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Introduction
From the moment of its identification, the Duchenne muscular 
dystrophy (DMD) gene, was clearly going to test the ingenuity 
of would-be gene therapists. The need to achieve body-wide 
distribution of the largest known gene is compounded by its 
structural role as the keystone of a transmembrane cell–surface 
protein complex; removing the possibility, even with a fully 
functional protein, of the amplifying effect of an enzyme and 
implying the need for near-normal molar concentrations to 
approach normal function. Strange then, that one of the more 
promising strategies for treating DMD, the skipping of mutated 
sites, is actually facilitated by the large size and modular struc-
ture of dystrophin: its major functional binding sites being 
separated by a long stretch of rod-like “spacer” that carries no 
essential function and is the site of the more common DMD 
mutations.

Use of antisense oligonucleotides to modulate splicing of the 
dystrophin gene so as to restore a translatable mRNA transcript 
was mooted some years ago on the basis of in vitro data1,2 but firm 
evidence for practical utility of this approach awaited studies in 
the mdx mouse model of DMD.3–6 These, in turn, set in train a 
concerted effort to advance the technology toward human trials, 
as summarized in the following accounts of work presented and 
discussed at a meeting held in the Banbury Center at Cold Spring 
Harbor from the 14th to the 17th of October 2008.

Chemistry and Modifications: Crucial 
For Realizing Therapeutic Potential
Progressive advances in exon skipping for DMD have been 
related to the application of new antisense oligomer chemistries 
and their modification for improved delivery (Figure  1). The 
most widely used chemistry is the 2′O-methylphosphorothioate-
modified (2′OMePS) antisense oligoribonucleotide (AON). This 
modification provides resistance to nuclease degradation while 
retaining negative charge to facilitate effective delivery in cell 
culture systems by most delivery reagents.7 The potential of this 
chemistry for treating DMD was initially demonstrated in dys-
trophic mdx mice5,6 and more recently by intramuscular injec-
tion in DMD patients.8 However, for systemic delivery, 2′OMePS 
showed limited efficiency in the mdx mouse. Three intravenous 
(i.v.) injections of 2 mg 2′OMePS/mouse (~60–80 mg/kg) at 
weekly intervals did induce detectable dystrophin expression in 
all skeletal muscles, but only in sparse focal patches of muscle 
fibers within each muscle and never at >5% of normal levels. 
Disappointingly too, little or no dystrophin expression was seen 
in cardiac muscle. No toxicity to liver or kidney was observed. 
Thus, assuming that the preclinical model recapitulates precisely 
the efficiency and pharmacokinetics of administration to DMD 
boys, 2′OMePS appear safe but it is uncertain whether their sys-
temic use would induce sufficient dystrophin expression to have 
a therapeutic impact in DMD boys.4
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Duchenne muscular dystrophy (DMD) is associated with mutations in the dystrophin gene that disrupt the 
open reading frame whereas the milder Becker’s form is associated with mutations which leave an in-frame 
mRNA transcript that can be translated into a protein that includes the N- and C- terminal functional domains. 
It has been shown that by excluding specific exons at, or adjacent to, frame-shifting mutations, open reading 
frame can be restored to an out-of-frame mRNA, leading to the production of a partially functional Becker-like 
dystrophin protein. Such targeted exclusion can be achieved by administration of oligonucleotides that are 
complementary to sequences that are crucial to normal splicing of the exon into the transcript. This principle 
has been validated in mouse and canine models of DMD with a number of variants of oligonucleotide ana-
logue chemistries and by transduction with adeno-associated virus (AAV)-small nuclear RNA (snRNA) reagents 
encoding the antisense sequence. Two different oligonucleotide agents are now being investigated in human 
trials for splicing out of exon 51 with some early indications of success at the biochemical level.
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More recently, phosphorodiamidate morpholino oligomers 
(PMO) have been explored for exon skipping in the dystrophin 
gene. In PMO, the phosphodiester bond is replaced by phospho-
rodiamidate linkage and the ribose replaced by a morpholino 
moiety (Figure 1). PMOs are charge-neutral and refractory to bio-
logical degradation. This chemistry has long been used for transla-
tional blockade in zebrafish; penetrating the cells of the developing 
fishes relatively easily.9 It has also been applied to cultured mam-
malian cells10 where its delivery appears to be impeded by its 
nonionic nature. In response to this problem, “scrape-loading” 
(creating pores in the membrane) and “leashing” (complexing 
PMO with negatively charged complementary DNA sequences) 
were then developed to enhance delivery by use of commer-
cially available delivery reagents, such as polyethyleneimine and 
lipofectin.11 However, on direct injection into muscles the leash 
adjunct proved toxic and was therefore not tested by i.v. adminis-
tration. Despite the poor entry of unmodified PMO into cells in 
tissue culture, it was later found to enter muscle fibers better than 
2′OMePS in vivo in the dystrophic mdx mouse. A single intramus-
cular injection of 10 µg PMO induced significantly higher levels 
of dystrophin expression than the same PMO complexed with 
leash and lipofectin.3 Furthermore, regular weekly i.v. injections 
of PMO targeting mouse dystrophin exon 23 induced up to 50% 
of normal levels of dystrophin in body-wide skeletal muscles in 
the mdx mice, with improved muscle pathology, decreased serum 
levels of muscle creatine kinase and partial restoration of nor-
malized muscle strength. Even after systemic administration for 
1 year, no toxicity has been detected in muscles or other organs. A 
more recent investigation at higher dosages12 confirmed that PMO 

produced higher levels of exon 23 skipping than 2′OMePS and 
thus appears to be a promising antisense oligomer chemistry for 
the treatment of DMD patients.3

Although both 2′OMePS and PMO induce exon skipping 
systemically, it was disappointing to find that dystrophin expres-
sion was highly variable within and between muscles, even after 
repeated i.v. injections.3,4,12 Why this is so, is not clearly under-
stood, but may be due to the reliance on passive diffusion for entry 
into muscle fibers. For PMO, the lack of charge may present less of 
an impediment to cell surface contact thus allowing more efficient 
entry than 2′OMePS into muscle fibers, particularly those with 
leaky membranes as seen in dystrophic muscles. Such dependence 
on muscle damage for effective delivery of AONs, would have the 
advantage of limiting the amount of AON entering untargeted 
and undamaged nonmuscle cells, thus diminishing possible side 
effects. However, for long-term effective treatment of DMD, it 
would carry the disadvantage that muscle fibers rescued by PMO-
induced exon skipping would have to re-enter a myopathic state to 
permit further PMO entry. Such a requirement for recurring cycles 
of rescue and degeneration in treated muscles could severely limit 
the value of antisense therapy for DMD patients.

The requirement of muscle damage for effective delivery and 
AON induced dystrophin expression is further demonstrated by 
the relative lack of dystophin expression in cardiac muscle of mdx 
mice after systemic injection of either 2′OMePS AON or PMO.3,4,12 
Cardiac muscles in the mice are less affected than skeletal muscle 
by the dystrophic process and neither conspicuous pathologi-
cal change nor functional impairment are seen until late stages. 
Consistently, only trace amounts of dystrophin are detected in 
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Figure 1 C hemistries of antisense oligomers. (a) 2′-O-Methylphosphorothioate (2′OMePS AON); (b) 2′-O-methoxyethyl phosphorothioate; 
(c)  locked nucleic acid (LNA); (d) peptide nucleic acid (PNA); (e) phosphorodiamidate morpholino oligomers (PMO); (f) AcHN-(RXRRBR)2XB 
peptide-tagged PMO (R, arginine, X, 6-aminohexanoic acid and B, ®- alanine) (PPMO); G, octa-guanidine PMO.
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cardiac muscle even after repeated injections into mdx mice of 
either 20′ MePS or PMO AON3,4,12 even with doses of PMO that 
induce high levels of dystrophin in skeletal muscles. However, 
direct injection of AON or adeno-associated virus (AAV)-
mediated AON delivery induced effective dystrophin expression 
in cardiac muscles, suggesting that efficiency of delivery rather 
than of exon-skipping is the critical factor in this organ.13

One way of enhancing intracellular delivery is to employ cell-
penetrating peptides or polymers to provide active transport of 
AON into muscle fibers. Earlier studies showed that conjugation 
to an arginine-rich peptide significantly improved PMO-mediated 
antiviral activity14 as well as delivery of PMO for dystrophin exon 
skipping in cell cultures and on intramuscular injection into 
muscles.15 More recently, Jearawiriyapaisarn et al.16 used a trans-
genic mouse that expresses enhanced green fluorescent protein as 
a positive readout for the efficiency of exon exclusion to evalu-
ate the potency, functional biodistribution, and toxicity of PMOs 
conjugated to various arginine-rich cell-penetrating peptides con-
taining 6-aminohexanoic acid (X) and/or β-alanine. The greatest 
restoration of enhanced green fluorescent protein expression in 
both skeletal and cardiac muscles was observed with PMO tagged 
with a peptide of (RXRRBR)2XB (PPMO). When applied to the 
dystrophic mdx mice model of DMD, a single i.v. injection of 
30 mg/kg of PPMO restored dystrophin in all skeletal muscles to 
almost normal levels17 that were maintained by regular biweekly 
administration over 12 weeks and accompanied by improvement 
in muscle strength and pathology, with significant lowering of 
serum creatine kinase levels. Most importantly, i.v. injections of 
PPMO elicited near-normal levels of dystrophin in cardiac muscle 
(Figure  2) and prevented dobutamine-induced cardiac failure. 
Efficient exon skipping was also achieved in smooth muscles in 
other organs such as the esophagus. Treatment with the PPMO 
did not cause detectable toxicity. Recently, this PPMO has been 
shown to considerably ameliorate the severe pathology in the 
dystrophin–utrophin double null mouse.18 Together, these find-
ings illustrate the theoretical feasibility of using PPMO to rescue 
dystrophin expression in both skeletal and cardiac muscles of 
DMD patients.

However, use of peptides to enhance delivery raises the pos-
sibility of an immune response that may prevent repeated admin-
istration or cause rejection of targeted tissues or both, especially 
because DMD patients would require regular life-long adminis-
tration. Although no immune response was observed in the above 
study17 or in previous reports with similar peptides in animal 
models,14,19 immunogenicity varies considerably between species, 
arguing for longer-term studies in a range of animal models. But 
final verification can come only from clinical trials. It is, therefore, 
important to develop nonpeptide alternatives to enhance delivery 
of oligomers. The known sequence and structure of the peptide 
used in the PPMO provides a basis for modeling such nonpeptide 
polymers as delivery vehicles with similar or improved function. 
With this in mind, Wu et al. exploited a nonlinear, nonpeptidic 
dendrimer as a transporter for delivery of PMO. This consists of 
eight guanidinium head groups bonded to a trifunctional triazine 
as a core scaffold, which is then conjugated to PMO targeting exon 
23 (ref. 6) (termed Vivo-PMO).20 The study demonstrated that the 
Vivo-PMO targeting mouse dystrophin exon 23 (Vivo‑PMOE23) 

is highly effective for exon skipping and dystrophin induction in 
mdx mice. A single i.v. injection of 6 mg/kg Vivo-PMOE23 gener-
ated dystrophin expression in skeletal muscles at levels equivalent 
to the injection of 300 mg/kg unmodified PMOE23. Repeated 
injections of 6 mg/kg Vivo-PMOE23 achieved ~50% and 10% wild-
type levels of dystrophin expression in body-wide skeletal muscles 
and in cardiac muscle respectively, without eliciting a detectable 
immune response. Vivo-PMOs showed no signs of toxicity at the 
effective dosage regime that reduced the serum levels of creatine 
kinase significantly.20 These results thus offer prospects for the 
development of new nonpeptide delivery moieties with improved 
function and low toxicity.

Multiexon Skipping in Dystrophic Dogs
Although antisense-mediated exon skipping clinical trials cur-
rently conducted in United Kingdom and Netherlands targeting 
exon 51 show promising results,8,21 such single exon skipping cov-
ers only a proportion of DMD patients. Even if antisense oligos 
against most exons in the DMD gene become available, approxi-
mately half of DMD patients will require multiexon skipping by 
targeting of more than one exon, depending, not on the size but 
on the type of mutation (e.g., deletion, duplication, point muta-
tion, etc.) and the “phase” of the mutated exon and its neighbor-
ing exons. For example, to treat a patient with deletion of exon 
7, one needs to target at least two exons (e.g., both exon 6 and 
exon 8) to put the mutation back in frame (Figure  1). In fact, 
canine X-linked muscular dystrophy harbors such mutation22 
(i.e., a splice site mutation in intron 6 that excludes exon 7 from 
the mRNA transcript (Figure 3)) and is therefore, a good model 
for testing the efficacy and efficiency of double-exon skipping.23 
The dystrophic dog has several further advantages over the mdx 
mouse. First, it provides the prospect of more detailed analyses of 
clinical condition, such as clinical grading, magnetic resonance 
imaging, three-dimensional-echocardiography, and electro
cardiogram.23 Second, the canine X-linked muscular dystrophy 
model, is closer in clinical phenotype than the mdx mouse model 
to human DMD. Indeed, it shows, if anything, a more severe 
progression than DMD; this, in combination with its similarity 
in body weight, makes it especially useful for physiological and 

Figure 2 R estoration of dystrophin in cardiac muscles of mdx mice 
after six intravenous injections (at biweekly intervals) of 30 mg/kg 
of the PPMOE23 targeting mouse dystrophin exon 23. Muscles were 
examined 2 weeks after the last injection. Left panel, muscles from heart 
of normal C57BL/6. Middle panel, muscle from heart of control mdx 
mouse. Right panel, PPMO-treated mdx. Dystrophin was detected by 
immunochemistry with the polyclonal rabbit antidystrophin antibody, 
P7, and visualized with Alexa 594 tagged goat-anti-rabbit Igs. Blue 
nuclear staining with DAPI.
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toxicological studies.23 Finally, there may be some advantage in 
the fact that many target sites for exon skipping show identity of 
DNA (mRNA) sequences between dog and human. Drug regula-
tion authorities such as US Food and Drug Administration are 
inclined to regard antisense oligonucleotides (AOs) of different 
sequences as different drugs; thus, to target the range of mutations 
encountered in DMD patients, many AO sequences will need to 
be designed, tested, and approved. Between man and mouse tar-
geting homologous sites has little predictive value, perhaps due to 
minor sequence differences.24 Dogs and humans however, share 
considerable sequence identity; for most exons in the DMD gene 
one can design a single 20–25mer antisense sequence that is appli-
cable to both and comparison of targeting efficiencies between 
these species should be explored further.

Overall, the dog experiments provide a promising message for 
DMD patients. McClorey and colleagues transfected cultured myo-
tubes from dystrophic dogs in vitro with a cocktail of antisense oli-
gos targeting exons 6 and 8, noting restoration of reading frame in 
mRNA.25 Recently, we sought to test efficacy and toxicity of i.v. PMO 
induced exon skipping in vivo in the DMD dog model.26 We identi-
fied a cocktail that, by either intramuscular injection or systemic i.v. 
delivery, resulted in extensive dystrophin expression to therapeutic 
levels. Weekly or biweekly systemic i.v. injections, over the course of 
5–22 weeks, with a three-morpholino cocktail (120–200 mg/kg in 
total of three oligos/injection) targeting exon 6 and exon 8, induced 
therapeutic levels of dystrophin expression throughout the body, to 
an average of 26% of normal levels. Expression of dystrophin was 
associated with significant functional and clinical stabilization, 
being accompanied by reduced inflammation as observed histolo
gically and by magnetic resonance imaging, improved or stabilized 

clinical symptoms and timed running tests. Histology and blood 
tests indicated no evidence of toxicity. Dystrophin expression was 
also detected in cardiac muscles by immunohistochemistry but, as 
in the mdx mouse,3,4 less than in skeletal muscles and concentrated 
in small patches. Recently, we have found that an i.v. injection of 
peptide-conjugated morpholinos (PPMOs) at 12 mg/kg elicited 
increased dystrophin expression in the canine heart, as detected by 
western blotting (Yokota et al., data not shown).

An unexpected observation in the dog study was that, in tissue 
culture, either of the two antisense oligonucleotide components 
of the cocktail directed against exon 6 were able, alone, to effi-
ciently induce the desired exon 5–10 splicing in the absence of the 
sequence against exon 8. By contrast, they did not do this in vivo. 
In addition, excision of exon 8 by the exon 6-specific sequences 
alone occurred only in the context of the mutant exon 7 splice 
site (i.e., it did not occur in wild-type dog cells). Similarly, AO 
administration to human cells produced some disparities in skip-
ping between patients carrying small mutations in the DMD gene 
and wild-type cells.27 The differences between patterns of skipping 
in vivo versus in vitro and between wild-type versus mutant geno-
types indicate that the pattern of exon skipping is greatly influ-
enced by variables other than the local presence of target sequence. 
Thus, it is prudent to consider testing of selected target sequences 
in multiple systems before committing to a specific sequence for 
subsequent clinic trials.

Significance of Multiexon Skipping
Theoretically, multiple exon skipping could restore open read-
ing frame in >80% both of deletion and nonsense mutations in 
the DMD gene.28–31 Moreover, since some in-frame deletions are 
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associated with milder phenotypes than others, selective skipping 
of more exons than are required for simple restoration of reading 
frame offers the prospect of selecting options that optimize the 
functionality of the resultant dystrophin protein. Thus, it has been 
proposed that a cocktail of AOs targeting exons 45–55, a dele-
tion associated with a high percentage of asymptomatic or mild 
BMD clinical phenotypes32 would potentially be applicable to 63% 
of patients with dystrophin deletions. Currently, techniques for 
skipping 11 exons simultaneously are not available but might be 
achieved in future by improved efficacy of AO chemistry or more 
efficient delivery methods.

Aav U7 Generation of Antisense  
Oligonucleotides
Perhaps the most efficient way to achieve long lasting exon skipping, 
without recurrent infusions of antisense oligonucleotides, would 
be to generate the antisense agent within the target cells. Current 
studies have used gene vectors expressing modified U7 or U1 small-
nuclear RNAs as antisense shuttles (AS-snRNAs).33–35 Because these 
expression cassettes are very small (AS-U7 is about 400 nucleotides) 
there is sufficient room within gene vectors to combine several cop-
ies of different AS-snRNAs designed to target multiple exons within 
a gene or even different genes simultaneously.

Although a number of viral vectors could be used for the deliv-
ery of such AS-snRNA chimeras in tissue culture as well as in vivo, 
AAV have come to the fore, offering the advantage of stable long-
term expression. Current AAV8-, AAV1- and AAV6-capsids effect 
efficient and widespread transduction of muscles in mice after tail 
vein administration,36 with promising new serotypes pending.37,38 
Systemic delivery of AAV vectors harboring AS-U1 in the mdx 
mouse resulted in effective body-wide dissemination of the thera-
peutic construct and significant improvement of muscle function 
suggestive of overall maintenance of muscle mass and strength.39 
Similar results have been obtained with the AS-U7 system:35 sus-
tained dystrophin rescue to near wild-type levels and restoration 
of normal levels of muscle resistance to mechanical stress. In addi-
tion, no immune response has been reported, against the rescued 
dystrophin, due perhaps to fact that the rescued truncated dys-
trophin is represented in the repertoire of pre-existing revertant 
fibers, which naturally occur in dystrophic mice. However, while 
the long-term stability of corrected fibers was clearly demon-
strated in the mdx mouse,13,40 the AAV(AS-snRNA) approach still 
faces problems arising from immune sensitization against AAV, 
that would prevent the application of repeated treatment unless an 
effective regime of immunomodulation can be developed.36

For most myopathic disorders, to be of practical clinical thera-
peutic value, a genetic therapy would, ideally, provide treatment of 
the whole skeletal and cardiac musculature. As has been demon-
strated by initial experimental trials in murine models, this cannot 
be achieved by intramuscular injections; only a systemic injection 
can approach this objective. Such a systemic delivery procedure is 
not without risk and entails long and expensive development, in 
particular to overcome the immune problems.41,42 First, production 
of the large quantity of vector required to treat even a single patient 
is a daunting task that is the objective of a number of methods 
for large scale AAV production currently being developed.43 
Second, practicability of the AAV(AS-snRNA) technology 

requires development of a safe and effective protocol for systemic 
administration. This needs to be tested in a large animal, such as 
the canine X-linked muscular dystrophy dog, to permit evaluation 
of the dose range and the protocols of administration of the vectors 
required to achieve therapeutic effectiveness while remaining safe. 
In order to anticipate, on a rational basis, the adaptation of such a 
protocol to trials in man, it is important to conduct such studies in 
conditions that mimic clinical practice as closely as possible.

Ongoing Therapeutic Trials Using  
Antisense Oligonucleotides
Two European consortia are involved in clinical trials using two 
different antisense oligonucleotide chemistries. One group is 
based in Holland, closely associated with the Leiden University 
Medical School (Prof Gert van Ommen and Dr Jan Verschuuren) 
and works in close collaboration with the company Prosensa, 
which also sponsored these studies. The second group is based in 
United Kingdom, where a consortium of four Universities (MDEX 
consortium) is led by F.M., and works in close collaboration with 
AVI Biopharma, which is sponsoring the present study.

Both groups are targeting exon 51, although using two differ-
ent primary sequences, and different backbones. The Dutch study 
utilizes a 21-mer 2′OMePS,7 whereas the MDEX Consortium is 
employing a 30 PMO.44 Both groups elected to study patients 
with deletions who would benefit from exon 51 skipping (50, 
52, 52–63, 45–50, 48–50, and 49–50), both because cumulatively 
these account for 13% of all DMD deletions,7,28 and more espe-
cially because the resulting protein has been clearly demonstrated 
to be extremely functional, as suggested by several multigenera-
tional families deleted for the same domains with no symptoms 
whatsoever.45–47

The Dutch consortium have completed and published in 2007 
the result of a proof of concept study in which four DMD boys 
have received a single injection of the 2′OMePS into the tibi-
alis anterior. This was well tolerated and accompanied by specific 
skipping of exon 51 as well as detection of sarcolemmal dystro-
phin in 64–97% of myofibers of the biopsied muscle; the amount 
of dystrophin ranged from 3 to 12% of that found in the normal 
control muscle and with intensities in individual fibers ranging 
from 17 to 35%.8

The MDEX consortium performed a similar study using the 
PMO AO, but with a different design: a dose escalation study in 
seven DMD boys, who received either 0.09 or 0.9 mg in one of 
the two extensor digitorum brevis muscles, whereas the contral-
ateral muscle received saline. The results, recently published,21 
demonstrated clearly detectable dystrophin expression in 44–79% 
of myofibers, with intensity of dystrophin staining averaging 17% 
greater than the levels in the contralateral muscle and, in the most 
positive fibers, up to 42% of that in healthy muscle fibers.21

Both studies have been followed by repeated systemic adminis-
tration studies. The Dutch consortium recently completed a study 
in which four group of DMD boys received escalating doses of 
the 2′OMePS antisense to skip exon 51, subcutaneously, at doses 
of 0.5, 2.0, 4.0, and 6.0 mg/kg, weekly for 5 weeks. All 12 children 
(3/group) had a muscle biopsy at the beginning and the end of the 
study. While the results of this study have not yet been published, 
Dr Goemans reported at the World Muscle Society meeting in 
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2009 (Geneva)48 that the study drug was well tolerated and that 
a dose–response in exon skipping and dystrophin production 
was observed. All boys who received the 2′OMePS AO have been 
enrolled in an extension study that is currently underway.

Encouraging results have also been announced by the analysis 
of the first four cohorts of the boys recruited into the MDEX sys-
temic study using the PMO. In this study, seven groups of DMD 
boys received escalating doses of PMO (0.5, 1.0, 2.0, 4.0, 10, and 
20 mg/kg) for a period of 12 weeks. All patients had a pretreatment 
and post-treatment muscle biopsy. At the time of writing only the 
first four cohorts have completed the study, and the preliminary 
analysis indicates that in the three patients in the 2.0 and 4.0 mg/kg 
cohorts there was accurate skipping of exon 51. In one of the 
patients at the 2.0 mg/kg dose, the appearance of skipped mRNA 
was accompanied by a several fold increase in expression of dys-
trophin protein in the post-treatment samples using both western 
blotting and immunofluorescent analysis (fivefold on western blot 
and approximately sevenfold on immunocytochemistry). While 
the results of the patients recruited into the last two cohorts will 
not be available until the 2nd quarter of 2010, both these results, 
and those from the Dutch consortium are very encouraging. Two 
pivotal multicentric phase III studies are currently being planned, 
one by Prosensa/GSK, using the 2′OMePS AO, and one by AVI 
Biopharma, using the PMO AO, and are both likely to start in 
2010. The design will be a randomized placebo controlled study 
which is likely to last for ~1 year. Additional studies are also being 
planned by Prosensa (a multicentre phase I/II study targeting exon 
44 with a 2′OMePS, whereas target optimization for exon 43, 45, 
46, and 52 are being pursued, possibly followed by further clinical 
studies in 2011–2012). In addition AVI Biopharma has initiated a 
preclinical program which is anticipated to lead to an IND/IMPD 
filing in early 2010 for it’s lead peptide-conjugated PMO (PPMO) 
to skip exon 50 and thus into a clinical study which is currently 
being planned.

Prospects
As attested by the above accounts, the potential for use of exon 
skipping as a therapeutic strategy for DMD has developed from 
a plausible notion in the mid-1990’s1,2 to the point where early 
clinical trials show that it holds realistic prospects of providing 
genuine therapeutic benefit. There remain, however, substantial 
barriers: some scientific, some regulatory, with occasional interac-
tion between the two.

The major scientific issues concern the choice of sequence for 
any given exon and the enhancement of delivery and effectiveness 
of that sequence to the majority, ideally all, of the muscle fibers in 
the body.

Although, effective sequences that promote skipping of a 
number of exons have been identified, we have no reliable method 
for determining whether any given sequence is optimal. A thorough 
screen for optimal sequences alone and in combination requires the 
ease of use of a tissue culture system and although a broad corre-
spondence has shown between the in vitro and in vivo activities of 
different chemistries and adjuncts49,50 it is evident from the canine 
studies26 that myogenic cultures cannot be relied upon to inform us 
accurately as to the in vivo activity of various sequences. A recent 
study of equivalent sequences that target human and mouse exons 

confirms the view that the efficacy of targeting is highly context 
dependent24 and that we should be wary of generalizing the appli-
cability of specific results from one test system.

As to delivery, most work in the mdx mouse favors PMO over 
2′OMePS backbone chemistry, but neither shows great promise 
for entering cardiac muscle in useful amounts and even in 
skeletal muscle, effectiveness is patchy. We are therefore in need 
of developments such as the addition of cell-penetrating moieties 
which, in turn, will entail extensive animal studies to establish 
dosage regimes that provide efficacy with minimal toxicity.

For the AAV(AS-snRNA) approach, the ideal would be a single 
body-wide delivery to 100% of cardiac and skeletal muscle cells, 
with the reasonable expectation that this would need to be repeated 
rarely, perhaps never if we are lucky. At present, such efficient 
delivery does not seem to be possible with a single infusion and 
the potential immune complications; generation of neutralizing 
antibodies and of cell-mediated response to residual viral antigens 
mandates a thorough appraisal of multiple delivery protocols.

For regulatory bodies, antisense induced exon skipping rep-
resents an extreme example of agents that are highly targeted to 
the individual patient, and poses a potentially educative challenge 
to the appropriateness of standard procedures. The combination 
of a need for at least one different oligonucleotide sequence for 
each target exon and the large number of different exons, together 
with the small numbers of patients who might benefit from skip-
ping of some specific exons, raises considerable obstacles to the 
conduct of standard safety and efficacy regimes. The problem is 
further compounded by the fact that sequence-specific side effects 
are likely to be species-specific and therefore not reliably assess-
able on animal models. A requirement for a full toxicological 
workup of each individual sequence would be a major disincen-
tive for manufacturers to extend their interests beyond a small 
number of the more widely applicable target exons or even to seek 
to optimize sequences for the commoner exon targets. Moreover, 
many target exons would be relevant to too few patients to per-
mit conduct of any form of conventionally designed trial. Thus, 
imposition of the normal regulatory processes would constitute 
a major impediment to the application of exon-skipping therapy 
across the range of patients who might benefit from it. A positive 
exploration of these issues would act as a trailblazer to the benefit 
of the progress of personalized medicine in general.
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