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Skipping in Heart and Phenotypic Correction

in mdx Mice
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Induced splice modulation of pre-mRNAs shows promise
to correct aberrant disease transcripts and restore func-
tional protein and thus has therapeutic potential. Duch-
enne muscular dystrophy (DMD) results from mutations
that disrupt the DMD gene open reading frame causing
an absence of dystrophin protein. Antisense oligonucle-
otide (AO)-mediated exon skipping has been shown to
restore functional dystrophin in mdx mice and DMD
patients treated intramuscularly in two recent phase 1
clinical trials. Critical to the therapeutic success of AO-
based treatment will be the ability to deliver AOs system-
ically to all affected tissues including the heart. Here, we
report identification of a series of transduction peptides
(Pip5) as AO conjugates for enhanced systemic and par-
ticularly cardiac delivery. One of the lead peptide-AO con-
jugates, Pip5e-AO, showed highly efficient exon skipping
and dystrophin production in mdx mice with complete
correction of the aberrant DMD transcript in heart, lead-
ing to >50% of the normal level of dystrophin in heart.
Mechanistic studies indicated that the enhanced activ-
ity of PipSe-phosphorodiamidate morpholino (PMO) is
partly explained by more efficient nuclear delivery. Pip5
series derivatives therefore have significant potential for
advancing the development of exon skipping therapies
for DMD and may have application for enhanced cardiac
delivery of other biotherapeutics.
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INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe muscle degen-
erative disorder resulting from mutations that disrupt the DMD
gene open reading frame leading to the absence of functional

dystrophin protein.'? Antisense oligonucleotide (AO)-mediated
exon skipping can restore the open reading frame of mutant DMD
pre-mRNA transcripts*'® and produce truncated but partially
functional dystrophin protein.'®” The therapeutic potential of this
method has been shown in human subjects following local intra-
muscular AO injection in two independent clinical trials.'*'8

DMD is a systemic disease affecting skeletal muscles, as
well as heart muscle and brain. Therefore, successful AO exon-
skipping therapy will depend critically on effective AO delivery
to all affected tissues. Systemic delivery of 2’-O-methyl phos-
phorothioate and phosphorodiamidate morpholino (PMO) AOs
have been shown to restore dystrophin protein expression in
multiple peripheral muscle groups in dystrophin-deficient mdx
mice but with low efficiencies even at high doses.®® More recently,
enhanced systemic delivery of PMO AOs has been reported via
AO conjugation to positively charged, arginine-rich (Arg-rich)
cell-penetrating peptides (CPPs).'>!4-21 All of these studies
reported significant dystrophin protein restoration in multiple
muscle groups at low PMO doses compared with unmodified
PMO, with limited dystrophin correction in heart muscle, and
improvement of the mdx phenotype.

Peptide-PMO conjugates therefore have high potential as novel
therapeutic agents for DMD. However, recent mdx mouse studies
have been limited to AO conjugates of a small number of Arg-rich
CPPs and have yet to explore novel peptide domain design space
more widely. Further, such CPPs have been generally proved to be
poorly effective for enhanced delivery to critically affected tissues
such as heart and brain. We previously reported preliminary stud-
ies on a novel series of transduction peptides termed Pip (PNA/
PMO internalization peptide) based on mutagenesis and func-
tional studies arising from an original R -Penetratin CPP.** In this
work, the Pip2b peptide enhanced the cellular uptake of a splice-
redirecting peptide nucleic acid (PNA) AO in a pLuc705 HeLa
cell model and elicited exon skipping of the DMD gene transcript
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and dystrophin production following intramuscular injection of
Pip2b-PNA in mdx mice.*

Here, we report the discovery and characterization of novel
Pip transduction peptides with high potential for systemic PMO
delivery. We identify Pip5e as showing high exon skipping efhi-
ciency and dystrophin production as a PMO conjugate in all
peripheral muscles in mdx mice, and with the capacity for com-
plete molecular correction in heart muscle.

RESULTS

To explore the therapeutic potential of Pip series peptides for
directing in vivo systemic AO delivery and dystrophin splice cor-
rection, we developed and characterized further novel peptides
and evaluated their potential following intramuscular and sys-
temic intravenous injection in mdx mice.

Pip series peptide development and identification

of Pip5e

Pip2b conjugated to a 20-mer PNA AO targeting at murine DMD
exon 23 (Pip2b-PNA) had previously shown significantly higher
exon skipping activity in differentiated mdx mouse myotubes and
approximately threefold increased number of dystrophin-positive
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Pip5m RBRRXRRBR-ILFQY-RXRBRXB 21
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fibers when injected into the tibialis anterior muscle of the mdx
mouse compared to (RAhxR),-PNA (R-PNA).** After several
rounds of sequence modifications including simplification and
shortening, PNA conjugations and cell assays, we identified Pip5e
(Figure 1a), which contains a central ILFQY hydrophobic motif
flanked on each side by Arg-rich domains containing only arginine,
aminohexyl (X) and B-alanine (B) residues. In differentiated mdx
mouse myotubes, Pip5e-PNA induced very similar levels of exon
skipping at 1 and 2 pmol/l concentrations in the absence of any
transfection agent compared to Pip2b-PNA and both showed sig-
nificantly higher exon skipping activity than R-PNA (Figure 1b).
Since the leading charge-neutral AO cargo currently undergo-
ing clinical trials is PMO®' with reports of substantially enhanced
effectiveness of R-PMO and B-PMO conjugates by systemic deliv-
ery into mdx mice compared to naked PMO,"**!*-2! we compared
Pip5e-PNA and Pip5e-PMO conjugates in the mdx mouse model.
A simplified conjugation procedure was developed (Figure la)
followed by single step high-performance liquid chromatography
purification (see Supplementary Materials and Methods and
Supplementary Figure S1). In differentiated mdx mouse myo-
tubes, Pip5e-PMO showed approximately twofold higher exon
skipping activity compared to Pip5e-PNA (Figure 1c). Although
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Figure 1 Synthesis and cellular activity of Pip5-phosphorodiamidate morpholino (PMO) conjugates. (a) Schemes showing the conjugation
chemistries for synthesis of peptide-peptide nucleic acid (PNA) via thioether linkage (top) and peptide-PMO via thiol-maleimide linkage (middle).
The names and sequences of the peptides used in this study as well as the sequences of the PNA and PMO antisense oligonucleotide (AO) are shown
below. (b) Levels of exon skipping by (RXR),-PNA, Pip2b-PNA, Pip5e-PNA, and Pip5e-PMO at 1.0 and 2.0 umol/I concentrations following incubation
with mdx mouse myotubes in the absence of transfection agent and reverse transcriptase (RT)-PCR analysis. (c) Percentage of exon skipping for PMO

conjugates of B, Pip2b, and Pip5e to Pip50 at 0.5, 1.0, and 2.0 pmol/I.
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PMO is a 25-mer, compared to the 20-mer of PNA AO, we found
that Pip2b-PNA25 (25-mer with the same sequence as PMO) did
not have higher activity than Pip2b-PNA (20-mer).” Therefore,
higher exon skipping activity is unlikely not only due to the longer
length of PMO compared to PNA, but also rather due to the use of
PMO, rather than PNA, as cargo when Pip-conjugated.

We then synthesized a range of PMO conjugates with ana-
logues of Pip5e (Pip5f to Pip50) having variations in the numbers
and placement of X, B, and Arg residues in the flanking Arg-rich
sections (Figure 1a). Pip5-PMO conjugates were evaluated at 0.5,
1, and 2umol/l concentrations in differentiated mdx myotubes
(Figure 1c). Considering the results broadly across all three con-
centrations, Pip5e, Pip5j, Pip5k, and Pip5n showed higher exon
skipping than the B-PMO control (B is a variant of R where two
X residues are replaced by B residues, Figure 1a). By contrast,
Pip5-PMO, Pip5h-PMO, Pip5m-PMO, and Pip50-PMO were
slightly less active. Unexpectedly, Pip2b, previously selected as
being several-fold higher in activity as a PNA conjugate compared

mdx

Pip5 Transduction Peptide Directs DMD Exon Skipping

to R-PNA,* also showed slightly less activity when conjugated to
PMO than B-PMO.

Intramuscular evaluation of novel Pip5

series Pip-PMO conjugates

Pip5-PMO conjugates (Pip5e, 5f, 5h, 5j, 5k, 51, 5m, 5n, 50) were
next evaluated for in vivo activity by intramuscular injection into
the tibialis anterior muscles of mdx mice (Figure 2). Dystrophin
production was analyzed by immunohistochemistry to detect
de novo dystrophin protein expression (Figure 2a). A number of
Pip5-PMO conjugates demonstrated higher exon skipping activity
than previously studied B-PMO and Pip2b-PMO, with the highest
activity shown by Pip5e, 5j, and 5n conjugates and confirmed by
quantification of dystrophin-positive fiber numbers (Figure 2b).
The splice correcting activity of Pip5-PMO compounds was con-
firmed by reverse transcriptase (RT)-PCR (Figure 2¢) and western
blot studies (Figure 2d), showing high efficiency exon skipping
and protein restoration by a number of Pip5 conjugates.
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Figure 2 Screen of novel Pip5-phosphorodiamidate morpholino (PMO) conjugates following intramuscular administration in mdx mice.
Dystrophin expression following single intramuscular injection into tibialis anterior (TA) at 5ug doses in adult mdx mice. (a) Immunohistochemical
staining for dystrophin in mdx TA muscles following 5 ug injection of peptide-PMO conjugates (bar = 100 um). (b) Quantitative evaluation of total
dystrophin-positive fibers in treated TA muscles 2 weeks after injection. The data are presented as percent of dystrophin-positive fibers. (c) Reverse
transcriptase (RT)-PCR for detecting exon skipping efficiency at the RNA level, which is shown by shorter exon-skipped bands (indicated by the
numbered Aexon 23-exon 23 skipped). (d) Western blot analysis of TA muscles from mdx mice treated with different peptide-PMO conjugates. Total
protein was extracted from TA muscles of treated mdx mice 2 weeks after injection. Ten micrograms of total protein from C57BL6, untreated mdx
mice TA muscles and treated muscle samples was loaded. o-Actinin was used as the loading control.
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Figure 3 Systemic evaluation of Pip5e-phosphorodiamidate morpholino (PMO) in adult mdx mice. Functional restoration of dystrophin in mdx
mice following single intravenous injection of 25mg/kg Pip5e-PMO. (a) Immunohistochemistry for dystrophin in body-wide muscles of adult
mdx mice 2 weeks after treatment with either Pip5e-PMO (bottom panel) or B-PMO (third panel), and normal C57BLé6 (top panel) and untreated
mdx mice (second panel) are shown. TA represents tibialis anterior (bar = 200 pm). (b) Quantitative evaluation of total dystrophin-positive fibers
in all tested muscles. (c) Reverse transcriptase (RT)-PCR to detect the dystrophin exon skipping products in various treated mdx muscle groups;
unskipped or deleted for exon 23 or exon 22 and 23 as indicated in the boxes. (d) Quantative PCR results for exon skipping in heart treated with
Pip5e-PMO and B-PMO at the dose of 25mg/kg in adult mdx mice. (e) Western blot to detect dystrophin protein in treated mdx mice with Pip5e-
and B-PMO compared with C57BL6 and untreated mdx control mice. a-Actinin was used as the loading control. (f) Muscle function was assessed
to determine the physical improvement of peptide-PMO conjugates treated mdx mice compared with C57BL6 and untreated mdx mice. Data show
significant functional improvement in treated mdx mice compared to untreated age-matched control mice (*P < 0.005). (g) Expression of the
dystrophin-associated protein complex components in mdx mice to assess dystrophin function and recovery of normal myoarchitecture. (h) Serum
creatine kinase (CK) levels. Data show a significant fall in mdx mice treated with peptide-PMO conjugates compared with untreated age-matched
mdx controls (n =6, *P < 0.05).
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Figure 4 Investigation of other Pip5 peptides by systemic intravenous injection in mdx mice at the 25mg/kg dose. Restoration of dystrophin
expression in body-wide muscles following single intravenous injection of Pip5j and Pip5l-phosphorodiamidate morpholino (PMO) at 25 mg/kg dose.
(a) Immunohistochemistry for dystrophin induction in body-wide muscles of adult mdx mice 2 weeks after one single intravenous injection of either
Pip5I-PMO (bottom panel) or pip5j-PMO (top panel) at the 25mg/kg dose (bar = 200 um). (b) Quantitative evaluation of total dystrophin-positive
fibers in all tested muscles. The data are presented as percent of dystrophin-positive fibers, which showed the enhanced exon skipping activity
observed in all tested Pip5 peptides. (c) Reverse transcriptase-PCR to detect the dystrophin exon skipping products in various treated mdx muscle
groups as shown; unskipped or deleted for exon 23 or exon 22 and 23 as indicated in the boxes. (d) Western blot to detect dystrophin protein in the
indicated muscle groups from treated mdx mice compared with C57BL6 and untreated mdx control mice. Data shows up to 25% dystrophin expres-
sion in heart treated with Pip5e-PMO. Equal loading of 10 ug protein is shown for each sample except for C57BL6 control lane where 1 g of protein
was loaded. a-Actinin expression was detected as the loading control.

Pip5Se directs efficient systemic dystrophin protein on the basis of the highest level activity of Pip5e-PMO follow-
restoration with complete cardiac splice correction ing intramuscular injection in mdx mice (Figure 2). A single
To explore the potential of Pip5-PMO for directing systemic  intravenous injection of 25 mg/kg of Pip5e-PMO was carried out
dystrophin splice correction, we selected Pip5e for further study  in adult mdx mice and the levels of dystrophin production and

Molecular Therapy vol. 19 no. 7 july 2011 1299



Pip5 Transduction Peptide Directs DMD Exon Skipping

exon skipping analyzed in peripheral muscles and heart muscle
2 weeks postinjection (Figure 3). High-level dystrophin expres-
sion was detected in all peripheral muscles studied by immuno-
histochemistry (Figure 3a), with notably higher levels than in
untreated or B-PMO treated mdx mice. Of particular note was
the exceptionally high level of dystrophin protein expression in
heart muscle. The numbers of dystrophin-positive fibers in the
various peripheral muscle groups, including diaphragm, and
heart muscle were quantified (Figure 3b), which confirmed the
high level of dystrophin restoration following systemic treat-
ment with Pip5e-PMO. Excess of 80% dystrophin-positive fibers
were detected in all muscle groups with Pip5e-PMO excluding
diaphragm where levels were slightly lower. The greatest increase
in dystrophin production was detected in heart muscle, where
Pip5e-PMO gave virtually complete cardiac muscle correction
with >90% of dystrophin-positive fibers, whereas B-PMO was
poorly active under single dose conditions. Correction of the
aberrant dystrophin transcript was demonstrated by RT-PCR
analysis (Figure 3c,d), which confirmed the high activity of
Pip5e-PMO in all tissues particularly in heart, where full-length
uncorrected transcript containing exon 23 was barely detectable.
The efficient restoration of dystrophin protein in heart was con-
firmed by western blot analysis (Figure 3e), which showed >50%
of normal levels of dystrophin protein following single dose
Pip5e-PMO administration.

Functional and phenotypic correction of the mdx
mouse following a single intravenous

administration of Pip5e-PMO

To determine whether a single intravenous dose of Pip5e-PMO
at 25mg/kg could correct the mdx mouse phenotype, func-
tional and serum biochemical assays were carried out (Figure 3).
Grip strength analysis was used to study to what extent mdx
muscle function was restored following Pip5e-PMO treatment
(Figure 3f). This demonstrated significant improvement in mdx
muscle strength 2 weeks following a single Pip5e-PMO admin-
istration compared with untreated mice, to levels similar to that
found in wild-type C57BL6 mice. High efficiency dystrophin
protein restoration with Pip5e-PMO also resulted in efficient
sarcolemmal relocalization of components of the dystrophin-
associated protein complex—f-dystroglycan, o.-sarcoglycan, and
neuronal nitric oxide synthase—that fail to localize correctly in
the absence of dystrophin protein*** (Figure 3g). Dystrophin
and dystrophin-associated protein complex molecular correc-
tion with Pip5e-PMO treatment also resulted in a significant
decline in serum creatine kinase levels to within the normal range
found in wild-type mice* (Figure 3h), indicating restored muscle
membrane integrity. Further, following single intravenous treat-
ment with Pip5e-PMO no evidence was found to indicate organ
or immune toxicity. Serum liver function assays, liver and renal
histology, and assays of the numbers of infiltrating lymphocytic,
macrophage and neutrophil cells were all within the normal range
(Supplementary Figure S2a—c).

The high systemic and cardiac activity of Pip5e-PMO was
found to be retained at lower single doses of 18.75mg/kg
(Supplementary Figure S3) and 12.5 mg/kg in adult mdx mice
(Supplementary Figure S4). Further, the lower 18.75mg/kg
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Figure 5 Cellular uptake of labeled Pip5e-phosphorodiamidate mor-
pholino (PMO) and B-PMO in live heart slices. (a) Multiple two-pho-
ton microscopy images of living heart slices transfected with Hoechst
alone for the nuclear staining (red, left panel), Hoechst and fluorescein
isothiocyanate (FITC)-labeled B-PMO (red/green, center panel), or
Hoechst and FITC-labeled Pip5e-PMO (red/green, right panel); bar =
100pum. The arrow shows the colocalization of labeled compounds with
nuclei. (b) Quantitative analysis of multiple photon images shows higher
Pip5e-PMO nuclear uptake than B-PMO in live heart slices, suggesting
that Pip5e deliver higher levels of PMO cargo to the cardiomyocyte
nuclei. Y axis denotes the ratio of the nuclei area filled with FITC-labeled
peptide-PMO conjugates to total nuclei area measured. 97+ 0.3% of
total nuclei area was filled with labeled Pip5e-PMO; and 88 + 0.6% of
total nuclei area was filled with B-PMO (*P < 0.0001 t-test). In the graph,
n =44 (B-PMO) and n = 49 (Pip5e-PMO) means the number of images
collected from six slices, which were obtained from three animals.
(c) Reverse transcriptase-PCR to detect levels of dystrophin exon skip-
ping in mdx heart slices treated with labeled Pip5e-PMO and B-PMO at
the concentration of 2pmol/l, which is shown by shorter exon-skipped
bands (indicated by the numbered Aexon 23-exon 23 skipped).

systemic intravenous dose was applied to 6-month-old mdx
mice with similar results to those found in young adult mdx
mice with no diminution in effect observed (Supplementary
Figure S3).
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Other Pip5 series peptides show enhanced heart
activity which can be attributed to increased

nuclear PMO delivery in cardiomyocytes

All Pip5 series peptides analyzed as Pip-PMO conjugates con-
tain a unique 5 amino acid hydrophobic core domain IFLQY
(Figure 1a). Therefore, we investigated whether other Pip5 pep-
tides were also capable of conferring efficient systemic PMO
exon skipping with high activity in heart. We evaluated two fur-
ther Pip5 peptides systemically as Pip-PMO conjugates—Pip5I-
PMO and Pip5j-PMO. Both were selected on the basis of their
high activity in the intramuscular mdx screen, comparable to
that found for Pip5e (Figure 2). Following single 25 mg/kg intra-
venous injections of Pip5l- and Pip5j-PMO in adult mdx mice,
both compounds showed a similar systemic activity profile to that
of Pip5e-PMO. Both conjugates conferred higher levels of exon
skipping with high numbers of dystrophin-positive fibers detect-
able in heart tissue compared to B-PMO. The level of dystrophin
protein restored also indicated the high heart activities of these
two additional Pip5-PMO compounds (Figures 4a-d). Thus,
Pip5-PMO compounds as a class have the capacity for high exon
skipping activity particularly in heart. In the absence of the ILFQY
domain, such as is found in B-PMO, substantially lower systemic
exon skipping activity is detectable with only weak activity in
heart under single dose conditions.

We hypothesized that a possible mechanism underlying the
enhanced heart exon skipping activity observed with Pip5-PMO
compounds over B-PMO might be due to higher levels of intrac-
ellular and nuclear delivery of the PMO cargo in cardiomyocytes.
To test this, we developed an in vitro heart slice model in which
250 um live slices of mdx mouse heart tissue were incubated in
physiological medium. A number of different concentrations of
fluorescently labeled Pip5e-PMO and B-PMO compounds were
tested and at 2 pumol/l the intracellular and nuclear localization
of these labeled compounds could be clearly visualized by two-
photon microscopy and the efficiency of nuclear localization
quantified with Image J. Quantitative analysis in multiple heart
slices revealed a small but statistically significant ability of Pip5e
to deliver higher levels of PMO cargo to the nuclear compartment
(Figure 5a,b). Moreover, this increased nuclear delivery resulted
in significantly higher levels of dystrophin exon skipping in mdx
heart slices as detected by RT-PCR (Figure 5c).

DISCUSSION

AO-mediated splice correction has significant therapeutic poten-
tial for DMD.'®'® A critical challenge in the development of this
therapy is the discovery of methods for high efficiency systemic
exon skipping and dystrophin restoration, including in heart.
Following earlier studies that identified Pip2 series peptides as
improved CPPs for splicing redirection of PNA AOs,* shorter
and simpler Pip5 series peptides were developed with high activ-
ity in mdx mouse myotubes (Figure 1). An intramuscular screen
of Pip5-PMO conjugates in mdx mice identified several with high
exon skipping and dystrophin production in vivo, with Pip5e hav-
ing the highest activity (Figure 2). Subsequent systemic intrave-
nous administration of Pip5e-PMO showed high efficiency splice
correction and restoration of dystrophin expression in multiple
muscle groups in mdx mice, particularly for the first time in heart,

Molecular Therapy vol. 19 no. 7 july 2011
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where compared with a standard peptide-PMO known as B-PMO,
complete splice correction was found and dystrophin protein
restored to levels >50% of normal (Figure 3). The high systemic
and cardiac activity of Pip5e-PMO was retained at lower doses
and in older mdx mice. The notably high cardiac activity of Pip
peptides was a class effect, with other Pip5 peptides incorporating
the unique central hydrophobic ILFQY domain also having high
systemic and heart exon skipping activity. The mechanism under-
lying the high Pip5-PMO exon skipping activity in heart was
related to enhanced nuclear PMO delivery in cardiomyocytes.

Transduction or CPPs have powerful capacity for enhanced
intracellular delivery of a variety of cargoes including AOs. Pip
series CPPs were developed following structure and activity studies
arising from an R6-Penetratin peptide, defining a relatively unop-
timized 24mer lead peptide Pip2b.* Following iterative structure/
function assays and reduction in length, the unique Pip5 series of
peptides was identified, characterized by a central ILFQY hydro-
phobic region and flanked by Arg-rich domains. This arrange-
ment of cationic and hydrophobic domains is unique among
CPPs. Whereas the outer Arg-rich regions are very similar to the
B peptide, a control in our studies, the central ILFQY sequence is
a double mutant of IWFQN, a short section of Penetratin from
which the Pip series was derived.?? Further studies are in progress
to define the role of this unique region.

The ability of Arg-rich peptides to enhance the systemic activ-
ity of exon skipping charge-neutral oligonucleotides has been
shown in recent studies.'*'**=! B-PMO is representative of this
class of peptide-PMO compounds which all show the capacity for
significant systemic dystrophin protein restoration but with only
limited activity in heart. In the current study, Pip5e-PMO activ-
ity exceeded that of B-PMO in all peripheral muscle tissues with
dramatically increased activity in heart muscle. Following a single
25mg/kg intravenous dose, Pip5e-PMO corrected all detectable
aberrant full-length mdx transcript in heart in an RT-PCR assay
suggesting that delivery had achieved saturation. This led to dys-
trophin protein being detectable in 90-100% of fibers within the
heart. Such dramatically high exon skipping levels in heart have
not been reported previously with single dose peptide-PMO com-
pounds. For example, Wu et al. administered six doses of pep-
tide-PMO at 30 mg/kg to mdx mice to achieve dystrophin exon
skipping at 72% of normal levels in heart,”” and we therefore esti-
mate that Pip5e-PMO will be likely to enhance heart exon skip-
ping activity significantly over other peptide-PMO compounds
such as B-PMO, even at repeated doses. Given that a high propor-
tion of DMD patients develop cardiomyopathy which is a major
cause of death, a dramatically improved ability to treat heart mus-
cle and restore dystrophin protein will be of clinical importance.
Moreover, a number of other neuromuscular disorders with car-
diac phenotypes (e.g., myotonic dystrophy type I)*** and primary
cardiac disorders may be amenable to therapy with AOs that are
efficiently delivered to heart tissue.

While methods to achieve efficient systemic exon skip-
ping in DMD models have improved in recent years, the ability
to achieve high efficiency in heart has been a major hurdle. The
activity of systemically delivered 2’-O-methyl phosphorothio-
ate and PMO AOs (the leading chemistries currently in clinical
trial) is relatively poor but can be improved with the use of high
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repeat doses, but even under these conditions heart activity is
negligible.>® Moreover, a recent report has indicated that at single
systemic PMO doses of up to 3 g/kg dystrophin exon 23 was only
skipped at 30% of the normal levels seen in the heart.” Even first
generation peptide-PMO compounds, such as B-PMO, while sig-
nificantly improving systemic exon skipping activity have poor
cardiac activity at low single doses. This differential resistance of
heart tissue to AO exon skipping compared with skeletal muscle
tissue has been attributed to a leaky skeletal muscle sarcolemma
in dystrophic muscle and a less permeable vascular barrier within
heart.*® The enhanced Pip5e-PMO exon skipping activity in this
study suggests that Pip5 series peptides can overcome these bar-
riers to effective heart PMO delivery. Moreover, their capacity for
such activity appears to be related to the presence of the central
hydrophobic ILFQY core domain within all Pip5 series peptides,
given that Pip5j and Pip5] demonstrate similar activities, whereas
B lacking this core domain shows less activity in heart than Pip
peptides as shown in Figures 3-5 and Supplementary Figures S3
and S4. Our live heart studies suggest that in addition to overcom-
ing vascular and other barriers to cardiac delivery, Pip5e has an
enhanced ability for nuclear delivery of its PMO cargo into car-
diomyocytes, a biological property of potential importance for the
delivery of splicing modulating AOs (Figure 5). Mutation stud-
ies are now in progress to identify the role of the ILFQY motif in
enhanced heart delivery, to understand the mechanistic basis of
Pip5 series activity in detail and to enhance further their benefi-
cial delivery properties for the development of AO therapeutics
for DMD and related disorders.

MATERIALS AND METHODS

Animals. Two-month and 6-month-old mdx mice were used in all experi-
ments (6 mice each in the test and control groups) unless otherwise stated.
The experiments were carried out in the Animal unit, Department of
Physiology, Anatomy, and Genetics, University of Oxford, Oxford accord-
ing to procedures authorized by the UK Home Office. Mice were killed by
CO, inhalation at desired time points, and muscles and other tissues were
snap-frozen in liquid nitrogen-cooled isopentane and stored at —80°C.

Exon skipping in mdx mouse myotubes. H2K mdx myotubes were pre-
pared and incubated with peptide-PNA and peptide-PMO conjugates
in the absence of any transfection agent by the methods described pre-
viously,? but with minor variations (see Supplementary Materials and
Methods). The primer sequences for the nested RT-PCR were as previ-
ously reported.”*"* The products were examined by electrophoresis on a
2% agarose gel.

Intramuscular and systemic injections of peptide-PMO conjugates. Five
micrograms of peptide-PMO conjugates in 40 pl saline buffer were injected
into tibialis anterior muscles for intramuscular experiments. Various
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amounts of peptide-PMO conjugate in 80l saline buffer were injected
into tail vein of mdx mice at the final dose of 25, 18.75, and 12.5mg/kg,
respectively. A detailed injection schedule was listed in Table 1.

Immunohistochemistry and histology. Series of 8 pm sections were examined
for dystrophin expression and dystrophin-associated protein complex with
a series of polyclonal antibodies and monoclonal antibodies as described.
CD3" T lymphocytes were identified with rat polyclonal® and detected by
goat-anti-rat [gGs Alexa 594 secondary antibody (Invitrogen, Carlsbad, CA).
For macrophage and neutrophil staining, polyclonal rabbit and rat primary
antibodies from Abcam were used, respectively (Abcam, Cambridge, UK),
and detected by goat-anti-rabbit and goat-anti-rat IgGs Alexa 594 secondary
antibody (Invitrogen). Routine hematoxylin and eosin staining was used to
examine overall liver and kidney morphology. For dystrophin-positive fiber
counting, the maximum number of dystrophin-positive fibers in one section
was counted using the Zeiss AxioVision fluorescence microscope and the
muscle fibers were defined as dystrophin-positive when more than two-third
of the single fiber showed continuous staining.

Protein extraction and western blot. Protein extraction and western
blot were carried out as previously described.”® Various amounts of pro-
tein from normal C57BL6 mice as a positive control and corresponding
amounts of protein from muscles of treated or untreated mdx mice were
used. o-Actinin was used as loading control. The membrane was probed
with DYSI (NovoCastra, Newcastle Upon Tyne, UK) for the detection
of dystrophin protein. The bound primary antibody was detected by
horseradish peroxidise-conjugated rabbit anti-mouse IgGs and the ECL
Western Blotting Analysis system (Amersham Pharmacia Biosciences,
Buckinghamshire, UK). The intensity of the bands obtained from treated
mdx muscles was measured by Image J software; the quantification is based
on band intensity and area, and is compared with that from normal mus-
cles of C57BL6 mice.

Functional grip strength analysis. Treated and control mice were tested
using a commercial grip strength monitor (Chatillon, West Sussex, UK).
Each mouse was held 2cm from the base of the tail, allowed to grip a pro-
truding metal triangle bar attached to the apparatus with their forepaws,
and pulled gently until they released their grip. The force exerted was
recorded and five sequential tests were carried out for each mouse, averaged
at 30 seconds apart.

Clinical biochemistry. Serum and plasma were taken from the mouse jugu-
lar vein immediately after the killing by CO, inhalation. Analysis of serum
creatine kinase, aspartate aminotransferase, alanine aminotransferase, urea
and creatinine levels was carried out by the clinical pathology laboratory
(Mary Lyon Centre, Medical Research Council, Harwell, Oxfordshire, UK).

Heart slices preparation and treatment with peptide-PMO conjugates.
Live heart tissue slices were prepared from the left ventricle of 4-6-months-
old mdx mice.*? In brief, hearts were rapidly excised, ventricular tissue
blocks were dissected and mounted onto the specimen holder of a high
precision vibratome (7,000 smz; Campden Instruments, Leicester, UK), in
ice-cold Tyrode solution. Slices (250 um) were cut, transferred in culture
medium (Dulbeccos modified Eagle’s medium containing 17% medium

Table 1 Different injection schedules for different peptide-PMO conjugates

Peptide conjugates Dose Age of animals Number of injection Time to harvest tissues after injection
Pip5e and B-PMO 25mg/kg 2-month-old Single 2 weeks
Pip5e and B-PMO 18.75mg/kg 2-month-old Single 2 weeks
Pip5e and B-PMO 18.75mg/kg 6-month-old Single 2 weeks
Pip5e and B-PMO 12.5mg/kg 2-month-old Single 2 weeks
Pip5j and Pip51-PMO 25mg/kg 2-month-old Single 2 weeks

Abbreviation: PMO, phosphorodiamidate morpholino.
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199, 10% horse serum, 5% fetal calf serum and 1% antibiotics) and incu-
bated with Hoechst (to label nuclei) and fluorescently labeled (fluores-
cein isothiocyanate) Pip5e-PMO or B-PMO, or with Hoechst alone. After
10-minute incubation, live slices were imaged with a TCS-MP2 multi pho-
ton microscope (Leica Microsystems, Wetzlar, Germany) using 730 and
840nm excitation wavelengths for nuclei and peptide-PMO conjugates,
respectively. Colocalization of fluorescein isothiocyanate fluorescence
within nuclei was measured using Image J. For RT-PCR measurements,
slices were incubated with the peptide-PMO conjugate for 4 hours and
kept in culture for at least 24 hours. RNA extraction and subsequent
RT-PCR were carried out as described previously."

Statistical analysis. All data are reported as mean values + SEM. Statistical
differences between treatment groups and control groups were evaluated
by SigmaStat (Systat Software, London, UK) and the Student’s t-test was
applied.

SUPPLEMENTARY MATERIAL

Figure S1. Purification and analysis of Pip5e-PMO.

Figure S2. Clinical biochemistry and histological/immunological
measures of systemic toxicity in mdx mice treated with either Pip5e-
PMO or B-PMO conjugates at the 25mg/kg dose.

Figure $3. Systemic dystrophin exon skipping induced by Pip5e-
PMO at low doses of 18.75mg/kg in adult and aged mdx mice.
Figure $4. Systemic evaluation of Pip5e-PMO in adult mdx mice at
lower dose of 12.5mg/kg.

Materials and Methods.
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