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Pip6-PMO, A New Generation of Peptide-oligonucleotide
Conjugates With Improved Cardiac Exon Skipping Activity
for DMD Treatment

Corinne Betts', Amer F Saleh?, Andrey A Arzumanov? Suzan M Hammond', Caroline Godfrey', Thibault Coursindel?, Michael J Gait?
and Matthew JA Wood'

Antisense oligonucleotides (AOs) are currently the most promising therapeutic intervention for Duchenne muscular dystrophy
(DMD). AOs modulate dystrophin pre-mRNA splicing, thereby specifically restoring the dystrophin reading frame and generating
a truncated but semifunctional dystrophin protein. Challenges in the development of this approach are the relatively poor
systemic AO delivery and inefficient dystrophin correction in affected non-skeletal muscle tissues, including the heart. We
have previously reported impressive heart activity including high-splicing efficiency and dystrophin restoration following a
single administration of an arginine-rich cell-penetrating peptide (CPPs) conjugated to a phosphorodiamidate morpholino
oligonucleotide (PMO): Pip5e-PMO. However, the mechanisms underlying this activity are poorly understood. Here, we report
studies involving single dose administration (12.5 mg/kg) of derivatives of Pip5e-PMO, consecutively assigned as Pip6-PMOs.
These peptide-PMOs comprise alterations to the central hydrophobic core of the Pip5e peptide and illustrate that certain
changes to the peptide sequence improves its activity; however, partial deletions within the hydrophobic core abolish its
efficiency. Our data indicate that the hydrophobic core of the Pip sequences is critical for PMO delivery to the heart and
that specific modifications to this region can enhance activity further. The results have implications for therapeutic PMO

development for DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is a severe muscle
wasting disorder caused by a disruption of the dystrophin
mRNA reading frame resulting in an out-of-frame transcript
and a non-functional dystrophin protein.! In the past decade,
a number of new treatments for DMD have been investigated,
of which antisense oligonucleotide (AO)-mediated splice cor-
rection is one of the most promising approaches.?* AOs mod-
ulate dystrophin pre-mRNA splicing, by specifically restoring
the reading frame of the dystrophin gene via exon skipping,
and therefore generate truncated but semi-functional dystro-
phin protein isoforms.

In vivo studies in the DMD mouse model, mdx, have shown
that systemic delivery of naked phosphorodiamidate mor-
pholino oligomers (PMO)® and 2’-O-methyl (2°OMe)® AOs
are not capable of restoring significant dystrophin protein
in cardiac muscle. Notably, even direct intra-cardiac injec-
tions of naked AOs resulted in very low exon skipping.” And
although clinical trials with 2°0OMe?®° and PMO''" chemistries
have shown great promise, there is still a need for further
optimization to improve AO delivery to all skeletal muscles
and to the heart. This is critical as respiratory complications?

and cardiac dysfunction' are the major causes of prema-
ture death in DMD patients. In particular the cardiomyopa-
thy becomes clinically apparent at ~10 years of age, and is
exhibited in all DMD patients by the age of 18.'*'* While some
studies have shown that the restoration of dystrophin in respi-
ratory muscles can improve cardiac function in the absence
of restored dystrophin protein in the heart,’>'® there is con-
cern that any improvement in skeletal muscle function in the
absence of cardiac correction may worsen the cardiac dis-
ease progression due to increases in cardiac work load.""° It
is therefore highly desirable that future therapies endeavor to
restore dystrophin in cardiac as well as in skeletal muscles.
Cell-penetrating peptides (CPPs), which may be readily
conjugated to charge neutral AOs such as PMO, have shown
potential for improved systemic delivery. CPPs that contain
cationic amino acids, particularly multiple arginines, are highly
effective in enhancing AO delivery due to their unique ability to
deliver associated cargoes across the plasma and endosomal
membranes.?° Various arginine-rich peptides have been found
to be particularly effective for delivery of such charge neutral
AOs,?'-2 |eading to systemic dystrophin production. However,
dystrophin protein restoration in heart has typically required
repeated® and/or very high dose administrations.?®
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A derivative of the CPP Penetratin, originally derived from
the homeobox peptide of Drosophila Antennapedia,®® has
also been investigated, namely R6-Penetratin which con-
tains six additional arginines.?” Employing R6-Penetratin
as the lead peptide, a series of peptide nucleic acids/PMO
internalization peptides (Pips) were derived that were found
to be much more stable to serum proteolysis.?® Two such
Pip peptides, Pip2a and Pip2b, conjugated to a dystrophin
exon 23-specific (peptide nucleic acids) AO, were shown to
be capable of inducing strong exon skipping and dystrophin
positive fibres following intramuscular injection into the ftibialis
anterior (TA) muscle of the mdx mouse. Further optimization
of this peptide series was carried out as conjugates to PMO,
and Pip5e-PMO was identified as the most efficient peptide-
PMO conjugate capable of inducing high levels of exon skip-
ping and dystrophin restoration body wide, including in the
heart, following a single dose intravenous administration.?®
The Pip5e structure comprises a hydrophobic core region
flanked on each side by arginine-rich domains containing
aminohexanoyl (X) and B-alanine (B) spacers. By analogy
with the previous arginine-rich B peptide,?? it was thought
that the high arginine content of Pip5e contributed to overall
delivery efficiency into all muscle tissues, whereas the hydro-
phobic region might be important for heart muscle delivery.

We now report the results of a series of mutations to the
hydrophobic core region of the Pip5e peptide, where this cen-
tral core region amino acid sequence is reversed, scrambled,
or partially deleted. These changes affect the levels of exon
skipping and dystrophin restoration in multiple muscle groups,
including the heart, following a single, low dose intravenous
injection of the corresponding Pip6-PMO conjugates. The
results show that a core length of 5 amino acids (5-aa) appears
to be essential for heart dystrophin production, since reduc-
tions in core length reduced cardiac activity. Unexpectedly, an
arginine residue was tolerated in one position of the hydropho-
bic core, but two arginine residues were not tolerated, nor an
arginine in a different position. Surprisingly, skeletal dystrophin
production was also reduced in these two latter cases.

Results

Development of the Pip6 CPP series

Our previous lead Pip series CPP, Pip5e,?® contains two
arginine-rich flanking regions and a central hydrophobic
core. To further probe the composition requirements of the
hydrophobic core for maintenance of good heart dystrophin
production, we synthesized a range of Pip5e derivative pep-
tides (Pip6 a-f) (Figure 1a) where mutations were made only
to the hydrophobic core region, for example scrambled and
partially deleted core region peptides. All peptides contained
the same number of arginine residues (10) in the flanking
sequences as in Pip5e, with the exception of Pip6e. These
peptides were conjugated to a 25-mer PMO complementary
to dystrophin exon 23,%3" previously validated for exon skip-
ping in mdx mice. In contrast to the method of conjugation
to the 5" end of PMO that we utilised previously,?® Pip6-PMO
conjugates were prepared by conjugation of the 3’ end of the
PMO to the C-terminal carboxylic acid moiety of the Pip pep-
tide (Figure 1b). We reported that there was no significant
difference between the in vivo dystrophin production or exon
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skipping activity for Pip5e-PMO conjugated to the 3’ end of
the PMO or to the 5" end and therefore chose to utilise 3’ end
conjugation for these experiments.*?

In vitro screening of Pip6-PMO compounds

The exon skipping potential of Pip6-PMO conjugates was
evaluated in differentiated mouse H2K mdx myotubes in the
absence of any transfection agent (Figure 2) at concentra-
tions ranging from 0.125 to 1 ymol/l. This showed that exon
skipping activity in cultured muscle cells was very similar for
all these constructs, including Pip5e-PMO. These results differ
from the previous Pip5 series,?® where the flanking arginine-
rich sequences mostly contained a fixed number of argin-
ine residues (10) but where spacings were varied through
alternative placement of aminohexanoyl and B-alanine units.
This resulted in small variations in exon skipping activity
that correlated well with in vivo activity. In the case of Pip6
sequences, the flanking arginine-rich sequences are identi-
cal (with the exception of Pip6e, which is identical except for
one arginine immediately preceding the core which is dis-
placed into the second position of the core). The results dem-
onstrate that cellular exon skipping activity does not depend
on the sequence or length of the hydrophobic core. Note that
we have previously shown that major changes in in vitro exon
skipping activities are correlated instead with the total num-
bers of arginine residues.3?

Alterations to the Pip5e hydrophobic sequence improve
splicing activity in vivo
Given the potency of Pip5e-PMO in heart tissue, the aim of
altering the sequence of the hydrophobic core (whilst main-
taining the 5-aa length) was to identify peptides that might be
more efficient at lower doses. These modifications included
inversion of the hydrophobic region (Pip6a), substitution of
tyrosine by isoleucine (Pip6b), substitution of glutamine in
the Pip6a sequence by displacement of the arginine immedi-
ately flanking the core in the first arginine-rich flanking region
(Pip6e), and a scrambled hydrophobic core sequence (Pip6f).
All Pip6 peptide-PMO conjugates were administered to mdx
mice as single 12.5 mg/kg intravenous injections via the tail
vein and tissues were harvested 2 weeks later and assessed
for activity at both RNA and protein levels.
Immunohistochemical staining of dystrophin expression for
all 5-aa core Pip6-PMOs revealed high levels of dystrophin
production in skeletal muscles including the TA, diaphragm,
and the heart (Figure 3). Immunohistochemical staining
quantification (Figure 4a, b) was performed as previously
described'®** and was achieved by taking four representa-
tive frames of the dystrophin staining and correlating this with
laminin staining for each section (n = 3) of the quadriceps, dia-
phragm and heart for each peptide-PMO treatment. Untreated
mdx and treated mdx mice were normalized to C57BL10
mice. This method allows comparison of the staining intensity
of dystrophin at the sarcolemma relative to laminin for each
treatment group. Intensity ratios are normalized to C57BL10
samples and each region of interest at the sarcolemma (120
regions for each treatment group) is plotted on a scatter
graph. The relative intensity values obtained for all four of the
5-aa core Pip6-PMO conjugates were significantly different to
those of untreated mdx mice for the quadriceps and diaphragm
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Figure 1 Sequences and chemical conjugation method for Pip5e-PMO derivatives. (a) List of names and sequences including ra-
tionale for synthesis of the peptides used in this study, Pip6a-h. (b) Method of conjugation of peptide to phosphorodiamidate morpholino
oligonucleotide (PMO) antisense oligonucleotide (AO). Peptides were conjugated to PMO through an amide linkage at the 3" end of the
phosphorodiamidate morpholino oligonucleotide (PMO), followed by purification by high-performance liquid chromatography (HPLC) and
analyzed by MALDI-TOF MS (for HPLC chromatogram and MALDI-TOF data, see Supplementary Figure S1). DIEA, diisopropylethylam-
ine; HBTU, 2-(IH-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt, 1-hydroxybenzotriazole monohydrate.

(Figure 4b and Table 1). There were very similar dystrophin
restoration levels in the quadriceps (percent recovery score—
%RS—range between 21.10 and 33.44%; Figure 4b) and in
the diaphragm for all treatments, with the exception of Pip6b
which had a higher recovery score in the diaphragm (%RS
range between 38.87 and 48.43%, Pip6b 56.72%; Figure 4b).
All 5-aa core Pip6-PMO-treated mice exhibited high dystro-
phin intensity values in the heart with the exception of Pip6e
(other Pip6-PMOs were statistically significant compared to
mdx = P < 0.0001; Table 1). Pip6a- and Pip6b-PMO conju-
gates displayed the highest recovery scores, as observed in
Figure 4b (%RS 37.66% and 34.22%, respectively) closely
followed by Pip6f-PMO (%RS 26.24%) and then Pip5e-PMO
(%RS 17.32%). When directly compared to Pip5e-PMO treat-
ment, only Pip6a-PMO was significantly better in the heart
(Table 2). These 5-aa core Pip6-PMOs were also shown to
restore other dystrophin complex proteins, namely neuronal
nitric oxide synthase, a-sarcoglycan, and B-sarcoglycan as
illustrated by immunohistochemical staining in the TA muscle
(Supplementary Figure S4).

The PCR and western blot analyses exhibited similar
results to the immunostaining. The reverse transcription-PCR

(RT-PCR) representative images (Figure 4d) illustrate high
exon skipping efficiency in all tissues analyzed. This is bet-
ter shown by quantitative real-time PCR (qRT-PCR) results for
the quadriceps, diaphragm and heart (Figure 4c). The delta
283 transcript is normalized against “total dystrophin” for each
muscle group (n = 3). Quantification of this data revealed simi-
lar levels of A23 skipping in the quadriceps of all 5-aa Pip6-
PMO-treated mice. The data trends suggest that Pip6f- and
Pip5e-PMO show the highest exon skipping in the diaphragm,
and Pip6f-PMO the highest in heart (for splicing mean values,
see Supplementary Figure S2a). Western blots (Figure 4e)
were performed on the tissues of each mouse and were quan-
tified against a 50 and 10% C57BL10 control. These results
were averaged and are presented in Supplementary Fig-
ure S2b. Pip6a-, Pip6b-, Pip6e-, and Pip6f-PMO conjugates
exhibited the highest dystrophin protein restoration in the TA
and quadriceps muscles. The levels of dystrophin restoration
in the diaphragm were uniform across all of these treatments,
whereas in the case of the heart, Pip6b- and Pip6f-PMO con-
jugates showed the highest dystrophin restoration.

Protein restoration as measured by immunohistochemi-
cal staining is consistently higher than protein restoration

www.moleculartherapy.org/mtna
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Figure 2 Exon skipping activity of Pip6-PMOs in differentiated mouse H2K mdx myotubes. H2K mdx myotubes were incubated
with peptide-PMO conjugates at concentrations ranging between 0.125 and 1 ymol/l without the use of transfection reagent. The
products of nested reverse transcription-PCR (RT-PCR) were examined by electrophoresis on a 2% agarose gel. Exon skipping activity
is presented as the percentage of A23 skipping as calculated by densitometry. PMO, phosphorodiamidate morpholino oligonucleotide.

calculated by western blot analysis. These differences may be
attributed to the differing “housing proteins” used i.e., dystro-
phin restoration quantified by immunohistochemical staining
is normalized against laminin, whereas western blot analy-
sis uses a-actinin for normalisation. Quantification of west-
ern blots has only recently been reported for dystrophin and
currently uses chemiluminescence methods. It may therefore
be judicious to give greater weight to the trends in dystro-
phin protein levels revealed by western blot rather than to the
absolute values. Therefore, considering the results overall,
madx mice treated with each of the four 5-aa core Pip6-PMOs
(Pip6a-, Pip6b-, Pip6e-, and Pip6f-PMO) appear to demon-
strate improved dystrophin production and exon skipping in
TA, quadriceps, and heart muscles compared with the previ-
ous lead candidate, Pip5e-PMO.

In addition, these 5-aa core Pip6-PMOs do not exhibit evi-
dence of toxicity, as assessed by plasma levels of relevant
toxicity biomarkers, alanine aminotransferase, aspartate
aminotransferase, and creatine kinase (see Supplemen-
tary Figure S5a). Blood urea nitrogen and creatinine levels
were similar to untreated mdx levels (see Supplementary
Figure S5b). All Pip6-PMO treatment groups exhibit similar
biomarker levels to untreated C57BL10 controls.

Partial deletions of the hydrophobic core of Pip6-PMO
conjugates abolish heart dystrophin production

In addition to the need to identify Pip-PMOs with high effi-
ciency and cardiac delivery, it was a further aim to better
define those elements of the hydrophobic core of Pip pep-
tides that are important for heart delivery. To this end, Pip
peptides containing partial deletions of the hydrophobic core
by 1 aa (removal of tyrosine; Pip6c) and by 2 aa (removal
of isoleucine and tyrosine; Pip6d) were synthesised as PMO
conjugates (Figure 1a).
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Following treatment of mdx mice, immunohistochemical
staining was performed and this revealed some dystrophin
expression in skeletal muscles such as the TA and diaphragm
for both these deletion Pip6-PMOs (Figure 5). Quantification
of the immunohistochemical staining revealed the lowest dys-
trophin restoration in the quadriceps with Pip6d-treatment,
closely followed by Pip6c-PMO when compared to the other
Pip6-PMOs (Figure 6a,b and Table 1). Similarly, Pip6d-PMO
displayed the lowest dystrophin restoration in the diaphragm.
The recovery scores for Pip6c- and Pip6d-PMO conjugates
in the heart were very low, indicating their poor efficiency
(Pip6c %RS —1.06% and Pip6d 2.50%; Figure 6b).

These results are corroborated by the PCR and western
blot analyses. The RT-PCR representative images (Figure
6d) and the gRT-PCR exon skipping results (Figure 6c) both
indicate reduced exon skipping in mdx mice treated with
Pip6c- and Pip6d-PMO conjugates in quadriceps and dia-
phragm and negligible exon skipping in the heart. Western
blot analysis revealed inefficient dystrophin protein produc-
tion in the TA and quadriceps muscles and negligible dystro-
phin restoration in the heart (Figure 6e and Supplementary
Figure S2b).

These results show that the length of the hydrophobic core
is crucial not only for good heart dystrophin production but
also for activity in some other muscle groups. Therefore, the
arginine content of the CPP alone is not the sole predictor of
dystrophin production and exon skipping efficiency for this
class of peptides.

Altering the position of arginine in the hydrophobic core
or adding a second arginine is detrimental to dystrophin
production

The repositioning of an arginine from a flanking region into
the core was unexpectedly well-tolerated (Pip6e-PMO)
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Figure 3 Immunohistochemical staining for dystrophin in C57BL10 control, mdx untreated, the 5-aa hydrophobic core Pip6-PMO-
treated and Pip5e-PMO-treated mice. A single 12.5 mg/kg systemic injection of peptide-PMO was administered to mdx mice. Tissues
were harvested 2 weeks later. Dystrophin immunostaining in TA, quadriceps, gastrocnemius, diaphragm, heart, and abdomen muscle
groups for C57BL10, mdx-treated and mdx-untreated mice are shown. PMO, phosphorodiamidate morpholino oligonucleotide.

as it gave similar results to the Pip5e-PMO conjugate. the second flanking region into the central hydrophobic
Two further Pip6-PMO conjugates were thus synthesized core, and Pip6h-PMO contains an inversion of the Pip6e
(Figure 1a) as derivatives of Pip6e-PMO. Pip6g-PMO con- hydrophobic region, such that the single arginine location
tained a second arginine residue, which was moved from is altered within the core.

www.moleculartherapy.org/mtna
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Figure 4 Dystrophin splicing and protein restoration in C57BL10 control, mdx untreated, the 5-aa hydrophobic core Pip6-PMO-
treated and Pip5e-PMO-treated mice following a single 12.5 mg/kg, intravenous (i.v.) injection. (a) Quantification of dystrophin immu-
nohistochemical staining relative to control laminin counter-stain in quadriceps, diaphragm and heart muscles of C57BL10, mdx-untreated
and mdx-treated mice. Relative intensity values for each region of interest (120 regions) are plotted and the model estimate average
calculated (presented in b) from the repeated measures, multilevel statistical model. For statistical significance tables see Tables 1 and 2.
Percentage recovery score is represented below. (¢) Percentage A23 exon skipping as determined by quantitative real time (g-RT)-PCR
in quadriceps, diaphragm, and heart muscles. (d) Representative real time (RT)-PCR images demonstrating exon skipping (skipped) in
TA, quadriceps, gastrocnemius, diaphragm, heart, and abdomen muscles. The top band indicates full-length (FL) or unskipped transcript.
(e) Representative western blot images for each treatment. Ten micrograms of total protein was loaded (TA, quadriceps, gastrocnemius,
diaphragm, heart, and abdomen muscles) relative to 50% (5 pg protein) and 10% (1 pg) C57BL10 controls, and normalized to a-actinin
loading control (for quantification see Supplementary Figure S2a). PMO, phosphorodiamidate morpholino oligonucleotide.
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Table 1 Statistical tables for quantitative immunohistochemical staining
mean values for C57BL10 control, Pip6-PMO-treated mdx mice and Pip5e-
PMO-treated mdx mice relative to mdx-untreated, following a single 12.5
mg/kg, i.v. injection
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Table 2 Statistical tables for quantitative immunohistochemical staining
mean values for C57BL10 control, mdx-untreated, and Pip6-PMO-treated
mdx mice relative to Pip5e-PMO-treated mice, following a single 12.5 mg/
kg, i.v. injection

Relative Quadriceps Diaphragm Heart Relative Quadriceps Diaphragm Heart

to mdx to Pip5e

C57 e 0.0000 i 0.0000 b 0.0000 C57 b 0.0000 b 0.0000 b 0.0000
Pip6a e 0.0000 e 0.0000 b 0.0000 max b 0.0000 i 0.0000 * 0.0293
Pip6b e 0.0000 i 0.0000 o 0.0000 Pip6a N/S 0.9573 N/S 1.0995 * 0.0366
Pip6c = 0.0040 i 0.0000 N/S 0.8787 Pip6b N/S 1.1417 N/S 0.4750 N/S 0.0771
Pip6d N/S 0.0574 * 0.0155 N/S 0.7276 Pip6c N/S 1.9032 N/S 1.5987 N/S 1.9797
Pip6e i 0.0000 b 0.0000 N/S 0.1150 Pip6d N/S 1.9909 N/S 1.9965 N/S 1.9341
Pip6f ** 0.0018 i 0.0000 ** 0.0016 Pip6e N/S 1.0558 N/S 1.6184 N/S 1.4561
Pip5e e 0.0000 o 0.0000 * 0.0293 Pip6f N/S 1.8355 N/S 1.2249 N/S 0.3349

Abbreviations: i.v., intravenous; PMO, phosphorodiamidate morpholino
oligonucleotide.

Statistical significance tables for immunohistochemical staining of quadri-
ceps, diaphragm, and heart muscles for Pip6a-f-treated mdx mice relative
to untreated mdx mice. Statistical significance was determined using a
repeated measures, multilevel statistical model (****P < 0.0001, ***P <
0.001, **P < 0.01*P <0.05, N/S, not significant).

TA Quadriceps  Gastrocnemius

Pip6d-PMO

Abbreviations: i.v., intravenous; PMO, phosphorodiamidate morpholino
oligonucleotide.

Statistical significance tables for immunohistochemical staining of
quadriceps, diaphragm, and heart muscles for Pip6a-f-treated mdx mice
relative to Pip5e-treated mice. Statistical significance was determined
using a repeated measures, multilevel statistical model (****P < 0.0001,
***P < 0.001, **P < 0.01*P <0.05, N/S, not significant).

Diaphragm Heart Abdominal

Figure 5 Immunohistochemical staining for dystrophin in C57BL10 control, mdx untreated and the shortened hydrophobic core
Pip6-PMO-treated mice (Pip6c and Pip6d). A single 12.5mg/kg systemic injection of PPMO was administered to mdx mice. Tissues were
harvested 2 weeks later. Dystrophin immunostaining in TA, quadriceps, gastrocnemius, diaphragm, heart and abdomen muscle groups for
C57BL10, mdx-treated and mdx-untreated mice are shown. PMO, phosphorodiamidate morpholino oligonucleotide.

Surprisingly, these changes to the hydrophobic core
resulted in further reductions in dystrophin expression not
only in heart but also in all other tissues, as observed in the
immunohistochemical staining (Figure 7a) and in the quan-
tifications thereof (Figure 7b,c). The immunohistochemical

staining representative images revealed very few dystrophin
positive fibers in all tissues with the exception of the TA and
quadriceps (Figure 7a). With reference to the quantifications,
Pip6g-PMO was not significantly different to untreated mdxin
the quadriceps or diaphragm (Supplementary Figure S3a).
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Both Pip6e-PMO derivatives were not significantly different to
untreated mdx in heart muscles, illustrating the general inef-
ficiency of these two peptides. Similarly, these Pip6e-PMO
derivatives showed reduced efficiency in exon skipping, as
illustrated in representative RT-PCR images (Figure 7e)
and in gRT-PCR analyses (Figure 7d and Supplementary
Figure S3c) in all tissues. Western blots revealed negligible
dystrophin protein restoration (Figure 7f and Supplemen-
tary Figure S3d) in all tissues with the exception of the TA
muscle. These data show that an increase in the number of
arginines or alteration in the location of the single arginine in

the hydrophobic region of Pip6e are detrimental to both heart
as well as skeletal muscle dystrophin production.

DISCUSSION

The most promising therapy to date for the severely debili-
tating neuromuscular disorder DMD is treatment with AOs,
which restores the reading frame of the dystrophin pre-
mRNA by exon skipping. Two AOs, a PMO'™'" and a 2’OMe
oligonucleotide,®® are currently in clinical trials and the early
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promising results have increased hope for DMD patients.
However, studies involving the administration of very high
doses of naked PMO into mdx mice have shown only par-
tial restoration of dystrophin in body-wide skeletal muscles
and negligible correction in heart.'®® The necessity to cor-
rect dystrophin in the heart is ever more apparent following
studies whereby the correction of the skeletal phenotype
resulted in an increase in the cardiac workload and thus fur-
ther progression of the cardiomyopathy.''® The discovery
that CPP-conjugated PMOs can achieve much more effec-
tive dystrophin correction in mdx mice than naked PMOs
has brought renewed promise for enhanced AO efficacy by
improving cellular and in vivo delivery.

We previously reported a promising peptide-PMO candi-
date, Pip5e-PMO, capable of restoring dystrophin protein to
high levels in all muscle types, including heart, following a
single 25 mg/kg administration.?® In addition to arginine-rich
sequences, Pip peptides contain a 5-aa hydrophobic section
not present in the previous B-peptide lead,?® which seemed
likely to be responsible for the improved heart activity. The
Pip6 series was developed as derivatives of Pip5e-PMO in
an attempt to cast light on aspects of the hydrophobic core
required for heart dystrophin production and also to identify
even more active Pip-PMO conjugates. Our study using a
moderate, single dose administration regimen has produced
some interesting and sometimes surprising results.

A key finding is that maintenance of the 5-aa length of the
hydrophobic core region is imperative for good heart dystro-
phin production. One might imagine that diminished efficiency
of dystrophin restoration in the heart for Pip6c-PMO and
Pip6d-PMO, with sequential amino acid deletions in the core,
might be correlated with the resultant lower hydrophobicity
and hence a reduced capacity to enter the cell.®® However,
the in vitro results would suggest that all of these constructs
are capable of entering the cells as they are all fully capable
of exon skipping in muscle cells (Figure 2). Thus, the length
of the 5-aa hydrophobic core must affect a different param-
eter essential for in vivo heart delivery. Enhanced uptake into
whole heart slices of fluorescently labeled Pip5e-PMO, com-
pared to B-PMO, suggested instead that crossing of another
barrier (for example, the endothelial lining to the heart) is
improved.® Further heart studies are continuing with a Pip6-
PMO that may help to address this issue. More surprising
perhaps is that for Pip6c-PMO and Pip6d-PMO there was
also some loss of dystrophin production in other muscle
types. This suggests that the hydrophobic/cationic balance
and/or the precise spacings of hydrophobic and cationic resi-
dues in the CPP impose more subtle effects on in vivo deliv-
ery parameters.
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Another clear conclusion arising from the Pip6-PMO ana-
logues is that a specific order of hydrophobic residues within
the hydrophobic core is less important at maintaining the
heart dystrophin production, since an inverted sequence
(Pip6a), a single substitution of an equally hydrophobic resi-
due (Pip6b), and a scrambled sequence (Pip6f) were at least
as active as Pip5e-PMO, and more efficient in heart and
some muscle groups (Figure 4 and Supplementary Figure
S§2). These results provide evidence that the hydrophobic
core of Pip peptides is unlikely to contain a particular amino
acid sequence that recognizes a specific receptor in a mem-
brane barrier required to penetrate heart tissue, but instead
the core acts as a hydrophobic spacer of some kind.

Most surprising however is that Pip6e-PMO did induce some
dystrophin splicing and protein restoration in heart muscle as
indicated by the western and qRT-PCR results (note: not sig-
nificantly different in immunohistochemical staining quantifi-
cation). In the Pip-6e peptide, one arginine residue is moved
into the hydrophobic core, which also results in alignment of
a hydrophobic X residue adjacent to the core (X-YRFLI). One
might have expected heart dystrophin production to have
been completely lost in this conjugate, since a cationic amino
acid (arginine) is now included in the core. By contrast, such
heart activity was lost for Pip6h-PMO (X-ILFRY core) and the
double arginine core conjugate Pip6g-PMO (X-YRFRLI-X
core). Unexpectedly, dystrophin production was also lost in
quadriceps and diaphragm for both Pip6g- and Pip6h-PMO.
The unanticipated inconsistencies within the activity results
for Pip6e, Pip6g, and Pip6h, and the losses of activities for
Pip6c- and Pip6d-PMO, are perhaps best explained by the
realization that precise spacings of the arginine residue within
the Pip peptides with respect to both the outer hydrophobic
amino acid spacers (X and B) and the inner hydrophobic core
residues may drastically alter the pharmacological properties
of each conjugate. This might occur not only through altera-
tion in cationic/hydrophobic balance but alternatively due to
secondary or tertiary structure changes of the Pip-PMOs,
which could in turn affect serum protein binding or another
parameter that alters the circulatory half-life, or which could
affect the ability to traverse barriers required to penetrate
muscle tissues. Such more subtle effects will require a more
wide-ranging pharmacological and biophysical study, upon
which we are currently embarking.

For a complete understanding of the role of the hydro-
phobic core within Pip peptides, one would ideally wish to
study the activities, pharmacology and biophysical param-
eters of a much larger range of sequence-variant Pip-PMO
conjugates. The need for multi-mg synthesis of each con-
jugate as well as the availability of a large number of mdx

Figure 6 Dystrophin splicing and protein restoration in C57BL10 control, mdx untreated and the shortened hydrophobic core
Pip6-PMO-treated mice (Pip6¢c and Pip6d) compared to Pip5e-PMO following a single 12.5 mg/kg, intravenous (i.v.) injection. (a)
Quantification of dystrophin immunohistochemical staining relative to control laminin counter-stain in quadriceps, diaphragm and heart
muscles of C57BL10, mdx-untreated and mdx-treated mice. Relative intensity values for each region of interest (120 regions) are plotted
and the model estimate average calculated (presented in b) from the repeated measures, multilevel statistical model. For statistical sig-
nificance tables, see Tables 1 and 2. Percentage recovery score is represented below. (¢) Percentage A23 exon skipping as determined
by quantitative real time (g-RT)-PCR in quadriceps, diaphragm, and heart muscles. (d) Representative real time (RT)-PCR images dem-
onstrating exon skipping (skipped) in TA, quadriceps, gastrocnemius, diaphragm, heart, and abdomen muscles. The top band indicates
full-length (FL) or unskipped transcript. (e) Representative western blot images for each treatment. Ten micrograms of total protein was
loaded (TA, quadriceps, gastrocnemius, diaphragm, heart, and abdomen muscles) relative to 50% (5 pg protein) and 10% (1 pg) C57BL10
controls, and normalized to a-actinin loading control (for quantification see Supplementary Figure S2a). PMO, phosphorodiamidate mor-

pholino oligonucleotide.
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mice has necessarily limited the scope of the current study.
It is gratifying that even with the relatively small numbers
of Pip6 conjugates tested, some interesting results have
emerged and that several conjugates (Pip6a, Pip6b, and
Pip6f-PMOs) have shown promising dystrophin produc-
tion activities even beyond that of the previous candidate,
Pip5e-PMO. Interestingly, analysis of serum samples from
one of the 5-aa Pip6-PMO treatments, Pip6e-PMO, showed
partial normalization of three miRNAs (miR-1, miR-133a,
and miR-206) to near wild type levels following a single,

TA Quadriceps Gastrocnemius  Diaphragm

Heart

12.5 mg/kg administration (Roberts et al., related manu-
script®). This is greatly promising for the Pip6-PMOs, as it
would not be considered the optimal peptide yet still dem-
onstrated the significant therapeutic effect of this group of
peptides. These new leads provide a good basis for identi-
fication of a Pip-PMO candidate suitable for detailed physi-
ological studies of muscle and heart function, as well as
thorough toxicity profiling including dose escalation stud-
ies, in anticipation that one such Pip-PMO will proceed to
clinical trial.
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Materials and methods

Synthesis of peptide-PMO conjugates. Peptides were syn-
thesized by standard Fmoc chemistry and purified by high-
performance liquid chromatography. The PMO sequence (5
’-GGCCAAACCTCGGCTTACCTGAAAT-3") was purchased
from Gene Tools LLC (Corvallis, OR). Peptides were con-
jugated to PMO through an amide linkage at the 3’ end of
the PMO, followed by purification by high-performance liquid
chromatography and analyzed by MALDI-TOF MS as previ-
ously described in preliminary communication.® Full details
of synthesis including improvements to the experimental pro-
cedures are described in detail in the Supplementary Mate-
rials and Methods. Peptide-PMO conjugates were dissolved
in sterile water and filtered through a 0.22-pm cellulose ace-
tate membrane before use.

Conjugates of PMO of Pip6a, Pip6b, Pip6e, and Pip6f were
found to be predominantly stable and of similar stability to
Pip5e-PMO in 100% serum for 2 hours at 37 °C, as seen
by high-performance liquid chromatography and MALDI-
TOF mass spectral analysis. The conjugates all showed
similar degradation patterns, and intact conjugates were still
observed up to 4 hours (data not shown).

In vitro assays: exon skipping in mdx mouse myotubes. H2K
madx myotubes were prepared and incubated with peptide-
PMO conjugates in the absence of any transfection agent
at concentrations of 0.125, 0.25, 0.5, and 1.0 ymol/l by the
method described previously.?® The products of nested RT-
PCR from total isolated RNA were examined by electropho-
resis on a 2% agarose gel. Quantification of A23 transcript
levels was calculated using densitometry. The MTS cell via-
bility test (Promega, Madison, WI) showed 100% survival at
the highest concentrations of peptide-PMO conjugates used
in the study (data not shown).

Animals and intravenous injections. Four and a half month old
to 5%2-month-old mdx mice were used in these experiments
(n = 3). The experiments were carried out in the Biomedical
Sciences Unit, University of Oxford according to procedures
authorized by the UK Home Office. Pip6-PMO conjugates were
prepared in 0.9% saline solution at a final dose of 12.5 mg/kg.
The 160 pl total volume was administered via the tail vein of
anaesthetized mice. Two weeks later mice were sacrificed by
CQ, inhalation, and muscles and other tissues harvested and
snap-frozen in cooled isopentane before storage at —80 °C.

Immunohistochemistry and quantification of dystrophin
expression. Transverse sections of tissue samples were cut

Pip6-PMO, Improves Cardiac Exon Skipping Activity for DMID
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(8-pm thick) for the examination of dystrophin expression. For
dystrophin visualisation and quantification, sections were co-
stained with rabbit-anti-dystrophin (Abcam, Cambridge, MA)
and rat anti-laminin (Sigma, St Louis, MO), and detected by
goat-anti-rabbit immunoglobulin G Alexa 594 and goat-anti-
rat immunoglobulin G 488 secondary antibodies, respectively
(Invitrogen, Carlsbad, CA). Images were captured using a
Leica DM IRB microscope and Axiovision software (Carl
Zeiss, Cambridge, UK). Quantitative immunohistochemistry
was performed as previously described.’®3* A representa-
tive image for each treatment was taken. For quantification,
four representative frames of the dystrophin and correlating
laminin were taken for each section (n = 3) of the quadriceps,
diaphragm and heart for each treatment. Using ImagePro soft-
ware, 10 regions of interest were randomly placed on the lami-
nin image which was overlaid on the corresponding dystrophin
image. The minimum and maximum fluorescence intensity for
120 regions were recorded for each treatment. The intensity
difference was calculated for each region to correct for back-
ground fluorescence and untreated mdx and treated mdx
were normalized to C57BL10. These values were plotted on a
scatter graph. The “relative intensity means” were calculated
using a multilevel statistics model. Using these values, the
percentage recovery score was calculated by implementing
the following equation, as described on the TREAT-NMD web-
site (http://www.treat-nmd.eu/downloads/file/sops/dmd/MDX/
DMD_M.1.1_001.pdf): (dystrophin recovery of treated mdx
mice-dystrophin recovery of untreated mdx mice)/(dystrophin
recovery of C57BL10 mice-dystrophin recovery of untreated
mdx mice). Staining of dystrophin associated proteins was
performed as previously described® using a MOM blocking
kit (Vector Labs, Burlingame, CA) and a-sarcoglycan and
a-dystroglycan (Novocastra, Newcastle-Upon-Tyne, UK) anti-
bodies (1:100 dilution). Neuronal nitric oxide synthase stain-
ing was performed using a goat anti-rabbit antibody (Abcam).

Exon skipping in mdx mouse tissues. Total RNA was extracted
from control and treated mouse tissues using TRIzol reagent
(Invitrogen) following manufacturer’s instructions.

RT-PCR: Four hundred nanograms of RNA template was
used in a 50 pl reverse transcription reaction using One Step
RT-PCR Kit (Qiagen, Hilden, Germany) and gene-specific
primers (Ex 20-26, Fwd: 5-CAG AAT TCT GCC AAT TGC
TGA G-3’, Rev: 5-TTC TTC AGC TTG TGT CAT CC-3').
Cycle conditions: 50 °C for 30 minutes, followed by 30 cycles
of 30 seconds at 94 °C, 1 minute at 58 °C, and 2 minutes at
72 °C. Two microliters of cDNA was further amplified in a 50
pl nested PCR (QIAGEN PCR kit) using the following cycle

Figure 7 Dystrophin splicing and protein restoration in C57BL10 control, mdx untreated and the Pip6e-PMO derivatives, Pip6g
and Pip6h, following a single 12.5 mg/kg, intravenous (i.v.) injection. (a) Immunohistochemical staining for dystrophin in C57BL10
control, mdx untreated and Pip6g- and Pip6h-PMO-treated mice. Dystrophin immunostaining in TA, quadriceps, gastrocnemius, diaphragm,
heart, and abdomen muscle groups for C57BL10, mdx-untreated and mdx-treated mice are shown. (b) Quantification of dystrophin im-
munohistochemical staining relative to laminin counter-stain in quadriceps, diaphragm, and heart muscles of C57BL10, mdx-untreated
and mdx-treated mice. Relative intensity values for each region of interest (120 regions) are plotted and the model estimate averages
calculated (presented in ¢) from the repeated measures, multilevel statistical model. For statistical significance tables see Supplementary
Figure S3a,b. Percentage recovery score is represented below. (d) Percentage A23 exon skipping as determined by quantitative real time
(9-RT)-PCR in quadriceps, diaphragm and heart muscles. (e) Representative real-time (RT)-PCR images demonstrating exon skipping
(skipped) in TA, quadriceps, gastrocnemius, diaphragm, heart, and abdomen muscles. The top band indicates full-length (FL) or unskipped
transcript. (f) Representative western blot images for each treatment. Ten micrograms of total protein was loaded (TA, quadriceps, gas-
trocnemius, diaphragm, heart, and abdomen muscles) relative to 50% (5 pg protein) and 10% (1 pg) C57BL10 controls, and normalized to
o-actinin loading protein (for quantification, see Supplementary Figure S3c). PMO, phosphorodiamidate morpholino oligonucleotide.
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conditions: 94 °C for 30 seconds, 58 °C for 1 minute, and 72
°C for 1 minute for 24 cycles (Ex 20-26: Fwd: CCC AGT CTA
CCA CCC TAT CAG AGC, Rev: CCT GCC TTT AAG GCT
TCC TT). PCR products were examined by electrophoresis
on a 2% agarose gel.

Quantitative real time PCR: Two micrograms of RNA was
reverse transcribed using a High Capacity cDNA Synthesis kit
(Applied Biosystems, Branchburg, NJ). Exon skipping gPCR
was performed using Syber green Kits (Applied Biosystems),
primer sets (IDT) and the StepOne Plus Real-Time PCR
system (Applied Biosystems). Primer sets used were as fol-
lows: total dystrophin transcripts, ex19-20: Fwd: GCCATAG-
CACGAGAAAAAGC, Rev: GCATTAACACCCTCATTTGCG;
Delta23 dmd transcript, Fwd: GCG CTA TCA GGA GAC AAT
GAG, Rev: GTTTTT ATG TGATTC TGT AAT TTC CC.

Plasmids (total dystrophin and delta 23 skipped) were used
for the standard curve.

Protein extraction and western blot. Control and treated mus-
cle samples were homogenised in lysis buffer comprising
75 mmol/l Tris—HCI (pH 6.5) and 10% sodium dodecyl sul-
phate complemented with 5% 2-mercaptoethanol. Samples
were heated at 100 °C for 3 minutes before centrifugation
and removal of supernatant. Protein levels were measured by
Bradford assay (Sigma) and quantified using BSA standards.
Ten to fifteen micrograms of protein of untreated and treated
mdx sample, and 50% and 10% of these concentrations of
C57BL10 protein (positive control) were loaded onto 3-8%
Tris-Acetate gels. Proteins were blotted onto polyvinylidene
fluoride membrane and probed for dystrophin using DYS1
(Novocastra) and loading control, o-actinin (Sigma), antibod-
ies. Primary antibody was detected by binding of horserad-
ish peroxidase-conjugated anti-mouse immunoglobulin G
with lumigen. Western blots were imaged (LICOR Biosci-
ences, Lincoln, NE) and analyzed using the Odyssey imag-
ing system.

Clinical biochemistry. Plasma samples were taken from the
jugular vein of mdx mice immediately following sacrifice
by CO, inhalation. Analysis of toxicity biomarkers was per-
formed by a clinical pathology lab, Mary Lyon Centre, MRC,
Harwell, UK.

Statistical analysis. All data reported mean values + SEM.
A multilevel, repeated measures model was implemented
for this study. The multilevel statistical approach builds upon
traditional statistical methods and is being increasingly imple-
mented in the social, medical and biological sciences.®®*! The
model used for this study takes into account the multiple “rela-
tive intensity units” (level 1) for each mouse (level 2) for each
treatment (level 3) as performed in the immunohistochemical
staining quantification. In this example mdx untreated mice
and Pip5e-PMO-treated mice were applied as the constant/
fixed parameter, to which the other treatments and wild-type
control were compared. This was following a Box-Cox power
transformation which was performed to ensure a normal dis-
tribution. Statistical analysis was performed using MLwIN ver-
sion 2.25.
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Supplementary Material

Figure S1. HPLC chromatogram and MALDI-TOF data for
Pip6e-PMO.

Figure S2. qRT-PCR mean values table and quantification
of western blots for C57BL10 control, mdx-untreated and
Pip6-PMO-treated mdx mice, following a single 12.5 mg/kg,
i.v. injection.

Figure S3. Statistical tables for quantitative immunohis-
tochemical staining, qRT-PCR mean values table and quanti-
fication of western blots for C57BL10 control, mdx untreated
and Pip6e-PMO derivative (Pip6g and Pip6h) treated mdx
mice, following a single 12.5 mg/kg, i.v. injection.

Figure S4. Immunohistochemical staining of dystrophin com-
plex proteins in C57BL10 control, mdx untreated, the 5-aa
hydrophobic core Pip6-PMO-treated mice.

Figure S5. Toxicity assays assessed in blood samples of
C57BL10 control, mdx-untreated, Pip6-PMO- and Pip5e-
PMO-treated mdx mice, following a single 12.5 mg/kg, i.v.
injection.
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