51 skipping served as 
controls for safety and functional outcome measures.

FDA requested Sarepta to confirm increased dystrophin expression by western 
blot analysis from biopsies taken from these patients before and after 48 weeks of 
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eteplirsen treatment [34]. Western blot analysis of 13 patients showed an increase in 
dystrophin in some patients, ranging from 0.22% to 0.32% of normal [35]. Notably 
about half of the patients had no or minimal apparent increases in dystrophin expres-
sion. Although the levels of dystrophin restoration were lower than anticipated, 
eteplirsen was granted accelerated approval under provisions that Sarepta will 
confirm the drug’s clinical benefit before 2021 [36].

43.3  �Lesson Learned

There have been several lessons learnt from the exon-skipping studies. Sometimes 
things could not have been foreseen, e.g. the injection-site reactions after subcuta-
neous injections of drisapersen were never observed in mice. In retrospect, intrave-
nous delivery would have been preferred and probably should be considered for 
future trials using high doses of PS-modified AONs.

However, some of the lessons learned relate to the field being unprepared for 
clinical trials.

At the onset of the clinical trials, neither natural history data of the disease were 
available nor did functional outcome measures exist. This realization inspired mul-
tiple stakeholder collaboration meetings involving academics, regulators and repre-
sentatives from industry and patient advocacy groups to identify gaps, collect 
additional data and develop new outcome measures [3, 37, 38]. However, this is an 
effort that is still ongoing, while the first systemic trials were initiated in 2008.

The 6-min walk test was used in these trials, but this test was not developed for 
DMD but borrowed from the cardiovascular field to measure muscle function in 
ambulant patients. Since the test had not been performed by DMD patients and no 
natural history data for this test existed, the heterogeneity of the disease had not 
been fully appreciated. With the onset of therapy trials, the field started collecting 
natural history data for the 6-min walk test [39–41]. This revealed that generally the 
6-min walk distance declines nonlinearly and younger patients (≤7 years of age) are 
stable or can even increase in their walk distance within 1 year [39]. Later the 6-min 
walk distance stabilizes, followed by a slow decline and finally a rapid decline just 
before losing ambulation [42]. Given that the exon-skipping approach aims to 
slow down disease progression and prolong the ambulation period, ideally patients 
in the decline phase are selected for future clinical trials (it is not possible to mea-
sure a slower decline in stable patients) [32, 42]. However, once the rapid decline 
has started, it may be too late to achieve a therapeutic effect on walking function. 
Thus, currently a specific subset of patients is selected in clinical trials using the 
6-min walk test, i.e. the patients where one expects to be able to detect a slower 
disease progression in a 1-year trial. This is generally assumed to be patients with a 
baseline 6-min walk distance near 350 m [3].

Looking back on past trials with the current knowledge, it is clear to see how 
initial trials may have been suboptimal. For instance, the phase 2 drisapersen trials 
involved only very young patients in a relatively stable phase of the disease [20], 
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while the phase 3 trial involved patients between 5 and 16 years of age [25], result-
ing in high variability. The unexpected heterogeneity can also give rise to uncer-
tainty within trials, e.g. in the phase 2 drisapersen trial testing different dosing 
regimens, the continuous treatment regime appeared to contain higher number of 
younger and more functional patients compared to the intermitted regime explain-
ing improved 6-min walk distance in the continuous but not in the intermitted group 
at 25 weeks [25].

As mentioned, DMD progresses slowly when measured with the 6-min walk 
test, and the exon-skipping compounds aim to slow down disease progression. This 
has an impact on trial duration. The EMA guidance recommends DMD trials to be 
placebo-controlled and lasting at least 1 year [43], while the draft FDA guidance 
suggests 18–24 months [44]. The phase 2 trial design for eteplirsen was originally 
not set up for drug registration, as underlined by the small number of patients and 
the fact that there was no placebo group beyond the first 24  weeks. Therefore, 
results of the 6-min walk test had to be compared between eteplirsen-treated patients 
and historical controls selected from natural history data of baseline-matched 
patients from Belgium and Italy [31, 32]. This is a challenging exercise, because 
variation in care in different countries will influence disease progression. As such it 
is not surprising that FDA was not convinced by this data and requested Sarepta to 
provide compelling functional data in future study as a condition of the accelerated 
approval [32].

Currently, the 6-min walk is often selected as the primary functional endpoint in 
phase 2 and 3 trials for DMD. However, it has several disadvantages. First, it was 
not developed for DMD. As such, a lot of effort was needed to define the clinically 
meaningful difference for patients as 30 m [41]. Being able to walk 30 m more in 
6 min may not appear clinically relevant. However, it has become clear that the 
distance walked in 6 min is predictive for when patients will lose ambulation, which 
clearly is clinically relevant. Alternative outcome measures are now developed as 
well, such as the North Star Ambulatory Assessment, which captures multiple items 
that are relevant to patients, such as the ability to climb stairs (and therefore traverse 
thresholds) and get up from the floor. The performance upper limb (PUL) functional 
outcome measure was established in collaboration with patients and can also be 
used in non-ambulant patients. However, these outcome measures have been newly 
developed, and natural history data is only now being collected. If there is one 
lesson from this all, it is that ideally outcome measures should be available at the 
time first trials are initiated.

Another thing that has become clear is that it is unlikely that exon skipping will 
convert a DMD patient into a BMD patient. First, the levels of dystrophin that are 
restored in patients after exon skipping are a lot lower than those expressed in BMD 
patients. However, preclinical studies in mouse models revealed that very low levels 
(less than 4%) of dystrophin are beneficial for survival [45]. Furthermore, patients 
amenable to exon 44 skipping show higher baseline levels of dystrophin due to 
spontaneous exon 44 skipping, which result in clinical benefits such as prolonged 
ambulation and slower disease progression [46, 47]. However, the higher dystrophin 
levels are present from birth, while dystrophin expression will only be induced at 
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the time of intervention in DMD patients. At that time muscle damage will already 
have accumulated. It is currently not known how much dystrophin is required to 
slow down disease progression in DMD patients, but it is likely that the levels may 
vary for young patients with relatively good muscle quality and for older patients 
with progressive muscle tissue loss.

43.4  �Future Perspectives

New oligonucleotide chemistries are currently in development aiming to achieve 
more widespread restoration of dystrophin throughout the whole body’s muscle 
including the heart.

Heart failure is one of the main causes of death in DMD patients, and targeting 
heart remains one of the most significant challenges [14]. Among oligonucleotide 
chemistries tested in preclinical trials, cell-penetrating peptide-conjugated PMO 
(PPMO) efficiently induced dystrophin expression in whole body muscles and the 
heart and improved heart function [48, 49]. Although preclinical testing of PPMOs 
in mdx mice appeared to be safe, monkeys are more sensitive to dose-dependent 
PPMO-related toxicity, which can lead to kidney degeneration [50]. If it is possible 
to lower the toxicity, e.g. through structural modifications, PPMOs could be a 
promising therapeutic compound for DMD.

Another next-generation exon 51 DMD compound was recently developed by 
Wave Life Sciences Ltd. Wave has presented that their stereopure component 
induces higher exon-skipping levels and results in better uptake in skeletal muscle 
and the heart. Wave is planning to initiate their first clinical trial involving ambula-
tory and non-ambulatory DMD patients in 2017 [51].

A major hurdle of the exon-skipping approach is that the DMD mutations are 
very heterogeneous, while the exon-skipping approach is highly mutation specific. 
Each AON is considered as a new drug by the regulators. To address this, multi-exon 
skipping has been proposed as a method that is applicable for larger groups of 
patients. For example, skipping exons 45–55 would apply to 40% of all patients 
[10], and Becker patients with a deletion of exons 45–55 show a mild disease phe-
notype [52]. However, this approach needs 11 AONs targeting 11 exons, which is 
challenging [53]. Multi-exon skipping is currently at a preclinical stage, and several 
hurdles need to be addressed including low efficacy and potentially high toxicity. 
A better understanding of the DMD intron splicing order and usage of new-generation 
antisense oligonucleotides may reduce the number of AONs required to skip exons 
45–55 and reduce the therapeutic of individual AONs [54].

Exon-skipping therapy development for DMD is very dynamic. New AON 
chemistries and modifications are tested in cell and animal models, and outcome 
measures have been developed and natural history collected. While initial trials 
perhaps were not optimal, it is hoped that future AON trials will benefit from the 
work that has been done so far.
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