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Abstract: Duchenne muscular dystrophy is a fatal neuromuscular disorder affecting around 

one in 3,500–5,000 male births that is characterized by progressive muscular deterioration. It is 

inherited in an X-linked recessive fashion and is caused by loss-of-function mutations in the 

DMD gene coding for dystrophin, a cytoskeletal protein that stabilizes the plasma membrane 

of muscle fibers. In September 2016, the US Food and Drug Administration granted acceler-

ated approval for eteplirsen (or Exondys 51), a drug that acts to promote dystrophin production 

by restoring the translational reading frame of DMD through specific skipping of exon 51 in 

defective gene variants. Eteplirsen is applicable for approximately 14% of patients with DMD 

mutations. This article extensively reviews and discusses the available information on eteplirsen 

to date, focusing on pharmacological, efficacy, safety, and tolerability data from preclinical 

and clinical trials. Issues faced by eteplirsen, particularly those relating to its efficacy, will be 

identified. Finally, the place of eteplirsen and exon skipping as a general therapeutic strategy 

in Duchenne muscular dystrophy treatment will be discussed.

Keywords: Duchenne muscular dystrophy, eteplirsen, Exondys 51, exon-skipping therapy, 

phosphorodiamidate morpholino oligomers

Duchenne muscular dystrophy (DMD): introduction 
and management issues in treatment
DMD is a fatal X-linked recessive neuromuscular disorder characterized by progres-

sive muscle weakening and wasting.1 It affects around one in 3,500–5,000 males 

born worldwide.2,3 The disorder progresses rapidly, with boys losing ambulation by 

12 years of age or earlier; death often occurs within the 20s, usually due to respiratory 

or cardiac complications.4,5 DMD is caused by mutations in the DMD gene coding for 

dystrophin,1,6 a membrane-associated protein that links cytoskeletal actin in muscle 

fibers with the surrounding extracellular matrix by forming a network with sarcolemmal 

glycoproteins (otherwise known as the dystrophin-associated glycoprotein complex 

[DAGC]).7–9 This linkage strengthens muscle structure during stressful contraction/

relaxation cycles;10 recent studies, however, indicate that dystrophin also has nonme-

chanical roles.11 Dystrophin has four domains: an N-terminal domain for binding actin, 

a rod domain mainly for structural flexibility, a cysteine-rich domain for facilitating 

protein–protein interactions, and a C-terminal domain for binding DAGC proteins at 

the sarcolemma.9,12 Dystrophin loss predisposes muscle fibers to mechanical damage, 

leading to muscle degeneration.

DMD is considered the longest gene in humans, spanning 2.4 Mb in chromo-

somal region Xp21 with 79 exons and producing a 14 kb transcript.13,14 Due to its 

length, it is highly susceptible to mutations. Furthermore, certain regions of DMD are 
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mutation hotspots.15,16 Approximately 60% of DMD cases 

are due to deletions of at least one exon in DMD,4,12 ~6% 

to duplications,17 and the rest to small mutations. In most 

cases, these disrupt the DMD reading frame or introduce 

a premature stop codon, both of which cease dystrophin 

production.

At present, most practices for DMD treatment are pallia-

tive at best, aimed at managing problems with ambulation, 

respiration, and cardiac health that are typical of DMD.4,5 

Of these, corticosteroid treatment has been found to be the 

overall most effective option for patients. Improved muscu-

lar strength, prolonged ambulation, and better respiratory 

function were observed in patients treated with the corticos-

teroids prednisolone/prednisone or deflazacort in separate 

long-term clinical trials.18,19 However, these improvements 

were temporary – disease progression was only delayed – and 

treatment was associated with a number of side effects (eg, 

weight gain, bone fractures, cataracts).

There is thus a push toward the development of curative 

therapies for DMD. To date, a number of cell- and gene-

based strategies have been explored, with varying degrees 

of success.5,12 Cell-based strategies involve transplantation of 

healthy myoblasts into patients, and as such are handicapped 

by issues of immune rejection and poor systemic delivery 

and viability of transplanted cells. Likewise, conventional 

gene-based strategies aiming to deliver functional copies of 

DMD in patients have turned out problematic, mostly due to 

poor delivery (owing to the large, complex structure of the 

gene)13,14 and the activation of an immune response in cases 

when a viral vector is used.

Novel strategies without these problems of safety and 

efficacy are currently emerging.12 One promising strategy 

is exon skipping, which attempts to fix the defective DMD 

gene through the use of nucleic acid-based drugs.20,21 This 

approach has shown much promise and has spurred the 

development of numerous pharmaceuticals, one of which is 

eteplirsen, also known as Exondys 51 or AVI-4658.

Developed by Sarepta Therapeutics (Cambridge, MA, 

USA), eteplirsen was approved by the US Food and Drug 

Administration (FDA) in September 2016, making it the 

first and currently only FDA-approved drug for DMD.22 

Eteplirsen was granted accelerated approval on the basis 

of surrogate end-point results showing that it was able to 

increase dystrophin levels in patients.22,23 While the drug 

is now accessible to patients, an additional clinical trial is 

still required by the FDA to demonstrate strong evidence of 

clinical benefit. This review discusses the pharmacology of 

eteplirsen, findings from clinical trials on its efficacy and 

safety, and issues faced by the drug in its course to definitive 

approval. The review ends by highlighting the implications 

of eteplirsen on the DMD community and the DMD-therapy 

scene as a whole.

Clinical pharmacology of eteplirsen
Mechanism of action: exon skipping
Not all DMD deletions result in out-of-frame mutations: 

some lead to in-frame mutations, generating variants able to 

produce functional albeit truncated versions of dystrophin. 

This kind of deletion occurs in patients with Becker MD 

(BMD), a milder dystrophinopathy compared to DMD.24 

The genetic difference between DMD and BMD presents an 

important observation: the nature of the deletion determines 

the severity of the disorder. This led to the realization that 

making a deletion less harmful by turning an out-of-frame 

to an in-frame mutation should alter the DMD phenotype to 

that of the less severe BMD.

It is with this underlying principle that exon skipping 

was developed as a therapeutic strategy for DMD. In this 

approach, the translational reading frame of a gene is restored 

using synthetic nucleic acid analogs called antisense oligo-

nucleotides (AOs) to interfere with pre-messenger RNA 

(mRNA) splicing20,25 (Figure 1). AOs are employed to bind 

target complementary sequences in the pre-mRNA, which 

influence the splicing machinery to exclude an exon (or 

exons) from the final transcript. The therapeutic potential 

of the method was first demonstrated in 1993, where cor-

rect splicing of the human β-globin gene was successfully 

restored in vitro through the use of a 2′O-methyl RNA AO.26 

Since then, the strategy has grown to use a wide array of AO 

chemistries for the treatment of various disorders.25

Eteplirsen is a 30-nucleotide phosphorodiamidate mor-

pholino oligomer (PMO) type of AO20,27 (Figure 2) with the 

sequence CTCCAACATCAAGGAAGATGGCATTTCT.28 

In contrast to regular RNA or DNA, PMO bases are attached 

to a morpholine moiety, and subunits are connected via phos-

phorodiamidate linkages that are neutrally charged at physi-

ological pH.20,29 Eteplirsen hybridizes to exon 51 of DMD 

(codes for part of hinge 3 within the rod domain)30 and causes 

it to be skipped during splicing;20 this corrects the transla-

tional reading frame, resulting in the production of shortened 

functional dystrophin proteins (Figure 1). A related DMD 

therapeutic, drisapersen (BioMarin, San Rafael, CA, USA), is 

also an AO-based drug with the same mechanism of action.20 

It differs from eteplirsen in that it is an 18-mer 2′O-methyl 

phosphorothioate type of AO, which is negatively charged 

(Figure 2). The FDA rejected drisapersen in early 2016, 
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due to safety issues associated with the use of the drug and 

insufficient evidence of clinical utility.31

Eteplirsen is beneficial for DMD patients with dele-

tions ending at exon 50 and starting at exon 52.12 This 

covers ~20.5% of DMD patients with deletion mutations, 

or 14% of all DMD patients.32 This is the largest group of 

patients to which single exon skipping is applicable, mak-

ing exon 51 a reasonable therapeutic target. Also, in vivo 

efficacy of DMD exon 51 skipping using PMOs has been 

demonstrated in the mdx52 dystrophic mouse model,33 further 

making it a good target choice.

Pharmacokinetics
Table 1 lists all clinical trials on eteplirsen to date, together 

with the respective study details. The pharmacokinetic prop-

erties of eteplirsen were studied in two trials: NCT00844597 

(Cirak et al)34 and NCT01396239 (Mendell et al).35 The 

former was an open-label Phase I/II dose-escalation 

study, with eteplirsen administered to DMD patients 

(19 patients total) as an intravenous (IV) infusion over a 

dose range of 0.5–20 mg/kg/week for 12 weeks. The lat-

ter was a double-blind Phase II placebo-controlled study 

that involved treating DMD patients with eteplirsen at  

30 mg/kg/week or 50 mg/kg/week doses for 24 weeks. Each 

cohort, including the placebo-treated cohort, consisted of 

four patients, for a total of 12 enrolled patients. Inclusion/

∆∆

Figure 1 eteplirsen is an exon-skipping therapeutic.
Notes: Eteplirsen (green bar) specifically recognizes exon 51 of the DMD gene. Upon binding, it influences the splicing machinery to skip exon 51 from the mature mRNA 
transcript. This restores the reading frame of DMD, allowing for successful translation of a shortened but functional dystrophin protein. Shown above is a case where 
eteplirsen is used to treat a DMD patient with a deletion spanning exons 49 and 50. This creates an out-of-frame frameshift that introduces a premature stop codon and 
results in nonproduction of dystrophin.
Abbreviations: DMD, Duchenne muscular dystrophy; mRNA, messenger RNA.

′

Figure 2 Chemical structures for the 2′O-methyl phosphorothioate (2′O-MePS) 
and phosphorodiamidate morpholino oligomer (PMO) classes of antisense 
oligonucleotides (AOs).
Notes: Shown in relation to native DNA and RNA structures. eteplirsen is a PMO 
and has the basic structure depicted above. in contrast to the negatively charged 
2′O-MePS AOs, PMOs lack charge. This property is thought to be associated with 
the high stability of PMOs and their increased safety as a therapeutic agent.
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exclusion criteria for these studies are shown in Table 2. 

Besides these sources, pharmacokinetic information on 

eteplirsen is also available via its drug label.36

Eteplirsen had a volume of distribution of 450–981 mL/kg 

in the dose-escalation study.34 At the recommended dose of 30 

mg/kg/week, the mean apparent volume of distribution was 

600 mL/kg.36 Specific tissue-distribution data for eteplirsen are 

not available in the current literature. However, studies have 

shown that PMOs do exhibit broad tissue distribution,37 with 

one study showing PMO uptake in six different muscle groups 

in mdx mice.38 Note though that PMO distribution to muscle 

and most tissues, other than in the kidney and liver, is poor; 

this is because PMOs are neutral, water-soluble molecules, 

and are thus more favorably cleared from the circulation than 

other drugs.37,38 On a different note, metabolism of eteplirsen 

was not found to occur in the liver;36 this is consistent with 

PMOs being unamenable to metabolic action.39

Cirak et al34 showed that eteplirsen had a plasma half-life 

of 1.62–3.6 hours within the 0.5–20.0 mg/kg dose range. In 

Mendell et al,35 after 12 weeks of treatment with single IV 

infusion doses of 30 mg/kg or 50 mg/kg eteplirsen, mean 

plasma half-lives found were 3.3 hours and 3.2 hours, respec-

tively. No drug accumulation was observed between doses 

for dosing schemes of 0.5 mg/kg/week to 50 mg/kg/week.34–36 

Total plasma clearance was 233–615 mL/h/kg over the 

dose range examined in Cirak et al;34 at a 30 mg/kg/week 

dose, total clearance was 339 mL/h/kg after 12 weeks of 

treatment.36 The kidneys are responsible for most of this 

clearance, with the extent of renal clearance increasing with 

dose. Mendell et al35 showed that 65%–70% of total clearance 

was attributable to renal clearance. It was observed that this 

magnitude of clearance occurred within the first 24 hours 

after drug administration.36

Efficacy of eteplirsen
Much of the data on the efficacy of eteplirsen as an IV 

administered drug for DMD treatment comes from four 

trials: NCT00844597, NCT01396239, NCT01540409, and 

NCT02255552 (Table 1). An earlier trial39 also produced 

efficacy data, but it involved an intramuscular route of admin-

istration. NCT0154040927 is an extension of NCT01396239, 

with two modifications: masking was changed to open-label, 

and patients in the placebo-treated cohort were switched to 

receive eteplirsen treatment. The four patients in the placebo-

treated cohort were split, with two patients receiving either 

30 mg/kg/week or 50 mg/kg/week eteplirsen. Matched 

historical controls from Italian and Belgian databases were 

used for the study.

NCT02255552 is the confirmatory study required by 

the FDA to support the clinical benefit of the drug.22,23 It is 

an ongoing, recruiting Phase III trial. Inclusion/exclusion 

criteria for this study are shown in Table 2. It is an open-

label study planned to consist of two 80-patient cohorts: an 

eteplirsen-treated and an untreated cohort. Patients in the 

former cohort will be subjected to 30 mg/kg/week of etep-

lirsen for 96 weeks.40 The reasons behind the choice of dose 

were not discussed in the published clinical trial literature. 

Efficacy will be assessed 48 weeks posttreatment; treatment 

will go on to 96 weeks for longitudinal evaluation. In decid-

ing whether to grant accelerated approval for the drug, the 

Table 2 Major inclusion/exclusion criteria for NCT00844597, NCT01396239/NCT01540409, and NCT02255552

Criteria Clinical trial

NCT00844597 NCT01396239/NCT01540409 NCT02255552

Sex, age Male, 5–15 years Male, 7–13 years Male, 7–16 years
Genotype Has confirmed out-of-frame deletion amenable to exon 51 skipping (for all trials)
Corticosteroid use Not detailed,* as long as patient 

receives standard of care
Using at a stable dose for at least 
24 weeks

Using at a stable dose 
for at least 24 weeks

Cardiac health-related drug use Not detailed,** as long as patient 
receives standard of care

Using at a stable dose for at least 
24 weeks and for trial duration

Not detailed

Distance walked independently At least 25 m Mean 180–440 m in 6 minutes Mean of at least 300 m 
in 6 minutes

Respiratory function At least 50% of predicted FvC, not requiring ventilatory assistance, stable (for all trials)
Cardiac function LveF $35%, FS $25%, stable state LveF .40%, stable state LveF .50%, stable state
Others Informed consent/assent required; no significant medical conditions; must not be receiving any treatment 

(other than those mentioned above), experimental or otherwise, deemed to confound trial results

Notes: *All enrollees but one were on corticosteroids. Type, dose, and dosing regimen varied among enrollees. No information given on how long patients were on 
corticosteroids prior to the trial. **Three enrollees were receiving drugs known to treat cardiac symptoms at study entry. No information was given as to how long patients 
were on these drugs prior to the trial. One other enrollee was subjected to treatment with such drugs during the study, due to complications deemed consistent with natural 
Duchenne muscular dystrophy progression. information obtained from trial details posted on ClinicalTrials.gov (as of January 2017). A more detailed and complete listing of 
these criteria can be found on that site.
Abbreviations: FvC, forced vital capacity; LveF, left ventricular ejection fraction; FS, fractional shortening.
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FDA requested preliminary efficacy data from 13 patients 

enrolled in the trial 48 weeks posttreatment.23

The efficacy of eteplirsen in these studies was assessed 

by dystrophin amounts produced as a result of treatment (a 

surrogate end point) and by treatment effect on patient ambu-

lation (a clinical end point). Data from immunohistochemistry 

(IHC) and Western blotting (WB), which were employed to 

determine dystrophin protein localization and levels in patient 

muscle with antibodies against DMD rod-domain regions, 

served as outcome measures for the surrogate end point.34,35 

Results from the 6-minute walk test (6MWT), which measures 

the distance a patient can independently walk in 6 minutes, 

mostly formed the basis for the clinical end point.35

NCT00844597 findings
Eteplirsen treatment was found to improve dystrophin expres-

sion in seven of 19 patients: six given 10–20 mg/kg/week and 

one given 2 mg/kg/week. Dystrophin fluorescence intensity 

from semiquantitative IHC showed a significant average 

increase to 16.4% from 8.9% of healthy controls posttreat-

ment (P=0.0287). Three patients responded particularly well, 

showing posttreatment increases in dystrophin expression to 

7.7%, 17%, and 18% of healthy controls in WB. Considering 

all results, however, there was an inconsistency of effect. 

The other four positive responders did not give appreciable 

results as the three patients mentioned, and the assays gave 

results that did not always agree with each other. Overall, 

dystrophin expression was not found to increase with dose. 

Result variability was ascribed to genetic background 

differences and random events surrounding eteplirsen uptake. 

The investigators suggested performing an extended clinical 

trial, with the argument that clinical benefit would only be 

observable upon prolonged treatment.

NCT01396239/NCT01540409 and 
NCT02255552 findings
NCT01396239/NCT01540409 was an extended clinical trial 

that responded to the shortfall of NCT00844597 with regard 

to study length. The results from these studies (summarized 

in Table 3) mostly formed the basis of the FDA decision.23 

Patients treated with 30 mg/kg/week of eteplirsen had a sig-

nificant mean 22.9% increase in dystrophin-positive fibers via 

IHC 24 weeks posttreatment compared to pretreatment values 

(P#0.002); such an increase was not observed in the placebo-

treated cohort. This rose significantly to a mean 51.7% at 

48 weeks posttreatment (P#0.001). Significant increases in 

dystrophin-positive fibers were also observed in the 50 mg/

kg/week and delayed eteplirsen-treated cohorts. Because the 

FDA found the IHC method questionable, additional testing 

was conducted on 11 patient biopsies from all cohorts at 180 

weeks posttreatment with an improved protocol.23 Dystrophin-

positive fiber counts were observed at 17.4% on average, 

casting further doubt on results obtained earlier in the trial.

WB-based quantification of dystrophin expression 

from 11 of 12 patient muscle biopsies after 180 weeks of 

treatment in NCT01396239/NCT01540409 revealed that 

Table 3 Key efficacy data from NCT01396239/NCT01540409

Assay Parameter measured Dose# Sample size (N) Results

immunostaining on 
muscle biopsies

% dystrophin-positive 
fibers

30 mg/kg weekly 4 +22.9% from BL at week 24 (P#0.002); +51.7% from BL at 
week 48 (P#0.001)

50 mg/kg weekly 4 Not tested at week 24; +42.9% from BL at week 48 (P#0.008)
Combined 11 17.4% at week 180,* range 1.42%–33%

western blot % dystrophin protein of 
normal levels

Combined 11 0.93% at week 180,* range 0%–2.47%

6-minute walk test independent walking 
distance in 6 minutes

30 mg/kg weekly 4 No significant difference from placebo/delayed cohort at  
week 48

50 mg/kg weekly 4 87.4 m difference in distance decline from placebo/delayed 
cohort at week 48 (P#0.001)

Combined 4 67.3 m difference in distance decline from placebo/delayed 
cohort at week 48 (P#0.001)

12 151 m difference in distance decline from matched historical 
controls at year 3 (P,0.01)

Pulmonary 
function tests

% pMiP Combined 12 -2.2% from BL at year 3**
% pMeP Combined 12 -5% from BL at year 3**
% pFvC Combined 12 -9.4% from BL at year 3**

Notes: #For the “combined” dose, data from the 30 mg/kg, 50 mg/kg, and placebo/delayed cohorts were compiled for analysis; *BL comparison not suitable; **comparison to 
matched historical controls not possible, significance not determined either. Information obtained from clinical trial results and from the US Food and Drug Administration 
summary review of eteplirsen.23,27,35 Results provided are average values unless otherwise stated.
Abbreviations: BL, baseline; pMiP, predicted maximum inspiratory pressure; pMeP, predicted maximum expiratory pressure; pFvC, predicted forced vital capacity.
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eteplirsen-treated patients (combined data from 30 mg/kg/

week- and 50 mg/kg/week-treatment cohorts) had 0.93% of 

dystrophin levels observed in healthy individuals. A similar 

method was performed for 13 patients in NCT02255552, 

48 weeks into the 30 mg/kg/week-treatment regimen, and 

a statistically significant mean increase in dystrophin levels 

was observed at 0.22%–0.32% of normal levels (the lower 

percentage obtained may partly have been because patients 

were treated for a shorter time). As at least 10% of normal 

dystrophin amounts are predicted to translate into clinical 

benefit in patients, there has been much dispute23,31 as to 

whether the dystrophin levels observed are “reasonably likely 

to predict clinical benefit”.23

Functional assays conducted in NCT01396239/

NCT01540409 include the 6MWT to test ambulation and 

measurement of forced vital capacity and maximum inspira-

tory and expiratory pressures to test pulmonary function. 

Results from the 6MWT showed that 30 mg/kg/week etep-

lirsen did not appear to provide clinical benefit compared to 

placebo/delayed-treatment controls 24 and 48 weeks post-

treatment. On the other hand, treatment with 50 mg/kg/week 

of eteplirsen for 48 weeks showed a significant difference 

in the 6MWT compared to the placebo/delayed-treatment 

control group (P#0.001). Comparison of the combined 

eteplirsen-treated cohort to historical controls after 3 years 

of treatment showed a significant 151 m mean difference 

between the groups in the 6MWT (P,0.01).

In this study, eteplirsen treatment was observed at most 

only to delay disease progression in terms of ambulatory 

ability as measured by the 6MWT. In fact, 3 years into the 

study, two of 12 patients lost ambulation. Although it was 

argued that this was a considerable improvement compared 

to historical controls (where six of 13 patients lost ambula-

tion in the same period of time), the action of eteplirsen still 

cannot be deemed sufficient to satisfy the clinical end point 

of the trial, as also concluded by the FDA.23

On the other hand, eteplirsen was observed to affect pul-

monary function positively in patients (Table 3). Compared to 

natural history data – as pulmonary function was not tested in 

historical controls – treatment markedly slowed progressive 

decline in forced vital capacity and maximum inspiratory and 

expiratory pressure predicted percentages. Again, however, 

it would seem that eteplirsen had more of a delaying rather 

than an improving effect on these parameters.

issues and challenges
Eteplirsen is facing two major issues in proving its efficacy 

as a DMD therapeutic. One is its lack of apparent efficacy, 

and the other related issue is clinical trial design, particu-

larly for NCT01396239/NCT01540409. The unsatisfactory 

performance of eteplirsen in NCT01396239/NCT01540409 

may be ascribed in part to its chemistry. A main challenge 

of using PMOs for treatment is to increase target-tissue 

uptake, as PMOs exhibit rapid clearance due to their neutral 

nature.37 Without altering its chemistry, eteplirsen uptake 

can be improved by increasing either its dose or adminis-

tration frequency. Key efficacy results in NCT01396239/

NCT01540409 were mostly presented with combined data 

from both the 30 mg/kg/week and 50 mg/kg/week cohorts 

(Table 3), and so the effect of an increased dose in this 

case cannot be clearly established; dosing frequency was 

not studied in any of the clinical trials. As also suggested 

by the FDA,23 it may prove helpful to see how increasing 

both parameters can improve efficacy. Additionally, uptake 

can be improved by administering eteplirsen with hexoses. 

Research has shown that PMO administration in a formula-

tion containing glucose and fructose is eight times more 

effective in improving dystrophin production through exon 

skipping than PMOs administered in saline.41

Another key question is whether the antisense sequence 

used for eteplirsen was an optimal choice. The efficacy of 

exon skipping at different target positions of an exon typi-

cally varies more than 20-fold.42 Although screening efforts 

to identify the best target positions for exon 51 skipping 

were made, they relied highly on nonquantitative reverse-

transcription polymerase chain-reaction methods from 

nonimmortalized, nonclonal primary DMD muscle cells,28 

which can produce very high background signals. Currently 

available DMD myoblast cell models immortalized by 

introduction of the telomerase catalytic subunit (hTERT) 

and CDK443 can proliferate and differentiate well enough 

to produce a large amount of dystrophin after exon skipping 

that can be quantified by WB.42 Optimization of the sequence 

using this cell-based model could potentially improve the 

efficacy of exon skipping.

On a related note, dystrophin produced from in-frame 

DMD deletions starting/ending at exon 51 was found to be 

more associated with DMD than BMD patients.44,45 As such, 

another possible reason for the poor efficacy observed for 

eteplirsen might be that the truncated dystrophin produced 

from the skipped transcript was not as functional as initially 

hoped. However, as the functionality of truncated dystrophin 

variants resulting from exon skipping has not yet been studied 

in depth, this assertion remains a possibility at best.

As mentioned, another issue is clinical trial design. 

NCT01396239/NCT01540409 is mainly dealing with four 
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issues: absence of good controls, sample heterogeneity, 

inadequate sample size, and the use of a limited selec-

tion of outcome measures. While the use of historical 

controls is somewhat justified in NCT01540409 – with 

investigators selecting the most matched controls – there 

remain external factors that can make conclusions on 

efficacy difficult.23 For instance, not all historical control 

patients seem to meet the inclusion/exclusion criteria for 

NCT01396239/NCT01540409 (Table 2). As such, control 

values used for assessing treatment effect may not be 

entirely accurate.

Cohort heterogeneity is another complicating factor. The 

patients who participated in NCT01396239/NCT01540409 

had different ages, mutation types, and baseline characteristics 

(eg, 6MWT baseline results).35 Given the natural history 

of DMD, age plays a critical role in disease progression5 

and could affect how well a patient responds to treatment. 

Different DMD-mutation genotypes have also been shown to 

lead to DMD-phenotype variability.46 No details were given 

on the corticosteroid treatments received by participants; 

however, it is likely that these varied among patients and may 

confound efficacy results. The challenge, therefore, would be 

to design a trial that can handle the natural phenotypic vari-

ability associated with DMD,46 constructing as homogeneous 

a cohort as possible with the available participants. Among 

other things, this should help set a representative baseline 

and improve the reliability of efficacy tests.

Another issue is the low sample size used in NCT01396239/

NCT01540409. Due to the said variability among patients and 

the difficulty of obtaining statistically useful results with a 

limited number of patients, the efficacy of eteplirsen may not 

have been duly represented in the study. While the following 

trial, NCT02255552, has addressed this by planning to enroll 

160 patients (Table 1), other steps can be taken to increase 

sample size further. One way would be to consider enrolling 

nonambulant patients into trials, as the majority of DMD 

patients are nonambulant.47 This prevents patients from drop-

ping out due to ambulation loss, provides the opportunity for 

nonambulant patients to participate in trials, and potentially 

facilitates the creation of more homogeneous cohorts.47,48 

This would, however, entail the development and/or use of 

appropriate outcome measures to assess efficacy.

On the topic of outcome measures, not all those used in 

NCT01396239/NCT01540409 were sufficient to demon-

strate efficacy, specifically with regard to muscle function. 

While the 6MWT is a standard end point for assessing the 

clinical utility of DMD therapeutics,49 it is limited, as it 

applies only to ambulant patients and has been shown to be 

motivation-dependent.50 It is suggested to explore other meth-

ods for assessing muscle function, such as the Performance 

of Upper Limb scale, which grades the ability of patients to 

perform 22 different daily tasks using their upper muscles,48 

and myometry, which quantitatively assesses muscular 

strength, eg, hand grip and knee extension, through a variety 

of tests.51 Not only are these more inclusive to nonambulant 

patients, they will also determine how treatment affects 

specific muscle groups.

Finally, there is the issue with the reproducibility and 

reliability of the methods done for the surrogate end point in 

NCT01396239/NCT01540409. IHC and WB are standard pro-

cedures for quantifying effects on dystrophin expression; how-

ever, investigations by the FDA have shown that the methods 

used for these techniques were questionable.23 Consequently, 

any correlation between results from these tests and observed 

effects on muscle function in patients cannot be reliably 

made. After being subjected to rigorous examination, these 

methods likely have been improved and validated according 

to FDA standards for NCT02255552. Nevertheless, it would 

be helpful to use an additional highly reproducible outcome 

measure, such as the quantification of muscle–fat conversion 

through magnetic resonance imaging and spectroscopy,47,52,53 

to further strengthen the surrogate end point.

Safety and tolerability of eteplirsen
The chemical nature of PMOs presents certain advantages 

in terms of safety. This safety is, for the most part, due to 

the fact that PMOs lack charge29 (Figure 2). It is thought 

that this makes PMOs largely incapable of interacting 

with proteins like nucleases, whose affinity to their natural 

targets (DNA, RNA) is highly dependent on the presence 

of a negative charge.29,54 As a result, PMOs are not subject 

to nuclease-mediated degradation and are highly stable in 

cellular environments. This improved stability adds to their 

safety as a therapeutic, as unwanted incorporation of indi-

vidual PMO subunits into the genetic material of a patient is 

made virtually unlikely.29

Notably, this insusceptibility to protein interaction also 

renders PMOs unable to sufficiently bind and activate Toll-

like receptors, a class of receptors responsible for producing 

an innate immune response against pathogenic material.25,54 

Upon activation, Toll-like receptors initiate signaling 

cascades that lead in turn to the activation of transcription 

factors belonging to the nuclear factor kappa B (NFκB), AP1, 

and IRF families; these families collectively stimulate the 

production of pro-inflammatory cytokines and type I IFNs 

that induce inflammation.55 The independence of PMOs 
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from the RNase H degradative pathway also adds to safety, 

as it promotes specificity of antisense activity.29,54 Because 

the RNase H system is not used, unwanted degradation of 

nontarget (possibly important) transcripts is avoided.

Preclinical trials
Preclinical studies on eteplirsen have been done on cyno-

molgus monkeys and mdx mice. One of these involved 

the subcutaneous or IV administration of eteplirsen up to 

the 320 mg/kg maximum dose (clinically, this translates 

to 100 mg/kg in humans) in cynomolgus monkeys.56 This 

study found that eteplirsen was well tolerated using either 

administration route at the highest dose, with no observable 

adverse effects on cardiovascular, respiratory, neurological, 

or renal parameters. Genotoxicity assays were also done 

through the bacterial reverse-mutation assay with Salmo-

nella typhimurium and Escherichia coli tester strains, the 

chromosome-aberration assay with CHO cells, and the bone 

marrow-micronucleus test with ICR mice. No toxic effects 

were found in these assays with eteplirsen compared to 

corresponding controls up to the maximum tested doses of 

5,000 μg/plate, 5,000 μg/mL, or 2,000 mg/kg, respectively. 

Safety results in this study paved the way for the initiation 

of NCT00844597, the Phase I/II dose-ranging study with 

eteplirsen (Table 1).

Subsequent research in cynomolgus monkeys,57 in an 

effort to support NCT00844597, tested the toxicological 

effect of repeated IV bolus dosing of eteplirsen at 5–320 

mg/kg/week with untreated controls for 12 weeks. As found 

previously, eteplirsen was well tolerated, with no observ-

able adverse effects. Histological observations from kidney 

samples revealed instances of basophilic granules/tubules and 

tubular vacuolation that became more prevalent with dose, 

but these spontaneously reversed with time during recovery 

and did not affect measured serum chemistry parameters 

or renal function. This histological occurrence has been 

attributed to the renal accumulation of the drug, likely as a 

result of clearance activity. Studies in mdx mice58 with up 

to 960 mg/kg/week of IV-administered eteplirsen produced 

similar results, including the observed histological changes 

in kidneys.

Clinical trials
Eteplirsen was well tolerated with no adverse effects in 

NCT00844597, where the maximum dose administered 

as an IV infusion was 20 mg/kg/week for 12 weeks. There 

was a reported case of serious cardiac fractional shortening 

in one patient, but this was attributed to a DMD-related and 

not a drug-related complication. Safety issues external to the 

expected DMD phenotype were not found with respect to 

lung, kidney, liver, or bone marrow function. Inflammatory 

infiltrates, as revealed by IHC on muscle biopsies with a set of 

T-cell-specific antibodies, were found at generally decreased 

frequencies among treated patients. This is consistent with 

the nonimmunogenic nature of PMOs described earlier.54,55 

Anti-dystrophin antibody production was not induced by 

eteplirsen treatment.

A similar safety profile for eteplirsen was observed in 

NCT01396239/NCT01540409 at 48 weeks posttreatment 

with 30 mg/kg/week or 50 mg/kg/week of eteplirsen. At 

this time posttreatment, the drug was well tolerated, neither 

hepatic nor renal function were compromised, serum chem-

istry and properties appeared to be within expectations 

given the progression of DMD, and no T-cell-based immune 

response was stimulated. Three years into the trial, eteplirsen 

was still well tolerated. Note, though, that there were some 

generally observed adverse effects in patients during the 

course of the entire study that were deemed related to etep-

lirsen treatment. These included, among others, vomiting, 

headaches, balance disorder, and proteinuria. These events 

were manifest in about half of patients treated with eteplirsen 

(independently of dose) for 168 weeks. Treatment schedules 

remained uninterrupted and as planned amid these events.

Patient-focused perspectives
The approval and use of eteplirsen are seen as a welcome 

hope, widely supported and celebrated by DMD patients and 

a number of advocacy groups.59,60 However, there is the issue 

of efficacy that has to be resolved by Sarepta. At present, 

eteplirsen is far from curative: trial results have shown 

eteplirsen to have a marginal effect on improving DMD 

clinical manifestations and all while the drug is adminis-

tered with the standard of care for DMD, eg, corticosteroid 

treatment. Sarepta has also announced that eteplirsen will 

cost ~US$300,000 a year on average, with the price varying 

depending on patient weight.61 The price is thought to be 

reasonable for a rare disorder, but whether patients should 

spend so much for a drug with disputed efficacy remains 

contested. Eteplirsen is indeed a landmark achievement for 

the DMD community; however, stronger evidence of efficacy 

is undoubtedly required for cementing its place as a viable 

DMD therapeutic.

On the other hand, while much investment has been made 

in eteplirsen, it is still only applicable to a highly specific 

subset of DMD patients, ie, the ~14% of patients with muta-

tions amenable to exon 51 skipping.32 Therapeutics aimed at 
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skipping other exons or that use a cocktail of exon-skipping 

AOs must be developed to cover other patients.62–64 Currently, 

Sarepta has two other exon-skipping AOs for DMD in Phase III 

clinical trials. These are SRP-4045 and SRP-4053, PMOs that 

target exons 45 and 53, respectively (NCT02500381). There is 

also another PMO-based drug, NS-065/NCNP-01, developed 

by Nippon Shinyaku and the National Center of Neurology 

and Psychiatry (Tokyo, Japan), that acts by exon 53 skipping. 

A Phase II trial (NCT02740972) to test this drug is currently 

recruiting. Trial results for the aforementioned drugs are not 

yet available in the literature. In relation to this, it has been 

shown that besides AOs, small chemical compounds that 

affect the phosphorylation of SR proteins can also be used 

to promote DMD exon skipping in DMD patients.65 Also, 

besides exon skipping, another promising strategy is nonsense 

suppression, wherein premature stop codons in the DMD gene 

are bypassed or ignored by translational machinery, leading to 

successful dystrophin production.5 One drug working under 

this principle is PTC Therapeutics’ (South Plainfield, NJ, 

USA) ataluren or Translarna.66 Ataluren has performed satis-

factorily in clinical trials to obtain conditional approval from 

the European Medicines Agency in 2014 (~2 years ahead of 

eteplirsen, making it the first drug ever approved for DMD) for 

DMD treatment in the EU.5,67 Like eteplirsen, a confirmatory 

clinical trial is required for its final approval in the EU.

On a different note, the highly specific nature of 

exon-skipping therapy presents additional concerns for 

patients. Under the current regulatory framework, AOs 

targeting different sequences or with different chemistry 

are seen as different therapeutics. Each chemistry-unique, 

sequence-specific AO will thus have to be individually 

checked for safety and efficacy in the form of lengthy pre-

clinical and clinical trials.68 The same situation applies for 

therapies aiming to use exon-skipping AOs in combination. 

All in all, this equates to high costs accrued over long periods 

of time spent for each therapeutic, for a few DMD cases: an 

assemblage of factors bound to discourage potential drug 

manufacturers. There thus exists a strong need to rethink 

the regulatory procedure for AO-based therapeutics, in the 

interests of time – recall the rapid progression of DMD – 

and of providing treatment accessibility to a huge number 

of DMD patients.68,69

Another related issue is AO patenting by pharmaceuti-

cal companies, academic institutes, and others. Numerous 

patents claiming exclusive use of AOs covering entire 

DMD-exon sequences have been granted to such entities70–72 

and are seen to hamper the development of new DMD 

therapies using antisense technology. Revisions to patent 

policy, eg, redefining what constitutes as patentable,73 and 

the adaptation of less stringent licensing policies by patent 

holders, eg, by using patent pools or making licenses more 

affordable,74 could prove vital to streamlining the DMD 

therapy-development process and speeding up the creation of 

therapeutics for patients. As this issue of gene-based patent-

ing is not specific to DMD,75,76 such changes would also be 

beneficial for the development of therapies and molecular 

diagnostic tools74,75,77 for other genetic disorders.

All that aside, as a therapeutic technique, AO-based exon 

skipping of at most two exons is only applicable to about 

83% of all patients with amenable deletions, duplications, 

and small mutations.78 Patients with mutations in key DMD 

protein domain-coding regions are not amenable to treatment 

by exon skipping. Alternative options to AO-based therapy 

must thus be explored for the treatment of these patients.

Conclusion
Multidisciplinary management of symptoms is currently 

the standard of treatment for DMD, with interventions 

primarily focused on delaying disease progression.5 None 

of these directly addresses the molecular etiology of DMD. 

The envisioned place of eteplirsen in therapy would thus 

be to serve as a curative treatment option for patients, as it 

acts directly on the DMD gene itself to restore dystrophin 

production. While accelerated approval of the therapeutic has 

paved the way for early patient access to eteplirsen, it was 

faced with heated controversy over the observed efficacy of 

the drug in clinical trials.23,31 A confirmatory Phase III trial 

is ongoing and recruiting participants to resolve this issue; 

results from this trial are also vital for eteplirsen to obtain 

final approval from the FDA.

Eteplirsen is beneficial for patients with amenable DMD 

mutations, comprising ~14% of the entire DMD-patient 

population.32 This leaves a majority of DMD patients with-

out a treatment option that directly addresses the molecular 

cause of the disorder. In the meantime, while eteplirsen 

development is under way, it would be most beneficial if 

research on improving present antisense-based therapeutic 

strategies were continued (not only for exon 51 skipping 

but also for the skipping of other exons) or if other avenues 

for treatment of the disorder were explored. For instance, 

recent advances in enhancing PMO uptake and efficacy 

through its conjugation with cell-penetrating peptides (called 

peptide-conjugated PMOs) are showing promising results in 

animal models79,80 and have great potential to enter clinical 

trials soon. Concurrent with these scientific advancements, 

however, must be a reevaluation of the current regulatory 
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process to accommodate the personal nature of antisense 

therapies better. Above anything else, collaborative efforts 

among the scientific, regulatory, and patient communities 

must be sustained to help keep the DMD-therapy scene 

moving forward.
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