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1. Introduction
1.1.1 Duchenne muscular dystrophy
Duchenne muscular dystrophy (DMD) is a severe and progressive X-linked, 
muscle-wasting disorder affecting 1 in 5,000 newborn boys (1,2). DMD is 
caused by mutations in de DMD gene, leading to a truncated, non-functional 
dystrophin protein (figure 1). Dystrophin is an important muscle protein 
since it provides stability to the muscle fibers upon contraction (3). Without 
a functional dystrophin protein, muscle fibers are easily damaged during 
exercise and chronically damaged muscle fibers are eventually replaced 
by fibrotic and adipose tissues, resulting in a loss of muscle function (4). 
DMD has an early onset in childhood and patients are in general diagnosed 
before the age of five. Early symptoms are a delay in time at which children 
start to stand and walk, hypertrophy of the calf muscles, the need to use 
their hands to support their legs while rising from the floor (Gower’s sign) 
and difficulties with running and stair climbing. For some patients a delay 
in cognitive development is seen. Overall the mean IQ is approximately 
one standard deviation below the mean and about 20-30% of the patients 
has an IQ of less than 70 (5,6). In general, DMD patients become wheel-
chair dependent at around the age of 12 years, need assisted ventilation 
at around 20 years of age, first only at night and later throughout the day 
as well. Cardiomyopathy manifests around the age of 10 and is prevalent 
in most patients of 20 years of age (7). The life expectancy of DMD patients 
is, nowadays, around 30 years in the Western world, where respiratory and 
cardiac failure is the main cause of death for these patients (8). 

1.1.2 Becker muscular dystrophy
In contrast to DMD, which is characterized by the presence of non-
functional dystrophin proteins, Becker muscular dystrophy (BMD) is a 
muscle wasting disorder caused by mutations in the DMD gene that result 
in the production of in internally deleted, but partially functional dystrophin 
protein (figure 1). Symptoms in patients with BMD are generally milder, 
however phenotypical variation from mild to moderately severe is seen and 
within families asymptomatic patients have been identified (5,9). The age of 
onset of symptoms ranges from ~12 years to late midlife. Patients become 
wheelchair dependent 20-30 years after diagnosis, however, some patients 
remain ambulant throughout their life. The life expectancy for the severely 
affected patients is around 40-50 years of age whereas mildly affected 
patients have near normal life expectancies. 

Healthy

DMD BMD

Figure 1. Illustration of dystrophin in healthy individuals versus DMD and 
BMD patients. Dystrophin is an important muscle protein. It provides stability to 
the muscle fibers upon contraction by connecting the internal cytoskeleton to the 
extracellular matrix. In healthy individuals the dystrophin protein is fully functional, 
however absent in DMD patients and impaired (due to a shorter dystrophin protein) 
in BMD patients.

1.2 DMD gene and protein
The DMD gene is the largest know gene of the human genome. It is located 
on the short arm of the X-chromosome at position 21.2 (Xp21.2) and 
consists of 2,241,764 base pairs (bp) (www.ensembl.org). The coding region 
for the full length protein is dispersed over 79 exons, transcribed into a 
13,956 bp mRNA and coding for a full-length dystrophin protein of 3,658 
amino acids with a molecular weight of 427 kDa (4,10,11). In DMD patients, 
mutations in the DMD gene cause a disruption of the reading frame (if the 
size of the deletion or insertion in base pairs is not divisible by three) or a 
premature stop codon. These mutations result in premature truncation of 
translation and an unstable protein leading to an absence of the dystrophin 
protein. Mutations can occur throughout the gene, but the region of exon 
45-55 is known as a major hotspot for deletions and the region of exon 2-10 
as minor hotspot for duplications (12,13). 
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Figure 2. Illustration of dystrophin and its isoforms. Dystrophin contains four 
domains: N-terminal binding site (green), central rod domain (purple), cysteine rich 
domain (blue) and the C-terminal binding site (pink). Dystrophin has three full length 
isoforms regulated by three different promoters and each having unique first exons: 
Dp427m (skeletal and cardiac muscle), Dp427c (cortical neurons and hippocampus), 
Dp427p (cerebellar Purkinje cells). There are five shorter dystrophin proteins 
regulated by internal promoters: Dp260 (retina), Dp140 (central nervous system and 
kidney), Dp116 (Schwann cells), Dp71 and Dp40 (ubiquitous expressed but not in 
muscle). 

The full length dystrophin protein contains two N-terminal actin-binding 
domains (encoded by exon 2-8) followed by a central rod domain (encoded 
by exon 9-63), a cysteine rich domain (encoded by exon 64-70) and the 
C-terminal domain (encoded by exon 71-79) (figure 2) (11,14,15). Within 
muscle, dystrophin connects the subsarcolemmal cytoskeleton to the 
extracellular matrix. With the N-terminal actin-binding domains it connects 
to the F-Actin in the cytoskeleton. A bridge is formed by binding of the 
C-terminal cysteine-rich binding domain to the β-dystroglycan protein of the 
dystrophin glycoprotein complex (DGC complex), which is in turn connected 
to the extracellular matrix protein laminin (figure 3). Within the muscle the 
dystrophin connection to the DGC complex provides stability to the muscle 
fibers upon contraction (3,16,17). Consequently, without a functional 
dystrophin protein, muscle fibers become vulnerable to exercise-induced 
damage. Chronically damaged muscle fibers lead to chronic inflammation 
and eventually these fibers are replaced by non-functional fibrotic and 
adipose tissues, resulting in muscle loss as seen in DMD patients. 

In BMD patients, mutations do not lead to premature truncation of 
translation, but result in an internally deleted (shorter) but partly functional 

dystrophin protein (figure 1). The connection between the subsarcolemmal 
cytoskeleton and the extracellular matrix is maintained, although with an 
altered connection and functionality, resulting in muscle fibers that are less 
vulnerable to exercise-induced damage. 

Dystrophin is known to have eight isoforms, expressed from different 
promoters located throughout the gene (figure 2). Full-length dystrophin 
is regulated by three different promoters of the first exon. The full length 
Dp427m isoform is expressed in skeletal muscle and cardiomyocytes. 
Other two full-length isoforms are Dp427c, expressed in the brain (cortical 
neurons and hippocampus) and Dp427p expressed in cerebellar Purkinje 
cells. There are four internal promoters responsible for the expression 
of shorter proteins. Dp260 which is expressed in the retina. Dp140 which 
is expressed in the central nervous system and kidney. Dp116 which is 
expressed in Schwann cells and Dp71 and Dp40 (both expressed from the 
same promotor) are ubiquitous expressed but not in muscle tissue. DP71 is 
known to be highly expressed in brain compared to other tissues (3,18). 

Laminin 2
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A-dystrobrevin

F-Actin

Syntrophin
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B-dystroglycan
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Intracellular
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Figure 3. Location of dystrophin in muscle. Dystrophin binds with the N-terminal 
actin binding domains to F-actin and with the C-terminal cysteine rich binding 
domain to β-dystroglycan. A bridge is formed connecting the internal cytoskeleton 
to the extracellular matrix, providing stability upon muscle fiber contraction.
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1.3 Therapeutic approaches
1.3.1 Multidisciplinary care
Currently there is no therapy for the majority of DMD patients. As part of 
the standard of care, patients receive symptomatic treatment (19,20). In 
general, corticosteroids (prednisone/prednisolone and deflazacort) are 
used and have shown, in various retrospective studies and clinical trials, to 
slow down disease progression (7,21-23). However, the use of steroids is 
associated with side effects like weight gain, loss of vertebral bone mass, 
growth inhibition and late onset of puberty. 

In parallel, improved technology has led to the development of equipment 
like cough-assists and non-invasive mechanical ventilation devices and 
improved cardiac care. Furthermore, care standards involve multiple 
disciplines, e.g. neuromuscular, rehabilitation, orthopedic, pulmonary, 
cardiac, gastrointestinal and psychosocial management. Together this 
multidisciplinary approach has greatly improved the quality of life of 
Duchenne patients and nowadays resulted in a life expectancy into the 
fourth decade of life (8).

1.3.2 Dystrophin restoring therapeutic approaches
Various therapeutic approaches are currently under development aiming 
to restore the primary genetic defect i.e. absence of dystrophin protein. 
Other approaches aim to improve secondary pathology i.e. reduce fibrosis 
and inflammation, or improve muscle cell growth and strength. Focusing 
on dystrophin restoration, cell therapy as well as gene therapy based 
approaches are currently under development. 

Cell therapy

Upon muscle damage, muscle stem cells (so called satellite cells or myoblast 
cells) are activated to repair the damaged muscle (24). By introducing 
healthy donor muscle stem cells with a functional copy of the DMD gene, 
one can in theory, gradually restore the whole muscle (25,26). This approach 
has been evaluated in human clinical trials with DMD patients in the early 
1990s using myoblast cells. Disappointingly, no dystrophin restoration was 
observed (27-30). Failure of the trials was mainly caused by rapid cell death 
of the transplanted cells and their limited migration within the muscle upon 
intra muscular injections (myoblasts cannot cross blood vessel walls). 

Currently, as an alternative to myoblasts, human pericyte-derived 
mesoangioblasts (MAB) are investigated. MABs are blood vessel-associated 
progenitor cells, which can be differentiated in various mesoderm cell types 
including muscle cells. They can cross blood vessel walls, which makes 
them applicable for systemic administration. Various preclinical animal 
studies with MABs have shown improvement of muscle pathology (31,32). 

MABs from healthy HLA-identical siblings have been evaluated in a non-
randomized open-label phase I-II clinical trial (EudraCT no2011-000176-
33) (33). In total five DMD patients received four consecutive intra-arterial 
infusions of donor derived MABs in the limb arteries with a two month 
interval, under immunosuppressive therapy. Two months after the last 
infusion no dystrophin was observed in muscle biopsies nor were functional 
improvements seen by MRI. The authors concluded the study relatively 
safe. However one patient developed a thalamic stroke, and although the 
relation to the MAB infusions remained unclear, this is a serious safety 
concern. 

When using donor cells, lifelong treatment with proper immune 
suppressants is needed to protect the donor cells from the recipients 
immune system, however these appear to be detrimental for the donor 
cells (34). To address this, alternatives are under development e.g. the use 
of CD133+ donor derived cells or the use of genetically modified patient 
derived stem cells using human artificial chromosomes (35-37). The recently 
developed cluster regularly interspaced short palindromic repeat (CRISPR) 
associated nuclease nine (cas9) endonuclease system (CRISPR/Cas9) has 
shown promising results for genetic correction of patient derived stem cells 
as well. This system uses the cas9 nuclease to cleave the DNA at specific 
sequences targeted by guide RNAs (gRNA). Subsequently the loose ends 
are joined together by non-homologues end joining (NHEJ). For DMD, the 
CRISPR/Cas9 system is used to genetically correct the DMD gene by exon 
deletion. Using 2 gRNAs, designed to bind in the introns, one near the 
beginning and the other near the end of the exon of interest, Cas9 makes a 
cut at these sides. The lose-ends are then joined together by NHEJ (deleting 
the exon of interest), making the deletion larger but restoring the reading 
frame. In this way an internally deleted but party functional dystrophin 
protein is produced as seen in BMD (figure 4) (38-41). While minimal cellular 
toxicity is seen for CRISPR/Cas9 in vitro, off target effects (cutting elsewhere 
in the genome) do occur and this demands more research (42-45). 

Although a lot of progress in developing cell therapy based approaches has 
been made in general, delivery and control of stem cells and their niche/
microenvironment are remaining challenges today. For DMD body wide 
delivery to muscle is required but still not feasible. Little is known about 
the influence of fibrotic tissue and inflammation (present in de muscle 
of DMD patients) on the stem cell niche/microenvironment. In a healthy 
situation the cells present in this niche provide a specific microenvironment 
to maintain and promote cell differentiation of stem cells. Future research 
should focus on these challenges to make the approach successful. 
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Gene therapy

DNA based gene therapy

DNA based gene therapy aims to restore the expression of a gene from 
a patient by introducing specific DNA as treatment for the disease. An 
example for DMD is the introduction of the dystrophin gene in muscle cells, 
using adeno-associated virus derived delivery vectors (AAVs). AAVs are the 
only virus derived vectors that are capable of efficiently transducing muscle, 
however the cloning capacity of~4.5kb limits the use of the full DMD gene 
which has a coding sequence of around 11kb. Therefore mini- or micro-
dystrophin genes are generated, mimicking a BMD like dystrophin protein 
(46-52). A different approach is the earlier described CRISPR/Cas9 system 
which, upon AAV delivery, can be used directly in muscle to restore the 
disrupted reading frame. Recently three papers in the journal Science were 
published using this approach; Nelson et al., Tabebordbar et al. and Long et 
al. All showed dystrophin restoration in mdx mice after intramuscular and 
or intraperitoneal administration of CRISPR/Cas9 leading to a targeted exon 
23 deletion. Dystrophin protein levels varied from 0.5% to 8% in skeletal 
muscle tissue and ~0.5% in cardiac muscle tissue (53-55). 

There are a few major drawbacks of using the CRISPR/Cas9 system directly 
in patients. The first drawback is the delivery. Effective delivery of AAVs 
to all skeletal and cardiac muscle cells upon single administration is still 
challenging for humans and systemic administration requires high dosing of 
AAV vectors. Second but most important, upon muscle turnover the muscle 
transgenes are lost, thereby losing the mini- or micro-dystrophin genes. 
This is not the case when using the exon deletion strategy by CRISPR/cas9 
technology, as this effect patients own genes (however in the case of muscle 
this is only true if satellite cells are targeted as these are responsible for 
generating new muscle cells). Repeated injections with AAVs are needed, 
this may lead to an immunological reaction of patients own immune system 
towards the vector. Third, restoring the dystrophin gene in fibrotic tissue 
will not lead to dystrophin restoration as there is no active dystrophin 
production in this tissue. Damaged tissue cannot be restored, making 
timing critical for this approach. Fourth, not a lot is known about the safety 
of the CRISPR/Cas9 system regarding specificity, as off target effects appear 
to be present (see cell therapy). So far only proof of principle has been 
shown, years of future work is needed assessing all of the issues before this 
approach can be evaluated for clinical use (56-59). 

RNA targeting gene therapy

Ataluren

Around 14% of the DMD patients have a nonsense mutation i.e. a point 
mutation causing a premature stop codon, leading to premature truncation 
of translation and the absence of the dystrophin protein (60). Ataluren, 
PTC124 (TranslarnaTM), is an orally available non-aminoglycoside drug 
with premature stop codon read-through activity, which in principle could 
restore dystrophin expression in this group of patients (61). In preclinical 
animal models PTC124 showed dystrophin restoration in skeletal and 
cardiac muscle and was well tolerated in healthy and DMD patients (62). 
In a phase 2a open-label clinical trial (38 DMD boys, treated for 28 days) 
61% showed an increase of 11% in dystrophin levels assessed from muscle 
biopsies and treatment was well tolerated (63). In a follow up phase 2/3 
clinical trial (174 randomized patients) two different doses (40 and 80 mg/
kg) were evaluated for a year. Unfortunately, the primary end point (30 
meter difference in the 6 minute walk test (6MWT) between treated and 
placebo groups) was not met (Δ29.7m). Nevertheless, patients treated 
with low dose (40 mg/kg/day) showed less (but not a significant) decline in 
the 6MWT than placebo and showed meaningful differences in secondary 
endpoints such as climbing and descending 4 stairs and walk or running 
10 meters, thereby offering promise as treatment for DMD (64,65). After 
a post-hoc analyses PTC requested for conditional approval with the EMA, 
this was granted with the condition to perform a new study. By this means 
Ataluren, PTC124 (TranslarnaTM), is the first conditionally approved drug by 
EMA for ambulant DMD patients age 5 years and older with a nonsense 
mutation causing premature stop codon (66). On October 15th, 2015 PTC 
announced their results from the phase 3 ACT-DMD clinical trial (40 mg/kg/
day vs placebo for the duration of a year) showing a significant benefit of 47 
meters in the 6MWT for patients who could walk 300-400 meters at baseline 
and a non-significant increase of 15 meters in the 6 MWT in the overall 
study population. In line they saw a benefit over placebo for secondary and 
tertiary endpoints, i.e. climbing and descending 4 stairs, walking or running 
10 meters and North Star Ambulatory Assessment test (ir.ptcbio.com). In 
January 2016 PTC completed the New Drug Application (NDA) submission to 
FDA, but this was rejected. In parallel they submitted the data from the new 
phase 3 ACT DMD clinical trial to EMA, this is still pending. 
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Figure 4. Targeted exon deletion versus exon skipping. Targeted exon deletion 
by genome editing as well as exon skipping are both applications to restore the 
disrupted reading frame of the DMD gene. CRISPR/cas9 technology is designed to 
delete an exon on DNA level. Exon skipping, using AON, is designed to target the 
pre-mRNA, interfere with pre-mRNA splicing. This results in a skip of the target exon. 
Both applications result in an internally deleted but partly functional dystrophin 
protein. A) an example of a disrupted reading frame, deletion of exon 48-50 in the 
DMD gene. B) restoration of the reading frame using CRISPR/cas9 technology. C) 
restoration of the reading frame using AON.

Exon skipping

The therapeutic approach that is the focus of this thesis is the restoration 
of the reading frame on RNA level in DMD patients using antisense 
oligonucleotides (AON). In theory this approach allows the production of 
a shorter but partly functional dystrophin protein as seen in patients with 
BMD (4,67). These AONs bind the target pre-mRNA in the nucleus in a 
sequence specific way. Here they interfere with splicing factors by binding 
the exonic splicing enhancer and/or exon inclusion sequences, preventing 

exon recognition, and thereby cause the skipping of the target exon (68,69) 
(figure 4). In 1996 Pramono et al., showed it was feasible to induce exon 
skipping in an in vitro splicing assay (70). Later, Dunckley et al., and Wilton et 
al., showed the potential of exon skipping in cultured primary myotube cells 
of mdx mice (71,72). The feasibility of exon skipping upon intramuscular and 
systemic administration of AON, targeted to skip exon 23 in mdx mice, was 
shown by Mann et al., and Lu et al., respectively (73,74). Van Deutekom et 
al., showed for first time, the skipping of exon 46 in cultured myotube cells 
of DMD patients with a deletion of exon 45, thereby restoring the disrupted 
reading frame resulting in correctly localized dystrophin protein expression 
in 75% of the myotubes (75). Later Aartsma-Rus et al., designed AONs for 11 
other human DMD exons and showed skipping of these exons in cultured 
human myotubes (76). In 2007 dystrophin restoration after a local injection 
of AON, targeting exon 51, in the tibialis anterior of DMD patients was 
shown by Deutekom et al., (77). 

Exon skipping is a mutation specific approach. There is a high variation 
in mutations between DMD patients. Nonetheless some patients with 
different mutations can benefit from skipping the same exon, e.g. exon 51 
skipping for a deletion of exon 45-50, 47-50, 48-50, 49-50, 50 and 52, making 
it applicable to the largest group of patients (13-14%) (60,78). Currently 
AON mediated exon skipping for DMD is evaluated in various clinical trials, 
further described in paragraph 1.3.4

1.3.3 Exon skipping antisense oligonucleotides 
AON are single stranded, short pieces of chemically modified DNA or RNA, 
which can bind complementary to the target RNA (via Watson and Crick 
base paring) and modulate the function of the target RNA. In general 
AONs can be divided in two main groups based on their mechanism of 
action. The first group of AON promotes, upon binding, degradation or 
cleavage of the target RNA by the recruitment of endogenous enzymes. For 
example, RNase H or RNA-induced silencing complex (79-81). The second 
group consists of AONs which, upon binding, interfere with the function of 
the target RNA without degradation, for example by blocking translation, 
promoting alternative use of exons, exon skipping or exon inclusion (82). 
The difference between the groups after binding the target RNA depends on 
the chemistry of AON used, the binding location on the target RNA and the 
location of the target RNA in the cells. 

Throughout the years different chemically modified AON have been 
developed to enhance nuclease resistance or improve thermodynamic 
stability, affinity for the target, bio-availability and tissue half-life (83,84). For 
DMD, the most studied exon skipping AON chemistries are the 2’-O-methyl 
phosphorothioate (2OMePS) and phosphorodiamidate morpholino 
oligomers (PMO) (Aartsma-Rus, 2014). 2OMePS AON is a second generation 
RNA-like AON. It has a 2’-O-methyl modification at the 2’OH position of the 
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ribose and a phosphorothioate (PS) backbone. It has a net negative charge, 
is almost completely nuclease resistant and has a high binding affinity for 
RNA. 2OMePS AONs have a prolonged half-life in vivo (plasma half-life ~ 
4 weeks in patients) due to fact that PS- modification enables low affinity 
serum protein binding, thereby preventing acute renal clearance (85,86). 
It is estimated that 2OMePS AON have a tissue half-life of 10-33 days in 
skeletal muscle and 46 days in cardiac muscle (87). PMO AON is a third 
generation, DNA-like AON. The deoxy-ribose sugar ring is replaced by a 
morpholino ring and the phosphodiester bond by phorphorodiamadate 
linker. It is charge neutral has a high binding affinity and is completely 
nuclease resistant. Lacking the PS modification PMOs have a much shorter 
half-life in vivo due to fast renal clearance (plasma half-life ~3-4 hours in 
patients) (88).

Currently, a new DNA based AON, Tricyclo-DNA (Tc-DNA) is evaluated 
for exon skipping for DMD in animal models. This AON deviates from 
DNA by the presence of 3 additional carbon atoms between C5’and C3’, 
is completely nuclease resistant, has a further improved binding affinity, 
thermodynamic stability, serum stability, and does not elicit RNase H 
activity (89,90). Serum levels of Tc-DNA rapidly decline in an hour after 
administration, but are still detectable after 90 minutes in mice (91). 
Compared to the 2OMePS AON, Tc-DNAs have improved tissue half-life, 
which is estimated to be 45 days on average and appears to be taken up by 
cardiac tissue more efficiently (91).

Modifying the 2’ position of the sugar moiety of RNA is an attractive 
approach to improve, for example, affinity, stability and nuclease 
resistance. The 2OMe modification is an example of such modification. 
Another possible 2’ modification is the substitution of a Fluoro (F) at the 
2’ position (2’-deoxy-2’-fluoro RNA modification (2F)). In a study from Rigo 
et al., (Ionis pharmaceuticals) it was shown that 2F modified AONs recruit 
ILF2/3 proteins upon binding their target RNA. This led to additional steric 
hindrance, making the target RNA less accessible for splicing factors to bind 
and resulted in enhanced exon skipping in a model for spinal muscular 
atrophy (SMA) (92). This is an attractive feature for exon skipping AONs 
where blocking of the target RNA is essential. In this thesis, 2FPS and 
isosequential 2OMePS AON counterparts have been compared for DMD. 
While in vitro 2FPS AON resulted in increased exon skipping levels, the 
modification appeared less effective in vivo and was found to be toxic in 
mdx mice (a mouse model for DMD) (this thesis chapter 6).

It is also possible to combine different chemical modifications, making 
chimeric AONs. Studies from the group of Matsuo have shown increased 
exon skip levels targeting exon 19, 45 and 46 of the DMD gene, using an 
chimeric AON consisting of 2OMe RNA and ethylene bridged nucleic acids 
(ENA) for DMD (2OMe/ENA oligonucleotides)(93,94). In 2015 they showed 

improved skipping of exon 45 in primary muscle cells from a patient with 
a deletion of exon 44 (95). Currently 2OMe/ENA AONs are evaluated in a 
clinical trial (see next paragraph).

1.3.4 AONs in clinical trials for DMD
AONs are a potential therapeutic approach for DMD and other 
neuromuscular disorders (e.g. spinal muscular atrophy, myotonic 
dystrophy). Currently they are evaluated in various pre-clinical and clinical 
trials. A complete overview of these AONs tested in clinical trials is given 
in chapter two and recently a nice overview is given by Fletcher et al (96). 
Below you find the most important updates involving clinical trials at this 
moment.

Recent updates for drisapersen and eteplirsen (DMD)

Drisapersen

Drisapersen (Kyndrisatm), a 2OMePS AON targeting DMD exon 51, has been 
evaluated in nearly 300 DMD patients via subcutaneous administration and 
appeared safe. However, mild to moderate side effects have been observed 
e.g. injection side reaction, proteinuria and thrombocytopenia. In a phase 
II randomized, double-blind placebo controlled study involving 54 DMD 
patients (age 6-8), treated patients outperformed placebo treated patients 
in the 6MWT. Unfortunately in a phase III clinical trial involving 186 DMD 
patients (age 5-16) no significant difference in the 6MWT has been observed 
between treated patients and placebo-treated patients. Around the end of 
this phase III study natural history data came available and showed that it 
is very difficult to pick up treatment effect in a population with a broad age 
range. Younger patients respond different to treatment than older patients. 
By now 8 ambulant patients have been treated for 177 weeks and remained 
stable in their 6MWT. With new posthoc analyses in age matched groups 
BioMarin applied for accelerated approval of drisapersen to the Food and 
Drug Administration (FDA) in April 2015 and with the European Medicines 
Agency (EMA) in June 2015. On January 14th, 2016, BioMarin announced that 
the FDA considered the application not to be ready in its current form. On 
May 31st, 2016, BioMarin announced withdrawal of market authorization 
application of drisapersen with the EMA, because they anticipated a 
negative opinion from committee for Medicinal Product for human 
use. Also they announced to stop all clinical research for drisapersen. 
Anticipating similar problems for other AONs of the same chemistry, their 
clinical development was stopped as well. This includes three other first 
generation AON targeting exon 44, 45 and 53 which were in phase two 
of clinical development. Nonetheless, BioMarin will continue developing 
second generation AONs for DMD.
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Eteplirsen

Eteplirsen, a PMO targeting DMD exon 51 has been evaluated in clinical 
trials and appeared safe. However, in some patients proteinuria was found. 
In the latest clinical trial involving 12 patients, dystrophin restoration has 
been observed in 30-60% of muscle fibers after 48 weeks of treatment. 
Moreover 6 patients treated from the onset of the study remained stable 
in their 6MWT for 120 weeks. Based on this data, Sarepta Therapeutics 
submitted an application for accelerated approval for eteplirsen, to the FDA 
on June 26th, 2015. On May 25th, 2016, Sarepta announced that the FDA is 
not able to complete their evaluation by the prescription drug user fee act 
goal date of May 26th, 2016, but will continue to complete their work in an 
as timely manner as possible. On June 6th 2016 Sarepta announced that, 
on request of the FDA, they will submit dystrophin protein data obtained 
from muscle biopsies (13 patients) to the ongoing evaluation. September 
19th 2016, FDA granted accelerated approval to eteplirsen (EXONDYS 
51tm) as treatment for DMD patients who benefit from exon 51 skipping 
(intravenous administration 30 mg/kg, once a week). However, this is based 
on the fact that dystrophin protein restauration is observed in a small 
group of patients (13) with a mean increase of just 0.2 to 0.3% of normal. 
http://jamanetwork.com/journals/jama/fullarticle/2572614). In the whole 
study population no clinical benefit has been shown and 38% of the patient 
treated (compared to placebo) experienced side reactions as vomiting and 
balance disorders with contusion. Other side reactions were excoriation, 
arthralgia, rash, catheter site pain and upper respiratory tract infection (≥ 
10% compared to placebo). New, placebo controlled clinical trials need to be 
conducted to prove if eteplirsen is really working (www.sarepta.com). 

Recent updates other AON for DMD

Recently two other clinical trials for DMD have been announced. On 
February 25th, 2016, Daiichi-Sankyo announced the start of a phase 1-2 
clinical trial in Japan (now recruiting) with their DS-5141b drug, an chimeric 
AON (2OMe/ENA) targeting exon 45 of the DMD gene (https://clinicaltrials.
gov/ct2/show/NCT02667483). On March 23rd 2016 NS-Pharma announced 
the start of a phase II, placebo controlled double-blind clinical trial in Japan 
(not yet recruiting) with NS-065/NCNP-01, a PMO targeting DMD exon 53. 
(https://clinicaltrials.gov/ct2/show/NCT02740972) 

Recent updates for Nusinersen (SMA)

Nusinersen

On August 1st 2016, Ionis pharmaceuticals and BioGen announced that 
Nusinersen (Isis-SMNrx, a 2’-O-methoxyethyl phosphorothioate (MOEPS) 
AON) met the primary endpoint pre-specified for interim analysis of 
ENDEAR, a broad phase 3 clinical trial for the treatment of infants and 

children with spinal muscular atrophy (SMA). On November 7th 2016 they 
announced that Nusinersen met primary endpoint in a phase 3 clinical 
trial CHERISH with late-onset patients. Nusinersen is found to have an 
acceptable safety profile as well and now all participants are able to enrol 
in the open label extension study (SHINE) where all participants receive 
Nusinersen. BioGen is currently preparing marketing authorization 
applications in the USA and Europe. 

1.3.5. AON delivery 
In general, any drug must reach its target site in order to be effective. 
Without effective drug delivery the drug has no therapeutic activity and 
might cause side effects through non intended off target interactions. 
There are multiple routes of administration to effectively deliver drugs to 
humans e.g. oral, transdermal, transnasal, subcutaneous, intravenous, 
intrathecal or local (e.g. intramuscular for muscle diseases). Depending on 
the drug substance itself and the target tissue, the choice of the optimal 
route of delivery may vary. For DMD patients the target is skeletal and 
cardiac muscle tissue. Since the human body consists of 30-40% of muscle 
it is impossible to treat each muscle individually, a body wide approach 
is necessary. Oral delivery is most convenient for patients and for many 
drugs oral bioavailability is sufficient to obtain systemic effect. However 
the bioavailability of AONs after oral delivery is very poor, and uptake after 
intestinal administration is limited (97). Based on preclinical animal studies 
and clinical studies, body wide treatment is feasible using subcutaneous 
(SC) or intravenous (IV) injections. Today this is the most effective way to 
deliver AON systemically (98-101). 

1.3.5.1 Challenges for AON delivery
Even though systemic administration of AON is feasible, the amount taken 
up by the target tissue is generally limited. For effective AON delivery, 
several hurdles need to be overcome (for more details see paragraph 
1.3.5.2). In general AONs need to distribute throughout the body without 
degradation, need to be taken up adequately by the target cells in the target 
tissue and reach the nucleus where splicing takes place (figure 5). In DMD, 
patients’ muscle fibers have, due to the absences of the dystrophin protein 
and muscle inflammation, leaky endothelium and therefore more easily 
take up AON than healthy muscle tissue. Pre-clinical animal studies have 
shown effective AON delivery. Nevertheless upon body wide treatment 
a great proportion of AONs end up in liver and or kidney and are lost for 
uptake by skeletal- and cardiac muscle. Furthermore, less (2OMePS) or 
minimal (PMO) exon skipping levels in cardiac muscle compared to skeletal 
muscle are seen (87,102). However, 6 months treatment with high dose of 
PMO (300 mg/kg and 1.5 g/kg) in mdx mice, did result in exon skipping and 
detectable levels of dystrophin protein in cardiac muscle (103).
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Figure 5. Human body and the location of muscle fiber nuclei. For DMD, the 
target of AON are muscle fiber nuclei. 30-40% of the human body consist of muscle 
making systemic treatment necessary. Muscle is built up from muscle fiber bundles 
surrounded by the epimysium. Each bundle is made from individual muscle fibers 
and is surrounded by the perimysium, which in turn are made by fusion of individual 
muscle cells which contain the nuclei. 

1.3.5.2 Insight in AON delivery towards muscle
To improve the effective delivery of AON to skeletal and cardiac muscle, 
insight in the way AON behave in vivo is desirable. Upon systemic 
administration, AON distribute throughout the body via the blood (figure 6). 
Here, the first biological barrier to overcome is degradation by nucleases. 
To avoid this, AON are chemically modified making them nuclease resistant 
(see paragraph 1.3.3). Following SC injections PS modified AON reach peak 
plasma concentrations within 3-4 hours where after they rapidly decline. 
The second biological barrier is the endothelium of the blood vessel wall 
within the tissue. Molecules of 6 nm in diameter or smaller are mainly 
transported across the endothelium via the paracellular pathway, e.g. via 
the interendothelial junctions between the cells. Larger molecules, like 
albumin, are transported via the transcellular pathway, e.g. in vesicles via 
caveolar-mediated transcytosis. Transport across the endothelium of larger 
molecules (>100 nm is size) is limited. However, in some tissues like liver, 
gaps or fenestrations between the cells allow transport of larger molecules 
(104,105). As AON are small (<6 nm) they readily pass the endothelium of 
the vessel wall via the paracellular pathway (occurs mostly in kidney and 
intestinal tract). The uptake of PS modified AON by tissues from blood 
(but not the central nervous system) takes place within minutes to hours 
depending on the tissue type. Well perfused organs like liver, kidney and 
spleen, take up AON more rapidly than less perfused skeletal muscle tissue. 

Acute clearance from the body predominantly takes place via the kidneys. 
However, AON with a PS modification bind serum proteins like albumin and 
are thereby protected from acute renal clearance (106). When AON have 
reached the target tissue, they need to overcome a third biological barrier, 
passing the cell membrane of the target tissue cells. The cell membrane has 
a dynamic structure, limiting free uptake of large and charged molecules 
which cannot pass the cell membrane by diffusion. There are various 
pathways known by which cells can take up larger molecules. In general it is 
assumed that AON are taken up via some form of endocytosis and are then 
trapped in cellular compartments like the endosomes. The fourth biological 
barrier to overcome is the escape from these cellular compartments and 
reach the nucleus where splicing takes place. It is good to bear in mind that 
tissues in general are made up of more than one cell type. This means that 
uptake by a certain tissues not necessarily means uptake by the target cells 
within that tissue.

subcutaneous injection

intravenous injection

nuclei
muscle fiber

nucleases blood vessel

AONs

Skin
fluid containing 

AONs

1
2

3
4

endosomes

Figure 6. AON delivery, hurdles to overcome. In order to be effective, several 
hurdles need to be overcome before AONs reach the muscle fiber nuclei. 1) 
Degradation by nucleases. 2) Escape from endothelium of the blood vessel wall 
within the tissue. 3) Passing cell membrane of tissue cells. 4) Escape from the 
endosomes and reach the nucleus.

1.3.5.3 Endocytosis
Endocytosis is the term used for the transport of molecules into cells. 
Using this pathway cells take up nutrients and communicate with each 
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other and the environment. There are multiple endocytic pathways 
known and in general they are classified in two groups: phagocytosis 
(restricted to specialized cells like macrophages and dendritic cells) and 
pinocytosis (occurs in all cells)(107). Pinocytosis can be further subdivided 
in (i) macropinocytosis, (ii) clathrin-dependent endocytosis, (iii) caveolin-
dependent endocytosis (iv) clathrin and caveolin independent endocytosis. 
They differ in coat proteins (when present), vesicle size and intracellular fate 
(table 1). 

Phagocytosis (cell eating), is the process where phagocyte cells take up and 
clear the body of solids such as parasites, bacteria, death cells, cellular 
debris etc. It is a commonly known process used by macrophages defending 
the body against infection, invasion of foreign substances. 

Macropinocytosis (cell drinking), shares many features with phagocytosis, 
but is used by non-phagocytic cells. It is a process of cell membrane 
ruffling, forming external macropinocytotic vesicles, up to 5 µM in diameter, 
by which the cell can internalize extracellular fluids containing various 
molecules (108).

Table 1. Endocytic pathways

Endocytic pathway Process Cell type involved
Phagocytosis Uptake (cell eating) of 

parasites, bacteria, death 
cells, cellular debris

Mainly macrophages

Macropinocytosis Uptake (cell drinking) 
of extracellular fluids 
containing molecules

Non-phagocytic cells

Clathrin-dependent 
endocytosis

Receptor mediated 
uptake in clathrin coated 
pits

All cells

Caveolin-dependent 
endocytosis

Cholesterol dependent 
uptake in caveolin coated 
vesicles

Endothelial cells, 
adipocytes, fibroblast, 
smooth muscle cells

Clathrin and Caveolin 
independent

All non-clathrin or 
caveolin dependent 
uptake

Various cells

Clathrin-dependent endocytosis, is a process where molecules are taken up 
by binding a specific receptor in clathrin-coated pits of the cell membrane. 
After clustering of the ligand-receptor complexes, the clathrin-coated 
pits invaginate and pinch of the cell membrane forming a clathrin-coated 
vesicle (100-150 nm in diameter). From these vesicles molecules are 
further transported through other cellular compartments like early and 
late endosomes, the golgi apparatus, nucleus and lysosomes. Hereafter 

the molecules are released in the cytoplasm or transported back to the cell 
membrane (107,109,110). 

Caveolin-dependent endocytosis is the most commonly reported non 
clathrin-mediated form of endocytosis. Caveolae are flask-shaped 
plasma membrane domains formed by the assembly of the caveolin 
membrane proteins 1, 2 and 3 (60-80 nm in diameter) (111). Caveolae are 
rich in cholesterol like proteins, and formation of caveolae is cholesterol 
dependent. Molecules that interact with cholesterol are invaginated 
and transported from caveolae-coated vesicles directly to other cellular 
compartment like golgi- or endoplasmatic reticulum and often circumvent 
degradation by lysosomes. Caveolae are especially abundant in endothelial 
cells, adipocytes, fibroblasts and smooth muscle cells (107,112,113).

Clathrin and Caveolin independent endocytosis is a process that is less 
understood and basically consists of all uptake that is not clathrin- or 
caveolin-mediated. Examples are the uptake of molecules depending on 
DNM2/Dynamin-two, small GTPases or tyrosine kinase for example. What is 
known is that bacteria and viruses sometimes hijack one of these pathways 
to enter host cells (114,115).

1.3.6 Strategies taken to improve delivery of AON
Various strategies are being explored to improve the delivery to and uptake 
by muscle for AON. Examples are, different chemical modifications of the 
AON, the use of nanoparticles as delivery vehicles or conjugation or co-
administration of additive compounds to enhance cell uptake. For delivery 
of AON to muscle, the ideal delivery system should first of all not interfere 
with the function of the AON, should have a good safety profile and good 
biostability. Secondly, the delivery system should be small in size, efficiently 
taken up by muscle cells and promote endosomal escape. Third, preferably 
the delivery system is muscle specific thereby limiting or preventing uptake 
by e.g. liver, kidney and spleen. Finding or developing the perfect delivery 
system is a major challenge. Throughout the years many approaches have 
been evaluated. However some are only evaluated after intramuscular 
administration whereas for DMD systemic administration is the goal.

1.3.6.1 Formulation of AON
To enhance the delivery of 2OMePS AONs, poly(ethylene imine) (PEI) and 
poly(ethylene glycol) (PEG) copolymers alone, combined with the cell 
penetrating TAT peptide (GRKKRRQRRRPQ), adsorbed colloidal gold (CG) 
or a combination have been investigated using AONs targeting mouse 
Dmd exon 23 in the mdx mouse model. The PEI-PEG copolymer combined 
with TAT was most potent and resulted, in 6-fold increased dystrophin 
positive fibers and up to 30% of dystrophin expression compared to wild 
type levels upon intramuscular administration in tibialis anterior muscle 
of mdx mice (116). However these polyplexes have a cationic charge which 
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limits their biodistribution due to nonspecific binding to target unrelated 
components, limiting systemic administration. Later the encapsulation of 
these polyplexes in biodegradable PLGA nanospheres has been investigated 
to improve the strategy. Nevertheless, upon intramuscular administration 
no improvement in dystrophin levels were observed compared to the 
unencapsulated polyplexes (117). 2OMePS AONs adsorbed onto PMMA/N-
isopropil-acrylamide+ (NIPAM) nanoparticles (ZM2) have been investigated 
as well. Intraperitoneal administration of these nanoparticles resulted in 
20% exon 23 skipping levels and up to 40% dystrophin positive muscle 
fibers in mdx mice (118). Later Bassi et al., showed that this was persistent 
for over 90 days (119). A next generation of this approach involves ZM4 
nanoparticles. Intraperitoneally injected fluorescently labelled ZM4 
nanoparticles resulted in detectable fluorescence (analysed with odyssey 
imaging system) in skeletal muscle and heart. Higher levels of fluorescence 
were found in liver kidney, spleen and lymph nodes but not in brain (120). 
Whether ZM4 nanoparticles effectively deliver AON to muscle remains to be 
evaluated. 

1.3.6.2 Co-administration of additive compounds
In addition to formulating AONs, it is also possible to combine AON 
treatment with compounds that increase exon skipping levels or enhance 
the uptake of AON. Kendall et al., reported that co-administration of 
Dantrolene increased exon skipping levels in vitro of 2OMePS AONs in 
cultured cells of mdx mice and in reprogrammed myotubes from DMD 
patients. Systemic administration in mdx mice, Dantrolene (intraperitoneal 
administration) combined with a PMO (intravenous administration), 
resulted in increased exon 23 skipping levels and dystrophin protein levels 
in various muscle but not triceps and cardiac muscle (121). However other 
researchers were not able to reproduce these results in myotube cultures 
(Aartsma-Rus and van Vliet, personal communication). 

Hu et al., showed that PMOs combined with guanine analogues (particularly 
6-thioguanine) resulted in improved exon 23 skipping levels (~2-fold) in 
vitro as well as in vivo upon intramuscular administration in tibialis anterior 
muscle of mdx mice (122). Verhaart et al., confirmed that 6-thioguanine 
improved exon skipping levels in vitro but, in contradiction, not in vivo for 
2OMePS and PMO AONs after intramuscular administration in mdx mice 
(123).

Small-sized polyethylenimine (PEI)-conjugated pluronic copolymers 
(PCMs) have been evaluated to improve the uptake of PMOs. Systemic 
administration (intravenous) resulted in increased exon 23 skipping levels 
and on average 15% dystrophin positive muscle fibers (particularly in 
cardiac muscle tissue) when combining the PMO with PCMs compared 
to the PMO alone (<5% ) in mdx mice (124). Nonetheless the overall 
percentages of exon skipping and dystrophin positive fibers remained low.

1.3.6.3 Conjugation of additive compounds
Cell penetrating peptides (CPPs) are most studied for PMOs. CPPs are 
short cationic peptides designed to transport drug into cells. They have 
a long history consisting of a broad range of peptides that have been 
investigated e.g. Poly-L-lysine, Hiv-1 TAT protein, penetratin and the 
arginine rich peptides used today (125-128). Moulton et al., was one of the 
first to describe the use of arginine rich peptides to enhance the delivery 
and uptake of PMOs in muscle for DMD (so called PPMOs)(128). However 
these arginine rich peptides resulted in acute toxicity in monkeys (129). 
Throughout the years various improvements have been made regarding 
arginine rich CPPs; RXR4, B-peptide (RXRRBR)2 and the more recently 
developed Pip peptides (130-134). The most potent Pip peptides come 
from the Pip5 and Pip6 series. Conjugates resulted in vivo, upon systemic 
administration, in high levels of exon 23 skipping and dystrophin protein 
production in skeletal and cardiac muscle. Further evaluation of these 
conjugates showed improvement of muscle strength and cardiac function 
in exercised mdx mice (131,135). Lehto et al., studied the mechanism by 
which CPP Pip6a-PMO is taken up. Results showed an energy dependent 
uptake via caveolin-dependent endocytosis in skeletal muscle with nuclear 
localization in myotubes but not in myoblast cell cultures (cytoplasm). For 
cardiac muscle tissue clathrin-dependent endocytosis was found to be the 
most prominent uptake pathway. However, here Pip6a-PMO was mainly 
found in the cytoplasm and to a less extent in the nucleus where splicing 
takes place (133). The newly developed CPPs appear to be well tolerated 
in mdx mice. Nevertheless they contain many arginine residues making it 
questionable if they are not toxic in higher animals then mice as shown in 
the early studies of Moulton et al.

 Despite the fact that the well-studied CPPs have the potential to improve de 
delivery of PMOs, they are not suitable for delivery of 2OMePS. The cationic 
nature of CPPs have the tendency to strongly form aggregates when 
combined with the anionic 2OMePS AON backbone. A different approach is 
needed: e.g. the use of tissue specific homing peptides selected from phage 
display experiments (see paragraph 1.5).



28 29

Introduction

1

Chapter 1

1.4 Phage display
1.4.1. Phage display
Phage display is a well described, powerful technique to identify peptides, 
antibodies or other proteins with target specific binding properties from 
phage libraries. Phage display technology was first introduced by Smith in 
1985 (136,137) who later introduced the concept of affinity selection using 
phage display peptide or antibody libraries. From here the technology has 
spread rapidly (136,138-140). Nowadays phage display technology has 
been modified and is used in for example, vaccine development (vaccines 
consisting of phages that display a disease specific antigen), studying 
protein-protein interactions (different domains of a protein is displayed on 
a phage and panned against a specific protein), identification of substrates 
or inhibitors (analyses of enzyme activity and specificity or identification of 
enzyme inhibitors) and epitope mapping using antibody libraries (141-143). 
Phages (or so called bacteriophages), are viruses that consist of DNA or 
RNA within a protein coat. A phage library is constructed by fusing a foreign 
peptide or protein with one of the protein coat genes in such a way that 
these are expressed on the surface of the phage. Phage libraries consist 
of millions or billions of uniquely constructed phages from which affinity 
selection takes place, a process called bio-panning. Nowadays the identity 
of the peptides or proteins of interest can be easily detected using various 
high throughput sequencing approaches. 

1.4.2 Biopanning
Biopanning selections using phage libraries can be undertaken for various 
targets like specific molecules (e.g. proteins, enzymes, receptors), cultured 
cells in vitro or tissues, or cells within a tissue in vivo. The basic principles are 
the same for all targets. First, the phage library is exposed to the target for 
binding. Secondly, all non-binders are removed. Third, binding phages are 
recovered by elution. Fourth, binding phages are amplified and prepared 
for a next bio-panning round. Fifth, after several rounds of biopanning, 
binding phages are identified by for example sequencing of candidate 
phage DNA (figure 7).

1.4.3 Phage display vectors
Different phages have been used for the development of phage display 
vectors. The M13 filamentous phage is the most used worldwide, the T4, T7 
and lambda phages are also often used. Each phage display vector has its 
own benefits and limitations (table 2).

Biopanning1. target binding

2. washing 
unbound phage

3. isolation of
binding phages

4. amplification

5. next biopanning 
round

6. sequencing of binding phages
after the last round 

Figure 7. Phage display biopanning. Phage display biopanning is a selection 
technique to identify high affinity binders for a selected target. Step one, exposing 
the phage library to the target. Step two, wash away unbound phage. Step 3, 
isolation of binding phages. Step 4, amplification of isolated phages. Step 5, 
preparing the amplified isolated phages for another screening round. Step 6, 
identification of binding phages by sequencing. 

M13 filamentous phage display vectors consist of rod shaped linear 
filamentous phage particles containing single-stranded looped DNA 
(6.4kb). They can only infect E-coli bacteria which express the F-pilus. After 
infection the F-pilus is depolymerized, preventing multiple phage infections. 
The advantage of this unique characteristic is that each bacterial clone 
represents a specific phage with a unique foreign peptide or protein (144). 
Upon infection, phages are assembled in the periplasmic environment and, 
after replication, leave the bacterial host via the membrane without killing 
its host. Another unique characteristic of this phage is the resistance against 
extreme conditions such as acidic pH, high temperature and enzymatic 
cleavage, making the phages very convenient to use in vitro as well as in 
vivo (144,145). The M13 phage consists of a major PVIII coat protein (2.700 
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copies) and the minor PIII and PVII coat proteins on one end and PVII, 
PIX coat proteins on the other end (3-5 copies). In most cases the phages 
are constructed to express foreign peptides or proteins on the minor PIII 
(used to infect cells) or major PVIII coat protein, but all 5 coat proteins have 
been used (136,146). Fusion to the PIII protein can be used for peptides 
or proteins taking up to 100kb in insertion size. Fusion to the PVIII protein 
is limited to 6-8 amino acids in length because of the large copy numbers 
expressed on the phage. 

The T4 phage display system has relatively large phages containing double 
stranded linear DNA (160 kb) packed in a capsid head, which is attached to a 
contractible tail and tail fibers. Phages infect E-coli bacteria upon binding the 
host with their tail fibers and injecting the phage DNA via their contractible 
tail directly in the cytoplasm. The phage DNA will be replicated, new phage 
particles will form and eventually leave the host by cell lysis. The T4 capsid 
head consist of 3 essential proteins, gp23, gp24 and gp20, and 2 non-
essential proteins Hoc (highly antigenic outer capsid protein) and Soc (small 
outer capsid protein). The Hoc and Soc proteins are used most frequently to 
express a foreign peptide or protein on the surface. The advantage of using 
T4 phages over M13 phages is the possibility of fusions with complicated, 
high molecular weight proteins on the phages surface. T4 phages are most 
used in vaccine technology by fusion of pathogen antigens to the N- or 
C-terminus of Hoc and Soc (147,148).

The T7 phage display system is similar to the T4. It consists of a capsid head, 
a tail, tail fibers and has dsDNA (39kb). T7 differs from the T4 in that the 
capsid head consists mainly of various combinations of gp10 proteins, and 
that the tail is not contractible (upon infection the phage builds a protein 
channel towards the bacterial cytoplasm)(149,150). Foreign proteins can 
be expressed by fusion with the C-terminus of gp10 protein in high copy 
numbers for small peptides, or with low or intermediate copy numbers for 
larger peptides or proteins. The main advantage of T7 phages is their short 
lytic life cycle, which significantly shortens the screening process. Another 
advantage is their extreme resistance to various environmental conditions. 

Lambda page display vectors contain double stranded linear DNA (48 kb), 
which is similar to theT4 and T7 phage display systems capsids in a head, 
and contains tail and tail filaments. The capsids head consists of 2 major 
coat proteins, pgE and gpD and the major tail protein is gpV. A unique 
feature of the lambda genome is the 12 nucleotides long GC-rich cos sites 
(sticky ends) at both 5’ends, which upon infection are used by the host DNA 
ligase to make the DNA circular (151). Lambda phages can either be lytic or 
lysogenic (when integrated in the host genome) and are used to express 
complicated high molecular weight proteins fused to the D head protein 
(high copy number) or pV tail protein (low copy number). 

Table 2. Phage display vectors

Phage  
vector

Genome  
size

Size foreign  
insert

Advantage Lytic or  
Lysogenic

M13 6.4kb Up to 100kb on PIII 
(3-5 copies)

3-8 amino acids 
(2.700 copies) on 
PVIII coat protein

F-Pilus is 
depolymerized 
up on infection 
preventing 
multiple phage 
infection

Lysogenic

T4 160kb High molecular 
weight proteins 
to Hoc or Soc coat 
proteins

Fusion of 
complicated high 
molecular weight 
proteins

Lytic

T7 39kb Low molecular 
weight in high 
copy number. 
Intermediate to 
high molecular 
weight in low copy 
number to gp10 
protein

Short life cycle 
significantly 
shortens the 
screening process

Lytic

lambda 48kb Complicated high 
molecular weight 
to D head protein 
(high copy number) 
or pV tail protein 
(low copy number)

Expression of high 
molecular weight 
proteins in high 
copy number

Lytic and 
Lysogenic

1.5 Using phage display peptide library screens to improve 
delivery of AON towards skeletal and cardiac muscle tissue
The advantage of using tissue specific homing peptides over CCPs is that 
short peptides in general have a better safety profile, do not or minimally 
provoke an immune reaction and their tissue specificity limits off target 
effects. The use of tissue specific homing peptides is applicable to 2OMePS 
and PMO AONs, as well as for other drugs. Various random combinatorial 
phage display peptide libraries are commercially available ranging from 
6 amino acids in length (6-mer) up to 24 amino acids in length (24-mer) in 
general. Random 7-mer, 9-mer and 12-mer peptide libraries are studied 
most. These peptides are expressed on the phage coat protein either in 
linear or circular conformation (e.g. the substitution of cysteines at either 
end of the random peptide sequence, joint by a disulfide bond, makes the 
peptide have a circular conformation), and in high or low copy numbers. 
Using phage display peptide libraries to search for tissue specific homing 
peptides is not without challenges: Phage display peptide libraries are 
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known to be prone to parasite sequences i.e. phages with a growth 
advantage or phages binding plastic or other experimental related but not 
target related compounds (152). Peptides as therapeutics by themselves 
have limitations as well. Peptides are known to be aggregation prone, have 
solubility issues and a pore bioavailability. Nonetheless when peptides are 
conjugated to an AON most of these issues can be overcome. 

In the last couple of years, technology used to analyze phage display 
outcomes rapidly improved. Various high throughput platforms were 
integrated in the analyses, resulting in new insights and improved 
biopanning selections (153,154). This thesis is focused on 7-mer phage 
display peptide libraries (Ph.D.-7). We integrated for the first time Illumina 
next generation sequencing (NGS) to analyze phage display biopanning 
selections (this thesis chapter 4). We showed that high throughput 
sequencing of the naïve library after one round of bacterial amplification 
is a powerful tool to identify parasite sequences with a growth advantage. 
We also showed that by using NGS a single biopanning round is enough to 
identify candidate peptides. A few months later, a comparable story was 
published by Matochko et al,. (155)

Back in 1999 Samoylova et al., described a phage, expressing a 7-mer 
peptide ASSLNIA, showing increased uptake (judged on fluorescent 
intensity) in murine tissues compared to control phages. Later studies 
showed that the peptide alone was unable to increase delivery or exon 
skipping levels in mdx mice, when conjugated to a PMO (Samoylova and 
Smith, 1999; Yin et al., 2009). Seow et al., identified after several rounds of 
in vivo biopanning towards heart and quadriceps muscle, peptide T9 (12-
mer: SKTFNTHPQSTP). Despite that this peptide appeared to preferentially 
bind skeletal muscle, they observed limited internalization of muscle cells. 
In this thesis the first muscle homing peptide for 2OMePS AON is described, 
peptide P4 (7-mer: LGAQSNF) identified after in vivo biopanning towards 
heart and quadriceps muscle (this thesis chapter 3). P4 conjugated 2OMePS 
AONs significantly increased exon skipping levels in diaphragm and cardiac 
muscle tissue, compared to unconjugated AONs, after subcutaneous 
administration in mdx mice. 

In search for better muscle specific homing peptides to enhance the 
delivery of PMOs, Gao et al., identified the M12 peptide RRQPPRSISSHP 
(Gao et al., 2014), which resulted in improved but variable exon skipping 
levels in skeletal muscle but not cardiac muscle when conjugated to a 
PMO. Searching for better muscle specific homing peptides to enhance 
the delivery 2OMePS AON, a phage display peptide library expressing 
cyclic 7-mer peptides combined with NGS analyses has been investigated 
(this thesis chapter 5). The lead peptide CyPep10 (CQLFPLFRC), resulted 
upon conjugation to 2OMePS AONs, in a significant 2-fold increase in exon 
skipping levels in all muscle tissues analyzed. All together these results 

demonstrate the value of tissue specific homing peptides for the delivery of 
AON. 

Outline of this thesis
The work described in this thesis aimed to optimize delivery of AON towards 
skeletal and cardiac muscle for DMD. In Chapter 2 an update on RNA-
targeting therapies using AON for neuromuscular disorders is given. With 
emerging new possibilities there is a growing need for improved delivery 
of AON towards muscle. Conjugation of muscle specific homing peptides is 
a strategy to accomplish this. In Chapter 3 the first muscle homing peptide 
for 2OMePS AON is described. This peptide has been identified from a 
phage display peptide library. Phage display peptide libraries are prone to 
parasite sequences that dominate the selection. In chapter 4 it is described 
how NGS improves phage display selections by increased sequencing 
depth and identification of parasite sequences with a growth advantage. 
Chapter 5 describes how these improvements have been integrated in 
new phage display selection experiments towards muscle, which led to the 
identification of a more potent peptide candidate. In Chapter 6, 2FPS AON 
have been evaluated as exon skipping AON for DMD. A general discussion 
where results are put in a broader context is given in chapter 7. 



34 35

Introduction

1

Chapter 1

References
  1.   Moat, S.J., Bradley, D.M., Salmon, R., Clarke, A. and Hartley, L. (2013) 

Newborn bloodspot screening for Duchenne muscular dystrophy: 21 
years experience in Wales (UK). Eur.J.Hum.Genet.

  2.  Mah, J.K., Korngut, L., Dykeman, J., Day, L., Pringsheim, T. and Jette, N. 
(2014) A systematic review and meta-analysis on the epidemiology of 
Duchenne and Becker muscular dystrophy. Neuromuscular disorders : 
NMD, 24, 482-491.

  3.  Blake, D.J., Weir, A., Newey, S.E. and Davies, K.E. (2002) Function and 
genetics of dystrophin and dystrophin-related proteins in muscle. 
Physiol Rev., 82, 291-329.

  4.  Muntoni, F., Torelli, S. and Ferlini, A. (2003) Dystrophin and 
mutations: one gene, several proteins, multiple phenotypes. The 
Lancet. Neurology, 2, 731-740.

  5.  Emery, A.E. (2002) The muscular dystrophies. Lancet, 359, 687-695.

  6.  Pane, M., Scalise, R., Berardinelli, A., D’Angelo, G., Ricotti, V., Alfieri, 
P., Moroni, I., Hartley, L., Pera, M.C., Baranello, G. et al. (2013) Early 
neurodevelopmental assessment in Duchenne muscular dystrophy. 
Neuromuscular disorders : NMD, 23, 451-455.

  7.  Fayssoil, A., Nardi, O., Orlikowski, D. and Annane, D. (2010) 
Cardiomyopathy in Duchenne muscular dystrophy: pathogenesis and 
therapeutics. Heart Fail.Rev., 15, 103-107.

  8.  LoMauro, A., D’Angelo, M.G. and Aliverti, A. (2015) Assessment and 
management of respiratory function in patients with Duchenne 
muscular dystrophy: current and emerging options. Ther.Clin.Risk 
Manag., 11, 1475-1488.

  9.  Taglia, A., Petillo, R., D’Ambrosio, P., Picillo, E., Torella, A., Orsini, C., 
Ergoli, M., Scutifero, M., Passamano, L., Palladino, A. et al. (2015) 
Clinical features of patients with dystrophinopathy sharing the 
45-55 exon deletion of DMD gene. Acta myologica : myopathies and 
cardiomyopathies : official journal of the Mediterranean Society of 
Myology, 34, 9-13.

  10.  Roberts, R.G., Coffey, A.J., Bobrow, M. and Bentley, D.R. (1993) Exon 
structure of the human dystrophin gene. Genomics, 16, 536-538.

  11.  Koenig, M., Hoffman, E.P., Bertelson, C.J., Monaco, A.P., Feener, C. 
and Kunkel, L.M. (1987) Complete cloning of the Duchenne muscular 
dystrophy (DMD) cDNA and preliminary genomic organization of the 

DMD gene in normal and affected individuals. Cell, 50, 509-517.

  12.  den Dunnen, J.T., Grootscholten, P.M., Bakker, E., Blonden, L.A., 
Ginjaar, H.B., Wapenaar, M.C., van Paassen, H.M., van, B.C., Pearson, 
P.L. and van Ommen, G.J. (1989) Topography of the Duchenne 
muscular dystrophy (DMD) gene: FIGE and cDNA analysis of 194 
cases reveals 115 deletions and 13 duplications. Am.J.Hum.Genet., 45, 
835-847.

  13.  Aartsma-Rus, A., Ginjaar, I.B. and Bushby, K. (2016) The importance 
of genetic diagnosis for Duchenne muscular dystrophy. Journal of 
medical genetics, 53, 145-151.

  14.  Koenig, M. and Kunkel, L.M. (1990) Detailed analysis of the repeat 
domain of dystrophin reveals four potential hinge segments that may 
confer flexibility. J.Biol.Chem., 265, 4560-4566.

  15.  Aartsma-Rus, A. (2014) Dystrophin analysis in clinical trials. JND, 1, 41-
53.

  16.  Amann, K.J., Renley, B.A. and Ervasti, J.M. (1998) A cluster of basic 
repeats in the dystrophin rod domain binds F-actin through an 
electrostatic interaction. J.Biol.Chem., 273, 28419-28423.

  17.  Lai, Y., Thomas, G.D., Yue, Y., Yang, H.T., Li, D., Long, C., Judge, L., 
Bostick, B., Chamberlain, J.S., Terjung, R.L. et al. (2009) Dystrophins 
carrying spectrin-like repeats 16 and 17 anchor nNOS to the 
sarcolemma and enhance exercise performance in a mouse model of 
muscular dystrophy. J.Clin.Invest, 119, 624-635.

  18.  Monaco, A.P. (1989) Dystrophin, the protein product of the 
Duchenne/Becker muscular dystrophy gene. Trends Biochem.Sci., 14, 
412-415.

  19.  Bushby, K., Finkel, R., Birnkrant, D.J., Case, L.E., Clemens, P.R., 
Cripe, L., Kaul, A., Kinnett, K., McDonald, C., Pandya, S. et al. (2010) 
Diagnosis and management of Duchenne muscular dystrophy, part 
1: diagnosis, and pharmacological and psychosocial management. 
The Lancet. Neurology, 9, 77-93.

  20.  Bushby, K., Finkel, R., Birnkrant, D.J., Case, L.E., Clemens, P.R., 
Cripe, L., Kaul, A., Kinnett, K., McDonald, C., Pandya, S. et al. (2010) 
Diagnosis and management of Duchenne muscular dystrophy, part 
2: implementation of multidisciplinary care. The Lancet. Neurology, 9, 
177-189.

  21.  Angelini, C. and Peterle, E. (2012) Old and new therapeutic 
developments in steroid treatment in Duchenne muscular dystrophy. 



36 37

Introduction

1

Chapter 1

Acta Myol., 31, 9-15.

  22.  Manzur, A.Y. and Muntoni, F. (2009) Diagnosis and new treatments 
in muscular dystrophies. Journal of neurology, neurosurgery, and 
psychiatry, 80, 706-714.

  23.  Ricotti, V., Ridout, D.A. and Muntoni, F. (2013) Steroids in Duchenne 
muscular dystrophy. Neuromuscular disorders : NMD, 23, 696-697.

  24.  Peault, B., Rudnicki, M., Torrente, Y., Cossu, G., Tremblay, J.P., 
Partridge, T., Gussoni, E., Kunkel, L.M. and Huard, J. (2007) Stem and 
progenitor cells in skeletal muscle development, maintenance, and 
therapy. Molecular therapy : the journal of the American Society of Gene 
Therapy, 15, 867-877.

  25.  Collins, C.A., Olsen, I., Zammit, P.S., Heslop, L., Petrie, A., Partridge, 
T.A. and Morgan, J.E. (2005) Stem cell function, self-renewal, and 
behavioral heterogeneity of cells from the adult muscle satellite cell 
niche. Cell, 122, 289-301.

  26.  Collins, C.A. and Partridge, T.A. (2005) Self-renewal of the adult 
skeletal muscle satellite cell. Cell cycle (Georgetown, Tex.), 4, 1338-
1341.

  27.  Huard, J., Roy, R., Bouchard, J.P., Malouin, F., Richards, C.L. and 
Tremblay, J.P. (1992) Human myoblast transplantation between 
immunohistocompatible donors and recipients produces immune 
reactions. Transplantation proceedings, 24, 3049-3051.

  28.  Tremblay, J.P., Malouin, F., Roy, R., Huard, J., Bouchard, J.P., Satoh, 
A. and Richards, C.L. (1993) Results of a triple blind clinical study of 
myoblast transplantations without immunosuppressive treatment in 
young boys with Duchenne muscular dystrophy. Cell transplantation, 
2, 99-112.

  29.  Morandi, L., Bernasconi, P., Gebbia, M., Mora, M., Crosti, F., 
Mantegazza, R. and Cornelio, F. (1995) Lack of mRNA and dystrophin 
expression in DMD patients three months after myoblast transfer. 
Neuromuscular disorders : NMD, 5, 291-295.

  30.  Mendell, J.R., Kissel, J.T., Amato, A.A., King, W., Signore, L., Prior, T.W., 
Sahenk, Z., Benson, S., McAndrew, P.E., Rice, R. et al. (1995) Myoblast 
transfer in the treatment of Duchenne’s muscular dystrophy. The New 
England journal of medicine, 333, 832-838.

  31.  Noviello, M., Tedesco, F.S., Bondanza, A., Tonlorenzi, R., Rosaria 
Carbone, M., Gerli, M.F., Marktel, S., Napolitano, S., Cicalese, M.P., 
Ciceri, F. et al. (2014) Inflammation converts human mesoangioblasts 

into targets of alloreactive immune responses: implications for 
allogeneic cell therapy of DMD. Molecular therapy : the journal of the 
American Society of Gene Therapy, 22, 1342-1352.

  32.  Bonfanti, C., Rossi, G., Tedesco, F.S., Giannotta, M., Benedetti, S., 
Tonlorenzi, R., Antonini, S., Marazzi, G., Dejana, E., Sassoon, D. et al. 
(2015) PW1/Peg3 expression regulates key properties that determine 
mesoangioblast stem cell competence. Nature communications, 6, 
6364.

  33.  Cossu, G., Previtali, S.C., Napolitano, S., Cicalese, M.P., Tedesco, F.S., 
Nicastro, F., Noviello, M., Roostalu, U., Natali Sora, M.G., Scarlato, 
M. et al. (2015) Intra-arterial transplantation of HLA-matched donor 
mesoangioblasts in Duchenne muscular dystrophy. EMBO molecular 
medicine, 7, 1513-1528.

  34.  Hardiman, O., Sklar, R.M. and Brown, R.H., Jr. (1993) Direct effects of 
cyclosporin A and cyclophosphamide on differentiation of normal 
human myoblasts in culture. Neurology, 43, 1432-1434.

  35.  Hoshiya, H., Kazuki, Y., Abe, S., Takiguchi, M., Kajitani, N., Watanabe, 
Y., Yoshino, T., Shirayoshi, Y., Higaki, K., Messina, G. et al. (2009) A 
highly stable and nonintegrated human artificial chromosome (HAC) 
containing the 2.4 Mb entire human dystrophin gene. Molecular 
therapy : the journal of the American Society of Gene Therapy, 17, 309-
317.

  36.  Kazuki, Y., Hiratsuka, M., Takiguchi, M., Osaki, M., Kajitani, N., Hoshiya, 
H., Hiramatsu, K., Yoshino, T., Kazuki, K., Ishihara, C. et al. (2010) 
Complete genetic correction of ips cells from Duchenne muscular 
dystrophy. Molecular therapy : the journal of the American Society of 
Gene Therapy, 18, 386-393.

  37.  Torrente, Y., Belicchi, M., Marchesi, C., D’Antona, G., Cogiamanian, F., 
Pisati, F., Gavina, M., Giordano, R., Tonlorenzi, R., Fagiolari, G. et al. 
(2007) Autologous transplantation of muscle-derived CD133+ stem 
cells in Duchenne muscle patients. Cell transplantation, 16, 563-577.

  38.  Ousterout, D.G., Kabadi, A.M., Thakore, P.I., Majoros, W.H., Reddy, 
T.E. and Gersbach, C.A. (2015) Multiplex CRISPR/Cas9-based genome 
editing for correction of dystrophin mutations that cause Duchenne 
muscular dystrophy. Nature communications, 6, 6244.

  39.  Li, H.L., Fujimoto, N., Sasakawa, N., Shirai, S., Ohkame, T., Sakuma, T., 
Tanaka, M., Amano, N., Watanabe, A., Sakurai, H. et al. (2015) Precise 
correction of the dystrophin gene in duchenne muscular dystrophy 
patient induced pluripotent stem cells by TALEN and CRISPR-Cas9. 



38 39

Introduction

1

Chapter 1

Stem cell reports, 4, 143-154.

  40.  Young, C.S., Hicks, M.R., Ermolova, N.V., Nakano, H., Jan, M., Younesi, 
S., Karumbayaram, S., Kumagai-Cresse, C., Wang, D., Zack, J.A. et 
al. (2016) A Single CRISPR-Cas9 Deletion Strategy that Targets the 
Majority of DMD Patients Restores Dystrophin Function in hiPSC-
Derived Muscle Cells. Cell Stem Cell.

  41.  Meng, J., Counsell, J.R., Reza, M., Laval, S.H., Danos, O., Thrasher, 
A., Lochmuller, H., Muntoni, F. and Morgan, J.E. (2016) Autologous 
skeletal muscle derived cells expressing a novel functional dystrophin 
provide a potential therapy for Duchenne Muscular Dystrophy. Sci.
Rep., 6, 19750.

  42.  Fu, Y., Foden, J.A., Khayter, C., Maeder, M.L., Reyon, D., Joung, J.K. and 
Sander, J.D. (2013) High-frequency off-target mutagenesis induced by 
CRISPR-Cas nucleases in human cells. Nature biotechnology, 31, 822-
826.

  43.  Hsu, P.D., Scott, D.A., Weinstein, J.A., Ran, F.A., Konermann, 
S., Agarwala, V., Li, Y., Fine, E.J., Wu, X., Shalem, O. et al. (2013) 
DNA targeting specificity of RNA-guided Cas9 nucleases. Nature 
biotechnology, 31, 827-832.

  44.  Ran, F.A., Hsu, P.D., Lin, C.Y., Gootenberg, J.S., Konermann, S., Trevino, 
A.E., Scott, D.A., Inoue, A., Matoba, S., Zhang, Y. et al. (2013) Double 
nicking by RNA-guided CRISPR Cas9 for enhanced genome editing 
specificity. Cell, 154, 1380-1389.

  45.  Pattanayak, V., Lin, S., Guilinger, J.P., Ma, E., Doudna, J.A. and Liu, D.R. 
(2013) High-throughput profiling of off-target DNA cleavage reveals 
RNA-programmed Cas9 nuclease specificity. Nature biotechnology, 31, 
839-843.

  46.  Zhang, Y., Yue, Y., Li, L., Hakim, C.H., Zhang, K., Thomas, G.D. and 
Duan, D. (2013) Dual AAV therapy ameliorates exercise-induced 
muscle injury and functional ischemia in murine models of Duchenne 
muscular dystrophy. Hum.Mol.Genet., 22, 3720-3729.

  47.  Lostal, W., Kodippili, K., Yue, Y. and Duan, D. (2014) Full-length 
dystrophin reconstitution with adeno-associated viral vectors. Hum.
Gene Ther., 25, 552-562.

  48.  Seto, J.T., Ramos, J.N., Muir, L., Chamberlain, J.S. and Odom, G.L. 
(2012) Gene replacement therapies for duchenne muscular 
dystrophy using adeno-associated viral vectors. Curr.Gene Ther., 12, 
139-151.

  49.  Hakim, C.H. and Duan, D. (2013) Truncated dystrophins reduce 
muscle stiffness in the extensor digitorum longus muscle of mdx 
mice. J.Appl.Physiol (1985.), 114, 482-489.

  50.  Harper, S.Q., Hauser, M.A., DelloRusso, C., Duan, D., Crawford, R.W., 
Phelps, S.F., Harper, H.A., Robinson, A.S., Engelhardt, J.F., Brooks, S.V. 
et al. (2002) Modular flexibility of dystrophin: implications for gene 
therapy of Duchenne muscular dystrophy. Nat.Med., 8, 253-261.

  51.  Yue, Y., Pan, X., Hakim, C.H., Kodippili, K., Zhang, K., Shin, J.H., Yang, 
H.T., McDonald, T. and Duan, D. (2015) Safe and bodywide muscle 
transduction in young adult Duchenne muscular dystrophy dogs with 
adeno-associated virus. Hum.Mol.Genet., 24, 5880-5890.

  52.  Gregorevic, P., Blankinship, M.J., Allen, J.M., Crawford, R.W., Meuse, 
L., Miller, D.G., Russell, D.W. and Chamberlain, J.S. (2004) Systemic 
delivery of genes to striated muscles using adeno-associated viral 
vectors. Nature medicine, 10, 828-834.

  53.  Nelson, C.E., Hakim, C.H., Ousterout, D.G., Thakore, P.I., Moreb, E.A., 
Castellanos Rivera, R.M., Madhavan, S., Pan, X., Ran, F.A., Yan, W.X. 
et al. (2016) In vivo genome editing improves muscle function in a 
mouse model of Duchenne muscular dystrophy. Science, 351, 403-
407.

  54.  Tabebordbar, M., Zhu, K., Cheng, J.K., Chew, W.L., Widrick, J.J., Yan, 
W.X., Maesner, C., Wu, E.Y., Xiao, R., Ran, F.A. et al. (2016) In vivo gene 
editing in dystrophic mouse muscle and muscle stem cells. Science, 
351, 407-411.

  55.  Long, C., Amoasii, L., Mireault, A.A., McAnally, J.R., Li, H., Sanchez-
Ortiz, E., Bhattacharyya, S., Shelton, J.M., Bassel-Duby, R. and Olson, 
E.N. (2016) Postnatal genome editing partially restores dystrophin 
expression in a mouse model of muscular dystrophy. Science, 351, 
400-403.

  56.  Chicoine, L.G., Montgomery, C.L., Bremer, W.G., Shontz, K.M., Griffin, 
D.A., Heller, K.N., Lewis, S., Malik, V., Grose, W.E., Shilling, C.J. et 
al. (2014) Plasmapheresis eliminates the negative impact of AAV 
antibodies on microdystrophin gene expression following vascular 
delivery. Molecular therapy : the journal of the American Society of Gene 
Therapy, 22, 338-347.

  57.  Mendell, J.R., Campbell, K., Rodino-Klapac, L., Sahenk, Z., Shilling, 
C., Lewis, S., Bowles, D., Gray, S., Li, C., Galloway, G. et al. (2010) 
Dystrophin immunity in Duchenne’s muscular dystrophy. The New 
England journal of medicine, 363, 1429-1437.



40 41

Introduction

1

Chapter 1

  58.  Mays, L.E. and Wilson, J.M. (2011) The complex and evolving story of 
T cell activation to AAV vector-encoded transgene products. Molecular 
therapy : the journal of the American Society of Gene Therapy, 19, 16-27.

  59.  Maggio, I., Chen, X. and Goncalves, M.A. (2016) The emerging role of 
viral vectors as vehicles for DMD gene editing. Genome medicine, 8, 
59.

  60.  Aartsma-Rus, A., Fokkema, I., Verschuuren, J., Ginjaar, I., van 
Deutekom, J., van Ommen, G.J. and den Dunnen, J.T. (2009) Theoretic 
applicability of antisense-mediated exon skipping for Duchenne 
muscular dystrophy mutations. Human mutation, 30, 293-299.

  61.  Welch, E.M., Barton, E.R., Zhuo, J., Tomizawa, Y., Friesen, W.J., Trifillis, 
P., Paushkin, S., Patel, M., Trotta, C.R., Hwang, S. et al. (2007) PTC124 
targets genetic disorders caused by nonsense mutations. Nature, 447, 
87-91.

  62.  Hirawat, S., Welch, E.M., Elfring, G.L., Northcutt, V.J., Paushkin, 
S., Hwang, S., Leonard, E.M., Almstead, N.G., Ju, W., Peltz, S.W. et 
al. (2007) Safety, tolerability, and pharmacokinetics of PTC124, a 
nonaminoglycoside nonsense mutation suppressor, following single- 
and multiple-dose administration to healthy male and female adult 
volunteers. Journal of clinical pharmacology, 47, 430-444.

  63.  Finkel, R.S., Flanigan, K.M., Wong, B., Bonnemann, C., Sampson, 
J., Sweeney, H.L., Reha, A., Northcutt, V.J., Elfring, G., Barth, J. et al. 
(2013) Phase 2a study of ataluren-mediated dystrophin production 
in patients with nonsense mutation Duchenne muscular dystrophy. 
PloS one, 8, e81302.

  64.  Bushby, K., Finkel, R., Wong, B., Barohn, R., Campbell, C., Comi, 
G.P., Connolly, A.M., Day, J.W., Flanigan, K.M., Goemans, N. et al. 
(2014) Ataluren treatment of patients with nonsense mutation 
dystrophinopathy. Muscle Nerve, 50, 477-487.

  65.  Hoffman, E.P. and Connor, E.M. (2013) Orphan drug development in 
muscular dystrophy: update on two large clinical trials of dystrophin 
rescue therapies. Discovery medicine, 16, 233-239.

  66.  Haas, M., Vlcek, V., Balabanov, P., Salmonson, T., Bakchine, S., 
Markey, G., Weise, M., Schlosser-Weber, G., Brohmann, H., Yerro, 
C.P. et al. (2015) European Medicines Agency review of ataluren for 
the treatment of ambulant patients aged 5 years and older with 
Duchenne muscular dystrophy resulting from a nonsense mutation 
in the dystrophin gene. Neuromuscular disorders : NMD, 25, 5-13.

  67.  Monaco, A.P., Bertelson, C.J., Liechti-Gallati, S., Moser, H. and Kunkel, 
L.M. (1988) An explanation for the phenotypic differences between 
patients bearing partial deletions of the DMD locus. Genomics, 2, 90-
95.

  68.  Aartsma-Rus, A., de Winter, C.L., Janson, A.A., Kaman, W.E., van 
Ommen, G.J., den Dunnen, J.T. and van Deutekom, J.C. (2005) 
Functional analysis of 114 exon-internal AONs for targeted DMD 
exon skipping: indication for steric hindrance of SR protein binding 
sites. Oligonucleotides., 15, 284-297.

  69.  Aartsma-Rus, A., van, V.L., Hirschi, M., Janson, A.A., Heemskerk, H., 
de Winter, C.L., de, K.S., van Deutekom, J.C., ‘t Hoen, P.A. and van 
Ommen, G.J. (2009) Guidelines for antisense oligonucleotide design 
and insight into splice-modulating mechanisms. Mol.Ther., 17, 548-
553.

  70.  Pramono, Z.A., Takeshima, Y., Alimsardjono, H., Ishii, A., Takeda, S. 
and Matsuo, M. (1996) Induction of exon skipping of the dystrophin 
transcript in lymphoblastoid cells by transfecting an antisense 
oligodeoxynucleotide complementary to an exon recognition 
sequence. Biochemical and biophysical research communications, 226, 
445-449.

  71.  Dunckley, M.G., Manoharan, M., Villiet, P., Eperon, I.C. and Dickson, 
G. (1998) Modification of splicing in the dystrophin gene in cultured 
Mdx muscle cells by antisense oligoribonucleotides. Human molecular 
genetics, 7, 1083-1090.

  72.  Wilton, S.D., Lloyd, F., Carville, K., Fletcher, S., Honeyman, K., Agrawal, 
S. and Kole, R. (1999) Specific removal of the nonsense mutation 
from the mdx dystrophin mRNA using antisense oligonucleotides. 
Neuromuscul.Disord., 9, 330-338.

  73.  Mann, C.J., Honeyman, K., Cheng, A.J., Ly, T., Lloyd, F., Fletcher, S., 
Morgan, J.E., Partridge, T.A. and Wilton, S.D. (2001) Antisense-induced 
exon skipping and synthesis of dystrophin in the mdx mouse. 
Proceedings of the National Academy of Sciences of the United States of 
America, 98, 42-47.

  74.  Lu, Q.L., Rabinowitz, A., Chen, Y.C., Yokota, T., Yin, H., Alter, J., Jadoon, 
A., Bou-Gharios, G. and Partridge, T. (2005) Systemic delivery of 
antisense oligoribonucleotide restores dystrophin expression in 
body-wide skeletal muscles. Proceedings of the National Academy of 
Sciences of the United States of America, 102, 198-203.

  75.  van Deutekom, J.C., Bremmer-Bout, M., Janson, A.A., Ginjaar, I.B., 



42 43

Introduction

1

Chapter 1

Baas, F., den Dunnen, J.T. and van Ommen, G.J. (2001) Antisense-
induced exon skipping restores dystrophin expression in DMD 
patient derived muscle cells. Hum.Mol.Genet., 10, 1547-1554.

  76.  Aartsma-Rus, A., Bremmer-Bout, M., Janson, A.A., den Dunnen, 
J.T., van Ommen, G.J. and van Deutekom, J.C. (2002) Targeted exon 
skipping as a potential gene correction therapy for Duchenne 
muscular dystrophy. Neuromuscul.Disord., 12 Suppl 1, S71-S77.

  77.  van Deutekom, J.C., Janson, A.A., Ginjaar, I.B., Frankhuizen, W.S., 
Aartsma-Rus, A., Bremmer-Bout, M., den Dunnen, J.T., Koop, K., 
van der Kooi, A.J., Goemans, N.M. et al. (2007) Local dystrophin 
restoration with antisense oligonucleotide PRO051. The New England 
journal of medicine, 357, 2677-2686.

  78.  Bladen, C.L., Salgado, D., Monges, S., Foncuberta, M.E., Kekou, K., 
Kosma, K., Dawkins, H., Lamont, L., Roy, A.J., Chamova, T. et al. (2015) 
The TREAT-NMD DMD Global Database: analysis of more than 7,000 
Duchenne muscular dystrophy mutations. Hum.Mutat., 36, 395-402.

  79.  Wu, H., Lima, W.F., Zhang, H., Fan, A., Sun, H. and Crooke, S.T. 
(2004) Determination of the role of the human RNase H1 in the 
pharmacology of DNA-like antisense drugs. J.Biol.Chem., 279, 17181-
17189.

  80.  Cerritelli, S.M. and Crouch, R.J. (2009) Ribonuclease H: the enzymes in 
eukaryotes. FEBS J., 276, 1494-1505.

  81.  Vickers, T.A. and Crooke, S.T. (2014) Antisense oligonucleotides 
capable of promoting specific target mRNA reduction via competing 
RNase H1-dependent and independent mechanisms. PLoS.One., 9, 
e108625.

  82.  Kole, R., Williams, T. and Cohen, L. (2004) RNA modulation, repair and 
remodeling by splice switching oligonucleotides. Acta Biochim.Pol., 51, 
373-378.

  83.  Jarver, P., O’Donovan, L. and Gait, M.J. (2014) A chemical view of 
oligonucleotides for exon skipping and related drug applications. 
Nucleic Acid Ther., 24, 37-47.

  84.  Bennett, C.F. and Swayze, E.E. (2010) RNA targeting therapeutics: 
molecular mechanisms of antisense oligonucleotides as a therapeutic 
platform. Annu.Rev.Pharmacol.Toxicol., 50, 259-293.

  85.  Goemans, N.M., Tulinius, M., van den Akker, J.T., Burm, B.E., Ekhart, 
P.F., Heuvelmans, N., Holling, T., Janson, A.A., Platenburg, G.J., 
Sipkens, J.A. et al. (2011) Systemic administration of PRO051 in 

Duchenne’s muscular dystrophy. N.Engl.J.Med., 364, 1513-1522.

  86.  Watanabe, T.A., Geary, R.S. and Levin, A.A. (2006) Plasma protein 
binding of an antisense oligonucleotide targeting human ICAM-1 (ISIS 
2302). Oligonucleotides., 16, 169-180.

  87.  Heemskerk, H., de Winter, C., van Kuik, P., Heuvelmans, N., 
Sabatelli, P., Rimessi, P., Braghetta, P., van Ommen, G.J., de, K.S., 
Ferlini, A. et al. (2010) Preclinical PK and PD studies on 2’-O-methyl-
phosphorothioate RNA antisense oligonucleotides in the mdx mouse 
model. Mol.Ther., 18, 1210-1217.

  88.  Oberbauer, R., Schreiner, G.F. and Meyer, T.W. (1995) Renal uptake of 
an 18-mer phosphorothioate oligonucleotide. Kidney Int., 48, 1226-
1232.

  89.  Renneberg, D., Bouliong, E., Reber, U., Schumperli, D. and Leumann, 
C.J. (2002) Antisense properties of tricyclo-DNA. Nucleic Acids Res., 30, 
2751-2757.

  90.  Renneberg, D. and Leumann, C.J. (2002) Watson-Crick base-pairing 
properties of tricyclo-DNA. J.Am.Chem.Soc., 124, 5993-6002.

  91.  Goyenvalle, A., Griffith, G., Avril, A., Amthor, H. and Garcia, L. (2015) 
[Functional correction and cognitive improvement in dystrophic mice 
using splice-switching tricyclo-DNA oligomers]. Med.Sci.(Paris), 31, 
253-256.

  92.  Rigo, F., Hua, Y., Chun, S.J., Prakash, T.P., Krainer, A.R. and Bennett, 
C.F. (2012) Synthetic oligonucleotides recruit ILF2/3 to RNA 
transcripts to modulate splicing. Nat.Chem.Biol., 8, 555-561.

  93.  Yagi, M., Takeshima, Y., Surono, A., Takagi, M., Koizumi, M. and 
Matsuo, M. (2004) Chimeric RNA and 2’-O, 4’-C-ethylene-bridged 
nucleic acids have stronger activity than phosphorothioate 
oligodeoxynucleotides in induction of exon 19 skipping in dystrophin 
mRNA. Oligonucleotides., 14, 33-40.

  94.  Takagi, M., Yagi, M., Ishibashi, K., Takeshima, Y., Surono, A., Matsuo, 
M. and Koizumi, M. (2004) Design of 2’-O-Me RNA/ENA chimera 
oligonucleotides to induce exon skipping in dystrophin pre-mRNA. 
Nucleic Acids Symp.Ser.(Oxf), 297-298.

  95.  Malueka, R.G., Dwianingsih, E.K., Yagi, M., Lee, T., Nishida, A., 
Iijima, K., Takeshima, Y. and Matsuo, M. (2015) Phosphorothioate 
modification of chimeric 2 -O-methyl RNA/ethylene-bridged nucleic 
acid oligonucleotides increases dystrophin exon 45 skipping 
capability and reduces cytotoxicity. Kobe J.Med.Sci., 60, E86-E94.



44 45

Introduction

1

Chapter 1

  96.  Fletcher, S., Bellgard, M.I., Price, L., Akkari, A.P. and Wilton, S.D. (2016) 
Translational development of splice-modifying antisense oligomers. 
Expert opinion on biological therapy, 1-16.

  97.  van Putten, M., Young, C., van den Berg, S., Pronk, A., Hulsker, 
M., Karnaoukh, T.G., Vermue, R., van Dijk, K.W., de Kimpe, S. and 
Aartsma-Rus, A. (2014) Preclinical studies on intestinal administration 
of antisense oligonucleotides as a model for oral delivery for 
treatment of duchenne muscular dystrophy. Mol.Ther.Nucleic Acids, 3, 
e211.

  98.  Flanigan, K.M., Voit, T., Rosales, X.Q., Servais, L., Kraus, J.E., Wardell, 
C., Morgan, A., Dorricott, S., Nakielny, J., Quarcoo, N. et al. (2014) 
Pharmacokinetics and safety of single doses of drisapersen in non-
ambulant subjects with Duchenne muscular dystrophy: results of a 
double-blind randomized clinical trial. Neuromuscul.Disord., 24, 16-24.

  99.  Voit, T., Topaloglu, H., Straub, V., Muntoni, F., Deconinck, N., Campion, 
G., de Kimpe, S.J., Eagle, M., Guglieri, M., Hood, S. et al. (2014) Safety 
and efficacy of drisapersen for the treatment of Duchenne muscular 
dystrophy (DEMAND II): an exploratory, randomised, placebo-
controlled phase 2 study. Lancet Neurol., 13, 987-996.

  100.  Mendell, J.R., Rodino-Klapac, L.R., Sahenk, Z., Roush, K., Bird, L., 
Lowes, L.P., Alfano, L., Gomez, A.M., Lewis, S., Kota, J. et al. (2013) 
Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann.
Neurol., 74, 637-647.

  101.  Verhaart, I.E., Tanganyika-de Winter, C.L., Karnaoukh, T.G., 
Kolfschoten, I.G., de Kimpe, S.J., van Deutekom, J.C. and Aartsma-Rus, 
A. (2013) Dose-dependent pharmacokinetic profiles of 2’-O-methyl 
phosphorothioate antisense oligonucleotidesin mdx mice. Nucleic 
Acid Ther., 23, 228-237.

  102.  Heemskerk, H.A., de Winter, C.L., de Kimpe, S.J., van Kuik-Romeijn, P., 
Heuvelmans, N., Platenburg, G.J., van Ommen, G.J., van Deutekom, 
J.C. and Aartsma-Rus, A. (2009) In vivo comparison of 2’-O-methyl 
phosphorothioate and morpholino antisense oligonucleotides for 
Duchenne muscular dystrophy exon skipping. J.Gene Med., 11, 257-
266.

  103.  Wu, B., Xiao, B., Cloer, C., Shaban, M., Sali, A., Lu, P., Li, J., Nagaraju, 
K., Xiao, X. and Lu, Q.L. (2011) One-year treatment of morpholino 
antisense oligomer improves skeletal and cardiac muscle functions in 
dystrophic mdx mice. Molecular therapy : the journal of the American 
Society of Gene Therapy, 19, 576-583.

  104.  Komarova, Y. and Malik, A.B. (2010) Regulation of endothelial 
permeability via paracellular and transcellular transport pathways. 
Annual review of physiology, 72, 463-493.

  105.  Tarbell, J.M. (2010) Shear stress and the endothelial transport barrier. 
Cardiovascular research, 87, 320-330.

  106.  Geary, R.S. (2009) Antisense oligonucleotide pharmacokinetics and 
metabolism. Expert.Opin.Drug Metab Toxicol., 5, 381-391.

  107.  Conner, S.D. and Schmid, S.L. (2003) Regulated portals of entry into 
the cell. Nature, 422, 37-44.

  108.  Jones, A.T. (2007) Macropinocytosis: searching for an endocytic 
identity and role in the uptake of cell penetrating peptides. Journal of 
cellular and molecular medicine, 11, 670-684.

  109.  McMahon, H.T. and Boucrot, E. (2011) Molecular mechanism and 
physiological functions of clathrin-mediated endocytosis. Nat.Rev.Mol.
Cell Biol., 12, 517-533.

  110.  Takei, K. and Haucke, V. (2001) Clathrin-mediated endocytosis: 
membrane factors pull the trigger. Trends in cell biology, 11, 385-391.

  111.  Rothberg, K.G., Heuser, J.E., Donzell, W.C., Ying, Y.S., Glenney, J.R. and 
Anderson, R.G. (1992) Caveolin, a protein component of caveolae 
membrane coats. Cell, 68, 673-682.

  112.  Ferrari, A., Pellegrini, V., Arcangeli, C., Fittipaldi, A., Giacca, M. and 
Beltram, F. (2003) Caveolae-mediated internalization of extracellular 
HIV-1 tat fusion proteins visualized in real time. Molecular therapy : 
the journal of the American Society of Gene Therapy, 8, 284-294.

  113.  Parton, R.G. and Simons, K. (2007) The multiple faces of caveolae. 
Nature reviews. Molecular cell biology, 8, 185-194.

  114.  Mayor, S. and Pagano, R.E. (2007) Pathways of clathrin-independent 
endocytosis. Nature reviews. Molecular cell biology, 8, 603-612.

  115.  Doherty, G.J. and McMahon, H.T. (2009) Mechanisms of endocytosis. 
Annual review of biochemistry, 78, 857-902.

  116.  Sirsi, S.R., Schray, R.C., Guan, X., Lykens, N.M., Williams, J.H., Erney, 
M.L. and Lutz, G.J. (2008) Functionalized PEG-PEI copolymers 
complexed to exon-skipping oligonucleotides improve dystrophin 
expression in mdx mice. Human gene therapy, 19, 795-806.

  117.  Sirsi, S.R., Schray, R.C., Wheatley, M.A. and Lutz, G.J. (2009) 



46 47

Introduction

1

Chapter 1

Formulation of polylactide-co-glycolic acid nanospheres for 
encapsulation and sustained release of poly(ethylene imine)-
poly(ethylene glycol) copolymers complexed to oligonucleotides. 
Journal of nanobiotechnology, 7, 1.

  118.  Ferlini, A., Sabatelli, P., Fabris, M., Bassi, E., Falzarano, S., Vattemi, 
G., Perrone, D., Gualandi, F., Maraldi, N.M., Merlini, L. et al. (2010) 
Dystrophin restoration in skeletal, heart and skin arrector pili smooth 
muscle of mdx mice by ZM2 NP-AON complexes. Gene Ther., 17, 432-
438.

  119.  Bassi, E., Falzarano, S., Fabris, M., Gualandi, F., Merlini, L., Vattemi, 
G., Perrone, D., Marchesi, E., Sabatelli, P., Sparnacci, K. et al. (2012) 
Persistent dystrophin protein restoration 90 days after a course of 
intraperitoneally administered naked 2’OMePS AON and ZM2 NP-
AON complexes in mdx mice. J.Biomed.Biotechnol., 2012, 897076.

  120.  Falzarano, M.S., Bassi, E., Passarelli, C., Braghetta, P. and Ferlini, A. 
(2014) Biodistribution studies of polymeric nanoparticles for drug 
delivery in mice. Hum.Gene Ther., 25, 927-928.

  121.  Kendall, G.C., Mokhonova, E.I., Moran, M., Sejbuk, N.E., Wang, D.W., 
Silva, O., Wang, R.T., Martinez, L., Lu, Q.L., Damoiseaux, R. et al. (2012) 
Dantrolene enhances antisense-mediated exon skipping in human 
and mouse models of Duchenne muscular dystrophy. Sci.Transl.Med., 
4, 164ra160.

  122.  Hu, Y., Wu, B., Zillmer, A., Lu, P., Benrashid, E., Wang, M., Doran, T., 
Shaban, M., Wu, X. and Lu, Q.L. (2010) Guanine analogues enhance 
antisense oligonucleotide-induced exon skipping in dystrophin gene 
in vitro and in vivo. Mol.Ther., 18, 812-818.

  123.  Verhaart, I.E. and Aartsma-Rus, A. (2012) The effect of 6-thioguanine 
on alternative splicing and antisense-mediated exon skipping 
treatment for duchenne muscular dystrophy. PLoS.Curr., 4.

  124.  Wang, M., Wu, B., Lu, P., Cloer, C., Tucker, J.D. and Lu, Q. (2013) 
Polyethylenimine-modified pluronics (PCMs) improve morpholino 
oligomer delivery in cell culture and dystrophic mdx mice. Mol.Ther., 
21, 210-216.

  125.  Degols, G., Devaux, C. and Lebleu, B. (1994) Oligonucleotide-poly(L-
lysine)-heparin complexes: potent sequence-specific inhibitors of 
HIV-1 infection. Bioconjugate chemistry, 5, 8-13.

  126.  Roebuck, K.A., Rabbi, M.F. and Kagnoff, M.F. (1997) HIV-1 Tat protein 
can transactivate a heterologous TATAA element independent of viral 

promoter sequences and the trans-activation response element. AIDS 
(London, England), 11, 139-146.

  127.  Derossi, D., Chassaing, G. and Prochiantz, A. (1998) Trojan peptides: 
the penetratin system for intracellular delivery. Trends in cell biology, 
8, 84-87.

  128.  Moulton, H.M., Nelson, M.H., Hatlevig, S.A., Reddy, M.T. and Iversen, 
P.L. (2004) Cellular uptake of antisense morpholino oligomers 
conjugated to arginine-rich peptides. Bioconjugate chemistry, 15, 290-
299.

  129.  Moulton, H.M. and Moulton, J.D. (2010) Morpholinos and their 
peptide conjugates: therapeutic promise and challenge for Duchenne 
muscular dystrophy. Biochim.Biophys.Acta, 1798, 2296-2303.

  130.  Betts, C., Saleh, A.F., Arzumanov, A.A., Hammond, S.M., Godfrey, C., 
Coursindel, T., Gait, M.J. and Wood, M.J. (2012) Pip6-PMO, A New 
Generation of Peptide-oligonucleotide Conjugates With Improved 
Cardiac Exon Skipping Activity for DMD Treatment. Mol.Ther.Nucleic 
Acids, 1, e38.

  131.  Yin, H., Saleh, A.F., Betts, C., Camelliti, P., Seow, Y., Ashraf, S., 
Arzumanov, A., Hammond, S., Merritt, T., Gait, M.J. et al. (2011) Pip5 
transduction peptides direct high efficiency oligonucleotide-mediated 
dystrophin exon skipping in heart and phenotypic correction in mdx 
mice. Mol.Ther., 19, 1295-1303.

  132.  Betts, C.A. and Wood, M.J. (2013) Cell penetrating peptide delivery 
of splice directing oligonucleotides as a treatment for Duchenne 
muscular dystrophy. Curr.Pharm.Des, 19, 2948-2962.

  133.  Lehto, T., Castillo, A.A., Gauck, S., Gait, M.J., Coursindel, T., Wood, M.J., 
Lebleu, B. and Boisguerin, P. (2013) Cellular trafficking determines 
the exon skipping activity of Pip6a-PMO in mdx skeletal and cardiac 
muscle cells. Nucleic Acids Res.

  134.  Yin, H., Moulton, H.M., Seow, Y., Boyd, C., Boutilier, J., Iverson, P. and 
Wood, M.J. (2008) Cell-penetrating peptide-conjugated antisense 
oligonucleotides restore systemic muscle and cardiac dystrophin 
expression and function. Human molecular genetics, 17, 3909-3918.

  135.  Betts, C.A., Saleh, A.F., Carr, C.A., Hammond, S.M., Coenen-Stass, A.M., 
Godfrey, C., McClorey, G., Varela, M.A., Roberts, T.C., Clarke, K. et al. 
(2015) Prevention of exercised induced cardiomyopathy following 
Pip-PMO treatment in dystrophic mdx mice. Sci.Rep., 5, 8986.

  136.  Smith, G.P. (1985) Filamentous fusion phage: novel expression 



48 49

Introduction

1

Chapter 1

vectors that display cloned antigens on the virion surface. Science, 
228, 1315-1317.

  137.  Parmley, S.F. and Smith, G.P. (1988) Antibody-selectable filamentous 
fd phage vectors: affinity purification of target genes. Gene, 73, 305-
318.

  138.  Scott, J.K. and Smith, G.P. (1990) Searching for peptide ligands with an 
epitope library. Science, 249, 386-390.

  139.  McCafferty, J., Griffiths, A.D., Winter, G. and Chiswell, D.J. (1990) Phage 
antibodies: filamentous phage displaying antibody variable domains. 
Nature, 348, 552-554.

  140.  Devlin, J.J., Panganiban, L.C. and Devlin, P.E. (1990) Random peptide 
libraries: a source of specific protein binding molecules. Science, 249, 
404-406.

  141.  Lin, M., McRae, H., Dan, H., Tangorra, E., Laverdiere, A. and Pasick, J. 
(2010) High-resolution epitope mapping for monoclonal antibodies to 
the structural protein Erns of classical swine fever virus using peptide 
array and random peptide phage display approaches. J.Gen.Virol., 91, 
2928-2940.

  142.  Guo, A., Cai, X., Jia, W., Liu, B., Zhang, S., Wang, P., Yan, H. and Luo, X. 
(2010) Mapping of Taenia solium TSOL18 antigenic epitopes by phage 
display library. Parasitol.Res., 106, 1151-1157.

  143.  He, Y., Wang, Y., Struble, E.B., Zhang, P., Chowdhury, S., Reed, J.L., 
Kennedy, M., Scott, D.E. and Fisher, R.W. (2012) Epitope mapping by 
random peptide phage display reveals essential residues for vaccinia 
extracellular enveloped virion spread. Virol.J., 9, 217.

  144.  Schmitz, U., Versmold, A., Kaufmann, P. and Frank, H.G. (2000) Phage 
display: a molecular tool for the generation of antibodies--a review. 
Placenta, 21 Suppl A, S106-S112.

  145.  Rakonjac, J., Bennett, N.J., Spagnuolo, J., Gagic, D. and Russel, M. 
(2011) Filamentous bacteriophage: biology, phage display and 
nanotechnology applications. Curr.Issues Mol.Biol., 13, 51-76.

  146.  Sidhu, S.S. (2001) Engineering M13 for phage display. Biomol.Eng, 18, 
57-63.

  147.  Jiang, J., Abu-Shilbayeh, L. and Rao, V.B. (1997) Display of a PorA 
peptide from Neisseria meningitidis on the bacteriophage T4 capsid 
surface. Infect.Immun., 65, 4770-4777.

  148.  Ren, S., Fengyu, Zuo, S., Zhao, M., Wang, X., Wang, X., Chen, Y., Wu, 
Z. and Ren, Z. (2011) Inhibition of tumor angiogenesis in lung cancer 
by T4 phage surface displaying mVEGFR2 vaccine. Vaccine, 29, 5802-
5811.

  149.  Cerritelli, M.E., Conway, J.F., Cheng, N., Trus, B.L. and Steven, A.C. 
(2003) Molecular mechanisms in bacteriophage T7 procapsid 
assembly, maturation, and DNA containment. Adv.Protein Chem., 64, 
301-323.

  150.  Chang, C.Y., Kemp, P. and Molineux, I.J. (2010) Gp15 and gp16 
cooperate in translocating bacteriophage T7 DNA into the infected 
cell. Virology, 398, 176-186.

  151.  Beghetto, E. and Gargano, N. (2011) Lambda-display: a powerful tool 
for antigen discovery. Molecules., 16, 3089-3105.

  152.  Huang, J., Ru, B., Li, S., Lin, H. and Guo, F.B. (2010) SAROTUP: scanner 
and reporter of target-unrelated peptides. J.Biomed.Biotechnol., 2010, 
101932.

  153.  Dias-Neto, E., Nunes, D.N., Giordano, R.J., Sun, J., Botz, G.H., Yang, 
K., Setubal, J.C., Pasqualini, R. and Arap, W. (2009) Next-generation 
phage display: integrating and comparing available molecular tools 
to enable cost-effective high-throughput analysis. PLoS.One., 4, e8338.

  154.  Derda, R., Tang, S.K., Li, S.C., Ng, S., Matochko, W. and Jafari, M.R. 
(2011) Diversity of phage-displayed libraries of peptides during 
panning and amplification. Molecules (Basel, Switzerland), 16, 1776-
1803.

  155.  Matochko, W.L., Chu, K., Jin, B., Lee, S.W., Whitesides, G.M. and Derda, 
R. (2012) Deep sequencing analysis of phage libraries using Illumina 
platform. Methods, 58, 47-55.



50

Chapter 1




