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Chapter 1

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 1Q 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.
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Figure 1. lllustration 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. lllustration 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 B-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
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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 Dp427¢, 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).

Extracellular
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nNOS

F-Actin »

Intracellular

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 B-dystroglycan. A bridge is formed connecting the internal cytoskeleton
to the extracellular matrix, providing stability upon muscle fiber contraction.

11
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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).
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MABs from healthy HLA-identical siblings have been evaluated in a non-
randomized open-label phase I-1l 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.

13



Chapter 1

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).
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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 (Translarna™), 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 (A29.7m). 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 (Translarna™), 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 15", 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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A) Mutation: Deletion of exon 48-50

disrupted open readingframe *

B) Approach: Exon deletion on DNA level

Cas9 Cas9
x u gRNA E ZRNA E

open readingframe restored *
C) Approach: Exon skipping on pre-mRNA level

AON
s X SRS =

open readingframe restored *

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
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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

AONSs 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 (20MePS) and phosphorodiamidate morpholino
oligomers (PMO) (Aartsma-Rus, 2014). 20MePS 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. 20MePS AONSs 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 20MePS 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 20MePS 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 20Me 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., (lonis 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 20MePS 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 20Me RNA and ethylene bridged nucleic acids
(ENA) for DMD (20Me/ENA oligonucleotides)(93,94). In 2015 they showed

18

Introduction

improved skipping of exon 45 in primary muscle cells from a patient with
a deletion of exon 44 (95). Currently 20Me/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 (Kyndrisa™), a 20MePS 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

Il randomized, double-blind placebo controlled study involving 54 DMD
patients (age 6-8), treated patients outperformed placebo treated patients
in the 6BMWT. Unfortunately in a phase lll 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 Ill 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 6BMWT. 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 14", 2016, BioMarin announced that
the FDA considered the application not to be ready in its current form. On
May 31%t, 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.

19



Chapter 1

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 6BMWT for 120 weeks. Based on this data, Sarepta Therapeutics
submitted an application for accelerated approval for eteplirsen, to the FDA
on June 26", 2015. On May 25%, 2016, Sarepta announced that the FDA is
not able to complete their evaluation by the prescription drug user fee act
goal date of May 26™ 2016, but will continue to complete their work in an
as timely manner as possible. On June 6 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
19t 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 25, 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 (20Me/ENA) targeting exon 45 of the DMD gene (https://clinicaltrials.
gov/ct2/show/NCT02667483). On March 237 2016 NS-Pharma announced
the start of a phase Il, 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 15t 2016, lonis pharmaceuticals and BioGen announced that
Nusinersen (Isis-SMN_, 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
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children with spinal muscular atrophy (SMA). On November 7t 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
(SQ) 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 (20MePS) 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.
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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

fluid containing

AONs Skin

AONs

nucleases
blood vessel

endosomes

. nuclei
muscle fiber

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 pM 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 Mainly macrophages
parasites, bacteria, death
cells, cellular debris

Macropinocytosis Uptake (cell drinking) Non-phagocytic cells
of extracellular fluids
containing molecules

Clathrin-dependent Receptor mediated All cells
endocytosis uptake in clathrin coated
pits
Caveolin-dependent Cholesterol dependent Endothelial cells,
endocytosis uptake in caveolin coated | adipocytes, fibroblast,
vesicles smooth muscle cells
Clathrin and Caveolin All non-clathrin or Various cells
independent caveolin dependent
uptake

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
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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 20MePS AONSs, 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). 20MePS 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 AONSs, 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 20MePS 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
20MePS and PMO AONS s after intramuscular administration in mdx mice
(123).

Small-sized polyethylenimine (PEl)-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.
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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; RXR,, B-peptide (RXRRBR), 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 20MePS. The cationic
nature of CPPs have the tendency to strongly form aggregates when
combined with the anionic 20MePS 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).
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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).
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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 Plll and PVII coat proteins on one end and PVI,

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 Pl
(used to infect cells) or major PVIII coat protein, but all 5 coat proteins have
been used (136,146). Fusion to the PlIl 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, pgk 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).
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Table 2. Phage display vectors

Phage Genome Size foreign Advantage Lytic or
vector |size insert Lysogenic
M13 6.4kb Up to 100kb on PIIl | F-Pilus is Lysogenic
(3-5 copies) depolymerized
up on infection
3-8 amino acids preventing
(2.700 copies) on multiple phage
PVIII coat protein infection
T4 160kb High molecular Fusion of Lytic
weight proteins complicated high
to Hoc or Soc coat | molecular weight
proteins proteins
T7 39kb Low molecular Short life cycle Lytic
weight in high significantly
copy number. shortens the
Intermediate to screening process
high molecular
weight in low copy
number to gp10
protein
lambda | 48kb Complicated high Expression of high | Lytic and
molecular weight molecular weight | Lysogenic
to D head protein proteins in high
(high copy number) | copy number
or pV tail protein
(low copy number)

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 20MePS
and PMO AONSs, 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 lllumina
next generation sequencing (NGS) to analyze phage display biopanning
selections (this thesis chapter 4). We showed that high throughput
sequencing of the naive 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 20MePS AON is described,

peptide P4 (7-mer: LGAQSNF) identified after in vivo biopanning towards

heart and quadriceps muscle (this thesis chapter 3). P4 conjugated 20MePS
AON:Ss significantly increased exon skipping levels in diaphragm and cardiac

muscle tissue, compared to unconjugated AONSs, 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 20MePS 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 20MePS AONSs, in a significant 2-fold increase in exon
skipping levels in all muscle tissues analyzed. All together these results
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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 20MePS 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.
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Abstract

Purpose: Antisense-mediated modulation of transcripts is a dynamic
therapeutic field, especially for neuromuscular disorders.

Recent findings: For three diseases, this approach has advanced to the
clinical trial phase, i.e. Duchenne muscular dystrophy (DMD), spinal
muscular atrophy (SMA) and myotonic dystrophy (DM). In parallel,
numerous proof of concept studies in cell and animal models have been
reported for additional neuromuscular disorders.

Summary: This review discusses the most notable advances in preclinical
and clinical studies in the past year. For DMD, SMA and DM trials are
ongoing to assess safety and efficacy, while in parallel pre-clinical studies
are being conducted to identify ways to improve efficiency and delivery.

For other neuromuscular diseases, progress is made as well warranting
future clinical trials. However, towards clinical trial readiness, it is important
not only to optimize the therapy preclinically, but to also develop the
infrastructure that is needed to conduct trials.

1. Introduction

Developing therapies for neuromuscular disorders is challenging because
affected tissues are difficult to target due to their abundance (skeletal
muscle) or inaccessibility (motor neurons). Antisense oligonucleotides
(AONs) are small (20-30 nucleotides) single stranded pieces of chemically
modified DNA or RNA that can target gene transcripts. Because they are
small they can overcome the delivery challenge. Delivery to the nervous
system is especially efficient with intrathecal or intraventricular injection.
Following delivery in this manner, AONs are rapidly taken up by neurons
in the central and peripheral nervous system[1]. As such AONs offer an
attractive therapeutic tool for the treatment of neuromuscular disorders,
and in fact AONs have progressed to the clinical trial phase for three
neuromuscular disorders: Duchenne muscular dystrophy (DMD), spinal
muscular atrophy (SMA) and myotonic dystrophy (DM). In parallel preclinical
studies are ongoing to further improve this approach, and reported proof-
of-concept studies outline the therapeutic potential of AON therapy for
other neuromuscular disorders. This review will focus on the pre-clinical
and clinical developments of AON-mediated transcript targeting for
neuromuscular disorders of the past 15 months.

2. Clinical trials

2.1 Duchenne muscular dystrophy
AON-mediated transcript targeting has moved into the clinical trial phase
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for DMD, SMA and DM. For DMD and SMA AONs modulate the pre-mRNA
splicing process. DMD is caused by mutations in the DMD gene that disrupt
the reading frame, leading to premature truncation of protein translation
and non-functional dystrophin proteins. Mutations that maintain the
reading frame allow the production of an internally deleted, partially
functional dystrophin protein. These are associated with a less severely
progressive disease, Becker muscular dystrophy. For DMD AON-mediated
transcript targeting is exploited with the aim to reframe dystrophin
transcripts to allow the production of internally deleted, partially functional
dystrophin proteins, as found in Becker muscular dystrophy. This can be
achieved by AONs that target specific exons, hiding them from the splicing
machinery and causing them to be ‘skipped'. This approach is mutation
specific, but because skipping a single exon can be applicable to a variety
of different mutations, AONs targeting certain exons can be applied to
larger groups of patients, e.g. exon 51 skipping applies to 13-14% of all
patients[2;3]. Not surprisingly, AONs targeting exon 51 are most advanced
in the clinical development, i.e. Drisapersen (2'-O-methyl phophorothioate
(20MePS)) and Eteplirsen (phosphorodiamidate morpholino oligomer
(PMO) chemistry).

Eteplirsen has been injected intravenously in weekly doses up to 50 mg/kg
in 31 DMD patients[4;5]. The drug was well tolerated, occasionally transient
proteinuria was reported. In the most recent study 12 patients received 30
or 50 mg/kg Eterplirsen or placebo for 24 weeks, followed by an open label
extension phase where all patients received 30 or 50 mg/kg[5]. Dystrophin
restoration was reported for 30-60% of muscle fibers in a biopsy taken after
48 weeks of treatment. For 6 of the patients treated from the onset of the
study, the distance walked in 6 minutes (6MWD) remained stable for 120
weeks. Currently, patients have been treated for up to 168 weeks. While
there is some decline in 6MWD, the 10 ambulant patients performed better
than would be expected from natural history, suggesting that Eteplirsen
slowed disease progression (Edward Kaye, personal communication).

Drisapersen has been tested in 4 trials using subcutaneous treatment

in ~300 DMD patients[6;7]. While the drug was tolerated well, mild to
moderate side effects were reported, involving injection site reactions,
proteinuria and in some patients thrombocytopenia[7]. These side

effects are commonly found for the 20MePS chemistry, with injection site
reactions observed after subcutaneous but not after intravenous delivery.
Drisapersen also appears to slow down disease progression. In an open
label extension trial following a dose escalation study in 12 patients, 8
ambulant patients had stable 6 MWD for 177 weeks. Furthermore, treated
patients (6 mg/kg subcutaneous weekly or intermittently) outperformed
placebo treated patients in the 6MWD in a randomized, double-blind
placebo controlled trial involving 54 early stage DMD patients (6-8 years of
age)[7]. Two other trials have been completed but are not yet published
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(Giles Campion and Tony Hall, personal communication). Early stage
patients treated with 6 mg/kg subcutaneous Drisapersen for 24 weeks
outperformed patients treated with placebo or 3 mg/kg Drisapersenin a
dose comparing trial involving 51 patients. The most recently completed
trial involved 186 patients of varying ages (5-16 years) and disease stages.
After 48 weeks the treated group did not perform significantly better in the
6 minute walk test than the placebo treated group. Recent natural history
data for the 6MWD in DMD patients has revealed that it is very difficult to
find significant effects in a population as mixed as the one in the phase 3
trial[8-11]. In young patients the decline in 6MWD is slow and therefore it is
challenging to pick up a treatment-induced slowing of disease progression
in a 48 week trial. By contrast in patients who are in a more advanced
disease state, treatment for more than 48 weeks might be required to
induce an discernible effect in the 6MWD, as suggested by data of patients
who were treated for an additional 48 weeks in the open label study
following the phase 3 trial.

Biomarin/Prosensa has submitted an new drug application (NDA) for
accelerated approval of Drisapersen with the Food and Drug Administration
in April 2015 and filed for conditional approval of Drisapersen with

the European Medicine Agency in June 2015. Sarepta plans to file for
accelerated approval using a rolling NDA for Eteplirsen while a phase 3 trial
is ongoing. In addition trials are ongoing for exons 44, 45 and 53 skipping
(coordinated by Biomarin, Sarepta and Nippon-Shinyaku Co)[12;13].

2.2 Spinal muscular atrophy

SMA is caused by mutations in the SMNT gene, leading to death or
incomplete development of motor neurons. The SMN2 gene (only present
in humans) can produce functional transcripts, if exon 7 could be retained
in the transcripts. Exon 7 possesses a silent mutation and intronic splicing
silencers located in the regions flanking exon 7. Using AONs targeting
intronic silencers, the level of exon 7 inclusion can be increased, enabling
patients to produce more functional SMN2 transcripts and increased
amounts of SMN protein. Extensive preclinical screening has resulted in the
identification of ISIS-SMN_, a 2'-O-methoxyethyl phopshorothioate (MOEPS)
AON, for which pharmacological properties after central nervous system
delivery have been thoroughly investigated in mouse, rats and non-human
primates[14]. One exploratory trial with ISIS-SMN_ has been completed by
ISIS pharmaceuticals in SMA type 2 and type 3 patients with encouraging
preliminary results[15]. Currently, a trial has initiated for severe type

1 patients and additional trials are ongoing in type 2 and 3 patients
coordinated by ISIS and Biogen.

2.3 Myotonic dystrophy

For myotonic dystrophy (DM), AONs treatment aims to reduce RNA
aggregates formed by the expanded CUG repeat in the DMPK gene, which

54

Update on RNA-targeting therapies

sequester splicing factors, and as such underlie the missplicing pathology
observed in DM patients. An MOE gapmer AON to reduce DMPK transcript
levels (ISIS-DMPK ) has been identified, which normalizes splicing patterns
in vitro and in an DM animal model[16]. A dose-finding, safety trial has
recently been initiated in DM patients by ISIS pharmaceuticals (https://www.
clinicaltrials.gov/ct2/show/NCT02312011).

3. Preclinical studies for DM, SMA and DMD

3.1 Improving chemistry and delivery

In parallel with the clinical trial, preclinical work is ongoing to further
optimize the tools and techniques involved. For DM it was shown that a
locked nucleic acid targeting the CUG repeat has potential in vitro and in
vivo[17]. The locked nucleic acid chemistry has a very high affinity for RNA
transcript and very short AONs (8-10-mers) were able to reduce the amount
of DMPK aggregates and restore splicing defects. However, with such short
AONSs there is an obvious risk that CUG repeats in normal transcripts will be
targeted as well.

For SMA, it was reported that intraventricular delivery of ISIS-SMN_ AONs
normalizes gene-expression levels in the spinal cords of SMA mouse
models[18]. Notably, Keil et al., published that the phenotype of severe SMA
models could be ameliorated with an 8-mer AON[19]. While promising, it

is obvious that an 8-mer AON will not be specific for only the SMN2 gene
and comprehensive gene expression analysis as done for the ISIS-SMN_
compound would be warranted to study this AON further.

For DMD efforts focus on improving delivery to heart. The tricyclo-DNA
modification resulted in increased exon skipping and dystrophin restoration
in heart and even resulted in low levels of exon skipping in the brain[20].
Treatment with this chemistry also rescued the phenotype of a severe
mouse model lacking dystrophin and its homologue utrophin (mdx/utrn-/-
mouse). Clinical trials with this chemistry are planned for DMD. However, as
yet safety and tolerability in species other than mice has not been assessed.
Another concern is that tricyclo-DNA AONs are shorter than PMO and
20MePS AONSs (15-mer vs 20-30-mers). Therefore there is a risk that the
AONSs will have (off) target sites in addition to the intended dystrophin exon.

Another way to increase uptake is through addition of peptides [21-23].
Conjugation of short arginine rich cationic peptides with a hydrophobic core
increased uptake of phosphorodiamidate morpholino oligomers (pip-PMOs)
in heart (as well as skeletal muscle), leading to a slower development of
cardiomyopathy[21;23]. Since 20MePS nucleotides are negatively charged,
it is not possible to conjugate positively charged peptides to these AON.
However, conjugation of a 7-mer peptide identified from a phage display
peptide library resulted in increased uptake and exon skipping levels[24].
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3.2 Applicability for different mutations

DMD exon skipping is a mutation specific approach. Thus far the focus

has been on skipping single exons for deletion mutations, while ~12%

of patients have a duplication of 1 or more exons. Exon skipping for
duplications is challenging, since the AONs will target both the original and
the duplicated exon and generally both exons will be skipped, resulting in
an out-of-frame transcript[25]. However, it was recently reported that exon
skipping may be possible for the most common single exon duplication,
i.e. an exon 2 duplication[26]. Here, if exon skipping is too efficient and
both exons 2 are omitted, the resulting transcript (deletion of exon 2) can
still give rise to functional dystrophin through the activation of an internal
ribosomal entry site in exon 5. Skipping multiple exons exon 2-7) was
reported as an alternative approach to restore an exon 2 duplication[25].
This approach involves a combination of multiple AONs. Multiexon skipping
has also been proposed as a ‘cocktail’ approach to induce skipping of

exon 45-55 (i.e. the mutation hotspot)[27;28], which would in theory be
therapeutic for a large group of patients (~40-60% depending on which
mutation database is queried[2;29]) and produce a highly functional
dystrophin. It was recently shown to be feasible to skip exon 45-51 and
exon 53-55 and restore dystrophin expression in a mouse model lacking
mouse dystrophin exon 52 using a combination of 10 vivo-PMOs (PMOs
with an oligodendrimer group for enhanced tissue uptake). While multiexon
skipping is feasible in animal models, developing an approach involving 11
individual AONs poses regulatory challenges[30].

3.3 Timing, duration and effects of AON treatment

Preclinical studies have revealed insight on the duration of treatment and
the impact of treatment initiation. While 20MePS AON levels and exon
skipping transcripts decline and were barely detectable 12 weeks after
treatment was stopped, dystrophin protein levels continued to increase
for another 8-12 weeks and were still detectable 24 weeks after treatment
termination in mdx mice[31]. An elegant study from Wu et al., used peptide
conjugated PMOs to restore high levels of dystrophin in the severe mdx/
utrn-/- model. The level of benefit critically depended on the time of
intervention. Animals treated before 4 weeks of age had increased lifespan,
normal posture, limited muscle wasting and very limited kyphosis, while
no benefit was observed for animals that were treated in ~6-7 week old
animal with advanced pathology, despite high levels (>50% of normal) of
dystrophin restoration[32].

Multiple studies have focused on the effect of systemic versus CNS
treatment in SMA mouse model [21;33-36]. It appears that the combination
of CNS and systemic delivery results in a markedly improved increase in
survival compared to only CNS or systemic delivery. Since in newborn mice
the blood-brain-barrier is not yet mature, systemic treatment with high
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doses of AON will result in body-wide delivery, including the central nervous
system. In order to investigate the effect of treatment of only peripheral
tissues in new born mice, Hua et al used a decoy AON (i.e. a sense oligo
that can sequester an AON, rendering it ineffective[34]. New-born mice
were injected with AONs postnatally and received an injection with the
decoy AON through intraventricular injection. As such SMN was restored
only in the periphery, which resulted in rescue of ear and tail necrosis in a
mild SMA model and increased survival in a severe model. It is not yet clear
whether the importance of peripheral SMN restoration is specific for mouse
or whether it translates to the human situation. For now, clinical trials for
SMA patients involve only intrathecal delivery.

RNA targeting therapies for other neuromuscular disorders

Antisense-mediated transcript targeting has been reported for multiple
neuromuscular disorders (Table 1). Here, we will focus only on reports of
the past 15 months.

Table 1. Overview of transcript targeting antisense approaches for
neuromuscular

Disease Mechanism Reference

Amyotrophic lateral sclerosis and Reduced levels of mutated |[37;38]

frontotemporal degeneration transcript (C9ORF72)

Congenital myosthenia Normalize CHRNAT1 splicing | [39]

Duchenne muscular dystrophy Reading frame restoration | [5;6]

Dysferlinopathies Bypassing mutation in in- | [40]
frame exon

Fukuyama Muscular Dystrophy Skipping of cryptic [41]
retrotransposon exon

Laminopathies Bypassing mutation inin- | [42]
frame exon 5

Myotonic Dystrophy Reduced levels of mutated | [16]
transcript

Oculopharyngeal muscular dystrophy | Polyadenylation site usage | [43]

Pompe Disease Reduced levels of glycogen | [44]
synthase

Spinal muscular atrophy Exon inclusion [45;46]

4.1 Oculopharyngeal muscular dystrophy

Oculopharyngeal muscular dystrophy (OPMD) is caused by an alanine
expansion in the polyadenyline binding protein 1 (PABPN1), that makes
the PABPN1 protein prone to aggregation. In OPMD lower amounts of
soluble PABPN1 protein lead to a genome-wide shift of proximal rather
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than distal polyadenylation site usage. This deregulation of gene expression
is proposed to underlie the premature aging observed in affected OPMD
muscles. ARIH2 E3-ligase is one of the genes misregulated in OPMD.
Notably, ARIH2 protein levels positively regulate the amount of total and
soluble PABPN1. As such restoring the normal polyadenylation site usage
for ARIH2 could also lead to increased levels of PABPN1. Indeed, AONs
targeting the proximal polyadenylation signal of ARIH2 resulted in increased
levels of ARIH2, higher levels of PABPN1 and improved differentiation of
OPMD-derived cell cultures in vitro[43].

4.2 Laminopathies

Mutations in the lamin A/C encoding LMNA gene underlie multiple disorders,
including neuromusuclar disorders such as Emery-Dreifuss muscular
dystorphy, limb-girdle muscular dystrophy type 1B and congenital muscular
dystrophy. In an effort to identify exons encoding redundant parts of

lamin A, a recent study studied expression vectors of lamin A cDNA lacking
selected exons. This work revealed that cDNA without the in-frame exon

5 resulted in a lamin protein that was localized normally, could rescue the
abnormal nuclear phenotype of laminopathy-patient-derived cells and did
not have dominant negative effect in control cells[42]. AONs to induce LMNA
exon 5 skipping in vitro have been identified[42]. This approach might have
therapeutic potential for laminopathy patients with mutations in exon 5,
although further studies are required in cell and animal models to fully
evaluate the potential.

4.3 Pompe disease

Pompe disease is characterized by progressive accumulation of undegraded
glycogen, due to mutations in the GAA gene that encodes for acid alpha-
glucosidase (GAA), an enzyme involved in breaking down glycogen to
glucose. Infusion with recombinant human GAA is an approved treatment
for Pompe patients. However, GAA infusion generally is insufficient to
completely abolish all aspects of the disease. In an effort to develop an
add-on therapy, Clayton et al., tested peptide-conjugated PMOs targeting
an out-of-frame exon of the glycogen synthase enzyme as a way to reduce
glycogen production. Treatment with these PMOs resulted in lower levels
of glycogen synthase and lower amounts of glycogen accumulation in a
Pompe animal model[44].

4.4 Congenital myasthenic syndroms

Congenital myasthenic syndroms (CMS) are caused by mutations in

genes encoding proteins required for neuromuscular junction formation,
maintenance and regulation. The CHRNAT encodes the alpha subunit of
the nicotinic acetylcholine receptor (hAChR), which is expressed in the
post synaptic membrane of the neuromuscular junction. In humans, the
CHRNAT gene produces two transcripts that either include or exclude exon
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P3A. Only the transcript lacking exon P3A encodes a functional protein.
Mutations have been identified in CMS patients that result in increased
levels of P3A inclusion. Tei et al., have identified AONs that could induce P3A
exon skipping in minigenes containing mutated sequences and in wild type
cells[39]. Further work is needed to assess the potential of this approach in
patient-derived cells and animal models.

5. Forward look

Itis clear that antisense-mediated transcript targeting is a dynamic field
for the neuromuscular disease space: proof-of-concept studies accumulate
and the approach is taken into preclinical and clinical development for
some neuromuscular disorders. However, it has become apparent that
itis crucial to develop tools and infrastructure to conduct clinical trials in
parallel with the development of the potential therapy, rather than at the
initiation of the clinical trial phase. In addition to patient registries and trial
sites, this involves developing functional and molecular outcome measures
to be used in trials as well as natural history data for these measures. When
these tools are in place this will allow better trial design and hopefully
faster clinical evaluation of potentially therapeutic compounds. In addition,
good communication with key regulatory agencies is critical to move these
therapies towards clinical practice.

6. Conclusion

RNA targeting is a promising therapeutic approach for multiple
neuromuscular disorders. However, in addition to proof-of-concept in cell
and animal models, clinical infrastructure is required to further the clinical
development of this approach towards clinical application.

RNA targeting is a promising therapeutic approach for neuromuscular
disorders

RNA targeting is tested in clinical trials for DMD, SMA and DM
Proof-of-concept has been shown for multiple neuromuscular disorders

Infrastructure for clinical trial needs to be in place for each neuromuscular
disorder to facilitate and accelerate clinical development of (RNA targeting)
therapies
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Chapter 3

Abstract

Antisense oligonucleotide (AON)-mediated exon skipping is a promising
therapeutic approach for Duchenne muscular dystrophy that is currently
being tested in various clinical trials. This approach is based on restoring
the open reading frame of dystrophin transcripts resulting in shorter but
partially functional dystrophin proteins as found in patients with Becker
muscular dystrophy. After systemic administration a large proportion of
AONSs ends up in the liver and kidneys. Therefore, enhancing AON uptake
by skeletal and cardiac muscle would improve the AONs' therapeutic
effect. For phosphorodiamidate morpholino oligomer they use nonspecific
positively charged cell penetrating peptides to enhance efficacy. However,
this is challenging for negatively charged 2-O-methyl phosphorothioate
oligomer. Therefore, we screened a 7-mer phage display peptide library to
identify muscle and heart homing peptides in vivo in the mdx mouse model
and found a promising candidate peptide capable of binding muscle cells
in vitro and in vivo. Upon systemic administration in dystrophic mdx mice,
conjugation of a 2'-0O-methyl phosphorothioate AON to this peptide indeed
improved uptake in skeletal and cardiac muscle, and resulted in higher
exon skipping levels with a significant difference in heart and diaphragm.
Based on these results, peptide conjugation represents an interesting
strategy to enhance the therapeutic effect of exon skipping with 2'-O-methyl
phosphorothioate AONs for Duchenne muscular dystrophy.

1. Introduction

Duchenne muscular dystrophy (DMD) is a severe X-linked muscle-wasting
disorder typically caused by out of frame mutations in the DMD gene, and
affecting 1 in 5,000 newborn boys '. DMD patients suffer from progressive
muscle weakness, are generally wheel-chair dependent before the age

of 12, and die around the third decade of their life due to respiratory

and cardiac failure 2. Exon skipping is a promising therapeutic approach
for DMD that is currently being tested in clinical trials 3. This approach is
based on restoration of the dystrophin transcript's open reading frame by
manipulating pre-mRNA splicing using antisense oligonucleotides (AONSs).
This results in shorter but partially functional dystrophin proteins as found
in patients with the less severe Becker muscular dystrophy (BMD) 47, The
exon skipping approach depends on adequate uptake by the target tissues
of the AONs. Over 30% of the human body consists of muscle; therefore

a body-wide effect is required to treat DMD. AONs with 2'-O-methyl
phosphorothioate (20MePS) and phosphorodiamidate morpholino
oligomer (PMO) chemistries have been studied in most detail for DMD.

AONSs are modified DNA or RNA oligomers, and the modifications render
the AONs more resistant to RNases and DNases, improving stability in vivo.
However, while PMOs are apparently fully resistant to nucleases, 20MePS
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AONs still suffer from some breakdown. Upon systemic treatment there

are certain barriers that an AON needs to overcome to reach the nucleus

of skeletal muscle fibers. AONs are very small (~8 kDa) and as such will be
filtered out by the kidney efficiently. For PMOs the vast majority is cleared
through urine within an hour of treatment, leading to very short serum half-
lives. By contrast, due to low affinity binding to serum proteins by 20MePS
AONSs, renal filtration is largely prevented, leading to longer half-lives. In
addition, to be effective, AONs also need to pass the endothelium of their
target tissues, enter the tissue and (when taken up by endocytosis) have to
escape from the endosomes to reach the nucleus, where splicing takes.

Based on positive results from different preclinical animal experiments and
phase 1/2 clinical trials, showing dystrophin restoration after subcutaneous
injections with 20MePS AONs and intravenous injections with PMOs,

one can conclude that systemic delivery is feasible &'>. However, a large
proportion of the AON ends up in liver and kidney (20MePS) or kidney
(PMO), and is lost for targeting muscle '6. Furthermore, while AONs appear
to be taken up by dystrophic skeletal muscles, animal models have shown
that the effect of AONs in heart is less (20MePS) or minimal (PMO).
Therefore, improving the uptake of AONs by skeletal but especially also by
cardiac muscles is anticipated to further enhance the therapeutic effect of
AON treatment.

Cell penetrating peptides (CPP) have been explored to improve uptake of
PMOs by target tissues. Basic, positively charged, arginine rich peptides
(PPMO) "7 indeed enhanced uptake of PMOs by most tissues, including
muscle and heart, and significantly increase exon skipping levels and
dystrophin restoration after systemic delivery in mdx mice '®2°. However, in
monkeys, 4-9 mg/kg weekly systemic injections during 4 weeks with AVI-
5038, a PPMO targeting human dystrophin exon 50, resulted in tubular
degeneration in the kidney 8. The fact that apparently higher animals are
more sensitive to arginine-rich peptide related toxicity than mice may limit
their clinical application ""°.

Tissue-specific homing peptides have also been investigated to improve
uptake of AONs. These peptides home to the target of interest and bind or
are taken up by the cells of interest, but do not necessarily penetrate the
cells like CPPs. Phage display biopanning is a well-described technique to
identify homing peptides for specific targets 2?2, Several muscle or heart
targeting peptides have been reported to date #2°, of which the ASSLNIA
muscle targeting peptide ?* has been further tested in conjugation to
PPMOs, resulting in improved dystrophin restoration. Interestingly, this
was only seen when the muscle-specific peptide was located between the
arginine-rich peptide and the PMO, while linking the muscle-specific peptide
to the 5’ end of the PPMO reduced the efficiency 2. For 20MePS AONSs,
conjugation of highly positively charged peptides (such as arginine rich
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peptides) is challenging due to strong electrostatic interactions between
the positive peptide and the negatively charged AON backbone, leading

to aggregate formation. Therefore in a different approach we screened a
7-mer phage display peptide library for non-charged homing peptides to
enhance uptake and exon skipping in muscle and heart in vivo in the mdx
mouse model. We here report the identification of a 7-mer peptide which,
after conjugation to a 20MePS AON, resulted in significantly improved AON
uptake and effect by heart and diaphragm upon systemic administration in
the mdx mouse model.

2. Material and Methods

In Vivo Biopanning

Four to five weeks old mdx mice were injected intravenously with 2x10"
phages from the naive or enriched libraries (Ph.D.-7™Phage Display Peptide
Library kit, New England Biolabs, Beverly, Maryland, one animal per round).
Mice were perfused with PBS after one hour to remove unbound phages.
The gastrocnemius and heart muscles were isolated and washed 3 times
with Tris-buffered saline (TBS). Subsequently the organs were homogenized
in 2 ml TBS with MagNA Lyser green beads (Roche Diagnostics, the
Netherlands) in the MagNA Lyser (Roche Diagnostics, the Netherlands)
according to the manufacturer’s protocol. The suspension was titrated and
amplified according to the protocol provided with the phage library. Up to
4 rounds of biopanning were performed for each fraction. After the third
and fourth round, phages were plated and colonies were picked. DNA was
isolated and prepared for Sanger sequencing with the ABI PRISM® 3730
Analyzer (Applied Biosystems).

Peptide synthesis

7-mer peptides were synthesized by standard Fmoc solid phase peptide
chemistry on a PS3 or Tribute Peptide synthesizer (Protein Technologies,
USA), using 5eq. HCTU (Protein Technologies, USA eq.) as activating reagent
and DIPEA (10 eq.) as base. A fluorescent label was manually coupled

to the resin-bound peptides by treatment with 5(6)-carboxyfluorescein
N-hydroxysuccinimide ester and triethylamine (all from Acros, Belgium)

in N,N-dimethylformamide (DMF). After cleavage and deprotection TFA
trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H,0 95/2.5/2.5 (v/v)

or TFA/ thioanisole/TIS/H,0 90/2.5/2.5/5 (v/v) for peptide sequences
containing Met], filtration, precipitation in cold diethyl ether and
centrifugation, crude 5(6)-carboxyfluorescein amide (FAM) - labeled
peptides were obtained. Peptides were purified by RP-HPLC and analyzed
by electrospray ionization mass spectrometry (ESI-MS) (positive mode).
Fluorescently labeled peptide concentrations were determined by
spectrophotometric analysis at 490 nm at pH 7.5.
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In vitro uptake studies of FAM-labeled peptides

Primary human control myoblasts were grown in NutMix F-10 (HAM)
medium supplemented with GlutaMax-I, 20% fetal bovine serum (FBS)

and 1% Penicillin/streptomycin (P/S (all from Gibco-BRL, the Netherlands)
in flasks coated with purified bovine dermal collagen for cell culture
(Nutacon B.V. the Netherlands). Cells were plated on collagen coated glass
slides, in 6 wells plates and grown to 90% confluence before switching

to differentiation medium (Dulbecco’s medium (without phenol red)

with 2% FBS, 1% P/S, 2% glutamax and 1% glucose (all from Gibco-BRL,

the Netherlands)). Cells were allowed to differentiate for 7-14 days.
Peptides were dissolved in water and if necessary acidic acid was used

to properly dissolve the peptide. Final concentrations were determined

by spectrophotometric analysis at 490 nm at pH 7.5. Upon sufficient
differentiation, cells were washed twice with hank’s balanced salt solution
(HBSS), and 1 ml of medium without serum was added with 0.45 nM or 2.25
nM of fluorescent peptide. After incubation for 3 hours at 37 °C and 5% CO,,
2 ml of differentiation medium was added. Cells were fixed 2 days later for
5 minutes with methanol (-20 °C) and air dried for 30 minutes. The glass
slides were taken out and mounted in mounting medium (Vectashield hard
set (Vector laboratories)). After drying for 30 minutes, the glass slides were
analyzed with fluorescence microscopy (Leica DM RA2) using a CCD camera
(Leica DC 350 FX).

In vivo evaluation of FAM labeled peptides by
intramuscular injection in the mdx mouse model

Four to six week old mdx mice were injected in the gastrocnemius muscle
with 2.5 nmol FAM- labeled peptides in 40 pl saline (n=1 for each peptide).
After 3 days the mice were sacrificed and the muscles were snap frozen

in liquid nitrogen-cooled isopentane. Subsequently, 8 pm sections were
cut with a cryotome, perpendicular to the muscle fibers and collected on
a positively charged glass slide. The slides were fixed with -20 °C acetone
and mounted in mounting medium (Vectashield hard set). The slides were
analyzed with fluorescence microscopy (Leica DM RA2) using a charge-
coupled device (CCD) camera (Leica DC 350 FX).

Oligonucleotide synthesis

The 20-mer 2'-O-methyl phosphorothioate RNA (5'-ggc caa acc ucg gcu

uac cu-3') targeting mouse exon 23 (23A0N)?° was synthesized on an

AKTA prime OligoPilot-100 (GE Healthcare, UK) synthesizer using the
protocols recommended by the supplier. The oligonucleotide was cleaved
and deprotected in a two-step sequence (diethylamine followed by
concentrated ammonia treatment), purified by reversed phase (RP)-HPLC,
dissolved in water and an excess of NaCl was added to exchange ions. After
evaporation, the oligonucleotide was redissolved in water, desalted by FPLC,
and lyophilized. Mass spectrometry confirmed the identity of the AON, and
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its purity (determined by UPLC) was 86%.

Peptide oligonucleotide conjugate synthesis

Peptide P4 was assembled on a peptide synthesizer as described above and
maleimide propionic acid was subsequently coupled on-line. Deprotection,
cleavage from the resin, and subsequent precipitation in cold ether,
afforded crude maleimide-peptide, which was used without further
purification in the conjugation step. The oligonucleotide for conjugation to
the peptide was synthesized with a thiol modifier C6 S-S phosphoramidite
(Link Technologies) coupled on-line to the 5’ end. Treatment of the crude
resin with 40% aqueous ammonia and 0.1 M dithiotreitol led to the
concomitant cleavage of the solid support, deprotection of the nucleobases
and internucleoside linkages, and reduction of the disulfide bond. Crude
thiol-modified oligonucleotide was purified by RP- HPLC, and directly
conjugated to the maleimide-peptide (5 eq.) via thiol-maleimide coupling

in phosphate buffer (pH 7) at ambient temperature for 16 hours. Crude
product was purified by HPLC, dissolved in water, and an excess of NaCl
was added to exchange ions. After evaporation of the solution, the peptide-
conjugated AON (P4-23AON) was redissolved in water, desalted by FPLC and
lyophilized. Mass spectrometry confirmed the identity of the compound.

Transfection of (P4-)23A0ON and sense staining on primary
human control myotubes

Differentiated primary human control myoblasts cells were washed twice
with HBSS, and 1 ml of medium without serum was added with 2.25 nmol
of P4-23A0N or 23A0N. After incubation for 3 hours at 37 °C and 5% CO,,

2 ml of fusion medium was added with 2% serum. Two days later the

cells were washed tree times with PBS and fixed for 30 minutes in fixation
buffer. The slides were washed with 1x PBS/5 mM MgCl, for 30 minutes
and pre-hybridized for 30 minutes in 125 pl pre-hybridization buffer (40%
deionized formamide, 2 times SSC buffer (300mM NaCl and 30nM trisodium
citrate, pH 7.0)), followed by an overnight incubation in 125pl hybridization
mix ( 32% deionized formamide, 2 times SSC buffer, 0.2mg/ml BSA, 10mg/
ml Dextran sulphate,17 mg/ml fish sperm and the 5'-Cy5 labeled sense
oligonucleotide (5'03', ccg gtt tgg agc cga atg ga) in a water bath at 37 °Cin
the dark. The slides were washed in wash buffer (40% deionized formamide
2 times SSC buffer) for 2 times 20 minutes in a water bath at 37 °C in the
dark followed by a wash step with SSC buffer for 20 minutes at room
temperature in the dark and a quick incubation with 1:5,000 4',6-diamidino-
2-fenylindool (DAPI) in PBS to stain nuclei. Finally the slides were mounted
in mounting medium (vectashield hard set (vector laboratories)) and

after 30 minutes drying, the glass slides were analyzed with fluorescent
microscopy (Leica DM RA2) using a CCD camera (Leica DC 350 FX).
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AON treatment, RNA isolation and RT-PCR analysis of
(P4-)23A0N in differentiated mouse myogenic cells

C2C12 cells were grown in Dulbecco’s medium (without phenol red)
supplemented with 10% FBS, 1% P/S, 2% Glutamax and 1% glucose (all
from Gibco-BRL, the Netherlands) in collagen coated flasks. Cells were
seeded in collagen coated 6 wells plate with proliferation medium and
grown until confluence. The cells were washed twice with HBSS and
Dulbecco’s medium (without phenol red) supplemented with 2% FBS, 1%
P/S, 2% Glutamax and 1% glucose (all from Gibco-BRL, the Netherlands))
was added to induce differentiation. At day 8 of differentiation the cells
were incubated with 500nM P4-23A0N or 23A0N with or without 3.5 pl PEI
(as transfection reagent)/mg AON in differentiation medium (1 ml). After 3
hours the medium was removed and fresh differentiation medium added
(3 ml). After 48 hours the cells were washed twice with HBSS and RNA was
isolated by adding 500 pL TriPure (Roche diagnostics, the Netherlands) to
each well to lyse the cells. This was followed by chloroform extraction in a
1/5 ratio on ice for 5 minutes. The remaining cell debris was pelleted down
by centrifugation (4 °C, 15 minutes, 15,4000 rcf) and the upper aqueous
phase precipitated for 30 minutes on ice with equal volume of isopropanol.
The RNA was pellet down by centrifugation (4 °C, 15 minutes, 15,400 rcf)
and the pellet washed with 70% ethanol. The final RNA pellet was dissolved
in milli-Q water. For complementary DNA (cDNA) synthesis, 400 ng of

RNA was used in a 20 pl reaction with a specific primer (ctt taa ggc ttc ctt
tct ggt g) and transcriptor reverse transcriptase (Roche Diagnostics, the
Netherlands) for 30 minutes at 55°C and 5 minutes at 85°C to terminate
the reaction. For reverse transcriptase PCR (RT-PCR) analysis 3 pl of cDNA
was incubated with 0.625 U AmpliTaq polymerase (Roche Diagnostics, the
Netherlands), 10 pM of primers (reverse primer ctt taa ggc ttc ctt tct ggt g,
forward primer: aga aaa ggg aca ggg gcc a) and 1 times supertaq PCR buffer
(Enzyme technologies Ltd) and amplified for 20 cycles each consisting of an
incubation for 40 sec at 94 °C, 40 sec at 60 °C and 80 sec at 72 °C. This PCR
was followed by a nested PCR. For the nested PCR analysis 1.5 ul of the first
PCR was incubated with 1.25 U AmpliTaq polymerase (Roche Diagnostics,
the Netherlands), 20 pM of primers (reverse primer: cag cca tcc att tct gta
agg, forward primer: atc cag cag tca gaa agc aaa) and 1 times supertaq PCR
buffer (Enzyme technologies Ltd) and amplified for 32 cycles each consisting
of an incubation for 40 sec at 94 °C, 40 sec at 60 °C and 60 sec at 72 °C. PCR
fragments were analyzed using 1% agarose gel electrophoresis. Exon skip
levels were semi-quantitatively determined as the percentages of the total
(wild type and skipped) product with the Agilent 2100 bioanalyzer.
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Systemic study with P4-23A0ON and 23A0ON in mdx mice

Four to five weeks old mdx mice (5 mice per group) were subcutaneous
injected 4 times per week, with 50 mg/kg of AON in 100 pl of saline or the
molar equivalent of peptide conjugated AON (6.8 umol) for 6 weeks. Blood
samples were obtained from the tail vein for plasma pharmacokinetics
analysis (PK) 10 minutes, 30 minutes, 1 hour and 6 hours after the last
injection. All mice were sacrificed 1 week after the last injection by perfusion
with PBS, after taking blood from the tail vein of all mice to determine
plasma parameters. Gastrocnemius, quadriceps, tibialis anterior, triceps
and diaphragm muscles, heart, liver and kidney were isolated to determine
exon skipping levels and AON concentrations in these tissues.

Plasma parameters

Blood was collected in microvettes (Sarstedt B.V. the Netherlands).
Glutamate pyruvate transaminase (GPT), alkaline phosphates (ALP) glutamic
oxaloacetic transaminase (GOT) hemoglobin (HB), urea and creatine
kinease (CK) were determined using Reflotron strips (Roche Diagnostics,

the Netherlands) in the Reflotron Plus machine (Roche Diagnostics, the
Netherlands).

Quantification of AON levels in plasma and tissue samples

For measuring the concentration of 23A0N in plasma and tissue samples a
hybridization-ligation assay based on one previously published was used *.
Tissues were homogenized in 100 mM Tris-HCl pH 8.5, 200 mM NacCl, 0.2%
SDS, 5 mM EDTA and 2 mg/mL proteinase K using zirconium beads (1.4 mm;
OPS Diagnostics, Lebanon, NJ) in a MagNA Lyser (Roche Diagnostics, the
Netherlands). Samples were diluted 600 and 6000 times (muscle) or 6000
and 60000 (liver and kidney) in pooled control mdx tissue in PBS.

Calibration curves of the analyzed 23AON prepared in 60 times pooled
control mouse mdx tissue in PBS were included. All analyses were
performed in duplicate. For plasma the samples were diluted (t=0 100 times
and 200 times, t=10 min, 30 min, 1h 1000 times and 10000 times and t=6h
100 times and 1000 times) in pooled control plasma of mdx mice in PBS.
Calibration curves of the analyzed 23AON prepared in 100 times pooled
control plasma of mdx mice in PBS were included.

Determination of exon skipping levels in mdx mice

Samples from muscle and heart were homogenized in RNA- Bee (Campro
Scientific, Veenendaal, the Netherlands) solution using a MagNA Lyser
(Roche Diagnostics, the Netherlands) and MagNA Lyser green beads
(Roche Diagnostics, the Netherlands). Total RNA was isolated and purified
according manufacturer's instructions. For complementary DNA (cDNA)
synthesis, 400 ng of RNA was used in a 20 pl reaction with random
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hexamers and transcriptor reverse transcriptase (Roche Diagnostics, the
Netherlands) for 45 minutes at 42°C. For PCR analysis 1.5 pl of cDNA was
incubated with 1.25 U taq polymerase (Roche Diagnostics, the Netherlands),
20 pM of primers (reverse primer: cag cca tcc att tct gta agg, forward
primer: atc cag cag tca gaa agc aaa) and 1 times supertaq PCR buffer
(Enzyme technologies Ltd) and amplified for 30 cycles each consisting of

an incubation for 30 sec at 94 °C, 30 sec at 60 °C and 30 sec at 72 °C. PCR
fragments were analyzed by 1% agarose gel electrophoresis. Exon skipping
levels were semi-quantitatively determined as the percentages of the total
(wild type and skipped) product with the Agilent 2100 bioanalyzer.

Table 1. Overview of selected peptide sequences

Peptide (P) | Sequence Detected | Tissue Comments
1 LYQDYSL twice heart 3rd round
. heart 3rd and 4th
2 LPWKPLG twice round
3 TPAHPNY twice heart 3rd and 4th
round
4 LGAQSNF once heart 4th round low prevalence
5 PGAQSNF once heart 3rd round
6 VNSPTHS once heart 3rd round
7 VNSATHS once heart 4th round
8 YQDSAKT | once heart 3rd round negative control
. muscle 3rd and 4th
9 TALPPSY twice round
10 AMISAIH once muscle 3rd round low prevalence
11 HVIANAG once muscle 3rd round low prevalence
. heart and muscle reported as nuclei
12 EPLQLKM twice 4th round targeting
13 GNTPSRA once muscle 4th round negative control
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3. Results

To identify peptides homing to muscle and heart, an in vivo biopanning was
performed in the mdx mouse model with a 7-mer phage display peptide
library. 2x10" phages from the PhD-7 library were injected intravenously
and mice were perfused after 1 hour, after which gastrocnemius and heart
muscles were isolated. Tissues were homogenized and recovered phages
were amplified for the next screening round. After the third and fourth
round of screening, a total of 52 colonies were selected and sequenced.

For each peptide sequence we consulted Sarotup #”and Pepbank 2
databases to identify false positives. This led to the exclusion of 8 peptides
for further experiments, as these peptides had been identified before and
were therefore not likely to be target specific binders. A series of peptide
sequences occurring more than once or with recurrent stretches of 6 amino
acids was identified (Table 1). Because not all amino acids occur in the
library with the same frequency, some peptide sequences are less common
than others. After calculating the prevalence of each of the found peptide
sequences, two peptide sequences (P10 and P11) that were found only once
were also included based on the fact that they had a very low prevalence in
the library. As negative controls we included three peptide sequences from
the selection, which showed up in the Sarotup database (P8, P12 and P13).

To evaluate uptake and intracellular distribution, selected peptides

were synthesized with a FAM label and incubated with primary human
control myotube cultures for 48 hours (2.25 and 0.8 nM respectively) and
analyzed with fluorescence microscopy (figure 1A). Clear fluorescence
was observed for 7 of the 12 peptides, also at a lower concentration of
0.8 nM (figure 1B). Based on the highest fluorescence intensity, P1, P2,

P4 and P11 were chosen for in vivo evaluation. Four to six weeks old mdx
mice were intramuscularly injected with 2.5 nmol of labeled peptide in
the gastrocnemius muscle. Muscles were isolated 3 days after injection,
and cross-sections were analyzed with fluorescence microscopy (figure
2). Clear fluorescence was observed for P4 at the membrane. In contrast,
P11 was found negative, and P2 showed only some weak staining close to
the injection site. P1 resulted in strong fluorescence, but as acetic acid was
needed to dissolve this peptide, it is likely that this resulted in damaged
muscle fibers leading to the observed uptake of the labelled peptide or to
autofluorescence of necrotic cells.

78

Peptide conjugated AON

A 2.5 sec 5 sec 7.5 sec 2.5 sec 5 sec 7.5 sec
ER
SC (1 )2.5 sec 5 sec 7.5 sec P4 7.5 sec

Figure 1. Uptake of FAM-labeled peptides by primary human control myotubes.
Primary human control myotubes were incubated with (A) 2.25 or (B) 0.45 nmol of
FAM-labeled peptide. After 48 hours the cells were washed and analysed at three
different exposure times (2.5, 5 and 7.5 seconds) with fluorescence microscopy.
Representative pictures are shown. NC is un-transfected control, P1-13 are the pep-
tides.

~
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P2 To confirm that the efficacy of the 23A0N is not influenced by the
conjugation of the peptide, differentiated C2C12 mouse myogenic cells
were incubated with 500 nM of P4-23AON or 23AON with PEI as transfection
reagent and without a transfection reagent. RNA was isolated 48 hours
after incubation, and exon skipping percentages were determined by RT-
PCR (figure 4). No exon skipping was seen when the cells were incubated
with P4-23A0ON or 23A0ON without the use of a transfection reagent; a
possible explanation for this is endosomal entrapment *° of the AONSs, as is
suggested by the punctuate staining observed in figure 3. PEl is known to
facilitate endosomal escape of compounds after transfection and indeed,
in cells incubated with PEI as a transfection reagent and AONs, ~50% exon
skipping was observed for both 23AON and P4-23AON. This indicates

that the conjugation of P4 to the 23A0ON does not interfere with the exon
skipping ability of the 23AON.

P1

P4;

Red channel Merge with dapi

Figure 3. Sense staining of 23A0N and P4-23AON transfected primary human

P11

P4-23A0N

Figure 2. Uptake of FAM-labeled peptides in vivo after intramuscular injection
in the mdx mouse model. Four to six weeks old mdx mice were intramuscularly
injected with 2.5 nmol FAM-peptide in the gastrocnemius muscle. After 3 days

the muscle was isolated and muscle sections were analysed using fluorescence
microscopy. Representative pictures are shown. P1, 2, 4 and 11 are candidate
peptides. P4z is a 5 times enlargement of P4.

23A0ON

Showing the best results, P4 was conjugated to a 20MePS AON specific for control myotube cells. Differentiated primary humane control myotubes were
mouse dystrophin exon 23 (23A0N), which can induce exon skipping and incubated with 2.25 nmol of P4-23A0ON or 23AON respectively in serum free
restore dystrophin in the mdx mouse #°. 23AON and P4-conjugated 23A0N differentiation medium. After 3 hours 2 ml of differentiation medium with 2% serum
(P4-23A0N) were incubated with primary human control myotube cultures was added and 48 hours later the cells were hybridized with a Cy5-labeled sense
without a transfection reagent. To detect the location of the (P4-)23A0ON, DNA oligonucleotide and analyzed with fluorescence microscopy. Representative
we used a sense DNA oligonucleotide with a Cy5 label and observed more a pictures are shown.

punctuate fluorescence pattern for P4-23A0ON compared to 23A0N (figure

3). Finally, we tested whether this peptide could enhance 23AON uptake

by heart and muscle after systemic treatment of an animal model.
For 20MePS AONs the optimal dose and route for systemic AON
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treatment in mdx mice appears to be 200 mg/kg/week by subcutaneous
administration'>®', which would correspond to a dose of 16 mg/kg in
humans after correcting for differences in body surface area between
small and large animals http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatorylnformation/Guidances/ucm078932.pdf).
In this study mdx mice (5 per group) were subcutaneously injected with 4
weekly doses of 50 mg/kg of 23A0ON or the molar equivalent of P4-23A0N
for 6 weeks. Plasma samples were collected at different time points after
the last injection, mice were sacrificed one week later and several tissues
were harvested for bioanalysis. AON levels in plasma, organs and tissues
were determined. Compared to 23AON, P4-23AON showed higher AON
levels in plasma for all time points (figure 5a). This could relate to a higher
availability of the conjugate due to lower immediate clearance rate by liver
and kidney. In most isolated tissues, P4-23A0N levels were slightly higher
than 23A0N levels, with a significant difference in heart (p=0.0017, figure
5b). Since we also observed slightly higher levels in liver and kidney for P4-
23A0N than 23A0N, we calculated the muscle/liver, muscle/kidney, heart/
liver, and heart/kidney ratios. This revealed improved relative uptake of the
P4-23A0N conjugate in muscle and especially heart compared to 23AON for
both liver and kidney (figures 5c,d). Accordingly, exon skipping levels were
higher in all tissues for P4-23AON with a significant difference for heart and
diaphragm (P=0.02 and P=0.001, respectively, figure 5e)

23AON+PEI
P4-23A0ON+PEI
P4-23A0N
untransfected

23A0ON
— MQ control

55% 54% 49% 59%

Figure 4. Exon skipping efficacy of 23A0N and P4-23A0N in differentiated
mouse myogenic cells. Mouse myogenic cells were differentiated and transfected
in duplo with 500 nM of 23AON or P4-23A0ON with (1-4) and without (5-8) PEI. The
cells were incubated for 48 hours after which RNA was isolated and exon skipping
levels analyzed by RT- PCR. Full length and exon skipping fragments were visualized
on agarose gel and semi-quantitatively determined by lab-on a chip as the percenta-
ges of the total (skip and wild type) product.
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To evaluate safety of P4-23A0N, body weight was measured over time and
plasma parameters for liver and kidney function and damage and muscle
integrity were assessed at time of sacrifice (figure 6). Alkaline phosphatase
(ALP) a marker for hepatobiliary function, glutamate pyruvic transaminase
(GPT) and glutamic oxaloacetic pyruvate transaminase (GOT), which are
enzymes that leak in to the bloodstream upon liver and muscle damage,
showed no significant differences for P4-23AON and 23AON treated
animals and were in the normal ranges for mdx mice (figure 6a,b). Also
urea (a marker for kidney function) and hemoglobin showed no significant
differences between the groups and were within normal levels (figure 6c).
We finally measured creatine kinase levels (marker for muscle damage)
and observed no difference between P4-23A0ON and 23A0N treated animal
(figure 6d). No differences were found when measuring body weight over
time (figure 6e).

4. Discussion

For DMD AON-mediated exon skipping has reached phase 3 clinical trials
for drisapersen (20MePS) and eteplirsen (PMO) and seems a promising
therapeutic approach. Since over 30% of the human body consists of
muscle, systemic treatment is necessary, and seems feasible. However,
most of the injected AONs end up in liver and kidney, which decreases the
amount that can be taken up by muscle.

Preclinical animal studies suggest that upon systemic AON delivery, body
wide dystrophin restoration in skeletal muscles is feasible, while dystrophin
restoration in heart may be less effective. There is a possibility that
improved muscle function due to dystrophin restoration leads to a higher
demand on the heart 3233, Therefore, enhancing uptake of AONs by skeletal
but especially cardiac muscle would further improve their therapeutic
effect.

Several papers describe arginine rich cell-penetrating peptides to enhance
the uptake of PMOs by all tissues '7. The resulting peptide-PMO conjugates
(PPMOs) showed increased exon skipping and dystrophin levels in skeletal
and cardiac muscle when systemically tested in mdx mice. However these
peptides are not tissue specific and peptide-related toxicity problems have
been observed '#'°. In a different approach to improve specific AON uptake
by heart and skeletal muscle without using a cell penetrating peptide, we
used a phage display peptide library screen to specifically identify muscle
and heart homing peptides. Sequencing single colonies after the pre-final
and final rounds of selection gave insight in library enrichment. Phage
display screenings are known to result in false positive peptides caused

by binding to non-target related materials or propagation advantages.
Therefore we used Pepbank and Sarotup databases to filter for these false
positive peptides 27,
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Samoylova et al describe finding the muscle targeting peptide ASSLNIA 24,
We did not find this peptide in our biopanning. There are several possible
explanations for this. First, we had a different experimental setup (only

in vivo compared to first in vitro than in vivo). Second, since one selects
peptides from a library containing theoretically 2x108 different peptide
sequences and analyses only 10-100 clones from the enriched library,

it is possible that different peptides are found in different biopanning
experiments (including experiments that are performed in parallel). The
identification of enriched peptides by DNA sequencing of inserts of 10-100
clones is laborious, while it gives only a small insight in possible candidates
and phages that are prone to preferential amplification will constitute a
significant subset of sequenced clones. As an alternative approach one can
use deep sequencing to analyse millions of insert sequences after a more
limiting biopanning 34. Third, according to the sarotup target unrelated
peptide scanner?’, ASSLNIA has a high probability of binding avidin-family
proteins, implying that it is possible that this peptide is not entirely target
specific.

Ten candidate peptides and 3 control peptides were tested in vitro. Of
the 3 control peptides, only P8 revealed positive fluorescence in vitro, but
with lower intensity than some other candidates. Since this peptide was
already identified in other biopanning experiments for different targets
it is most likely not muscle and/or heart specific 7. Control peptide P12
was suggested to target the nuclei of mammary epithelial cells, but was
negative for targeting cultured muscle cells; P13 was negative as expected.
An interesting finding is the high fluorescence for P4 and the lack of
fluorescence for P5, since these peptides only differ in their N-terminal
amino acid. This finding highlights the sequence specificity of homing
peptides.

Of the four candidate peptides (P1, P2, P4 and P11) selected as promising
based on in vitro and in vivo results, P4 conjugation to 23AO0N resulted in

significantly increased exon skipping in heart and diaphragm. For heart, this

is most likely due to the higher levels of P4-23AON compared to 23AON.
However, for diaphragm, we did not find significantly improved levels of
P4-23AO0N. Note that it is not possible to distinguish between AONs taken
up by cells and AONs sequestered in interstitium with the ELISA used to
measure AON levels in tissue homogenates. Therefore there may not
always be a clear correlation between the increase in exon skipping and
increase of AON levels in the tissues as seen here for the diaphragm.
This probably also underlies the fact that exon skipping levels in heart
are lower than in skeletal muscles, while AON levels in these tissues are
comparable. No significant increase was seen in other skeletal muscle,
which is as expected since P4 was selected for uptake by heart (see table
1). The generally higher tissue P4-23A0ON levels are possibly the result of
a lower clearance rate by liver and kidney or faster uptake by muscle. This
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is underlined by the higher P4-23AON plasma levels after injection. While
we also observed increased P4-23A0N levels in liver and kidney at time
of sacrifice, the relative levels of P4-23A0N in skeletal and cardiac muscle
compared to liver and kidney were favourable.

We investigated the safety profile of our P4 conjugate. Based on the fact
that all markers for liver and kidney function and damage were unchanged
after short term systemic treatment with P4-23A0N, we conclude that P4
conjugation does not alter the safety profile of the 23AON in short term
treatment of mdx mice; however extended studies are required for longer
term safety evaluation.

In summary, peptide P4 conjugation slightly enhances skeletal and cardiac
muscle uptake of 23A0N, resulting in higher exon skipping levels, significant
in heart and diaphragm, and is well-tolerated by mdx mice after short term
treatment. The application of P4 for clinical application will depend on more
extensive efficacy and safety studies and mechanism of action, but the
approach may be very interesting to further improve the efficacy of both
20MePS and potentially also PMOs currently in clinical development for
DMD.
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Figure 5. AON levels and exon skipping efficacy after systemic treatment

of (P4-)23A0N in mdx mice. Mdx mice (5 mice per group) were subcutaneously
injected 4 times per week with 50 mg/kg of 23A0N or equimolar P4-23AON for 6
weeks. Tissues were harvested for bioanalysis one week after the last injection. A) A
hybridization ligation assay was used to measure plasma AON levels before, and 10
minutes, 30 minutes, 1 hour and 6 hours after the last injection. B) The same assay
is used to determine tissue AON levels. C) Ratios of AON levels in muscle and heart
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compared to kidney. D) Ratios of AON levels in muscle and heart compared to liver.
E) Exon skipping assessed by RT-PCR visualized on agarose gel (two representative
pictures, one mouse from each group) and semi-quantitatively determined by lab-on
a chip as the percentages of the total (skip and wild type) product Bars represent
means + SD.(T-test for significant P<0.05 G= Gastrocnemius, Q= Quadriceps, TA=
Tibialis Anterior, T= Triceps, H= Heart, D= Diaphragm, L = Liver K=Kidney.
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Figure 6. Assessment of safety parameters. Mdx mice were subcutaneously
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sacrifice (one week after the last injection) blood samples were taken from all mice
and plasma was analyzed for levels of A) glutamate pyruvate transaminase (GPT),

alkaline phosphates (ALP) B) glutamic oxaloacetic transaminase (GOT) C) hemoglobin
(HB), urea and D) creatine kinease (CK). E) Weight over time. Bars represent means +

SD.
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Abstract

Phage display screenings are frequently employed to identify high affinity
peptides or antibodies. While successful, phage display is a laborious
technology and notorious for identification of false positive hits. To
accelerate and improve the selection process, we have employed lllumina
next generation sequencing to deeply characterize the Ph.D.-7™ M13
peptide phage display library before and after several rounds of biopanning
on KS483 osteoblast cells. Sequencing of the naive library after one

round of amplification in bacteria identifies propagation advantage as an
important source of false positive hits. Most importantly, our data show
that deep sequencing of the phage pool after a first round of biopanning is
already sufficient to identify positive phages. While traditional sequencing
of a limited number of clones after one or two rounds of selection is
uninformative, the required additional rounds of biopanning are associated
with the risk of losing promising clones propagating slower than non-
binding phages. Confocal and live cell imaging confirm that our screen
successfully selected a peptide with very high binding and uptake in
osteoblasts. We conclude that next generation sequencing can significantly
empower phage display screenings by accelerating the finding of specific
binders and restraining the number of false positive hits.

1. Introduction

Phage display is a powerful technique for the identification of peptides,
proteins or antibodies with affinity for a specific target [1]. Many different
phage libraries have been created and used for different applications,
ranging from libraries with short random peptide inserts, to cDNA and
classical and VHH antibody libraries [2-4]. In several rounds of affinity
selection or “biopanning”, the phage library is gradually enriched for high
affinity binders.

Traditionally, peptides enriched after several rounds of selection are
identified by DNA sequencing of the inserts of a limited number (tens

to hundreds) of clones. Depending on the sequence diversity remaining

in the library after selection, the analysis of a such a limited number of
clones does not necessarily result in the discovery of the most promising
candidates. Moreover, phage display screenings are notorious for their
identification of false positive hits. These emerge for two important reasons:
binding to non-target related materials used during the selection (such as
plastics or albumin) and propagation advantages [5]. A well-known example
in the latter category is the greatly accelerated propagation of phages
displaying the HAIYPRH peptide in the Ph.D.-7™ library, as a consequence of
a mutation in the Shine-Dalgarno box of the phage protein gllp in this clone
[6]. This peptide has been identified in at least 13 independent biopanning
experiments [5]. To aid the identification of potential false positives, several
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web-based tools have been constructed: PepBank can be used to search
for peptides already published in other experiments [7], while SAROTUP
searches for peptides binding to unintended materials [8].

With the advance of next generation sequencing (NGS), it is now possible
to sequence millions of inserts in parallel [9;10]. Thus, NGS permits a more
expedient and higher resolution characterization of the library [11-13].

In this paper, we use NGS to examine the contents and the enrichment
process of the Ph.D.-7™ library, the most popular, commercially available
phage library for peptide ligand screening. In this library, random 7-mer
peptides are displayed at the tip of the plll minor coat protein of the

M13 phage. We employed NGS after each round of selection to carefully
characterize the enrichment process and show that positive hits can already
be found after one round of selection. By comparison of the content of
different libraries and by sequencing of the naive library, we have found an
efficient way to discriminate true binders and false positives such as target-
unrelated peptides.

2. Materials and Methods

Cell culture

KS483 cells (murine preosteoblast) were cultured in a-MEM (1x) with
glutamax (Gibco BRL, Breda, the Netherlands) supplemented with

10% Fetal Bovine Serum (Gibco BRL, Breda, the Netherlands) and 1%
penicillin/streptomycin (Gibco BRL, Breda, the Netherlands) under 5%
CO.,. Cells were passaged by 0.05% trypsin-EDTA (Gibco BRL, Breda, the
Netherlands) treatment at 3-4 day intervals. The cultured cells were grown
to subconfluency. For differentiation, KS483 cells were seeded at a density
of 15,000 cells/cm?in a 8.6 cm petridish. Every 3-4 days the medium was
changed. From day 4 of culture, full confluence was reached and L(+)
ascorbic acid (50 pg/ml, VWR International, the Netherlands) was added to
the culture medium. When compact cell nodules appeared (from day 11 of
culture onward), B-glycerolphosphate (5 mmol/L, Fluca) was added to the
culture medium. At day 18 of differentiation, the control cells were stained
with 3% Alizarin red solution (Sigma-Aldrich, St. Louis, MO) to confirm
successful differentiation.

Biopanning

A heptapeptide phage display library (Ph.D.-7™ Phage Display Peptide
Library kit, New England Biolabs, Beverly, Massachusetts) was used for
the in vitro biopanning experiments. KS483 cells, at 4 and 18 days of
differentiation, were washed gently with phosphate buffered saline (PBS)
and incubated with 5 ml of a-MEM, containing 0.1% (w/v) bovine serum
albumin (BSA), for 1 hour at 37°C under 5% CO,. The cells were gently
washed once with 5 ml of PBS before adding the phage library. Phages
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(2x 10") were added in 3 ml a-MEM containing 0.1% BSA. Cells were
incubated with the phage for 1 hour at 37°C, while shaking at 70 rounds
per minute. After the incubation, the cells were gently washed 6 times by
incubating with 5 ml of ice cold a-MEM, containing 0.1% BSA, for 5 minutes.
Subsequently, the cells were incubated for 10 minutes on ice with 3 ml

of 0.1M HCI pH 2.2 to elute cell-surface bound phage. This solution was
neutralized by addition of 0.6 ml 0.5M Tris. The cells were then lysed for

1 hour onice in 3 ml of 30mM Tris.HCl, TmM EDTA, pH8, to recover the
cell-associated phage fraction. Phages from each fraction were titrated
and amplified according to the manufacturer’s protocol. Each subsequent
round of selection employed 2x 10" phage derived from the phage library
recovered from the previous round.

1. Biopanning 2. Propagation 3. PCR amplification

1 2 3 4 \%"\%@
_ C:' E E H <—| tta, cctttctatictennknn
- cgaaactmﬂgggmmn_n«g;%

5. Sequencing 4. Productpurification %,

Figure 1: Overview of method. (1) In the biopanning phase, cells are incubated
with the phage library. After washing away non-bound phages, binders are isolated
and amplified in bacteria. The amplified libraries can be reused in a subsequent
round of biopanning. (2) Alternatively, the DNA of the phages can be isolated and
(3) amplified with PCR primers complementary to sequences flanking the variable
region of the M13 phage DNA. The PCR primers contain tails with the adapter
sequences necessary for lllumina sequencing. (4) A 160 bp fragment is purified
from gel (lane 1: size marker; lane 2: negative PCR control; lane 3: phage DNA) and
sequenced by the lllumina sequencer (5).

DNA preparation and sequencing

Sequencing was performed with the Illumina Whole Genome Analyzer WG2.
Phage DNA was isolated from the amplified phage stocks and the naive
(unselected) library. For this, 10 pl of a 1000 times diluted phage stocks
were added to 1 ml of a 100 times diluted overnight culture of ER2738
bacteria and grown for 4.5 hours at 37°C while shaking at 200 rpm. Bacteria
were centrifuged for 30 sec at 15700g. Then, 500 pl of the top 80% of the
supernatant was precipitated with 200 pl of PEG/NaCl for 10 minutes at
room temperature and the DNA was further isolated according to the
manufacturer’s protocol. The final pellet was dissolved in 25 pl of milliQ
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water and DNA concentration determined by Nanodrop before freezing at
-20°C. Phage DNA was amplified with the following PCR primers:

Forward: AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT TCCTTT AGT GGT
ACCTTT CTATTC TC*A

Reverse: CAA GCA GAA GAC GGC ATA CGA GAT CGG TCT ATG GGATTT TGC
TAA ACA ACT TT*C

where * indicates phosphorothioate bond. PCR primers used to amplify
the phage DNA contained a subsequence that recognized the sequence
flanking the 21 nucleotides long, unknown insert sequence and the
adapters necessary for binding to the lllumina flow cell. The final product
of the PCR was 160 base pairs long. The PCR protocol applied was the
following: 1 ng of phage DNA was incubated with 2.625 U high fidelity Taq
polymerase (Roche Diagnostics, The Netherlands), 20pM of primers in

1x High fidelity PCR buffer containing 15mM MgCl, and amplified for 20
cycles, each consisting of an incubation for 30 sec at 94°C, 30 sec at 60°C
and 30 sec at 72°C. The PCR was stopped in exponential phase to mitigate
PCR-induced sequence biases. The final PCR product was purified with the
Qiaquick PCR purification kit (Qiagen, Valencia, CA). Concentrations as well
as the correct length of the PCR product were established with an Agilent
2100 Bioanalyzer DNA 1000 assay. Each PCR product was applied to a single
lane of an lllumina flow cell and subjected to solid phase amplification in
the cluster station following the manufacturer’s specification (lllumina, San
Diego, CA). Single end sequencing for 27-35 cycles (27 cycles are sufficient
but runs were sometimes extended to 35 cycles due to requirements for
samples in other lanes of the same flow cell) was performed with a custom
sequencing primer that started exactly at the first position of the unknown
insert sequence (ACA CTT CCT TTA GTG GTA CCT TTC TAT TCT CAC TC*T)

Data analysis

All sequenced lanes were run through the initial Illumina Genome Analyzer
Pipeline (Firecrest =»Bustard ==*Gerald) forimage analysis, quality

control and base calling. Only sequences with the expected 6 nucleotide
sequence after the insert (GGTGGA) were used (~95% of the sequences
remaining after this filter step). DNA sequences were translated to amino
acid sequences with a custom perl script using conventional amino acid
codon tables. All reported numbers and sequences refer to the translated
peptide sequences. *symbols indicate the presence of a stop codon, while -
symbols indicate the presence of an unknown nucleotide in the triplet.

For plotting of phage abundance, a square root transformation was
applied on the number of counts in the library, a commonly applied data
transformation to stabilize the variance in count data [14].
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Simulation of random clone picking

We randomly selected 50 amino acid sequences from the round 1, round 2,
round 3, round 4 phage libraries selected for internalization into KS483 cells
at day 18 of differentiation. We counted how frequently we selected the
most abundant or 10 most abundant peptide sequences, as identified after
complete sequencing of the round 4 library. We repeated this 20 times and
report the average percentage and standard deviations for the 50 random
picks in Figure 3D.

Peptide synthesis

7-mer peptides were synthesized by standard Fmoc solid phase peptide
chemistry on a PS3 or Tribute Peptide synthesizer (Protein Technologies),
using HCTU (5 eq.) as activating reagent and DIPEA (10 eq.) as base.

Resin bound peptides were manually coupled to the fluorescent label by
treatment with 5(6)-carboxyfluorescein N-hydroxysuccinimide ester and
triethylamine in DMF. After cleavage [TFA/TIS/H,0 95/2.5/2.5 (v/v) or TFA/
thioanisol/TIS/H,0 90/2.5/2.5/5 (v/v) for peptide sequences containing
Met], filtration, precipitation over cold-ether and centrifugation, crude
FAM-labeled peptides were obtained. Peptides were purified by RP-HPLC
on a Shimadzu Prominence HPLC [Alltima C,, column (5mm, 10 x 250 mm);
solvent A (0.1% TFA CH,CN/H,0 5/ 95 ; solvent B (0.1% TFA CH,CN /H,0
80/20)]. Peptides were analyzed by ESI-MS (positive mode) on a Agilent LC-
ion trap mass spectrophotometer. Fluorescent peptide concentrations were
determined by spectrophotometric analysis at 490 nm at pH=7.5.

Fluorescent imaging of KS483 cells

KS483 cells were seeded at a density of 15,000 cells/cm? in 6 wells plates
with glass cover slides 21x26 mm (Menzel Glaser, Germany) or in Mattek
glass bottom dishes with a diameter of 14mm and a glass thickness of 1.5
mm (Mattek corporation) in culture media described above. Cells were
gently washed with PBS before adding 2.25 pM of FAM-labeled peptide

in medium without serum for 24 or 48 hours. After incubation, cells at

4 days of differentiation were washed three times with PBS, fixed in ice
cold methanol for 5 minutes and air dried for 5 minutes. Subsequently,
the cells where embedded on microscope slides with Vectashield (Vector
laboratories Inc.) and the slides where analyzed with a Leica TCS SP5
DMI6000 confocal microscope (Leica Microsystems, HCX PL APO 63x/1.4
oil-immersion objective, 8 bit resolution, 512x512 pixels, 400Hz speed). Cells
at day 18 of differentiation were gently washed with PBS (three times) and
supplied with fresh medium before analysis with live cell imaging using a
Leica Af6000LX inverted microscope (Leica Microsystems, HCX PL FLUOTAR
63.0x1.25 oil-immersion objective, 12 bit resolution, 1392x1040 pixels).
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3. Results

In the current study, we employed NGS technology to characterize the
phage display screening process during successive rounds of selection. We
used the combination of phage display and NGS to select for peptides that
are binding to the surface of and/or internalized by KS483 cells in different
stages of differentiation. KS483 are osteoblastic cells that can be efficiently
differentiated into mature osteoblasts and form nodules depositing
mineralized calcium material within 18 days [15;16]. The identified peptides
may ultimately be used for the targeting of pharmaceutical formulations to
bone or for enhancing the intracellular uptake of drugs into osteoblasts.

Sequencing of phage display libraries

The preparation of the phage libraries for sequencing is a simple and short
procedure, as depicted in Figure 1. After DNA isolation from the entire
phage pool, the fragment containing the insert was amplified and equipped
with the linkers necessary for NGS in a one-step PCR reaction. The unknown
inserts of 21 nucleotides (7 amino acids) were sequenced on the Illumina
Whole Genome Analyzer. After quality control and translation of the DNA
sequences to amino acid sequences, we obtained around 13 million peptide
sequences for each phage display library (Table 1). This provides an ultra-
deep profiling of the content of the phage display libraries.

Table 1: Overview of sequencing results phage display experiments

Selection  Differen- Internalized #unique most abundant # counts for
Round tiation /surface #sequences sequences sequence most abundant

3 4 days surface 11,192,802 274,666 GETRAPL 1,279,913

4 4 days surface 12,858,902 123,972 GETRAPL 3,113,643

3 4 days internalized 12,357,279 358,844 GETRAPL 397,669

3 18 days surface 13,146,497 196,615 GETRAPL 3,599,322

1 18 days internalized 15,595,055 1,913,785 HAIYPRH 41,257

2 18 days internalized 17,092,798 1,318,281 GETRAPL 547,210

3 18 days internalized 13,217,869 350,379 RHEPPLA 543,337

4 18 days internalized 13,880,199 282,266 RHEPPLA 1,413,696

no selection - - 6,688,401 3,887,498 HAIYPRH 36

Characterization of the naive library

Before analyzing the phage display libraries selected against biological
targets, we screened for potential sequence biases introduced by the
propagation of the phages in bacteria by sequencing the naive (unselected)
library after one round of bacterial amplification. The library of 2x10™
phages theoretically contains all of the 2x10° heptapeptide sequences.

By sequencing millions of peptides only a fraction of the entire library

was analyzed. However, we confirmed that the peptide diversity in the
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library was high, since more than fifty percent of the peptide sequences

in the naive library were found only once (Table 1). Nevertheless, some
peptides were found at higher frequencies than expected by chance. The
peptide HAIYPRH was found most frequently (36 times) and is known

for its accelerated propagation in phage display experiments due to a
mutation in the Shine-Dalgarno box of the phage protein gllp [6]. Hence,
growth advantages unrelated to the target selection emerge even after a
single round of bacterial amplification of the naive phage library. A high
number of additional peptides were found more than twice in the naive
library, while the chance on this event based on a Poisson distribution

with the current number of sequenced peptides would be only 5.5x107.
Presumably, these peptides also have growth advantages. We provide a list
of these nearly 700,000 peptides and their frequencies in the naive library in
Supplementary Table 1. It seems wise not to choose peptides that are found
more than twice in the naive library for follow-up studies, even when they
demonstrate high enrichment after several rounds of selection.
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12 naive library
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g
g
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@ odm m | | — | | _m I -
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percentage difference
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Figure 2: Analysis of amino acid composition of PhD7 library. Overview of

the average amino acid composition (in %) of all unique peptides sequenced. A)
Theoretical amino acid composition based on the translation of random (NNK)7
inserts. B) Observed composition in naive library. C) Difference between the
observed composition in the naive library and the theoretical composition. D)
Difference between the average composition in all 3rd round libraries and the
theoretical composition. Standard amino acid one letter codes are used; *: one of
the nucleotides in the triplet is unknown (N); -: stop codon.
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Amino acid composition of peptides from naive and
enriched libraries

The naive library is generated from a degenerate (NNK), oligonucleotide
library where K represents an admixture of 50% T and 50% G. The
expected amino acid frequencies resulting from this degenerate code

is given in Figure 2A. Already after sequencing 70 random clones, the
manufacturer noticed considerable differences between the actual and the
expected amino acid composition of the naive library (see manufacturer’s
documentation). A much more refined distribution of amino acid
frequencies was obtained after sequencing >6 million inserts (Fig. 2B and
C). The naive library suffers from a considerable depletion of cysteine
residues (frequency less than 1% of all amino acids). Glycine and arginine
residues are also underrepresented but still found at frequencies higher
than 2.5%. Proline is the most overrepresented amino acid. After selection,
these trends were even stronger (Fig. 2D), suggesting that cysteine residues
impede but proline residues enhance the propagation of phages. Some
major positional effects were also observed (Supplementary Fig. 1): the
most important is the restriction of the overrepresentation of proline
residues to positions 2-7, while the first position is actually depleted of
proline residues, as noted before [17].
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Figure 3: Comparison of round 1, 2, 3, and 4 libraries. AB) Frequency distribution
(A: linear scale; B: 10log scale) of all unique peptide sequences (ordered from high
to low abundance) after one (black), two (green), three (red), or four (blue) rounds of
selection for phages internalizing into differentiated KS483 cells. The horizontal lines
at the bottom of the plot represent the peptide sequences that occur once, twice,
three times etc, with higher frequencies being more difficult to discriminate. The
length of such a line represents the number of peptides with a particular frequency.
C) Percentage overlap in the lists of most abundant peptides obtained after different
rounds of selection. D) Simulation of traditional picking of 50 clones after round 1, 2,
3, or 4. The percentage of sequences belonging to the most abundant (hashed bars)
or 10 most abundant (black bars) phages identified by next generation sequencing
of the 4th round library are shown. Standard deviations refer to the variance
observed in 20 independent random picks of 50 clones.

Characterization of the enrichment process

To identify phages with high binding affinity for undifferentiated and
differentiated osteoblast (KS483) cells, we sequenced phage libraries
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extracted from the surface of the cells. Internalizing phages were identified
by the sequencing of libraries extracted from cell lysates after removing
surface-bound phages. We initially sequenced libraries after 3 or 4 rounds
of selection (Table 1), since we observed a significant enrichment, based

on titration of output/input ratios, after these rounds (data not shown).

To further characterize the enrichment process and the potential for
identification of interesting phages from earlier rounds of selection, we also
analyzed the phage libraries isolated after one, two, three and four rounds
of selection for the internalization of phages on differentiated KS483 cells.

During subsequent rounds of selection the overall diversity decreased,
while the frequency of the most enriched peptides steadily increased

(Table 1, Fig. 3A and 3B). To illustrate this: the number of unique sequences
decreased from 1,913,785 in round 1 to 282,266 in round 4, while the
frequency of the highest abundant peptide increased from 0.26% to 10%,
and the number of sequences that were found only once decreased from
594,379 to 170,592 (Fig. 3A and 3B). Thus, libraries converge towards certain
peptide sequences in later rounds, consistent with expectations behind
(traditional) phage display experiments.

There is a high correlation between the counts observed after the different
selection rounds (Supplementary Fig. 2). In all comparisons, the correlations
are high (Pearson correlation ranging from 0.47 (round 1 vs. 2) to 0.94
(round 3 vs. round 4)). Moreover, the correspondence in the top 1000 most
abundant peptides between the different rounds is high, ranging from
~60% between round 1 and 4 to >80% between round 3 and 4 (Fig. 3C).
Eight out of the ten most abundant peptides from round 4 are also in the
top-10 after the first or second selection round (Fig. 3C). This means that,
with the current sequencing depth, (i) further rounds of selection will not
lead to the identification of peptides that could not have been found in
earlier rounds; (ii) high affinity peptides can already be identified after the
first round of selection.

We performed a simulation study to illustrate that this result is in striking
contrast with a phage display experiment with traditional clone picking.

In Figure 3D, we show that, after the fourth round, around 10% (say 5 out
of 50 clones picked) would be derived from the most abundant phage, as
identified by sequencing of the complete round 4 library. A further 12%

of sequenced clones (say 6 out of 50 clones picked) would be derived

from other phages from the top 10 of the complete round 4 library. When
sequencing only 50 clones, these top 10 peptides would most likely be
sequenced only once, and some of them would not be sequenced at all.
The remainder of the 50 randomly picked sequences (78%) are from phages
that are not found in the top10 after NGS analysis of the round 4 library. It
is clear from Figure 3D that these results are even worse when randomly
picking 50 clones from the round 3 library, when only 5% of the sequences
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would be derived from the top phage, while sequencing 50 randomly
selected phages after round 1 and 2 would be completely uninformative.

A. B.
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Figure 4: Counts of non-target and target-specific peptide sequences during
subsequent rounds of selection. A) Counts for non-target specific peptides
HAIYPRH, PP99, and PP100, and target-specific peptides PP107, PP108 and PP109
after four subsequent rounds of selection for phages internalizing into differentiated
KS483 cells. B) Percentage of sequences recorded in PepBank (black bars, database
of short peptide sequences previously reported in literature) and SAROTUP

(hashed bars, database of peptides which bind unintended targets) identified after
sequencing of the naive library and the round 1, 2, 3, and 4 libraries.

Identification of false positives

The selection of one or a few sequences from a library of 10"" molecules

is an inherently noisy process. There are two principle causes for the high
abundance of irrelevant peptide sequences in phage display experiments.
On the one hand, phages may have lower than average replication time in
bacterial hosts, illustrated by the HAIYPRH example. The impact of these
propagation advantages increases with every round of selection and
amplification. As an example, HAIYPRH was found 41,257 times after one
round of selection and amplification (0.26% of all sequenced peptides) and
237,535 times after three rounds of selection (1.8%) (Fig. 4A). These false
positives can be identified by sequencing of the naive library after one
round of amplification in bacteria. On the other hand, peptides may bind to
non-target substrates and propagate during subsequent selection rounds
without having any affinity to the intended target. These are less easy to
identify, since their enrichment pattern may be similar to that of target-
specific peptides (Fig. 4A). A notorious example is the GETRAPL peptide,
identified in many independent experiments [7]. Most likely, the peptide
binds to plastics in general, since it was found at a frequency of 35% in
phage display selection for polystyrene binding peptides and demonstrated
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considerable affinity for polystyrene [18]. GETRAPL was the most abundant
in 6/9 of our libraries selected on KS483 cells and amongst the top ranked
peptides in the other libraries. Libraries selected against in vivo targets did
not have an overabundance of GETRAPL (data not shown), consistent with
this peptide's presumed affinity for polystyrene plastics not presentin in
vivo screens. Two databases, PepBank [7] and SAROTUP [8], are very helpful
to identify non-target specific peptides. Figure 4B shows that subsequent
rounds of biopanning resulted in gradual enrichment for known target-
unrelated peptides, amounting to ~10% of all sequences found after round
4, Through comparisons of many deep-sequenced libraries, it is possible to
filter for commonly found parasitic peptides.

Table 2: Selected peptide sequences

Group Peptide Peptide | Counts | Counts | Counts Counts | Counts | SAROTUP | Pepbank
sequence | number |innaive |inDay4 |inDay4 |inDay18 |inDay18
(PP) library | -surface | -internal- | - surface | - inter-
ized nalized
g- | LPLTPLP | 98 16 13,006 {29,175 20,988 | 20,003 | Yes Yes
ontro
peptides | GETRAPL | 99 15 1,279,913 | 397,669 | 3,599,322 | 427,153 | Yes Yes
RHEPPLA | 100 0 6 0 0 543,337 |No No (*)

1- AMSSRSL | 101 No No
Abundant 0 15,301 54,629 11,517 134,645
inall YRAPWPP | 102 No No
selected 1 34,250 23,765 56,436 55,732
librari
ibraries | ASSSHRS | 103 0 73,075 5033 57.476 24,902 No No
2- DLKIPLR 104 0 37,802 0 55,342 59 No No
Surface
specific | EFPLM 11051 4765 |0 43697 |0 No No
3-Day4 | NPWTTRP | 106 0 0 50,155 0 0 No No
specific
(Inter-
nalized)
4-Day 18 | ALPQIVR | 107 0 0 210 0 34,034 No No
(Slf]f;'rf" DERHQHY [108 |0 0 0 0 19,404 | No No
nalized) | WQSVPTI | 109 0 0 0 0 20,390 No No

Note: The following selection criteria were applied: Control peptides had more
than two counts in the naive library and were included in Pepbank or SAROTUP.
Peptides in group 1 had more than 1000 counts in all round three libraries.
Peptides in group 2 had more than 1000 counts in all surface but not in
internalized libraries. The peptide in group 3 had more than 1000 counts, but
only in the internalizing phages at day 4 of differentiation. Peptides in group 4
had more than 1000 counts in internalizing phages at day 18 only.

(*) mentioned as a polystyrene binder in [18]
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Selection of candidate peptide sequences

We were interested to identify peptides that specifically bind to and/or are
internalized by KS483 cells. We applied the filter criteria described below
to identify candidate peptide sequences from the different libraries, and
searched for peptides with different apparent specificities. To exclude any
putative false positives, we discarded all peptides with a frequency of 2

or higher in the naive library and hits in Pepbank and SAROTUP. From the
remaining list of peptides, we selected 9 putative target-related peptides
(PP101-109) with apparent differences in specificities (Table 2). PP101-103
were most highly enriched in all libraries, while PP104-109 showed at least
100-fold differences in abundance between libraries and were selected for
their apparent specificities. PP104-105 were selected as potential binders to
the surface of cells at day 4 and day 18 of differentiated cells. We included
peptides PP107-109 with apparent specificity towards fully differentiated
(day 18) cells. These peptides were gradually enriched during subsequent
rounds of selection (Fig. 4A), and were consistently ranked in the top 120.
No other phages in the top 120 displayed similar degrees of specificity for
internalization in cells at day 18 of differentiation. As negative controls,

we selected three non-target related peptides (PP98-100): LPLTPLP (PP98)
and GETRAPL (PP99) demonstrated a frequency of 2 or higher in the naive
library and had a hit in Pepbank. RHEPPLA (PP100) had been found to bind
to polystyrene in an earlier study [18], but was unexpectedly only found in
the libraries selected for internalization at day 18, where it was the most
highly enriched peptide (Table 1), and not in any of the other libraries. The
presumed non-target related peptides demonstrated similar enrichment
profiles as PP107-109 (Fig. 4A). Unfortunately, solubility of PP98 and PP105
was too limited to allow further analysis.

Fluorescent imaging of peptide binding and uptake by
KS483 cells

Selected peptides, equipped with a fluorescent FAM-label, were tested for
binding to and uptake by KS483 cells at day 4 and day 18 of differentiation.
The experiments with cells at day 4 of differentiation were performed
three times with duplicated wells in each experiment, using cells with
high and low passage numbers and incubation times of 24 and 48 hours,
all generating similar results. Day 4 cells were analyzed with confocal
microscopy to be able to discriminate between surface binding and
internalizing peptides. Confocal microscopy was not possible for day 18
cells since the cells grow on top of each other and deposit thick matrix
structures. Therefore, day 18 cells were analyzed by live cell imaging.
Representative fluorescent images obtained with the two different
technologies are shown in Figure 5 and Supplementary Figure 3. As
expected, cells incubated with the PP99 control peptide, which has been
found in many other phage display selection experiments according to
SAROTUP and Pepbank, do not show any fluorescent signal. Similarly,
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PP100, which was found to bind to polystyrene before [18], demonstrated
only very weak cellular staining. PP102, which was highly abundant in all
selected libraries, indeed displayed strong binding and uptake in day 4 and
day 18 cells. Spectrophotometric analysis of the cell lysates confirmed that
the majority of the presented peptides were internalized (data not shown).
The intracellular distribution of PP102 differed between day 4 and day

18 cells, with more prominent staining of the nucleus on day 4 and more
prominent staining of the extracellular matrix on day 18. Surprisingly, PP101
and PP103, also abundant in all selected libraries, displayed very weak or
no signal. In line with the selection of PP104 as a surface binding peptide,
PP104 demonstrated strong binding to the extracellular matrix. A similar
staining pattern was observed for PP106, which was unanticipated since
this peptide sequence was discovered in the pool of internalized phages.
Peptides PP107 and PP108 were identified in day 18 cells only, and indeed
appeared to give stronger staining in day 18 cells than in day 4 cells. Data
for PP109 were inconclusive since the peptide was highly aggregation
prone.

4. Discussion

In the studies described in the current paper, we have gained significant
insight into the phage display selection process. This was achieved by
sequencing millions of independent phages after different selection rounds
using the latest next generation sequencing technology. We show that the
enrichment factor of positive clones gradually increases during subsequent
rounds of selection. We have not observed differences in the enrichment
kinetics between target-specific and target-unrelated peptides. This is
concordant with the observed absence of a correlation between peptide
affinity and abundance in other reported phage display experiments [19].

Multiple rounds of selection will be helpful to reduce the background of
non-binders and is therefore essential when sequencing a limited number
of clones (cf. our simulation study in Fig. 3D). In contrast, significant
enrichment can already be observed after the first round of selection when
sequencing millions of clones. The high correlation between abundances
after the first and subsequent rounds suggests that further rounds of
enrichment may not have additional value. The large effects of small
differences in propagation rates on the final abundances, nicely illustrated
in ref. [19], may even result in exclusion or down-weighting of interesting
phages from the pool. Instead of performing multiple rounds of selection,
it may be preferred to perform the first round of selection in duplicate or
triplicate, to account for variability in the stringency of binding conditions.
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Figure 5: Uptake of fluorescently labeled peptides by KS483 cells. KS483
cells at day 4 (Panel A) or day 18 (Panel B) of differentiation were incubated with
2.25 uM of FAM-labeled peptide in serum free medium and analyzed by confocal
microscope (Panel A) or by live cell imaging with an inverted microscope (Panel B).
Since the incubation with PP102 resulted in high uptake and very bright fluorescent,
images obtained with two different gains (PanelA: 528 (also used for the other
peptides) and 424 (labeled with LOW)) or exposure times (Panel B: 220 ms (also used
for the other peptides) and 25 ms (labeled with LOW)) are shown.
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Thus, our results question the validity of the traditional phage display
screening approach: the high number of selection rounds required to
arrive at peptides observed multiple times in tens to a few hundred of
sequenced clones will come with the risk of an over-reduction in the library
complexity and the loss of potentially interesting phages. Moreover, NGS-
based characterization of phage display libraries is more cost effective than
traditional clone picking because of the lower number of selection rounds
required. It is also less laborious than methods previously developed to
mitigate amplification biases employing phage amplification in isolated
compartments such as monodisperse droplets [20].

Although full characterization of the first round library would require
sequencing more than 10 million reads, identification of the most abundant
phages requires substantially lower sequencing depth. The required
sequencing depth depends on the complexity of the library and the
enrichment factor. Generally speaking, sequencing of 1 million reads should
be sufficient with relatively low enrichment factors obtained after one
round of biopanning, since they would be represented >50 times according
to simulated random draws of 1 million sequences from our round one
library. This would allow for a high level of multiplexing of different phage
display libraries in a single lane of the lllumina sequencer, and thus further
reduce sequencing costs.

Previous characterization of phage display libraries were done with

Roche 454 sequencing. Dias-Neto et al. sequenced around 70,000

phages isolated from human tissues after phage infusion [11]. In their
experiment, the number of unique phages recovered was much lower
than in our experiment - probably due to the distribution of the phages
over different organs and the small biopsies taken - and sequencing of
around 40,000 phages was sufficient to fully characterize the library. In an
independent study, a cDNA phage display library selected for binding to
transglutaminase was characterized by Roche 454 sequencing [21]. After
sequencing of 120,000 phages, no decrease in diversity compared to the
naive library was observed. This may have been caused by a lack of high
affinity binders in the phage pool and /or an insufficient sequencing depth.
[llumina sequencing technology, like SOLID and Helicos technologies,
provides millions of reads. This may be an important reason why we
observed a clear decrease in library complexity already after the first round
of sequencing.

It is not yet feasible to sequence the complete naive library, since it is
claimed to contain 2 billion different phages. We sequenced a fraction of
about 0.3%. Still, the sequencing of the naive library has proven extremely
useful for two reasons. First, it revealed non-random occurrences of the
different amino acids at the different positions. We confirm the findings
by Krumpe et al. obtained by random sequencing of 100-400 phages from
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similarly constructed CX7C and X12 M13 phage display libraries [17], and
demonstrate that proline residues are overrepresented at all but the first
position, and that cysteine residues are significantly underrepresented.
Based on the fact that this was already apparent in the naive library, which
went through one round of amplification in bacteria, we tend to explain this
by differences in availability of the amino acids, non-random incorporation
probabilities during translation and suboptimal codon usage in bacteria.
The non-random representation of amino acids reduces the chance to
identify the highest affinity binders and therefore some optimization of
the identified peptide sequences may still be useful. Second, sequences
that were already found at higher frequencies than expected by chance
are likely to have a selective or growth advantages. Indeed the GETRAPL
peptide (PP99), which was found already 15 times in the naive library, was
not binding to KS483 cells, nor effective as a viral targeting peptide [22].
The lack of signal in our plastic dishes also suggests that GETRAPL is not

a polystyrene binding peptide as previously claimed [18]. Its identification
in a screening for plastic binding phages may have been caused by the
same selection advantage. Moreover, the PCR amplification step applied
during sample preparation may introduce biases that would be revealed
by sequencing of the naive library. We therefore strongly recommend to
sequence naive phage display libraries after one round of amplification in
bacteria.

Despite our elimination of possible false positives caused by amplification
or PCR biases or non-specific binding, other factors appear to contribute
to the high false positive rate in peptide phage display screenings and
were also observed in our experiment. A likely explanation for this is that
the binding of synthetic 7-mer peptides may be largely different from the
binding of a phage displaying a 7-mer peptide sequence as part of the
phage plll protein, giving rise to substantial differences in secondary and
tertiary structures.

We have identified one peptide (PP102) with exceptionally strong binding
and uptake by KS483 cells and two peptides with strong binding to the
extracellular matrix. Further research should demonstrate the potential
of these peptides to target bioactive agents or drugs to osteoblasts and/
or shuttle these across the plasma membrane. PP102 was ranked 14 after
the first round of selection and remained in the top-20 during subsequent

rounds of selection. Interestingly, there were two independent phage clones

coding for the PP102 amino acid sequence: TATAGGGCTCCTTGGCCGCCT
was the most prominent one followed by TATCGGGCTCCTTGGCCGCCT,

which was observed at frequencies of approximately 10% of the former. The

other selected peptides, which displayed less strong binding to KS483 cells,
were not represented by multiple independent phages, since DNA variants
were present at frequencies <1%. This suggests that the identification of
independent phages displaying the same peptide has positive predictive
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value for the affinity of the peptide. Clearly, more research evaluating larger
sets of peptides needs to be done to confirm this.

The 1% threshold is our current estimate of the total sequencing error rate
for a 21-mer sequence. This estimate is based on the steep increase of the
number of DNA variants with a one mismatch difference at frequencies
<=1% of the more abundant sequence. Another positive predictive feature
would be the identification of related peptides with slightly different amino
acid compositions. Single amino acid substitutions at frequencies lower
than one percent can be explained by sequencing errors and should not
be considered. However, for PP102 we found a second peptide, SRAPWPP,
differing by just one amino acid, at DNA sequence-based frequencies
ranging between 3 and 20% of the frequency of YRAPWPP (PP102). It proved
difficult to perform a systematic search for clusters of related peptide
sequences, since existing peptide sequence clustering software is not
designed for the clustering of very large sets of very short peptides.

In our experiment, reads of only 21 nucleotides were required to identify
unknown 7-mer peptide sequences. Other types of phage display libraries,
like cDNA and antibody phage display libraries are also amenable to NGS-
based characterization, aided by the much longer read length currently
obtained with next generation sequencers. Likewise, NGS was recently
applied to characterize the antibody variable regions of bone marrow
plasma cells and this proved to be a very efficient method for monoclonal
antibody selection [13]. Taken together, NGS can significantly empower
phage display screenings and accelerate the finding of specific binders while
restraining the number of false positive hits.
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Chapter 5

Abstract

Duchenne muscular dystrophy (DMD) is a severe, progressive muscle
wasting disorder caused by reading frame disrupting mutations in the
DMD gene. Exon skipping is a therapeutic approach for DMD. It employs
antisense oligonucleotides (AONSs) to restore the disrupted open reading
frame, allowing the production of shorter, but partly functional dystrophin
protein as seen in less severely affected Becker muscular dystrophy
patients. To be effective, AONs need to be delivered and effectively taken
up by the target cells, which can be accomplished by the conjugation of
tissue homing peptides. We performed phage display screens using a
cyclic peptide library combined with next generation sequencing analyses
to identify candidate muscle-homing peptides. Conjugation of the lead
peptide to 2-O-methyl phosphorothioate AONs enabled a significant,
two-fold increase in delivery and exon skipping in all analyzed skeletal and
cardiac muscle of mdx mice and appeared well tolerated. While selected
as a muscle homing peptide, uptake was increased in liver and kidney as
well. The homing capacity of the peptide may have been overruled by the
natural biodistribution of the AON. Nonetheless, our results suggest that
the identified peptide has the potential to facilitate delivery of AONs and
perhaps other compounds to skeletal and cardiac muscle.

1. Introduction

Duchenne muscular dystrophy (DMD) is a severe, progressive, X-linked
muscle wasting disorder affecting 1 in 5,000 newborn boys worldwide (1,2).
In general, DMD patients are diagnosed before the age of 5, become wheel-
chair dependent around the age of 12, need assisted ventilation around

20 years of age and currently have a life expectancy of ~30 years in the
Western world (2). DMD is caused by out of frame or nonsense mutations
in the DMD gene that lead to truncated, non-functional dystrophin proteins.
Dystrophin provides stability to the muscle fibers upon contraction (3).
Lacking dystrophin, muscle fibers are easily and continuously damaged,
and eventually replaced by non-functional fibrotic and adipose tissues. In
contrast, Becker muscular dystrophy (BMD) is a muscle wasting disorder
caused by mutations in the same gene, but here mutations maintain the
open reading frame and allow production of an internally deleted, but
partially functional dystrophin protein. The phenotype of patients with BMD
is milder and less progressive, and patients have generally near normal life
expectancies (2). Restoration of the reading frame in DMD patients would
in theory allow the production of a shorter, but partly functional dystrophin
protein as seen in patients with BMD (4,5). This restoration can be achieved
with antisense oligonucleotides (AONSs) that recognize specific exons during
pre-mRNA splicing and induce skipping of target exons (6,7). The first exon
skipping drug (eteplirsen) was recently approved by the FDA (http://www.

fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm521263.htm).
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Exon skipping AONs need to be delivered and taken up adequately by the
target tissue and enter the target tissue cells to be effective. Furthermore,
when taken up by endocytosis, they have to escape from the endosomes
and reach the nucleus where splicing takes place. Since the human body
consists of 30-40% muscle, body-wide treatment is necessary for DMD.
This appeared feasible for AONSs, as observed in preclinical animal studies,
however in humans it remains challenging to reach a significant clinical
benefit for DMD patients (6,8-12). Studies in animal models have revealed
that large portions of the AON end up in liver and/or kidney, while uptake
and consequently exon skipping levels in skeletal muscle and heart are low
and very low, respectively when using AON doses comparable to those used
in humans in clinical trials (13-15). Obviously, improved AON delivery to
skeletal and cardiac muscle is anticipated to enhance therapeutic effects of
AONSs.

Non-muscle specific strategies for improving the delivery of AON are

the use of nanoparticles, cell penetrating peptide (CPP) conjugation or
co-administration of additive compounds to enhance cellular uptake
(16-27). Highly cationic CPPs are, however, unsuitable for conjugation to
anionic AONs such as 2'-O-methyl phosphorothioate AON (20MePS) due
to aggregation issues. For this AON chemistry, we therefore chose to use
(non-highly cationic) tissue homing peptides, identified using phage display
technology, a well-described technique to identify target specific peptides,
antibodies and proteins (Smith, 1985). This approach can be cumbersome
and it is well known that many false positive peptides have been identified
(28). However, analyzing the outcome of phage display experiments with
next generation sequencing (NGS) improves the chance of success greatly
(29). NGS allows us to use just a single screening round, preventing parasitic
peptide sequences to dominate the outcome and making identification of
parasitic peptide sequences easier and more reliable. First encouraging
results were reported using a short, linear 7-mer homing peptide selected
from in vivo phage display biopanning experiments towards skeletal and
cardiac muscle using the Ph.D.-7™ phage display library (30). This library
expresses a few copies of a linear 7-mer peptide at the N-terminus of the
PIll protein of the phage. In addition, a cyclic 7-mer peptide library, Ph.D.-
C7C™, is available. This C7C-peptide library shares it features with the
linear library but expresses peptides that are cyclized by disulfide bridges
between two cysteine residues that are positioned at each end of the
random 7-mer peptide. We reasoned that the conformational restriction
by cyclization would lead to higher affinity binding, and thus to potentially
more efficient targeting peptides.
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Here, we explored the identification of muscle homing peptides with

new phage display peptide library screens, in vitro and in vivo, using the
Ph.D.-C7C™ peptide library combined with NGS analyses. This allowed the
identification of a cyclic peptide (CyPep10) which, upon conjugation to a
20MePS AON, resulted in a significant, two-fold increase in delivery and
exon 23 skipping in all analyzed skeletal muscles and heart of the mdx
mouse model and appeared well tolerated. Although this peptide was
selected for being muscle specific, a more general increased delivery of
the conjugate throughout tissues was seen. Nonetheless, results suggests
that the identified peptide has the potential to facilitate targeted delivery
of AONs and possible other compounds to skeletal and cardiac muscle for
DMD.

2. Material and methods

Animal care

All experiments were approved by the animal experimental commission
(DEC) of the LUMC and performed according to Dutch regulation for animal
experimentation. Mice were housed with a 12 hour light-dark cycles in
individually ventilated cages and had access to standard chow and water ad
libitum. In all studies mice of mixed gender were used.

Cell culture
All cells were cultured in an incubator at 37°C and 5% CO.,,.

Human control myoblasts (7304-1 cells (kindly provided by dr. Vincent
Mouly (31)), used for phage display biopanning) were grown in NutMix
F-10 (HAM) medium supplemented with GlutaMax'™-I, 20% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (P/S) (all from Gibco-BRL,

the Netherlands) in flasks coated with purified bovine dermal collagen
(collagen) for cell culture (Nutacon B.V. the Netherlands). Cells were plated
on collagen coated petri-dishes and grown to 90% confluence before
switching to differentiation medium (Dulbecco’'s medium (DMEM), without
phenol red, with 2% FBS, 1% P/S, 2% GlutaMax'™-1 and 1% glucose (all from
Gibco-BRL, the Netherlands)). Cells were allowed to differentiate for 7-14
days.

Human control myoblasts (Km155.c25 cells, kindly provided by dr. Vincent
Mouly) were grown in skeletal muscle cell growth medium (Promocell,
C-23160) supplemented with an extra 15% FBS and 50 pg/ml gentamicin
(PAA Laboratories, USA) in uncoated flasks until 70-80% confluence was
reached. Cells were plated in a six wells plate with 0.5% gelatin coated glass
slides (Sigma Aldrich, the Netherlands), at a density of 1x10° cells per well,
48 hours prior to differentiation. Reaching 90% confluence, medium was
switched to differentiation medium (DMEM (without phenol red) with 2%
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FBS, 50 pg/ml gentamicin, 2% GlutaMax™-| and 1% glucose). Cells were
allowed to differentiate for 3-5 days.

Immortalized human cardiomyocytes (Applied Biological Materials, Canada)
were grown in Prigrow | medium supplemented with 10% FBS and 1% P/S in
collagen coated flasks. Cells were plated in collagen coated glass slides in six
wells plates and grown until confluence prior to experiments.

In vitro Biopanning

In vitro biopanning was performed as previously described by ‘t Hoen et al
(29). Differentiated human control myoblasts cells (7304-1) were washed
three times with phosphate buffered saline (PBS) and incubated with DMEM
supplemented with 0.1% bovine serum albumin (BSA) for one hour at 37°C,
5% CO,. Cells were washed with PBS and incubated with 2x10"" phages from
the Ph.D.-C7C™ Phage Display Peptide Library kit (New England Biolabs
(NEB), USA) in 3 mlI DMEM medium for one hour at 37°C, while shaking at

70 rounds per minute. After incubation, the cells were gently washed six
times by incubating with 5 ml of ice cold DMEM containing 0.1% BSA, for
five minutes. Subsequently, the cells were incubated for 10 minutes on ice
with 3 ml of 0.1M HCI (pH 2.2) to elute cell-surface bound phages, which was
neutralized by addition of 0.6 ml 0.5M Tris. To recover the cell-associated
phages, cells were lysed for one hour on ice in 3 ml of 30 mM Tris-HCl, 1

mM EDTA, pH 8. Phages from each fraction were titrated and amplified
according to the manufacturer’s instruction (NEB).

In vivo Biopanning

In total three mdx mice (C57BI/10ScSn-DMD™* /]) were injected
intravenously (IV) with 2x10"" phages either from the first round in vitro
cell-surface bound phages, in vitro internalized phages (i.e. second
selection round in vivo) or the naive Ph.D.-C7C™ library (i.e. first in vivo
selection round). Phages were circulated for one hour after which mice
were under anesthesia perfused with PBS. Quadriceps muscles, heart

and liver were isolated from mice injected with phages from the in vitro
selection. Gastrocnemius and quadriceps muscles, heart, liver and kidney
were isolated from the mouse injected with the naive library. Tissues were
homogenized in TBS buffer using a MagNalyzer according manufacturer’s
instruction (Roche Diagnostics, the Netherlands). Phages were titrated
and amplified according to manufacturer’s instruction (NEB) (from here on
referred to as enriched phage library).
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DNA isolation and Next Generation Sequencing

Total phage DNA was isolated from all enriched phage libraries, the naive
unselected library and the naive library after a single round of bacterial
amplification. From each enriched phage library, 2x10"" phage particles
were added to 500 pl LB growth media in a 1.5 ml tube. The phages were
precipitated with 200 pl PEG 8000/NaCl (Sigma-Aldrich, the Netherlands)
for 3-4 hours at room temperature. Phages were pelleted and DNA was
isolated according to the manufacturer's instruction. The final pellet (phage
DNA) was dissolved in milliQ water and DNA concentration determined
by Nanodrop (ThermoFisher Scientific, the Netherlands) Phage DNA was
amplified by PCR using the following primers (* is a phosphorothioate
bond):

Forward: AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT TCC TTT AGT GGT
ACCTTT CTATTC TC*A

Reverse: CAA GCA GAA GAC GGC ATA CGA GAT CGG BARCODE TCT ATG GGA
TTT TGC TAA ACA ACT TT*C

The PCR primers used to amplify the phage DNA contain a subsequence
that recognized the sequence flanking the 27 nucleotides long unknown
insert sequence (including the two cysteines), the adapters necessary for
binding to the lllumina flow cell and a unique barcode (underlined) for every
enriched phage library. The PCR protocol applied was the following: 1 ng of
phage DNA was incubated with 2.625 U high fidelity Taq polymerase (Roche
Diagnostics, the Netherlands), 20 pM of primers in 1 time high fidelity PCR
buffer containing 15 mM MgCl, and amplified for 20 cycles, each consisting
of an incubation for 30 seconds at 94°C, 30 seconds at 67°C and 30 seconds
at 72°C. The PCR was stopped in exponential phase to mitigate PCR-induced
sequence biases. The final PCR product was purified with the Qiaquick PCR
purification kit (Qiagen, Valencia, CA, USA). Concentrations as well as the
correct length of the PCR products were established with an Agilent 2100
Bioanalyzer DNA 1000 assay (Agilent Technologies, USA). All PCR products
from the enriched phage libraries were combined in a single lane. Phage
fractions from the naive unselected library (with and without amplification)
were combined together in another lane of the Illumina flow cell. Both pools
were subjected to solid phase amplification in the cluster station following
manufacturer’s specification (Illumina, USA). Up to 50 cycles of single end
sequencing (the minimal amount required for single end sequencing in the
department due to presence of unrelated samples in the other lanes) were
performed using a custom sequencing primer that started exactly at the
first position of the unknown insert sequence (ACA CTT CCT TTA GTG GTA
CCT TTC TAT TCT CAC TC*T). Sequencing was performed with the lllumina
HiSeq 2000 with a v3 flow cell and reagents (lllumina, USA).
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Next generation sequencing analyses

The lllumina CASAVA 1.8.2 software was used to extract fastq files from
[llumina BCL files and to split the data based on the individual sample
barcodes. For further analyses, sequences were filtered out if they did not
fulfill the following criteria: sequences should start with GCT TGT followed
by (NNK), and end with TGC GGT GGA GGT, with N being any nucleotide
and K being G or T. Subsequently, sequences were translated to amino acid
sequences with a custom perl script using conventional amino acid codon
tables. When the stop codon TAG was encountered this was changed to a
CAG codon according to manufacturer’s instruction (NEB). An overview of
the coverage is shown in supplementary table 1 and figure 1. All sequenced
phage library data was normalized by a square root transformation on the
number of counts in the library, a commonly applied data transformation
to stabilize the variance in count data (‘t Hoen et al., 2008a). Subsequently,
parasitic sequences were excluded. Parasitic sequences were defined as
sequences for which the frequency count in the naive amplified library
minus the frequency count in the unamplified naive library was greater than
two. Next, two separate analyses where performed. First, sequences with a
frequency count higher than two in liver and or kidney were removed from
the enriched skeletal and cardiac muscle libraries. Sequences in the skeletal
and cardiac muscle libraries were, per individual enriched library, ranked
by frequency count and interesting candidates divided in two groups i.e.
‘skeletal muscle’ and ‘cardiac muscle'. Secondly, the threshold for liver and
kidney was ignored and skeletal and cardiac muscle libraries ranked based
on frequency count. Peptide sequences with higher frequency counts in
liver and or kidney compared to skeletal or cardiac muscle were removed.
Interesting candidates were selected and combined in the group ‘cardiac
muscle and skeletal muscle'. A final list of 25 candidate peptides was
created (seven peptides for ‘skeletal muscle’; seven peptides for ‘cardiac
muscle’ and nine peptides for ‘skeletal and cardiac muscle’ groups). Finally,
sequences with more than two positively charged amino acids (arginines or
lysines) were removed from the final candidate list. Of this list, the best 12
candidate peptides were selected for further evaluation (three from ‘skeletal
muscle’, four from ‘cardiac muscle’, five from ‘skeletal and cardiac muscle’

group)

Peptides

Fluorescently labeled cyclic and linear (Cys --> Ala substitution) peptides
were obtained from Pepscan (Lelystad, the Netherlands). A FITC-label was
attached to an Ahx (6-aminohexanoic acid) spacer which was added to the
N-terminus of the peptide, the C-terminus was amidated and peptides were
made circular by disulfide cyclization.
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In vitro evaluation of FITC-labeled peptides

Positive/ negative screening. FITC-labeled peptides were dissolved in

water and, if necessary, acetic acid was used to help dissolve the peptide
(final acetic acid concentration in experiment <0.2% v/v.) Final peptide
concentrations were determined by spectrophotometric analysis at 490 nm,
pH 7.5 (~20 times diluted in 1M Tris-HCl buffer, pH 7.5)

Human control myotubes and immortalized human cardiomyocytes were
washed twice with PBS and incubated with 2.25 pM of FITC-labeled peptides
in serum free media for three hours at 37°C and 5% CO,. Cells were

washed three times with PBS and fixed with cold methanol (-20°C) for five
minutes (human control myotubes) or 10 minutes (human cardiomyocytes).
Subsequently the glass slides were shortly air dried, and embedded on
microscope slides with Vectashield hard set containing DAPI, mounting
media (Vector laboratories). After drying 30 minutes, slides were analysed
with fluorescence microscopy, 20 times magnification (Leica DM5500 B)
using a CCD camera (Leica DFC 360 FX).

Mechanistic uptake experiments. Human control myotubes in six-wells plate
on gelatin coated cover glass slips (as previous described), were incubated
for 30 minutes at 37°C and 5% CO, with 7.7 uM sodium azide (NaN,, Riedel-
de Haén, Germany), 5 pg/ml chloroquine diphosphate (Sigma Aldrich, the
Netherlands), 75 pg/ml fucoidan (from focus vesiculosus, Sigma Aldrich,

the Netherlands), 2 pg/ml dextran sulfate sodium salt (Sigma Aldrich, the
Netherlands), 2.5 uM chlorpromazine (Sigma Aldrich, the Netherlands), 200
MM genistein (Sigma Aldrich, the Netherlands) or were kept at 4°C prior to
the addition of 2.25 yM of FITC-labeled peptide and subsequently incubated
for another three hours at 37°C and 5% CO, or 4°C in the presence of

the inhibitors. Cells were washed and slides were analysed as previously
described for positive/negative screening of the peptides.

AON and CyPep-AON conjugates

The 5'-carboxylate linker phosphoramidite was purchased from Link
Technologies (UK). All solvents and reagents were obtained from Sigma
Aldrich (the Netherlands) or Acros (Belgium) and used as received
unless indicated otherwise. Cyclic peptides were synthesized by Bachem
(Switzerland). Observed molecular weights were corrected for reference
standard values.

AON synthesis. 20MePS AONs modified with a 5'-carboxylate linker were
prepared through standard phosphoramidite chemistry protocols, using

a 2-chlorotrityl (Clt)-protected amidite for the last coupling (15eq, 20min
modified coupling conditions) and final removal of the Clt group. Cleavage/
deprotection (0.1TM NaOH in MeOH/H,0 4/1 (v/v), 18h, 55°C), addition of
NaCl and desalting by FPLC, and subsequent lyophilization yielded the
desired crude AON which was of sufficient purity to use in the next steps.
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CyPep10-h45A0N synthesis. The 5'-carboxylate modified h45A0N (1 pmol)
was added to a solution of HCTU (2.3 eq) and HOBt (2 eq) in DMSO (0.4
mL) for preactivation by shaking for three minutes at RT. CyPep10 (2 pmol
and 2.3 eq DIiPEA in 0.1 mL DMF) was added and the reaction mixture
was shaken for one hour at RT. RP-HPLC purification was followed by salt
exchange using a small excess of NaCl. Excess salt was removed by FPLC
and the conjugate was evaporated to dryness three times from MilliQ,
yielding CyPep10-h45A0N (0.3 pmol (31%), MW (ESI) calc. 9211.9, found
9211.5).

CyPep6-23A0N and CyPep10-23A0ON synthesis. Both conjugates were obtained
through similar procedure as described for CyPep10-h45A0N, in larger
scale from six separate pooled syntheses: CyPep6-23AON (38 umol (37%),
MW (ESI) calc. 8005.8, found 8006.5), and CyPep10-23AON (38 pmol (36%),
MW (ESI) calc. 8189.1, found 8188.7)

In vitro evaluation of peptide conjugated AON

Human control myotubes (Km1555.c25, differentiated for 3-5 days) were
incubated with 2 or 4 uM AON or peptide conjugated-AON (CyPep-h45A0N)
for 96 hours in differentiation medium without a transfection reagent.
After incubation cells where washed three times with PBS and RNA was
isolated by adding 500 pL TriPure (Roche diagnostics, the Netherlands) to
each well to lyse the cells. This was followed by chloroform extraction in

a 1/5 ratio on ice for five minutes. After centrifugation (4°C, 15 minutes,
15,400 rcf) the upper aqueous phase was precipitated for 30 minutes on
ice with equal volume of isopropanol. Subsequently, RNA was pelleted
down by centrifugation (4°C, 15 minutes, 15,400 rcf) and the pellet washed
with 70% ethanol. The final pellet (RNA) was dissolved in Milli-Q water. For
complementary DNA (cDNA) synthesis, half of RNA was used in a 20 pl
reaction with a specific primer reverse primer in exon 48 and transcriptor
reverse transcriptase (Roche Diagnostics, the Netherlands) for 30 minutes
at 55°C and five minutes at 85°C to terminate the reaction. For PCR analysis
3 pl of cDNA was incubated with 0.625 U AmpliTag polymerase (Roche
Diagnostics, the Netherlands), 10 pM of primers (reverse primer in exon 48,
and a forward primer in exon 43), one time supertaq PCR buffer (Enzyme
Technologies Ltd, UK) and amplified for 20 cycles each consisting of an
incubation for 40 seconds at 94°C, 40 seconds at 60°C and 80 seconds at
72°C. This PCR was followed by a nested PCR in which 1.5 pl of the first PCR
was incubated with 1.25 U AmpliTaqg polymerase (Roche Diagnostics, the
Netherlands), 20 pM of primers (reverse primer in exon 47 and a forward
primer in exon 44) and one time supertaq PCR buffer (Enzyme Technologies
Ltd, UK) were amplified for 32 cycles each consisting of an incubation for 40
seconds at 94°C, 40 seconds at 60°C and 60 seconds at 72°C. Exon skipping
levels were semi-quantitatively determined as the percentages of the total
(wild type and skipped) product with the Agilent 2100 Bioanalyzer.
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In vivo evaluation of peptide conjugated AONs

hDMD mice. Four hDMD mice were injected in the gastrocnemius and
triceps muscles with cardiotoxin two days prior to injection with 2.9 nmol

of h45A0N or CyPep10-h45A0N contralateral for two consecutive days.

One week after the last injection the mice were sacrificed, quadriceps
(non-injected control), gastrocnemius, and triceps muscles were isolated to
determine exon skip levels as described for the in vitro evaluation of peptide
conjugated AON.

Mdx mice. Four week old (4-5 mice per group, mixed m/f) mdx mice
(C57BI/10ScSn-DMD™ /) were subcutaneously (SC) injected with 50 mg/
kg AON, molar equivalent of CyPep-AON, or saline four times per week for
eight weeks. After the first injection, blood was collected via the tail vein to
determine AON levels in plasma at 30 minutes, one hour, three hours and
six hours via sparse sampling approach. One week after the last injection
blood was collected via the tail vein to determine AON in plasma and
assess plasma levels of markers for liver and kidney function and damage.
Subsequently, mice were anesthetized, sacrificed by perfusion with PBS
and gastrocnemius, quadriceps, tibialis anterior, triceps, diaphragm, heart,
kidney and liver were isolated to determine exon skip, AON and dystrophin
levels in tissue.

Determination of in vivo exon skip levels

Skeletal and cardiac muscles were homogenized in TriPure buffer (Roche
Diagnostics, the Netherlands) using the MagNaLyzer and MagNaLyzer green
beads (Roche Diagnostics, the Netherlands). Total RNA was isolated as
described for the in vitro evaluation of peptide conjugated AON.

RT-PCR. cDNA was generated using 400 ng of RNA in a 20 pl reaction with
random hexamer primers and transcriptor reverse transcriptase (Roche
Diagnostics, the Netherlands) for 45 minutes at 42°C. For PCR analysis 1.5 pl
of cDNA was incubated with 1.25 U taq polymerase (Roche Diagnostics, the
Netherlands), 20 pM of primers (reverse primer in exon 24, forward primer
in exon 22) and one time supertaq PCR buffer (Enzyme Technologies Ltd)
and amplified for 30 cycles each consisting of an incubation for 30 seconds
at 94°C, 30 seconds at 60°C and 30 seconds at 72°C. Exon skipping levels
were semi-quantitatively determined as the percentages of the total (wild
type and skipped) product with the Agilent 2100 Bioanalyzer.

ddPCR. cDNA was generated in 20 pl reactions, using 1,000 ng of total RNA
with random hexamer primers (Roche Diagnostics, the Netherlands) and
transcriptor reverse transcriptase (Roche Diagnostics, the Netherlands)
according to the manufacturer’s instructions. Digital droplet PCR (ddPCR)
was performed in duplicate as previously described (Verheul et al., 2016)
on 0.5 pl of cDNA using a Tagman assay spanning the exon 22-23 junction
to detect the non-skipped fragment and an assay spanning the exon
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22-24 junction to detect the skipped fragment (sequences are listed in
supplementary table 2). The concentration (in copies/pl sample mix) of the
skipped assay and non-skipped assay was used to calculate the percentage
of exon 23 skip [copies/pl skipped/(copies/pl skipped + copies/pl non-
skipped)*100].

Determination of AON levels in plasma and tissue

For measuring the concentration of (CyPep)-23AON in plasma and tissue
samples a hybridization-ligation assay based on one previously published
was used (Yu et al., 2002) following adaptations previously described (Jirka
et al, 2015). Tissues were homogenized in 100 mM Tris-HCl pH 8.5, 200 mM
NaCl, 0.2% SDS, 5 mM EDTA and 2 mg/mL proteinase K using MagNaLyzer
green bead tubes in a MagNaLyzer (Roche Diagnostics, the Netherlands).
Samples were diluted 600 and 6,000 times (muscle) or 6,000 and 60,000
(liver and kidney) in pooled control mdx tissue in PBS. Calibration curves of
the analyzed 23AON prepared in 60 times pooled control mouse mdx tissue
in PBS were included. All analyses were performed in duplicate. For plasma,
the samples were diluted as follow: t = 30 minutes and one hour 10,000
and 100,000 times, t = three hours 1,000 and 10,000 times, t = six hours
and sacrifice 100 and 1,000 times, all in pooled control plasma of mdx mice
in PBS. Calibration curves of the analyzed 23AON prepared in 100 times
pooled control plasma of mdx mice in PBS were included.

Determination of protein levels by western blot

Quadriceps muscle samples were homogenized in MagNaLyser green bead
tubes with a MagNaLyser (Roche diagnostics, the Netherlands). Samples
were homoginezed for 20 seconds at speed 7,000 (2-5 rounds) in 1 ml 125
mM Tris-HCl (pH 6.8) buffer supplemented with 20% (w/v) sodium dodecyl
sulfate (SDS). Protein concentrations were determined by the bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Scientific, the Netherlands)
using bovine serum albumin as a standard according to manufacturer’s
instruction. Prior to loading, a sample volume (for muscle tissue and
reference samples) representing 25 pg of total protein, was supplemented
with loading buffer consisting of 125 mM Tris-HCl (pH 6.8), 20% (v/v)
glycerol, 5% (v/v) B-mercaptoethanol and 0.0008% (w/v) bromophenol
blue, to reach a final volume of 20 pl. Subsequently this was incubated

for five minutes at 95°C. Reference concentration samples were made by
diluting total protein from wild type in mdx lysates of the same muscle type.
Samples were loaded on Criterion XT Tris acetate (polyacrylamide) gels
containing 18 slots, with a linear resolving gel gradient of 3-8% (Bio-Rad
Laboratories, The Netherlands). Gels were run for one hour at 75V (~0.07
A), followed by a two hour incubation at 150 V (~0.12 A), on ice, using XT
Tricine as running buffer (Bio-Rad Laboratories B.V., the Netherlands). The
gel was blotted on a nitrocellulose membrane (Bio-Rad Laboratories B.V.,
the Netherlands) using the ready to use Trans-Blot Turbo transfer packs

129



Chapter 5

and the Trans-Blot Turbo transfer system from Bio-Rad at 2.5 A (~25 V) for
10 minutes (standard Bio-Rad protocol for high molecular weight proteins).
The membrane was blocked for one hour with 5% (w/v) non-fat dried milk
powder (ELK Campina Melkunie, the Netherlands) in a Tris-buffered saline
buffer (TBS: 10 mM Tris-HCl (pH 8.0) and 0.15 M NaCl). Membranes were
washed three times for 10 minutes with TBS-T buffer (TBS buffer with
0.005% (v/v) Tween 20) and incubated with primary antibody for dystrophin
(GTX15277, 1:2000, Gene Tex, USA) and primary antibody for loading
control, alpha-actinin (AB72592, 1:7500, Abcam, UK) in TBS buffer overnight
at room temperature with gentle agitation. Membranes were washed three
times for 15 minutes in TBS-T buffer and incubated with secondary antibody
IRDye 800 CW for dystrophin (1:5000, IgG, Li-Cor, USA) and IRDye 680TL for
alpha actinin (1:10000, Li-Cor, USA) in TBS buffer for one hour. Membranes
were washed two times for 15 minutes in TBS-T buffer followed by a final
washing step of 15 minutes in TBS buffer. Membranes were analyzed with
the Odyssey system and software (Li-Cor, USA)

Safety evaluation

Blood was collected in lithium-heparin coated microvettes CB300 (Sarstedt
B.V., the Netherlands). Haemoglobin (HB), urea, alkaline phosphatase (ALP),
glutamate pyruvate transaminase (GPT), glutamic oxaloacetic transaminase
(GOT), and creatine kinase (CK) levels were determined using Reflotron
strips (Roche Diagnostics, the Netherlands) in the Reflotron Plus machine
(Roche Diagnostics, the Netherlands) as previously described (30).

Statistical analysis

A one-way ANOVA with a post-hoc test (Bonferroni) was used to determine
significant differences in exon skipping levels, AON levels and plasma
protein levels. Results were deemed significantly different when P <0.05.
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3. Results

Candidate peptide identification

To identify peptides that enhance the delivery of AONs to skeletal and
cardiac muscle we used the Ph.D.-C7C™ phage display peptide library.

A schematic outline of the screening procedure is given in figure 1. We
performed a first round in vitro screening using human control myotubes
(7304-1) in which internalized and surface bound phages were isolated and
amplified. Subsequently, the naive library was also used for a first round

in vivo, enriched internalized phage fraction and the enriched surface
bound phage fraction were used for a second in vivo screening round in
mdx mice, a mouse model for DMD. Gastrocnemius, quadriceps and heart
were isolated for positive phage selection. Liver and kidney were isolated
for negative phage selection. All enriched libraries from the biopanning
selections, and the naive library with and without one round of bacterial
amplification, were sequenced using a published NGS sequencing approach
(29) with further adaptations and improvements to increase efficiency.
First, we barcoded each of the libraries using sample specific barcodes

in the reverse primer, allowing all enriched libraries to be pooled in one
lane and the two naive libraries to be pooled in a second lane. Results are
summarized in supplementary table 1 and supplementary figure 1.

To identify candidate peptides, the enriched phage libraries were first
filtered for parasitic sequences with a propagation advantage. Sequences
were considered parasitic when the frequency count in the naive amplified
library minus the frequency count in the unamplified naive library was
greater than two. Secondly, candidate peptides were selected based on
the following criteria: A) the candidate peptide sequence has a relatively
low frequency count or is absent in liver and kidney, and B) the candidate
peptide sequence has either a high frequency count in skeletal muscle and
low frequency count in cardiac muscle or vice versa, or C) the candidate
peptide sequence has a high frequency count in both skeletal and in cardiac
muscle (figure 1). Lastly, we took the charge of the peptides into account:
candidate peptide sequences with more than two positively charged
residues (arginines or lysines) were removed from the candidate list,
because they were expected to likely form aggregates when attempting to
couple them to negatively charged AONSs.
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phage display selections and sequencing

C-(NNk)7§? C-(NNk)7§‘i

in vitro first round in vivo second round with in vivo first round
l |nternallzed & surface phages
3 % C- (NNkii C-(NNK)7-C
Isolatlon of: skeletal and cardlac muscle skeletal and cardlac muscle unselected  amplified
mternallzed phages naive library naive library

Ilver liver and kidney
surface phages \ \ l / /

C-(NNK)7-C
CounkTc CINNKTZ-C C-(NNK)7-C
C(NNK)7-C
C-(NNK)7-C .
C-(NNK)7-C

C-(NNk)7-C C-(NNk)7-C
C-(NNK)7-C C-(NNK)7-C  C-(NNk)7-C

C{NNK)7-C

total phage DNA isolation & NGS

NGS analyses of phage libraries

sequencing of phage libraries analyses and identification candidate selection
enriched phage libraries &
amplified and unamplified naive library skeletal skeletal

muscle muscle

C-(NNK)7-C —} —}
identified peptide
sequences

Figure1. Phage display selections and sequencing. A schematic overview of the
phage display selection experiments and candidate peptide identification.
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Table 1

Peptide Sequences Group
CyPep1 CQVRSNTTC Muscle
CyPep2 CSLFKNFRC Muscle/heart
CyPep3 CRADFYTTC Heart
CyPep4 CRENTNHTC Heart
CyPep5 CWNEDHTWC Muscle/heart
CyPep6 CLNSLFGSC Muscle/heart
CyPep7 CLLGHTNNC Muscle
CyPep8 CFSHTYRVC Muscle
CyPep9 CTYSPTEVC Heart
CyPep10 CQLFPLFRC Muscle/heart
CyPep11 CTLQDQATC Heart
CyPep12 CMQHSMRVC Muscle/heart

In vitro evaluation of the peptides

For in vitro evaluation of uptake by skeletal and cardiac cells, we synthesized
the best 12 candidate peptides equipped with a FITC label (Table 1). Human
control myotubes (km155.¢25) or human cardiomyocytes cultured on cover
glass slips were incubated for three hours with 2.25 yM of candidate peptides.
After thorough washing, slides were fixed with methanol and embedded in
mounting media containing DAPI to stain the nuclei. Most of the peptides were
not taken up based on the absence of fluorescence in the cells. Cells incubated
with CyPep2, CyPep8 or CyPep9 were weakly fluorescent, whereas incubation
with CyPep6 (CLNSLFGSC) and CyPep10 (CQLFPLFRC) resulted in bright
fluorescence throughout the cells with fluorescence also observed in the nuclei
(figure 2). When we repeated the experiment using different incubation times,
clear fluorescence of CyPep6 and CyPep10 could be seen in human control
myotubes after one hour of incubation (figure 3a). In cardiomyocytes, higher
fluorescence intensity was observed for CyPep6 compared to Cypep10 after
three hours of incubation (figure 3b). Interestingly, incubation with CyPep10
resulted in detectable levels of fluorescence in human control myotubes and
human cardiomyocytes cultures, already, after an incubation of 10 minutes
(figure 3¢), something we did not observe for CyPep6 (data not shown).

To study if the cyclisation of the peptide is crucial for the observed results,
FITC-labeled linear forms of CyPep6 and 10 with Cys>Ala substitutions were
synthesized. No fluorescence was observed for both peptides suggesting that
not only the sequence, but also the cyclisation is responsible for the positive

fluorescence observed (figure 3d).
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Peptide conjugation does not impair exon skipping in vitro
and in vivo

To investigate if the conjugation of these cyclic peptides to a 20MePS AON
impacts its exon skipping ability, we conjugated CyPep10 to a human AON
targeting human dystrophin exon 45 (h45A0N). Human control myotubes
were incubated with 2 uM or 4 uM of h45A0N or CyPep10-h45A0N for 96
hours without a transfection reagent. Subsequently, the cells were washed,
followed by RNA isolation and nested RT-PCR. Exon skipping levels were
determined semi-quantitatively by lab-on-a-chip analysis. This revealed no
differences in exon skipping levels (figure 4a).

Furthermore, we evaluated CyPep10-h45A0ON in hDMD mice, a mouse
model with the human DMD gene integrated in the mouse genome (32). This
mouse model has healthy muscle, since human dystrophin compensates
for the lack of mouse dystrophin. We pretreated gastrocnemius and
triceps muscles intramuscularly (IM) with cardiotoxin injections to induce
muscle necrosis and enhance AON uptake (14). Two days later muscles
were injected with 2.9 nmol of h45A0N or a molar equivalent of CyPep10-
h45A0N for two consecutive days. One week after the last injection, RNA
was isolated, nested RT-PCR performed and exon skipping levels were
determined semi-quantitatively by lab-on-a-chip analyses. No differences
in exon skipping levels were found, showing that the conjugation of a cyclic
peptide to an AON also has no negative influence on its exon skipping
ability in vivo (figure 4b).

Conjugation of CyPep10 to AONs increases uptake and
exon skipping levels after systemic delivery in mdx mice

We evaluated CyPep6 and CyPep10 for their ability to enhance delivery

and efficacy of AONs in skeletal and cardiac muscle in mdx mice upon
systemic administration. Mdx mice (C57BI/10ScSn-DMD™* /]) have a point
mutation in exon 23 of the mouse Dmd gene, which leads to a premature
stop codon, resulting in an absence of the dystrophin protein (Sicinski et

al., 1989). Skipping exon 23 in the mdx mouse Dmd pre-mRNA bypasses the
mutation, maintaining the reading frame and results in a shorter but (partly)
functional protein. CyPep6 and CyPep10 were conjugated to a 20MePS AON
targeting the exon 23/intron 23 splice site (23A0ON) (33).We systemically
treated four week old mdx mice (4-5 per group) subcutaneously (SC) for four
times per week with 50 mg/kg 23A0N, a molar equivalent of CyPep6-23A0N
or CyPep10-23A0N, or saline for eight weeks. Animals were sacrificed one
week after the last injection.

Evaluation of AON levels in plasma, obtained at several time-points (sparse
sampling approach) after the first injection, revealed increased levels of
CyPep10-23AO0N in plasma for the first three hours after injection but not
for CyPep6-23A0N (figure 5a). In tissues, a 2-fold (on average) increase of

134

Cyclic peptide conjugated AON

CyPep6 and CyPep10-conjugated 23AON was observed in gastrocnemius,
quadriceps, tibialis anterior and triceps muscle, and 3 and 2.8-fold increases
were observed in diaphragm and heart, respectively. Unexpectedly, 2.5-
fold and 3-fold increases were found in liver for CyPep6 and CyPep10
conjugated 23A0N. A less prominent and non-significant 1.5 fold increase in
kidney was seen for both conjugated 23AONs (figure 5b).

CyPep1 CyPep7
CyPep2 CyPep8
CyPep3 CyPep9
CyPep4 CyPep10
CyPep5 CyPep11 | .
CyPep6 CyPep12

Figure 2. In vitro evaluation of fluorescently labeled cyclic-peptides. Human
control myotubes and cardiomyocytes were incubated with 2.25 pM of FITC-labeled
CyPeps for three hours. Slides were embedded in mounting media containing DAPI
to stain nuclei. Fluorescence intensities were analyzed with fluorescence microscopy
20 times. magnification, representative pictures are shown. Bright fluorescence in
the cells is seen for CyPep6 and CyPep10. CyPep2, CyPep8 and CyPep9 resulted in
weak fluorescence. Scale bar = 50pm.

Exon skipping levels (single round RT-PCR) in skeletal and cardiac muscle
showed a significant, 2-fold increase in exon 23 skipping for CyPep10-
23A0ON compared to the unconjugated 23AON (figure 5c¢). Surprisingly,
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CyPep6-23AON did not show any improvement in exon skipping levels.
Dystrophin could be detected in quadriceps of all AON (conjugated
and unconjugated) treated mice by western blot analysis. Upon visual
inspection, a slight increase seems to be present for mice treated with
CyPep10-23AO0N (figure 5d), but levels were too low for quantification.

A myotubes C myotubes

CIPeiG 15ms 50ms 100ms C‘Peim 100ms
cardiomyocytes

= ---

3 hours
10 minutes

1 hour

100ms

3 hours
10 minutes

C|Pei10

B cardiomyocytes D myotubes

1 hour

CyPep6 5ms 10ms 100ms linearPep6  100ms

CyPep10 linearPep10

Figure 3. In vitro evaluation of CyPep6 and CyPep10. CyPep6 and CyPep10

were incubated at a dose of 2.25 pM, slides were embedded in mounting media
containing DAPI and analyzed with fluorescence microscopy, 20 times magnification.
a) human control myotubes incubated with CyPep6 or CyPep10 for three or one
hour. b) human cardiomyocytes incubated with CyPep6 or CyPep10 for three hours.
¢) human control myotubes or cardiomyocytes incubated with CyPep10 for 10
minutes. d) human control myotubes incubated with linearPep6 or linearPep10 for
three hours. Representative pictures are shown. First pictures (left ) DAPI staining in
blue, exposure time for each picture in milliseconds (ms). Scale bar = 50pm.

3 hours
3 hours

3 hours
3 hours

Results show clear fluorescence throughout the cells and in the nuclei of
CyPep6 and CyPep10 at three hours and one hour of incubation for both
cell lines. CyPep10 showed already positive fluorescence after 10 minutes
for both cell lines. The linear forms of both peptides (with Cys -->Ala) did not
show any fluorescence indicating that not only the sequence but also the
cyclisation is of influence.
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Figure 4. Evaluation of CyPep10 AON-conjugate. CyPep10 was conjugated to

an AON targeting human dystrophin exon 45 (h45A0N and CyPep10-h45A0N) to
evaluate if the conjugation of a cyclic peptide has any influence on the exon skipping
functionality of the AON. a) human control myotubes incubated with 2 or 4 uM

AON without any transfection reagent for 96 hours. Results show the average exon
skipping levels of two independent experiments in duplo. b) IM injection in two
hDMD mice (pretreated with cardiotoxin) with 2.9 nmol h45A0N of molar equivalent
of CyPep10-h45A0N for two consecutive days. Results represent an average of two
independent experiments in duplo. Results indicate that the conjugation of a cyclic
peptide to a 20MePS AON has no negative influence on the functionality of the AON.
G = Gastrocnemius, Tr = Triceps. Bars represent mean + SD.

We replicated the RT-PCR results for CyPep10-23AON for gastrocnemius,
quadriceps and triceps muscles using a highly quantitative method, i.e.
digital droplet PCR (ddPCR) (34). These results showed a 2.4-fold increase
on average in exon 23 skipping levels for CyPep10-23AON compared to the
unconjugated 23AO0N. This supports our findings from the RT-PCR (figure
5e).

Lastly, we evaluated blood and plasma parameters for liver and kidney
damage and function to determine any possible toxicity of the conjugates
used, in samples obtained just prior to sacrifice. Hemoglobin levels, urea

(a marker for kidney function) and alkaline phosphatase (ALP, a marker for
hepatobiliary function), showed no significant differences between groups
and were within the normal range for mdx mice. Levels of glutamate pyruvic
transaminase (GPT) and glutamic oxaloacetic pyruvate transaminase (GOT),
markers for liver and muscle damage and creatine kinase (CK), marker for
muscle damage, were evaluated. No significant differences were observed
for GPT. GOT levels were slightly lower, but not significantly, for CyPep10-
23A0N. CK was significantly decreased in CyPep10-23A0N treated mice
compared to the 23A0N, but not compared to saline treated mice due to
the high variation observed in this group (supplementary figure 2).
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Figure 5. Systemic evaluation of CyPep6 an CyPep10 conjugated AON. Sub-
cutaneous administration of four week old mdx mice (4-5 per group), four times
per week, with 50mg/kg of 23A0N, a molar equivalent of CyPep6-23A0N, CyPep10-
23AON or saline for eight weeks. One week after the last injection tissues were iso-
lated. a) After the first injection blood samples were taken at several time points and
=1 at sacrifice to determine AON levels in plasma. b) A hybridization-ligation assay was
30 1 used to determine AON levels in tissue. ¢) RNA was isolated and exon 23 skipping le-
* vels were evaluated by single RT-PCR and semi-quantitatively determined by lab-on-
* a-chip analysis. d) Dystrophin protein levels of quadriceps muscles were determined
T by western blot. e) Exon skipping levels in gastrocnemius, quadriceps and triceps
muscle where quantified using ddPCR for CyPep10-23AON and 23AON treated mice.
Results show an clear increase in AON levels in tissue and plasma for both peptide
conjugated AON compared to the unconjugated AON. This resulted in a 2-fold incre-
ase in exon skip levels on average for CyPep10-23AON but not for CyPep6-23A0N.
No clear increase for dystrophin protein levels is observed. Bars represent mean +
SD. A One-way ANOVA post-hoc test (Bonferroni) used for significance (P<0.05%). G=
Gastrocnemius, Q = Quadriceps, Ti = Tibialis Anterior, Tr = Triceps, D = Diaphragm, H
= Heart, L = Liver, K =Kidney.
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Investigation of the uptake mechanism points towards
receptor mediated uptake

Encouraged by the positive results for CyPep10, we set out to study the
possible uptake mechanisms for this peptide. Human control myotubes
were incubated with a number of pharmacological inhibitors (Table 2) for
3.5 hours, where 2.25 pM of FITC-CyPep10 was added after 30 minutes.
CyPep10 showed a clear energy dependent uptake, as no fluorescence
was observed at 4°C and reduced fluorescence was observed after pre-
incubation with sodium azide. We speculate that there is no endosomal
entrapment of FITC-CyPep10 based on the finding that incubation with 5
pg/ml chloroquine did not result in increased fluorescence. With fucoidan
(75 pg/ml) and dextran sulfate (2 pg/ml) blocking uptake by scavenger
receptors, we observed less fluorescence, suggesting that scavenger
receptors are involved in the uptake of FITC-labeled CyPep10. Incubation
with chlorpromazine (2.5 pM) resulted also in less fluorescence suggesting
that clathrin-mediated uptake is involved. In contrast, incubation with
genistein (200 uM), an inhibitor of caveolin-mediated uptake, did not shown
any difference in fluorescence compared to CyPep10 alone. Combined,
these results point towards an energy dependent uptake of CyPep10 via
scavenger receptors accumulated in clathrin-coated pits of the muscle cell
membrane (figure 6).
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Figure 6. Uptake mechanism of CyPep10. Human control myotubes were
incubated with pharmacological inhibitors for 30 minutes prior to a three hour
incubation with CyPep10 in the presence of the inhibitors. Results were analyzed
with fluorescence microscopy. Representative pictures are shown scale bar = 50 pm.

4. Discussion

Exon skipping is a therapeutic approach for DMD. Improved delivery of
AON to the target tissue is anticipated to increase the therapeutic effect.
Achieving this in a safe and effective way is challenging, although some
progress has been made using PCM polymers, or ZM2 or polymeric
nanoparticles (22,23,35). Most progress to increase the delivery and efficacy
has been achieved by the conjugation of arginine rich cell penetrating
peptides to non-anionic AONs such as peptide nucleic acid (PNA) and
phosphorodiamidate morpholino oligomer (PMO). It was found that some
of these highly cationic peptides were poorly tolerated in higher animals
due to kidney toxicity (25). A different approach is the use of tissue homing
peptides, which are not necessarily highly cationic. In 1999, Samoylova

et al., described a phage, expressing the 7-mer peptide ASSLNIA, which
showed increased fluorescence in murine tissues compared to control
phages upon histochemical analyses. Unfortunately, the peptide alone
was unable to increase delivery or exon skipping levels in mdx mice when
conjugated to a PMO (36,37). More recently, Gao et al., reported the M12
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peptide RRQPPRSISSHP (38), which, upon conjugation to a PMO, resulted in
improved but variable exon skipping levels in mdx mice in skeletal muscle
but not heart. Previously we described the 7-mer P4 peptide LGAQSNF
identified through phage display studies, which, upon conjugation to a
20MePS AON, resulted in significantly increased exon skipping levels in
diaphragm and cardiac muscle tissue of mdx mice (30). Taken together,
tissue homing peptide conjugation to AONs appears to be a promising
strategy.

We believe the approach we have used here (figure 1) facilitates the
identification of effective muscle homing peptides from phage display
studies further for several reasons. First, as already outlined by other
studies (29,39-41), the use of NGS enables to study large numbers of
sequences. By sequencing the naive library before and after one round of
bacterial amplification one can identify library specific peptide sequences
that are overrepresented or have an amplification bias, the so called
parasite sequences (29,41). With our approach we assessed that a little over
1.9 million unique sequences in the naive amplified library are potentially
parasitic sequences (around 21% of the total library). In the enriched
libraries, ~11% of the unique sequences were represented by these
parasitic sequences. However, even with NGS, only a fraction of possible
sequences in the enriched libraries are sequenced (for comparison,

the naive library contains 1.28x10° unique sequences whereas we
sequenced approximately 1-2.5x10°6 sequences of the enriched libraries).
Nevertheless, these millions of sequences are a vast improvement over
the ~50-100 phage clones generally sequenced with Sanger sequencing
(30). Furthermore, many sequences in the enriched library will be present
only once or twice with the more abundant sequences primarily being of
interest. As such, NGS sequencing will generally provide sufficient depth
to identify interesting candidates. Additionally, the databases Pepbank
(42) and Sarotup (28) can be used to filter known parasitic sequences or
target-unrelated sequences, but are mainly applicable to linear peptides
and do not provide sufficient information about cyclic peptides. Secondly,
combining a first round in vitro screening with a second selection round
in vivo screening we aimed to increase the potential binding of peptides
towards muscle, since peptides with no affinity towards muscle would be
deselected in the first round. By isolating phages from liver and kidney we
were able to filter peptides which predominately were taken up by these
tissues (e.g. target-unrelated sequences).

The 12 selected candidate peptides contained a group of seven that were
identified in either skeletal or cardiac muscle (data not shown) and a group
of five that were identified in both skeletal and cardiac muscle. In vitro
evaluation of these candidates in human myotubes and cardiomyocyte
cultures left us with two peptides for further study: CyPep6 and CyPep10,
both identified in skeletal and cardiac muscle. Interestingly, of the peptides
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selected based on presence in skeletal muscle or cardiac muscle, only three
out of seven showed some degree of fluorescence. While in the group
selected based on presence in skeletal and cardiac muscles, two out of
three showed bright fluorescence and one showed some fluorescence. This
suggests that for future studies it may be more efficient to focus only on
peptides enriched in both skeletal and cardiac muscle tissue.

Systemic administration of CyPep6 and CyPep10-conjugated 23AON in

mdx mice revealed a 2-fold increase of AON levels in skeletal muscle and
around three-fold increase in diaphragm muscle and heart for both peptide
conjugates over the unconjugated 23AON. This resulted in a significant
2-fold increase in exon skipping in all tissues analyzed for CyPep10-23A0N,
but surprisingly not for CyPep6-23A0N (figure 5). A potential explanation
for the discrepancy between CyPep6-23AO0ON tissue levels and activity may
lie in the fact that the peptides were isolated from muscle and heart tissue
homogenates, and not selected for their capacity to actually enter the
tissue or tissue cells. It is therefore possible that CyPep6-23A0ON conjugate
is trapped somewhere in the endothelium or interstitium. Judged on the
fluorescence observed in vitro, CyPep6 outperformed CyPep10 for both

cell lines at time points one and three hours, except for the 10 minute
incubation time point (figure 3). CyPep6 appears to be taken up by cells
efficiently however not as fast as CyPep10. This could indicate that different
mechanistic uptake pathways are involved and that fast uptake in vitro
might lead to a better outcome in vivo. If CyPep6 alone does enter tissue
and tissue cells, conjugation to the larger AON may have negatively affected
the tissue- or cellular uptake in vivo. The fact that CyPep10-23AON did show
increased exon skip levels suggests that this peptide conjugate is taken up
by the target cells efficiently. Unfortunately, dystrophin levels were very low
and could not be accurately quantified. It is known that dystrophin levels
accumulate for 12-24 weeks after treatment initiation (43), so the time of
sacrifice (deemed optimal for analysis of AON and exon skipping levels) is
probably not optimal for assessing dystrophin levels.

Compared to unconjugated AON, we observed for CyPep10-23A0N similar
uptake in kidney, but a 2.5-fold increase in AON levels in liver. No clear
indication is found in our NGS data that could explain the increased uptake
in liver. CyPep10 showed a 4-fold increase in frequency count in the second
round in vivo in quadriceps and heart compared to the first round in vitro
(internalized phage fraction). Frequency counts in liver were 2.5 times lower
in the second selection round in vivo compared to quadriceps and heart.
After the first selection round in vivo, the counts in liver were 6.5 times
lower compared to heart and 1.5 times lower compared to kidney. Thus

the kidney and liver levels of CyPep10-AON conjugate may seem surprising
given that the peptide was selected based on low uptake in these organs.
However, one should not forget that the identified peptide was conjugated,
in multiple copies, to a phage, while now it is singly conjugated to a 20MePS
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AON, which is by itself taken up efficiently by liver and kidney. It is not
unlikely that this is further facilitated by peptide conjugation and/or that
increased levels are due to the increased plasma half-life.

We finally investigated the mechanism by which FITC-labelled CyPep10

is taken up. Results clearly show that uptake of CyPep10 by muscle cells
is energy dependent, because incubation at 4°C or with an ATP inhibitor
almost completely prevented uptake. The involvement of scavenger
receptors accumulated in clathrin-coated pits is also implied, since
uptake was inhibited by inhibitors of scavenger receptors and clathrin-
mediated uptake. Clathrin-mediated uptake is one of the main and best
studied uptake pathways (44). It requires strong receptor/-ligand binding
and clustering in clathrin-coated pits in an energy dependent way. The
clathrin-coated pits invaginate and pinch off from the membrane into
clathrin-coated vesicles, which later on form early and late endosomes.
Subsequently, ligand and receptors are sorted and transported to their
appropriated cellular destination such as, Golgi Apparatus, liposomes,
nucleus or back to the cell membrane. Endosomes appear to play a

role after the peptide enters the cell in clathrin-coated vesicles. This is
supported by the fact that pre-incubation with chloroquine, an inhibitor of
endosomal entrapment, did not result in a clear increase in fluorescence.

In conclusion, we have identified CyPep10 from phage display studies, as
a potential candidate for AON delivery. Although this peptide was selected
as muscle specific, upon conjugation to the AON, the conjugate showed
general improved tissue levels in a mouse model for DMD. Extended
studies will be needed to assess if long term treatment leads to beneficial
effects on muscle quality and function.
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Abstract

Duchenne muscular dystrophy (DMD) is a severe muscle wasting disorder
typically caused by frame-shifting mutations in the DMD gene. Restoration
of the reading frame would allow the production of a shorter but partly
functional dystrophin protein as seen in Becker muscular dystrophy
patients. This can be achieved with antisense oligonucleotides (AONSs)

that induce skipping of specific exons during pre-mRNA splicing. Different
chemical modifications have been developed to improve AON properties.
The 2'-deoxy-2"-fluoro (2F) RNA modification is attractive for exon skipping
due to its ability to recruit ILF2/3 proteins to the 2F/pre-mRNA duplex, which
resulted in enhanced exon skipping in spinal muscular atrophy models.

In this study, we examined the effect of two different 2"-substituted AONs
(2'-F phosphorothioate (2FPS) and 2'-O-Me phosphorothioate (20MePS)) on
exon skipping in DMD cell and animal models. In human cell cultures, 2FPS
AONSs showed higher exon skipping levels than their isosequential 20MePS
counterparts. Interestingly, in the mdx mouse model 2FPS was less efficient
than 20MePS and suggested safety issues as evidenced by increased spleen
size and weight loss. Our results do not support a clinical application for
2FPS AON.

1. Introduction

Duchenne muscular dystrophy (DMD) is a severe X-linked muscle wasting
disorder affecting 1 in 5,000 newborn boys'2. DMD is caused by out-of-
frame or nonsense mutations in the DMD gene that lead to a truncated,
non-functional dystrophin protein. Dystrophin is an important shock
absorbing protein in muscle and without it, muscles are easily damaged.
Restoration of the reading frame in DMD patients would in theory allow the
production of a shorter, but partly functional dystrophin protein as seen in
less severely affected Becker muscular dystrophy (BMD) patients*#. This can
be achieved with antisense oligonucleotides (AONs) that target and induce
skipping of specific exons during pre-mRNA splicing®®. Exon skipping AONs
are thought to act by sterically hindering splicing factors in the recognition
of the exon and/or splicing sites.

Over the years chemical modifications have been developed to improve
AON characteristics, such as improved binding affinity to the target
transcript, increased resistance against nuclease degradation and improved
cellular uptake’. Two different AON chemistries, phosphorodiamidate
morpholino oligonucleotides and 2'-O-methyl phosphorothioate (20MePS),
are currently in clinical development for exon skipping in DMD?#'2,

The 2'-deoxy-2'-fluoro (2F) chemistry may also be an attractive chemistry
for exon skipping AONs. Recently it has been shown that the duplex of 2F
AON and its target pre-mRNA attracts interleukin enhancer binding factors
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2 and 3 (ILF2/3 proteins) resulting in unanticipated exon skipping in a model
of spinal muscular atrophy (SMA)'3. Probably this is based on enhanced
steric hindrance by the duplex/protein complex, which impedes binding of
splicing factors to splice sites or exonic regions in the pre-mRNA transcript
beyond the AON target sequence. As enhanced exon skipping is relevant
for DMD therapeutics, we compared the efficiencies of isosequential 2'-F
phosphorothioate (2FPS) and 20MePS AONs targeting exonic regions
within different human dystrophin exons, or in the 5" donor splice site of
mouse dystrophin exon 23. In in vitro transfection experiments, 2FPS AONs
outperformed their 20MePS counterparts, while in vivo they appeared less
effective.

2. Material and Methods

AONSs

Sequences of 2FPS and 20MePS AONs are provided in Supplementary Table
1. 2FPS AONSs contained 2'-deoxy-2'-fluoro RNA with a phosphorothioate
backbone (ChemGenes corporation, Wilmington, MA USA). 20MePS AONs
consisted of 2'-O-methyl RNA with a phosphorothioate backbone (Prosensa
Therapeutics/BioMarin, Leiden, the Netherlands).

Cell culture

Human myoblasts

Primary human control myoblasts and patient myoblasts with a deletion

of exon 45-52 were a kind gift from Vincent Mouly?2. Cells were grown in
skeletal muscle cell growth medium (Promocell, C-23160) supplemented
with an additional 15% fetal bovine serum (FBS) (Gibco-BRL, the
Netherlands) and 50 pg/ml gentamicin (PAA Laboratories) in uncoated flasks
until 70-80% confluence was reached. Cells were plated in a 6 wells plate
coated with 0.5% gelatin (Sigma Aldrich Chemie B.V., the Netherlands), at a
density of 10° cells per well, 48 hours prior to differentiation. Reaching 90%
confluence, medium was switched to differentiation medium (Dulbecco’s
medium (without phenol red) with 2% FBS, 50ug/ml gentamicin, 2%
glutamax and 1% glucose (all from Gibco-BRL, the Netherlands)). Cells were
allowed to differentiate for 4-5 days.

Mouse myoblasts

Mouse myoblasts were grown in Dulbecco’s medium (without phenol

red) supplemented with 10% FBS, 1% Penicillin/Streptomycin (P/S), 2%
Glutamax and 1% glucose (all from Gibco-BRL, the Netherlands) in collagen
coated flasks. Cells were seeded in collagen coated 6 wells plates with
proliferation medium and grown until confluence. The cells were washed
twice with Hank's Balanced Salt Solution (HBSS) and differentiation
medium, Dulbecco’s medium (without phenol red) supplemented with 2%
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horse serum (HS), 1% P/S, 2% glutamax and 1% glucose (all from Gibco-
BRL, the Netherlands) was added to induce differentiation. The cells were
differentiated for 7-9 days before AON transfection.

Primary myoblasts from mdx mice

Primary myoblasts were isolated from the extensor digitorum longus (EDL)
muscle of one mdx mouse by collagenase treatment followed by single fiber
isolation?. Fibers were grown in SC+ medium (Dulbecco’'s medium (without
phenol red) supplemented with 10% (HS), 30% fetal calf serum, 1% chicken
embryonic extract (all from Gibco-BRL, the Netherlands) and 10ul/30ml final
medium of fibroblast growth factor (Promega) on matrigel (GFR Matrigel

BD Biosciences) coated plates. After 3 days myoblasts were separated from
fibroblasts by pre-plating in proliferation medium (Dulbecco’s medium
(without phenol red) supplemented with 10% FBS, 1% P/S, 2% glutamax and
1% glucose (all from Gibco-BRL, the Netherlands). Finally primary myoblast
cells were plated in 12 wells plates at 70-80% confluence, the following day
the cells were washed with PBS and differentiation medium (Dulbecco'’s
medium (without phenol red) supplemented with 2% HS, 1% P/S, 2%
glutamax and 1% glucose (all from Gibco-BRL, the Netherlands)) was added.

In vitro delivery

AON transfection of myotube cultures

Primary human control, patients myotube and mouse myotube cells

were transfected with either 100, 200 or 500 nM of AONSs using 6 pl of
Lipofectamin 2000 (according to manufacturer’s protocol) per well. After
incubation for 3-4 hours at 37 °C and 5% CO,, cells were washed twice with
PBS and 2 ml of fresh differentiation medium was added. Forty-eight hours
later, RNA was isolated.

Gymnotic delivery

Primary myoblasts from mdx mice were incubated with 2 or 4 pM of 23M or
23F AON for 96 hours at initiation of differentiation.

In vivo delivery

Intramuscular injection of mdx mice

Two mdx mice were IM injected in the gastrocnemius and triceps muscles
with 2.9 nmol of 23M (20 pg) or 23F AON in contralateral muscles for 2
consecutive days. One week after the last injection the mice were sacrificed,
and quadriceps (non-injected control), gastrocnemius and triceps muscles
were isolated.
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Intramuscular injection of hDMD mice

Two hDMD mice were injected in the gastrocnemius and triceps muscles with
cardiotoxin 2 days prior to injection with 2.9 nmol of 23A0N or 2FPS23A0N
contralateral for 2 consecutive days. One week after the last injection the
mice were sacrificed, quadriceps (non-injected control), gastrocnemius and
triceps muscles were isolated.

Systemic treatment in mdx mice

Five weeks old mdx mice (4-5 mice per group) were subcutaneously injected
4 times per week, with 50 mg/kg of 23M AON in 100 pl of saline or the molar
equivalent (6.8 pmol) for 23F AON. Mdx mice were treated for 8 weeks and
sacrificed 1 week after the last injection. All mice were weighed prior to
injection and at the day of sacrifice. Blood samples were obtained from the
tail vein for plasma pharmacokinetics analysis (PK) at the day of sacrifice.
Gastrocnemius, quadriceps, tibialis anterior, triceps and diaphragm muscles,
heart, liver and kidney were isolated to determine exon skipping levels and
AON concentrations. The spleen was isolated and weighed.

RNA isolation

RNA isolation and cDNA synthesis of myotube cultures

Human and mouse cells were washed twice with PBS. RNA was isolated by
adding 500 pL TriPure (Roche diagnostics, the Netherlands) to each well to
lyse the cells. This was followed by chloroform extraction in a 1:5 ratio on
ice for 5 minutes. The remaining cell debris was spin down by centrifugation
(4°C, 15 minutes, 15,4000 rcf) and the upper aqueous phase precipitated for
30 minutes on ice with equal volume of isopropanol. The RNA/isopropanol
precipitate was centrifuged (4°C, 15 minutes, 15,400 rcf) and the pellet
washed with 70% ethanol. The final RNA pellet was dissolved in 15 pl of
RNase/ DNase free water. For complementary DNA (cDNA) synthesis, 11 pl
of RNA was used in a 20 pl reaction with a specific reverse primer (in human
exon 48 for evaluating exon 45 skipping, in human exon 56 for evaluating
exon 53 skipping, in mouse exon 26 for evaluating exon 23 skipping) and
transcriptor reverse transcriptase (Roche Diagnostics, the Netherlands)

for 30 minutes at 55°C and 5 minutes at 85°C to terminate the reaction
according the manufacturer’s instructions.

RNA isolation and cDNA synthesis of tissue

Samples were homogenized in TriPure (Roche diagnostics, the Netherlands)
solution using a MagNA Lyser (Roche Diagnostics, the Netherlands) and
MagNA Lyser green beads (Roche Diagnostics, the Netherlands). Total RNA
was isolated and purified according manufacturer's instructions. For the
cDNA synthesis, 400 ng of RNA was used in a 20 pl reaction with random
hexamers and transcriptor reverse transcriptase (Roche Diagnostics, the
Netherlands) for 45 minutes at 42°C and put on ice.
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In vitro exon skip evaluation

Exon skipping was determined by nested RT-PCR. For RT-PCR analysis 3 pl of
cDNA was incubated with 0.625 U AmpliTaq polymerase (Roche Diagnostics,
the Netherlands), 10 pM of primers (in exon 43 and 48 for exon 45 skipping,
for exon 53 skipping in exon 56 and 43 (patient) or exon 50 (control), and
mouse exon 21 and 26 for mouse exon 23 skipping) 5pmol of dNTPs and

1 times Supertaq PCR buffer (Sphaero-q, the Netherlands) and amplified
for 20 cycles each consisting of 40 seconds at 94 °C, 40 seconds at 60 °C
and 80 seconds at 72 °C. This PCR was followed by a nested PCR. For the
nested PCR analysis 1.5 ul of the first PCR product was incubated with 1.25
U AmpliTaq polymerase (Roche Diagnostics, the Netherlands), 20 pmol of
primers (human exon 44 and 46 for evaluating exon 45 skipping, human
exon 55 and 44 (patient) or 51 (control for evaluating exon 53 skipping,

and mouse exon 22 and 24 for exon 23 skipping) 10 pmol of dNTPs and

1 times Supertaq PCR buffer and amplified for 32 cycles each consisting

of 40 seconds at 94 °C, 40 seconds at 60 °C and 60 seconds at 72 °C. PCR
fragments were analyzed using 1.5 % agarose gel electrophoresis. Exon skip
levels were semi-quantitatively determined as the percentages of the total
(wild type and skipped) product with the Calipur LabChip GX (PerkinElmer,
the Netherlands).

In vivo exon skip evaluation

Exon skip evaluation of intramuscular injected mice

Exon skipping was determined by nested RT-PCR and visualized on an
agarose gel as described for the myotubes cultures detecting exon 45
skipping (hDMD) or exon 23 skipping (mdx mice).

Exon skip evaluation of systemically treated mdx mice

Exon skipping was determined by single RT-PCR. For RT-PCR analysis 1.5
pl of cDNA was incubated with 1.25 U taq polymerase (Roche Diagnostics,
the Netherlands), 20 pmol of primers (reverse primer in exon 24, forward
primer in exon 22) 10 pmol of dNTPs and 1 times Supertaq PCR buffer
(Sphaero-q, the Netherlands) and amplified for 30 cycles each consisting
of 30 seconds at 94 °C, 30 seconds at 60 °C and 30 seconds at 72 °C. PCR
fragments were analysed by 2% agarose gel electrophoresis.

In vivo safety and quantification of AON levels

Plasma parameters

Blood was collected in lithium-heparin coated microvettes CB300 (Sarstedt
B.V. the Netherlands). Glutamate pyruvate transaminase (GPT), alkaline
phosphates (ALP) glutamic oxaloacetic transaminase (GOT) hemoglobin
(HB), urea and creatine kinease (CK) were determined using Reflotron strips
(Roche Diagnostics, the Netherlands) in the Reflotron Plus machine (Roche
Diagnostics, the Netherlands).
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Quantification of AON levels in tissue of mdx mice

For measuring the concentration of AONs in tissue samples a hybridization-
ligation assay based on one previously published was used 24 Tissues

were homogenized in 100 mM Tris-HCI pH 8.5, 200 mM NacCl, 0.2% SDS,

5 mM EDTA and 2 mg/ml proteinase K using zirconium beads (1.4 mm;

OPS Diagnostics, Lebanon, NJ) in a MagNA Lyser (Roche Diagnostics, the
Netherlands). Samples were diluted 600 and 6000 times (muscle) or 6000
and 60000 (liver and kidney) in pooled control mdx tissue in PBS.

Calibration curves of the analysed exon 23AONs prepared in 60 times
pooled control mdx tissue in PBS were included. All analyses were
performed in duplicate.

Statistical analyses

A Student’s T-Test was used to determine significant differences in exon
skipping levels, AON levels, plasma protein levels and spleen/bodyweight
ratios. Mixed model linear regression analysis was used to determine
significant differences in bodyweight over time. Results were deemed
significantly different when P <0.05.
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3. Results

In vitro evaluation

To test whether 2FPS AONs are capable of inducing dystrophin exon
skipping, human control myotube cultures were transfected with 100-500
nM of several 2FPS AONs and their isosequential 20MePS counterparts™.
These AONs have different activity profiles and target exon 45 or exon

53 (Supplementary table 1, fig. 1). RNA was isolated after 48 hours and
exon skipping levels were determined semi-quantitatively by lab-on-a-chip
analysis after nested RT-PCR amplification. We observed highest exon 45
skipping levels for each of the 2FPS AONs, with 3 out of 4 of the 2FPS AONs
having exon skipping levels over 90% at all concentrations tested (fig. 1A).
For exon 53 skipping, although percentages were more variable, all 2FPS
AONS induced relatively higher exon skipping levels than their 20MePS
AON counterparts (fig. 1B). This effect was also confirmed in DMD patient-
derived A45-52 myotube cultures, in which skipping of exon 53 is frame-
restoring and potentially therapeutic (fig. 1C).

We also evaluated the potential of 2FPS AONSs targeting mouse dystrophin
exon 23" in mouse control myotube cultures. Upon the use of a
transfection reagent we observed a slight increase in exon 23 skipping with
2FPS AON (23F) compared to the 20MePS AON (23M) at 500 nM. However,
no differences between 23F and 23M were observed at 200nM (fig. 1D).
Finally, we also tested the activity of 2FPS AON in primary myoblasts
derived from extensor digitorum longus (EDL) muscles of an mdx mouse, a
mouse model for DMD'. In this case, we did not use a transfection reagent
(‘gymnotic delivery’). Primary myoblasts were incubated with 2 or 4 uM

of 23M or 23F AON at initiation of differentiation into myotubes. After 96
hours RNA was isolated and analyzed by nested RT-PCR. Exon 23 skipping
was confirmed for both AONs at comparable levels (fig. 1E).

In vivo evaluation

Two mdx mice were intramuscularly (IM) injected with 2.9 nmol of 23M

or 23F AON for 2 consecutive days in gastrocnemius and triceps muscles.
One week after the last injection the mice were sacrificed and the injected
muscles harvested for RNA isolation. Exon skipping was determined by
nested RT-PCR and visualized on an agarose gel. Surprisingly no clear exon

skipping could be detected for the 23F AON, in contrast to the 23M AON (fig.

2A).

In parallel, we evaluated subcutaneous (SC) administration of the 2FPS
AON targeting mouse exon 23. Groups of 4-5 mdx mice were administered
23M, 23F AON or saline, through 4 weekly injections of 50 mg/kg for 23M
AON, or molar equivalent for 23F AON for 8 weeks. One week after the last
injection the mice were sacrificed and various muscles and other tissues
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were harvested for analysis. Exon skipping was assessed for skeletal- and
cardiac muscles by single round RT-PCR and visualized on an agarose gel.
Surprisingly, again no exon skipping could be detected in 23F AON treated
mice in any of the muscles analyzed, while exon skipping was detectable
in the case of 23M AON treated mice for each muscle analyzed (fig. 2B).
As anticipated, dystrophin restoration was observed by Western blot

for 23M AON treated mice, but not for 23F AON or saline treated mice
(Supplementary figure 2).

Assessment of the AON concentrations in different organs revealed lower
levels of 23F AON in skeletal and cardiac muscle, liver and kidney compared
to 23M AON treated animals (fig. 2C,D). The calculated target tissue muscle/
kidney and muscle/liver ratios were higher for 23F AON suggesting that
while uptake in muscle is lower for 23F than 23M AON, it is even further
reduced in kidney and liver (fig. 2E,F).

Blood and plasma were determined for markers of liver and kidney
damage and function as part of the safety profiling of the AONs. Glutamic
oxaloacetic pyruvate transaminase (GOT) and glutamate pyruvic
transaminase (GPT) are both enzymes that leak into the bloodstream upon
liver and muscle damage. No significant differences were observed for
GOT, while significantly lower GPT levels were found for mice treated with
either AON compared to saline treated mice. Alkaline phosphatase (ALP, a
marker for hepatobiliary function), urea (a marker for kidney function), and
haemoglobin levels showed no significant differences between the 3 groups
and were in the normal range for mdx mice. Large variations in individual
levels of creatine kinase (CK), an enzyme that leaks into the bloodstream
upon muscle damage, prevented comparisons between the groups (fig. 3A-D).
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A IM mdx mice

Gastr Tric Qua  Gastr Tric
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Figure 2. Exon skipping and pharmacokinetic analysis of 23F and 23M-treated
mdx mice. A) RT-PCR analysis of muscles from two mdx mice, IM injected with 2.9
nmol of 23M or 23F contralaterally for 2 consecutive days. B) RT-PCR analysis of
skeletal and heart muscles isolated from mdx mice (4-5 mice/group) subcutaneously
treated 4 times per week with 50 mg/kg of 23M, an equimolar amount of 23F or
saline for 8 weeks. C) AON concentrations in skeletal muscles and heart assessed with a
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hybridization ligation assay. D) AON concentrations in liver and kidney as assessed
with a hybridization ligation assay. E) Ratios of AON levels in muscle compared to kid-
ney. F) Ratios of AON levels in muscle compared to liver. M= 23M, F= 23F, C= untreated
control, S= saline, Gastr= gastrocnemius, Qua= quadriceps, Tib.A= tibialis anterior, Tric=
triceps, Dia= diaphragm, (*T-test for significant P<0.05). Bars represent means + SD
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Figure 3. Analysis of plasma protein levels and weight of 23F and 23M-treated
mdx mice. A) Glutamate pyruvate transaminase (GPT), alkaline phosphates (ALP),
B) glutamic-oxaloacetic transaminase (GOT), C) hemoglobin (Hb), urea, D) creatine
kinase (CK), and E) Weight gain over time. Bars represent means * SD; F) Ratio
spleen/bodyweight.

Notably, 23F AON treated mice had significantly lower increases in body
weight over time compared to 23M AON and saline treated mice (fig. 3E).
Additionally, we found a significantly higher spleen/bodyweight ratio for
mice treated with 23F AON compared to the other groups at sacrifice (fig.
3F).

To assess whether the discrepancy between in vitro and in vivo results
observed for mouse exon 23 AONs also occurred for other exons, we
compared a 2FPS and 20MePS AON targeting human exon 45 in vivo in
the hDMD mouse model. This mouse model carries the human DMD gene
integrated in the mouse genome, which compensates for lack of mouse
dystrophin resulting in healthy muscle'. Since AON uptake in mdx mice is
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facilitated by the dystrophic phenotype we pretreated hDMD gastrocnemius
and triceps muscles with IM cardiotoxin injections to induce muscle necrosis
and enhance AON uptake’'®. Two days later treated muscles were injected
with 2.9 nmol of the most potent 20MePS AON targeting human exon

45 (45-2M) or isosequential 2FPS AON (45-2F) for 2 consecutive days into
gastrocnemius and triceps muscles. One week after the last injection, RNA
was isolated, and exon skip levels were determined by nested RT-PCR and
visualized on an agarose gel. Results suggested enhanced exon skipping

for 2FPS AON over the 20MePS AON, which was most pronounced in the
triceps muscle (fig. 4). These results demonstrate that 2FPS AONs are in fact
capable of exon skipping in vivo after IM injections and the failure of the
2FPS AON to induce mouse dystrophin exon 23 skipping in vivo is not due to
an inability of 2FPS AONs to be active in vivo per se.

Qua Gastr Tric Gastr Tric
@ F M M F M F F M

§..,!".

] , [44 [ 45 | 46 |
| —
et - - =

Figure 4. Exon skip evaluation of intramuscular injection of 2FPS AON and
20MePS counterparts in hDMD mice. Two hDMD mice were intramuscularly
injected with cardiotoxin 2 days prior to AON treatment of 2.9 nmol with 20MePS
or 2FPS AON counterpart targeting human exon 45 for 2 consecutive days. RNA
was isolated one week after the last injection, subjected to RT-PCR and exon
skipping visualized on an agarose gel. M= 23M, F= 23F, C= untreated control, Gastr=
gastrocnemius, Qua= quadriceps.

4. Discussion

Exon skipping is a therapeutic approach using AONs to reframe dystrophin
transcripts for DMD and is currently evaluated in clinical trials'. 2FPS AONs
have shown unanticipated enhanced exon skipping in a model of SMA due
to recruitment of ILF2/3 proteins to the 2F/pre-mRNA duplex'. For DMD,
exon skipping is a desired feature, making 2FPS AONs potentially useful
tools for reframing dystrophin transcripts. In this study, we demonstrate in
vitro that 2FPS AONs have enhanced exon skipping in human and mouse
myotube cultures over 20MePS AON counterparts. The increased efficiency
was most pronounced for human exon 45 AONs and least for mouse exon
23 AONs. A possible explanation in vitro is the difference in AON target
sites and parameters such as AON sequence composition and secondary
structure of the target region. For example, the AONs used here to target
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human exon 45 or 53, target intraexonic sites whereas the mouse AON
targets a donor splice site. It is likely that the added bulkiness of recruited
ILF2/3 by fluoro modified AONs is less effective when targeting exon
intron boundaries where direct competition takes place with U1 snRNP
binding sites than when targeting predicted ESE in intraexonic regions.
This is consistent with our previous finding that exonic AONs appear to
outperform splice site targeting AONs®.

In vivo we demonstrated that 2FPS AONs were not capable of skipping exon
23 in mdx mice, in contrast to 20MePS AONs. A possible explanation for the
observed difference between 20MePS and 2FPS AON in vivo is that uptake
of 2FPS by skeletal muscles after systemic treatment in mdx mice yielded
insufficient concentrations to allow exon skipping. However, this does not
explain why no exon 23 skipping was detected after IM injections in mdx
mice. Potentially lower in vivo stability of 2FPS AONs could lead to lower
tissue levels, but the fact that human exon 45 skipping 2FPS AONs were
effective in vivo after IM injections argues against this possibility. It should
be noted however, that the exon 45 AON was tested in healthy muscle,
while it is possible that in the mdx mouse the underlying pathology, such as
the chronic inflammation and high muscle turnover caused increased 2FPS
degradation.

Recently, Shen et al., showed in vitro that 2FPS modified AON interfered with
splicing proteins and that 2FPS AON treatment of cultured cells resulted

in a general disruption of normal splicing™. We evaluated the accuracy of
dystrophin splicing for exons 46 to 53 and the splicing of other genes (Beta-
2-Microglobulin, Transforming Growth Factor beta 1, Alpha-1 type | collagen
and Activin, chosen because of their involvement in immunogenicity,
proliferation, differentiation etc.) in muscle RNA isolated from saline,
20MePS and 2FPS treated mice, but did not observe any differences
between the groups (data not shown). This suggests that the splicing
disruptions as observed by Shen et al., might not underlie the lack of exon
23 skipping we observed in the mdx mouse. However only a deep analyses
of the full dystrophin transcript can rule out the occurrence of splicing
abnormalities completely.

Since the first encouraging 2F results were published more than 20 years
ago?°, only short term in vivo experiments (1-3 weeks) have been reported
for 2F-modified AONs. Furthermore, only a limited number of tissues

was evaluated after intraperitoneal (IP) administration in Spinal Muscular
Atrophy (SMA)'® or normal mice?'. To the best of our knowledge, no long
term in vivo follow up studies have ever been reported for this chemistry.

With respect to safety, in our study of systemic AON treatment targeting
mouse exon 23, no clear indications of toxicity were seen in markers for
liver, kidney or muscle damage. However, mice treated with 2FPS AON

had a significantly higher spleen/bodyweight ratio compared to 20MePS
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AON and saline treated mice. This corroborates the finding?' of a dose-
dependent increase in spleen weights for mice treated with 2F AONs with
flanking and or alternating 2'-O-methoxyethyl nucleotides after three weeks
treatment with 6.25- 50 mg/kg twice a week. Lastly, we also noticed that the
2FPS treated mdx mice gained significantly less bodyweight than saline and
20MePS treated mice. On average the 2FPS treated mice weighed 17% less
at the end of our experiment. Taken together this suggests that mdx mice
did not tolerated the treatment with fully modified 2FPS AONSs targeting
mouse exon 23 very well.

In summary our data shows that 2FPS modified AONs had an improved
effect in vitro and were effective in vivo on DMD exon skipping when
targeting human exons, but this effect was minimal or absent in vitro and
in vivo targeting mouse DMD exon 23. The exact reason for a lack of exon
skipping in vivo by 2FPS modified AON targeting mouse DMD exon 23 is
still unclear. In addition, 2FPS AONs revealed possible safety issues for
long term in vivo application, which needs to be further addressed when
one wants to use such AONSs in future studies. However, our results do not
support a clinical application for 2FPS AON.
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General discussion

Efficient drug delivery is a key issue for any potential drug in development.
A drug can have a high efficacy in vitro but when it fails to reach its target
properly in vivo, the drug is of no use for humans. Furthermore, a drug
needs to be safe and well tolerated. Drugs with severe toxicities or where
the side effects are more severe than the disease, are doing more harm
than good. A balance between efficient delivery, safety and tolerability will

result in a drug with the required efficacy that is suitable to use for humans.

This thesis focusses on delivery of AON to skeletal and cardiac muscle for
DMD. Since one cannot treat each muscle individually, systemic treatment
is necessary. From pre-clinical studies it is known that this is feasible.
Clinical studies have shown that AON (20MePS and PMO AONS) are safe
for humans, however mild to moderate side reactions have been reported.
For example subclinical proteinuria is observed in patients treated with
20MePS AONs but also for patients treated with PMO AONs. Upon
subcutaneous administration of 20MePS AONSs injection site reactions
and occasionally severe thrombocytopenia have been observed. Upon
intravenous administration of PMO AONs vomiting, balance disorders
and catheter site pain have been observed (1,2) (www.sarepta.com).
Unfortunately, no significant clinical benefit (improvement of 6MWT) has
been shown for AON in humans (20MePS and PMO). While in September
2016 a PMO has been approved by the FDA, this was based on dystrophin
restoration (increases of 0.2-0.9% of normal in a subset of patients), and
FDA explicitly specified that functional effects still need to be confirmed in
future studies. So far results are suggestive of a slower decline in the 6MWT
compared to natural history data (chapter 2). Since there is no treatment
available besides symptomatic care (chapter 1.3.1), a drug that appears to
slow down disease progression is a big achievement where many patients
would like to benefit from.

Chemical modifications are an interesting approach to increase the
efficacy of AON for DMD. In Chapter 5, fully modified 2FPS AON have been
investigated for the first time for DMD (2'-deoxy-2'-fluoro RNA modification
(2F)). 2F modified AON resulted in increased exon skipping levels in vitro
as well as in vivo in a model for SMA (3). | observed these findings as

well in cultured human myotubes (chapter 6). However, upon systemic
administration of mdx mice, no exon skipping levels were found in any of
the analysed tissues and 2FPS AONs were not well tolerated as suggested
by increased spleen weight and decreased body weight compared to
20MePS AONSs. Later, Shen et al, found that cells treated with 2F modified
oligonucleotides have elevated levels of double stranded brakes (DSB) and
more cell death compared to 2-O- methoxyethyl (2MOE) oligonucleotides
(4). They show that the DSB pathway is likely disturbed upon 2F
oligonucleotide treatment due to the loss of p54nrb, PSF and PSPC1
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proteins, and ultimately leads to a loss of cellular proteins (even limiting
the 2F modification to just 4 nucleotides resulted in down regulation of
P54nrb). These findings likely explain the lack in weight gain and increased
spleen weight observed in mdx mice treated with 2FPS AONs. Together
these results show that the 2F modification leads to severe toxicity and
should not be used in future experiments. Even though there is still room
for improvement of AON by chemical modifications, they will not make the
AON muscle specific (although they might result in improved muscle uptake
due to increased binding affinity).

In my opinion, the lack of significant clinical benefit (meaning at least 30 m
differences in 6BMWT compared to placebo) is the result of inefficient drug
delivery to the target. Since the human body consists of 30-40% of muscle,
efficient drug delivery is a major challenge (chapter 1.3.5). Upon systemic
administration a large proportion of the administrated AONs ends up in
liver and or kidney and is lost for targeting muscle. Nevertheless skeletal
muscles in DMD patients have leaky membranes, which facilitates the
uptake of AONs compared to healthy muscle tissue, yet efficient uptake in
cardiac muscle remains challenging as here membranes are intact. Many
approaches have been investigated to improve the delivery of AON (chapter
1.3.6) but only a few of them have applied a muscle specific approach
(chapter 1.5). | believe this is the preferred option since AON by itself can
already distribute throughout the body and be taken up by various tissues
(chapter 1.3.5). Improving delivery to and uptake specifically for skeletal and
cardiac muscle tissue is key.

To improve the delivery and uptake of AON, muscle specific homing
peptides could be ideal candidates to accomplish this. However, the
identification of muscle homing peptides from combinatorial phage display
peptide libraries is not without challenges e.g. phage display biopanning
selections are dominated by parasite sequences (chapter 1.5). In chapter

4 we describe for the first time the implementation of lllumina next
generation sequencing (NGS) to analyse the outcome of phage display
biopanning selections using the Ph.D.-7™ peptide library (expressing

linear 7-mer peptides). We found that sequencing the naive library after
one round of bacterial amplification is a useful tool to identify parasite
sequences with a growth advantage. Further, by using NGS a single round
of biopanning is enough to identify potential candidate peptides. Databases
like Pepbank (5) and Sarotup (6) are versatile tools to check whether your
candidate peptide has been found before for a different target (meaning

it is not specific for your target), or to inform you whether this is a parasite
sequence known from literature (e.g. known to bind albumin, plastic or
having a growth advantage). Our NGS results led to a new tool in Sarotup
database, PhD7faster. Now other researchers can use this improved tool
to filter there data for known 7-mer parasite sequences with a growth
advantage (7).
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In the last few years Matochko et al., performed more detailed analyses

of the peptide libraries, Ph.D.-7™, Ph.D.-C7C™and Ph.D.-12™ library (8).
They illustrate with statistical analyses how to identify parasite sequences
in the naive library and their behaviour upon bacterial amplification. These
results are comparable to ours (Ph.D.-7™ and Ph.D.-C7C™ unpublished).
What | found interesting in their analyses compared to ours, are the

very high frequency counts found in the naive library before and after
bacterial amplification. Their top 30 peptides have frequency counts
between 947 and 5.548 before and between 14.489 and 74.758 after
bacterial amplification, whereas in our data set the top frequency count
observed in de naive library was no more than 29 and after bacterial
amplification 323. | believe that the library batch used by Matochko et al.,
is already biased towards parasite sequences through manufacturing/
amplification by the manufacturer/others, or something did not go well

in the preparation of the samples for NGS sequencing or a combinations
of the above. We did observe a similar issue for our Ph.D.-C7C™ library
where the naive unamplified library (as provided by the manufacturer)
showed a frequency distribution in the range of our Ph.D.-7™ library after
amplification and observed even further increased frequency counts after
bacterial amplification (top 30 peptides Ph.D.-C7C™ library: naive 103-775,
amplified 179-2,106). However these frequency counts are not even close to
the counts observed by Matochko et al. Nonetheless these findings demand
attention from the manufacturer as they can lead to major issues in the
phage display field (e.g. limiting the change of identifying true candidate
peptides, which by itself is already challenging). Together this does support
our finding that it is crucial to sequence your naive library before and after
one round of bacterial amplification to identify parasite sequences with a
growth advantage. | believe one has to do this for each library one uses,
even for a new batch of the same library.

Matochko et al., also investigated a new method for phage amplification:
emulsion amplification (9,10). Here, individual phages are amplified in
droplets preventing competition between different phages. This method
suppresses fast growing phages and gives other phages more room to
amplify, resulting in a more uniform distribution of amplified phages
thereby increasing the change of identifying true binders. | find this a
valuable approach that should be used in the future by researchers as well
as by manufacturers.

Since more researchers are starting to implement NGS sequencing there is
a growing need for improved tools which are capable of handling millions
of sequences simultaneously. In this area, just recently, improvements
became available like PHASTpep (11) and FASTAptamer (12). Further there
is an increase in the number of researchers developing and combining
high-throughput sequencing with computational analyses (13,14). We have
investigated a computational algorithm to predict secondary structure (%
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of helical content) of all possible 7-mer peptides (1.28 billion) to further
improve the analyses of phage display selections (Jirka et al., unpublished).
Combining the structure information with the outcome of our NGS data
from the naive unamplified and amplified Ph.D.-7™ library we found a
significant increase of peptide sequences with no predicted secondary
structure for the parasitic sequence population. This would mean that
sequences without a predicted structure have an increased chance of being
a parasitic sequence. This finding is not strange since it can be expected
that a phage with a peptide sequence without structure would be able

to pass the membrane of bacteria much quicker (thereby amplify faster)
than a phage with a peptide sequence which does have a structure. This
hypothesis still needs to be further investigated using higher resolution
algorithms and more thoroughly analyses. Nevertheless the approach has
the potential to improve the analysis of phage display selections further
and thereby improve the identification of parasite sequences in not only the
fraction sequenced by NGS, but for all possible 7-mer peptides. Additionally
this approach could be used to characterize parasite sequences further as
despite their growth advantage some could still have the potential to bind
the target of interest.

In Chapter 3, | describe the identification of muscle homing peptide P4.

This peptide is selected from in vivo phage display biopanning selections
(up to 4 selection rounds) using the Ph.D.-7™ phage display peptide

library (without NGS analyses). P4 conjugated 20MePS AONSs resulted,

upon systemic administration in mdx mice, in increased delivery and exon
23 skipping levels for all muscle tissues analysed and was significant for
diaphragm and cardiac muscle tissue. Although increased uptake is seen for
liver and kidney as well, the ratio is favoured towards skeletal and cardiac
muscle tissue. An outstanding question is whether the modest increase
shown would be enough. Looking at the current clinical trial results for
20MePS AON, low levels of dystrophin protein appear to slow down disease
progression. One can hypothesize that a small increase of these low levels
can have a serious impact and by this means even small increases have the
possibility to further slowdown disease pathology. Pre-clinical studies have
shown that improvements in skeletal muscle pathology alone, resulted in
increased deterioration of cardiac muscle pathology (15). The significantly
increased exon skipping levels seen in diaphragm and cardiac muscle
combined with the fact that most DMD patient die of respiratory or cardiac
failure, in this manner, illustrates once more the potential of P4.

Although the improvements by P4 are encouraging, ideally we need a
better muscle homing peptide. This could be accomplished by chemical
modifications of the peptide. Here one could think of amino acid
modifications, using non-natural amino acids and alternative conjugation
strategies. Continuing to improve the identification methods, new phage
display biopanning selections (in vitro and in vivo) combined with NGS
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analyses (using not more than 2 selections rounds) have been performed
using a more potent phage display library, Ph.D.-C7C (Chapter 5). This
library expresses 7-mer peptides in cyclic conformation from which

is thought to have increased binding affinity compared to the linear
expressed peptides. This resulted in the identification of muscle homing
peptide CyPep10, which upon conjugation to a 20MePS AON increased

the uptake and exon 23 skipping in all skeletal and cardiac muscle tissues
analysed, by 2-fold on average and was well tolerated in mdx mice. This

is a big improvement compared to the P4 peptide and thereby has a lot
more potential. Unfortunately, the increase in uptake is also seen for

liver and kidney, this might mean that the peptide is not tissue specific.
However comparing the frequency counts (number of phages found) of this
particular phage (with CyPep10 sequence) in tissues after the biopanning
selections, showed higher frequency counts for skeletal and cardiac muscle
than liver and kidney. This indicates that CyPep10 should be preferentially
taken up by muscle in favour of liver and kidney. Nonetheless, even if the
peptide is not muscle specific it remains a potential candidate because the
increased uptake seen in liver and kidney did not lead to safety concerns so
far. It is possible that the bulkiness of the AON hampers the function of the
peptide. Notably, 3-5 copies of the peptide are expressed on the phage coat
used in the biopanning experiments and only one is conjugated to the AON.
A solution to this problem is to conjugate more than one peptide to the
AON, however this requires further research in how to conjugate peptides
to 20MePS AON and the influence of different “linkers” or “spacers” used to
accomplish this. Future research is needed to address all these questions
and the potential of CyPep10 further.

Muscle homing peptides are not only interesting to enhance delivery of
AON for DMD but potentially could help deliver AON for other muscle
diseases as well e.g. myotonic dystrophy (DM) or spinal muscular atrophy
(SMA) where uptake of AON in muscle is less straightforward due to the
absence of leaky muscle fiber membranes as observed in DMD patients.
Muscle homing peptides could be interesting for AAV delivery as well (16).
The advantage for AAVs is that muscle homing peptides do not need to be
conjugated but can be directly integrated in the vectors genome. Another
advantage for AAVs is that one does not have to take the charge of the
peptide in to account while for 20MePS AONs only non-cationic homing
peptides can be used.

In conclusion, muscle specific homing peptides have the potential to
improve the delivery of AON and other compounds towards muscle. By this
means they have the potency to improve the balance between delivery,
safety and tolerability resulting in an optimized drug with the required
efficacy that is necessary for optimal treatment of DMD patients.
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Efficient drug delivery is a key issue for any potential drug in development. A
drug can have a high efficacy in vitro but when it fails to reach its target properly
in vivo, the drug is of no use for humans. Furthermore, a drug needs to be safe
and well tolerated. Drugs with severe toxicities or where the side effects are more
severe than the disease, are doing more harm than good. A balance between
efficient delivery, safety and tolerability will result in a drug with the required
efficacy that is suitable to use for humans.

Duchenne muscular dystrophy (DMD) is a severe progressive muscle
wasting disorder affecting 1 in 5,000 new born boys. DMD is caused by
reading frame disrupting mutations in the DMD gene resulting is an absence
of the dystrophin protein. Dystrophin is an important muscle protein as

it provides stability upon muscle fiber contraction. Without this protein
muscle fibers are easily damaged and chronic damage leads to muscle
fibrosis which in turn results in a loss of muscle function. In general DMD
patients are generally diagnosed before the age of five and become wheel
chair dependent around the age of 12. Patients need assisted ventilation
around the age of 20, an age where in most patients cardiomyopathy is
prevalent as well. DMD patients have a life expectancy of around 30 years
of age in the western world where respiratory and cardiac failure is the
main cause of death. In contrast to DMD, Becker muscular dystrophy (BMD)
is @ muscle wasting disorder, caused by mutations in the DMD gene that

not affect the reading frame but result in an internally deleted but partly
functional dystrophin protein. The symptoms of BMD are much milder

and ranges from mild to moderately severe. The life expectancy of these
patients varies from 40-50 years for the more severely affected patients to a
nearly normal life expectancy for the milder affected patients.

Currently there is no therapy for the majority of the DMD patients. As

part of the standard of care patient receive symptomatic treatment e.g.
corticosteroids, respiratory and cardiac support. Various therapeutic
approached are currently under development and in general can be
grouped in two main groups. One is focussed on the genetic defect, aiming
to restore dystrophin production. The other is focussed on secondary
pathology, for example reducing fibrosis and inflammation or improving
muscle growth and strength. Most advanced therapeutic approach is aimed
at restoring dystrophin production: exon skipping. Here AON are designed
to bind a specific exon in the pre-mRNA of the dystrophin transcript. Upon
binding the AON hides the exon from the splicing machinery, it is no longer
recognized as an exon and thereby spliced out together with the other
introns (chapter 1, figure 4c). This results in restoration of the reading frame
and the production of a partly functional dystrophin protein as seen in BMD
patients (chapter 1, figure 1).

This thesis focusses on delivery of AON to skeletal and cardiac muscle for
DMD. Since one cannot treat each muscle individually, systemic treatment
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is necessary. From pre-clinical studies it is known that this is feasible.
Clinical studies have shown that AON (20MePS and PMO AONSs) are safe
for humans, however mild to moderate side effects have been reported.
On September 19t 2016 the FDA conditionally approved eteplirsen (a PMO
targeting DMD exon 51) for the treatment of DMD patients that benefit
from exon 51 skipping. However, upon systemic administration of AON, a
large proportion of the administrated AONs ends up in liver (20MePS) and
or kidney (20MePS and PMO) and are lost for targeting muscle.

Strategies taken to improve AON therapy are chemical modification of the
AON to enhance nuclease resistance or improve thermodynamic stability,
affinity for the target, bio-availability and tissue half-life. In chapter 6 2FPS
(substitution of a Fluoro (F) at the 2’ position) and isosequential 20MePS
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).

Other strategies taken to improve AON therapy are more focussed on

the use of a delivery system. Such 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 to allow efficient uptake 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. In this thesis
the conjugation of muscle homing peptides, selected from phage display
experiments, to 20MePS AON is described as a delivery system (chapters 3,
4 and 5).

Phage display is a well described, powerful technique to identify peptides,
antibodies or other proteins with target specific binding properties

from phage libraries. Such a selection is called biopanning and the basic
principles are the same for various targets. The phage library is exposed to
the target for binding. When all non-binders are removed binding phages
are recovered by elution, amplified and prepared for a next biopanning
round. After several rounds of biopanning, binding phages are identified
by for example sequencing of candidate phage DNA (chapter 1, figure 7).
The use of muscle specific homing peptides potentially leads to a delivery
system which is safe, small in size, promotes endosomal escape and limits
uptake by e.g. liver and kidney.

Focussing on the 7-mer phage display peptide library (Ph.D.-7), the first
potential muscle homing peptide for 20MePS AON, selected from in vivo
biopanning selections in mdx mice, is peptide P4 (7-mer: LGAQSNF). P4
conjugated 20MePS AONSs resulted in small but significantly increased
exon skipping levels in diaphragm and cardiac muscle tissue compared
to unconjugated AONs, after subcutaneous administration in mdx mice
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(chapter 3). Despite an increase in AON levels in all tissues was observed,
the uptake was favorable for muscle.

In the last couple of years, technology used to analyze phage display
outcomes rapidly improved. We integrated for the first time lllumina

next generation sequencing (NGS) to analyze phage display biopanning
selections (chapter 4). We showed that high throughput sequencing of the
naive 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.

In search for better muscle homing peptides we used NGS sequencing to
analyze new in vitro/in vivo phage display selection. This, combined with the
use of a 7-mer cyclic peptide library (here peptides are more restrained in
conformation resulting in higher binding affinity) allowed the identification
of new candidates. From these candidates the lead peptide CyPep10 (Cyclic
7-mer: CQLFPLFRC) resulted, upon conjugation to 20MePS AONSs, in 2-3
fold increase in AON levels in all tissues analyzed. Despite increase in AON
levels in liver and kidney is seen as well the conjugate has a high potential
as it resulted in a significant 2-2.5 fold increase in exon skipping levels in all
muscle tissues analyzed (chapter 5).

In conclusion, muscle specific homing peptides have the potential to improve the
delivery of AON and other compounds towards muscle. By this means they have
the potency to improve the balance between delivery, safety and tolerability
resulting in an optimized drug with the required efficacy that is necessary for
optimal treatment of DMD patients.
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Chapter 9

Een zeer belangrijk onderdeel in de ontwikkeling van nieuwe medicijnen is
zorgen dat het medicijn op de plek komt waar het zijn werking moet uitvoeren.
Een geneesmiddel kan een goede werkzaamheid hebben, maar wanneer het
in het lichaam niet op de plek komt waar het nodig is heeft het geen baat
voor mensen. Daarnaast moet een geneesmiddel veilig en verdraagzaam zijn.
Geneesmiddelen die leiden tot toxiciteit of waar de bijwerkingen erger zijn dan
de te behandelende aandoening, doen uiteindelijk meer kwaad dan goed. Een
balans tussen een doeltreffende opname, veiligheid en verdraagzaamheid

zal resulteren in een geneesmiddel met het gewenste effect dat geschikt is om
mensen mee te behandelen.

Duchenne spierdystrofie (DMD) is een ernstige erfelijke spieraandoening
waarbij de spieren worden aangetast en langzaam hun werking verliezen.
Het komt voor bij 1:5000 pasgeboren jongens wereldwijd. DMD wordt
veroorzaakt door een genetisch defect in het gen dat codeert voor het
dystrofine eiwit, het DMD gen. Dit heeft het gevolg dat deze patiénten geen
dystrofine eiwit kunnen maken.

In de kern van de cellen in ons lichaam is ons DNA opgeslagen. Dit DNA

is onze genetische code, ons boek waar in staat beschreven wat en hoe

er iets gemaakt moet worden in ons lichaam. De genetische code van ons
DNA is opgebouwd uit genen, zoals hoofdstukken in een boek. Genen zijn
verder onderverdeeld in intronen en exonen, zoals paragrafen in een boek.
In de cel wordt een gen afgelezen en er een exacte kopie van gemaakt
genaamd pre-messenger RNA (pre-mRNA). Dit wordt vervolgens gelezen en
alle intronen (niet relevante informatie) worden er uitgehaald door middel
van een proces wat “splicing” wordt genoemd. Wat overblijft noemen we
messenger RNA (mMRNA) en bestaat uit exonen (de relevante informatie).
Als laatste stap wordt het RNA vertaald in eiwit. EIk gen heeft een begin en
eind en net als bij een boek moet het helemaal afgelezen worden om het
goed te begrijpen en te vertalen in het juiste eiwit. Als er in een boek een
half hoofdstuk ontbreekt mis je een deel van het verhaal en begrijp je niet
meer hoe het verhaal verder gaat. Dit is nu juist het geval bij patiénten met
DMD, er missen relevante stukken van het gen waardoor de rest van het
boek onleesbaar wordt en er uiteindelijk geen dystrofine eiwit kan worden
gemaakt.

Het dystrofine eiwit is heel belangrijk voor spieren, het zorgt namelijk

voor stevigheid en veerkracht bij beweging. Door het ontbreken van het
dystrofine eiwit in de spieren raken deze gemakkelijk beschadigd, verzwakt
en verliezen uiteindelijk hun functie. DMD is een aangeboren aandoening,
de eerste symptomen zijn al zichtbaar rond het tweede levensjaar en

de diagnose wordt meestal gesteld voor het vijfde levensjaar. De eerste
zichtbare symptomen zijn bijvoorbeeld een vertraging in het leren/gaan
lopen, het gebruik van de handen om de benen te ondersteunen bij het
gaan staan en zichtbaar moeite hebben met rennen en traplopen. Over
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het algemeen worden DMD patiénten rolstoel afhankelijk rond het 129
levensjaar, hebben mechanische ondersteuning nodig bij het ademhalen
rond hun 20 levensjaar, eerst alleen in de nacht later ook overdag. Rond
het 10% |levensjaar ontwikkelen zich de eerste hartproblemen en vrijwel
alle patiénten hebben duidelijk hartfalen vanaf de leeftijd van 20 jaar. De
levensverwachting van DMD patiénten in de westerse wereld is zo'n 30 jaar.

Naast DMD is er nog een gerelateerde spieraandoening, Becker
spierdystrofie (BMD). BMD patiénten hebben ook een genetisch defect in
het DMD gen, maar bij deze patiénten wordt er nog wel dystrofine eiwit
gemaakt. Echter heeft dit dystrofine eiwit een mindere werking ten opzichte
van het gezonde eiwit omdat het kleiner is. Er mist een hoofdstuk van een
boek, waardoor je bijvoorbeeld niet weet dat de hoofdpersoon op vakantie
is geweest, maar het verhaal is nog steeds duidelijk en leesbaar van begin
tot eind. De symptomen voor BMD patiénten variéren van mild tot matig
ernstig. BMD patiénten hebben een levensverwachting van 40-50 jaar voor
de matig ernstige patiénten tot een normale levensverwachting voor de
mildere variant.

Voor de meeste DMD patiénten is er geen geneesmiddel beschikbaar.
Behandeling bestaat voornamelijk uit symptoombestrijding zoals het
gebruik van corticosteroiden en ondersteuning van de ademhaling

en hartfunctie. Hiernaast is een heel team van getrainde mensen
betrokken (fysiotherapeut, orthopedisch therapeut, longarts, cardioloog,
revalidatieartsen e.d.) om het leven zo aangenaam mogelijk te maken. Op
dit moment zijn er verschillende potentiéle geneesmiddelen voor DMD

in ontwikkeling. Over het algemeen kunnen deze in twee hoofdgroepen
worden verdeeld. Een groep richt zich op het genetisch defect, het
herstellen van de aanmaak van het dystrofine eiwit. De andere groep

richt zich op het verbeteren van de bijkomende symptomen zoals het
verminderen van de ontsteking of het sterker maken van de spieren.

De grootste vooruitgang op het moment is gericht op het herstel van de
dystrofine productie: exon skippen. Het geneesmiddel wat hierbij gebruikt
wordt heet een antisense oligonucleotide (AON). Deze AON bindt in de
celkern van een spiercel aan een speciaal gekozen plek op het pre-mRNA
van het DMD gen. Daarbij plakt de AON een stuk van een niet functionerend
exon op dit pre-mRNA af, het halve hoofdstuk in een boek. Wanneer er
vervolgens van pre-mRNA door het proces wat splicing heet mRNA wordt
gemaakt, wordt dit afgeplakte stuk pre-mRNA er ook uit gehaald (exon
skippen). Nu wordt er een groter stuk weg gehaald, maar wordt het RNA
weer leesbaar en kan er een dystrofine eiwit worden gemaakt zoals we zien
bij BMD patiénten. Het rare halve hoofdstuk in het boek wordt er uitgehaald
(overgeslagen of wel geskipt), en al weet je nu niet dat de hoofpersoon op
vakantie is geweest, het is een mooi leesbaar boek met een duidelijk begin
en eind.
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Dit proefschrift richt zich op het verbeteren van het gebruik van AON als
geneesmiddel voor DMD patiénten. Omdat 30-40% van het menselijk
lichaam uit spieren bestaat is het onmogelijk om iedere spier apart te
behandelen. Systemische toediening (door het hele lichaam) is nodig. Uit
pre-klinisch onderzoek is gebleken dat systemisch toegediende AON in
de spieren terecht komen. Het grootste gedeelte komt echter in de lever
en nieren terecht en verlaten het lichaam zonder ook maar iets gedaan
te hebben. Er zijn verschillende manieren om deze aanpak te verbeteren.
Je kan chemisch de AON zelf aan passen waardoor het stabieler wordt
(minder snel afgebroken door het lichaam) of beter aan het mRNA bindt.
In hoofdstuk 6 is zo'n chemische aanpassing beschreven. In gekweekte
spiercellen in een laboratorium leverde dit een verhoogde activiteit van de
AON op. Maar wanneer deze aanpassing in dieren werd getest bleek het
helemaal niet te werken en ook nog eens toxisch te zijn.

Een andere mogelijke oplossing is om er voor te zorgen dat meer AON in de
spieren terecht komt. Hier zijn verschillende mogelijkheden voor. Binnen dit
proefschrift is gekozen voor de ontwikkeling van spier specifieke peptiden
(piepkleine eiwitten) die wanneer vast gemaakt aan de AON, deze naar de
spieren zou moeten geleiden. Voor de ontwikkeling/identificatie van spier
specifieke peptiden is gebruik gemaakt van de techniek faag display. Deze
techniek maakt gebruikt van een fagenbank (in dit geval peptiden fagen
bank) die bestaat uit wel meer dan een miljard fagen (virussen die bacterién
infecteren en zich daar kunnen vermenigvuldigen) die ieder aan hun
buitenkant een uniek peptide tot expressie brengen. In een laboratorium is
zo'n fagenbank blootgesteld aan spiercellen. Afhankelijk van het peptiden
dat ze aan de buitenkant hebben zitten, zullen deze fagen wel of niet

aan een spiercel binden. De fagen die binden zijn geidentificeerd en het
bijbehorende peptiden gekarakteriseerd. Deze peptiden werden vervolgens
synthetisch gemaakt. In het laboratorium is onderzocht of ze inderdaad aan
spiercellen kunnen binden en bij voorkeur ook de spiercellen in gaan en

in de kern van de cel terecht komen (want daar moet uiteindelijk de AON
ook heen om zijn werking te kunnen verrichten). Wanneer een peptiden
gevonden is die aan de juiste voorwaarden voldeed werd deze gekoppeld
aan een AON. In diermodellen is er onderzocht of er bijvoorbeeld meer
peptiden geconjugeerd AON in de spieren terecht kwam ten opzichte

van de AON alleen. Daarnaast is er ook gekeken naar het percentage

exon skippen en of er na toediening meer dystrofine eiwit aanwezig is

in de spieren. In hoofdstuk 3 is een eerste peptide beschreven (P4) die
weliswaar een kleine maar toch significante toename in het percentage
exon skippen bewerkstelligt in hart en diafragma (ademhalingsspier).
Omdat het wenselijk is om nog betere peptiden te vinden is met behulp
van de techniek “next generation sequencing” de analyse van faag display
selecties verbeterd, dit staat beschreven in hoofdstuk 4. Nieuwe verbeterde
faag display selecties hebben uiteindelijk geresulteerd in de identificatie van
peptiden CyPep10, beschreven in hoofdstuk 5. Het CyPep10-AON conjugaat
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resulteerde, na systemische toediening, in een significante verdubbeling
van de opname van het conjugaat evenals het percentage exon skippen in
alle geanalyseerde skeletspieren en hart. Na een eiwitbepaling is er op het
oog ook een mogelijk kleine verhoging van het dystrofine eiwit gevonden
maar dit is nog niet bewezen.

In conclusie, spier specifieke peptiden hebben de potentie om de opnamen

van AON, of andere potentiele geneesmiddelen voor spieren, te verbeteren.

Zo gezegd zij hebben de potentie de balans tussen een doeltreffende opname,
veiligheid en verdraagzaamheid te verbeteren resulterend in een geneesmiddel
met de gewenste werkzaamheid voor de behandeling van DMD patiénten.
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