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Effective Dystrophin Restoration by a Novel
Muscle-Homing Peptide-Morpholino Conjugate in
Dystrophin-Deficient mdx Mice
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Antisense oligonucleotide (AO)-mediated splice cor-
rection therapy for Duchenne muscular dystrophy has
shown huge promise from recent phase 2b clinical tri-
als, however high doses and costs are required and
targeted delivery can lower both of these. We have pre-
viously demonstrated the feasibility of targeted delivery
of AOs by conjugating a chimeric peptide, consisting of
a muscle-specific peptide and a cell-penetrating pep-
tide, to AOs in mdx mice. Although increased uptake in
muscle was observed, the majority of peptide-AO conju-
gate was found in the liver. To search for more effective
muscle-homing peptides, we carried out in vitro biopan-
ning in myoblasts and identified a novel 12-mer peptide
(M12) showing preferential binding to skeletal muscle
compared to the liver. When conjugated to phosphoro-
diamidate morpholino oligomers, ~25% of normal level
of dystrophin expression was achieved in body-wide
skeletal muscles in mdx mice with significant recovery
in grip strength, whereas <2% in corresponding tissues
treated with either muscle-specific peptide-phosphoro-
diamidate morpholino oligomer or unmodified phos-
phorodiamidate morpholino oligomer under identical
conditions. Our data provide evidences for the first time
that a muscle-homing peptide alone can enhance AO
delivery to muscle without appreciable toxicity at 75 mg/
kg, suggesting M12-phosphorodiamidate morpholino
oligomer can be an alternative option to current AOs.
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INTRODUCTION

Splice-correction therapy has been vigorously developed and
has gradually become one of the most promising therapeutics
for Duchenne muscular dystrophy, which is a systemic muscle-
wasting disease. Two leading antisense oligonucleotide (AO)
drugs have entered phase 2/3 clinical trials with some success."?
However, the clinically required dose and related cost for cur-
rently tested AOs are high. Particularly, the reported failure of
recent phase 3 clinical trial for Drisapersen from GSK/Prosensa

further underlines the urgency of developing other more effec-
tive forms of AOs. At present different approaches are under
extensive investigation including alternative AO chemistries (e.g.,
peptide nucleic acid and locked nucleic acid*®) or finding ways to
further improve the delivery efficiency of current AOs in trials.
Recently, cell-penetrating peptides or octa-guanidine-modified
AOs showed great promise in restoring dystrophin expression in
muscle, particularly in cardiac muscle, in mdx mice. However, the
safety profiles for these vehicles remain to be determined.*"2

In our previous study, we demonstrated that targeted delivery
of AOs and enhanced exon-skipping efficiency can be achieved by
conjugating a muscle-specific peptide (MSP) and a cell-penetrat-
ing peptide (B peptide) with a phosphorodiamidate morpholino
oligomer (PMO), which could restore the expression of dystro-
phin protein effectively in body-wide skeletal muscles, though the
effect on the heart was negligible at low doses.'** Moreover, sub-
sequent mechanistic study revealed that the uptake of AOs was
significantly increased in some muscles with this chimeric pep-
tide-PMO conjugate, however the majority of AOs were found
in the liver and kidney.* Whereas when MSP was conjugated
with a PMO on its own, it failed to induce any detectable exon
skipping in mdx mice.® Therefore, it is imperative to search for
more effective muscle-homing peptides with higher specificity to
muscle. Phage display screening has been utilized extensively and
been developed as a versatile tool for various purposes since it was
first described in 1985, one of which is to identify ligands on the
cell surface by inserting random peptide sequences into the fila-
mentous phage major or minor coat protein.'”” Many groups have
applied this strategy to identify either nerve- or synovial-targeting
peptides in vitro or in vivo.'s*!

In this study, we described the identification of a peptide M12
by phage display screening method. M12 peptide preferentially
binds to skeletal muscle after systemic administration in adult
mdx mice. When M12 was conjugated to PMO, the M12-PMO
conjugate could effectively induce exon skipping and dystrophin
restoration in body-wide skeletal muscles with the exception of
heart after systemic administration in mdx mice. Further func-
tional measurement displayed that significant improvement was
achieved in grip strength and other biochemical parameters
without any overt toxicity, indicating the potential of M12-PMO
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conjugates as an alternative option for the treatment of Duchenne
muscular dystrophy patients.

RESULTS

Identification of a novel muscle-homing peptide by in
vitro biopanning

Previously, we demonstrated that MSP, a muscle-homing peptide
screened from phage display, failed to facilitate the uptake of AOs
to muscle when conjugated with PMO on its own.'”"* Therefore, in
our current study, we wished to employ another round of in vitro
biopanning with a 12-mer M13 phage display library on C2C12
myoblasts with an improved approach. Subsequently, five rounds
of in vitro biopanning were carried out in a similar pattern with
the phage particle input decreasing gradually in each successive
round and the phage recovery rate indicated a trend of enrich-
ment (Figure 1a). After the fifth round of in vitro screening, 20
phage clones were randomly selected and sequenced. Sequence
analysis revealed that 13 of 20 selected phage clones contained
the identical peptide sequence—RRQPPRSISSHP (M12), whereas
no conserved motif was found in other phage clones (Figure 1b).
Therefore, we continued to examine the tissue distribution of the
candidate phage in vivo, 2 x 10" pfu of candidate phage clones and
an empty phage clone as a negative control were injected into mdx
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mice intravenously, followed by terminal anesthesia and perfu-
sion 2 hours after circulation. Quadriceps, heart, and liver were
harvested and the number of recovered phages per gram of tissue
weight was measured. The results indicated that more candidate
phages were present in quadriceps than control phages, whereas a
marginal decrease of candidate phages was observed in the liver in
comparison with control phages (Figure 1c). Interestingly, a sig-
nificant increase was also observed in the heart with the candidate
phage clone compared to controls, though the screening was car-
ried out against myoblasts (Figure 1c). Consistent with the quan-
titative analysis, immunohistochemical staining displayed that
more candidate phages were localized in skeletal muscles and heart
and less in the liver compared with control phages (Figure 1d).
Subsequent bioinformatics analysis query on SAROTUP and
PEPBANK indicated that no homology to any known trans-mem-
brane proteins or any extracellular motif of known membrane
proteins was found (data not shown).

Validation of the candidate peptide in vitro and

in vivo

To examine the muscle-binding affinity and tissue distribu-
tion of the candidate peptide in vitro and in vivo, fluorescence-
labeled M12 and MSP peptides were first incubated with C2C12

b
Phage clone Displayed sequence* Frequency
8 RRQPPRSISSHP 13/20
4 MMQPKLSTIRPI 1/20
10 QRRSKRLRIRSI 1/20
11 LLNRRKLTPHRI 1/20

Figure 1 In vitro biopanning and validation of candidate phage clones in vivo. (a) The phage recovery rate for five rounds of in vitro biopanning.
The titer of recovered phages from each round was evaluated by blue plaque-forming assay on an agar plate, and the output ratio was calculated
as output/input number of phages. (b) Alignment of candidate peptide sequences selected from in vitro biopanning. Twenty clones were randomly
chosen for sequencing followed by sequence alignment. (c) Tissue distribution of the candidate phage in vivo. Significant difference was observed in
skeletal muscle between candidate and empty phages (*P < 0.05, t-test, n = 3). (d) Immunohistochemical staining of the candidate phage clone in
skeletal muscle, heart, and liver. About 1 x 10" pfu candidate phage clones were administered into mdx mice and tissue-bound phages were detected

with anti-M13 phage monoclonal antibody. Arrows indicate phage clones.
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myoblasts. Confocal micrographs and flow cytometry results indi-
cated punctate distribution within the cytoplasm and the fluores-
cently labeled M 12 peptide was internalized by C2C12 to a greater
extent than MSP peptide (Figure 2a,b). Meanwhile, fluorescence-
labeled M12 or a negative control peptide, which is a random pep-
tide sequence present in the nonenriched phage clone showing
minimal binding affinity to muscle, was injected into mdx mice
at 25mg/kg intravenously. Mice were terminally anaesthetized 2
hours after injection. In order to remove unbound fluorescence-
labeled peptides in the circulation, perfusion was applied to mice
before tissues were harvested. Quadriceps, gastrocnemius, tibialis
anterior, triceps, heart, kidney, liver, and spleen were harvested,
followed by imaging analysis with IVIS spectrum (Figure 2c).
Notably, stronger fluorescence was found in body-wide skeletal
muscles from mice treated with fluorescence-labeled M12 peptide
than corresponding tissues treated with the control peptide. In
addition, much lower fluorescence was detected in the liver and
kidney of mice treated with the M12 than those treated by the
control peptide (Figure 2c). Based on the biodistribution results,
the ratio of skeletal muscle to liver was calculated for each indi-
vidual muscle group and up to a 1.65-fold increase was observed
in gastrocnemius with the lowest ratio in the heart treated with
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the fluorescence-labeled M12 peptide (Figure 2d), indicating the
muscle-homing property of M12.

Effective restoration of dystrophin with the M12-
PMO conjugate in mdx mice

To further determine whether M12 can enhance the delivery effi-
ciency of PMO to muscle, we conjugated M12 with a PMO and
investigated this conjugate in adult mdx mice systemically. Given
the extremely low level of dystrophin expression detected with a
single injection of 25 mg/kg of MSP-PMO in mdx mice as reported
earlier,’ we decided to employ a protocol of multiple repeated
injections. The M12-PMO conjugate was injected to adult mdx
mice at 25mg/kg once a week for 3 weeks. Two weeks after the
last injection, body-wide muscles were harvested and analyzed
for the expression of dystrophin. Wide-spread distribution of
dystrophin-positive fibers were found throughout cryosections
of skeletal muscles from mice treated with the M12-PMO, par-
ticularly in quadriceps and triceps, with very limited restoration
in the heart as revealed by immunostaining (Figure 3a). In clear
contrast, fewer dystrophin-positive fibers were found in counter-
parts treated by the MSP-PMO, even much fewer in the samples
treated with the unmodified PMO at the same dosing regimen
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Figure 2 Validation of M12 peptide in vitro and in vivo. (a) Uptake of FAM-labeled M12 peptide in C2C12 cells. Fifty micromole FAM-labeled M12
and MSP peptides were coincubated with C2C12 cells, respectively, and images were taken 2 hours later (scale bar = 50 pm). NC stands for negative
control (untreated cells). (b) Quantitative analysis of cellular uptake of M12 and MSP peptides in C2C12 cells by fluorescence-activated cell sorting.
(c) In vivo distribution analysis of FAM-labeled M12 peptide by IVIS imaging system. Q, G, TA, T, H, L, K, and S represent quadriceps, gastrocnemius,
tibialis anterior, heart, liver, kidney, and spleen, respectively. NC represents negative control (untreated mdx controls). (d) Quantitative assessment of
muscle to liver ratio in vivo compared to a nonmuscle homing control peptide. To calculate the fluorescence ratio of muscle to liver, the fluorescence
of each tissue was measured with IVIS imaging system and the intensity was calculated based on the default equation from the system. Then the
fluorescence ratio of muscle to liver was obtained by dividing the fluorescence intensity of liver with that of each skeletal muscle, respectively (n = 3).
FAM, 6-carboxyfluorescein; MSP, muscle-specific peptide.
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Figure 3 Restoration of dystrophin expression after systemic administration of M12-PMO conjugates at 25mg/kg with three weekly
repeated injections in mdx mice. Dystrophin expression following three weekly injections of M12-PMO conjugates at 25 mg/kg in adult mdx mice.
(a) Immunohistochemistry for dystrophin protein expression in mdx mice treated with the unmodified PMO, MSP-PMO, and M12-PMO conjugates,
respectively. Data from control normal C57BL6 and untreated mdx mice were shown (scale bar = 100 pm). TA denotes as tibialis anterior. (b) Reverse
transcription—PCR analysis to detect dystrophin exon-skipping transcripts in the treated tissues with M12-PMO and MSP-PMO conjugates. Aexon 23
or Aexon 22&23 for exon 23 or exons 22 and 23 skipped bands, respectively. (c) Western blot to detect dystrophin protein expression in the indicated
muscle groups from treated mdx mice compared with C57BL6 and untreated mdx mice. Twenty percent or 10% C57 represents 100% C57 protein
extracted from tibialis anterior was diluted in 1 in 5 or 1 in 10, respectively. (d) Quantitative evaluation of total dystrophin expression level in mdx

muscles treated with the M12-PMO conjugate (n = 3). MSP, muscle-specific peptide; PMO, phosphorodiamidate morpholino oligomer.

(Figure 3a). Reverse transcription-PCR (RT-PCR) results indi-
cated that ~60% of exon 23 skipping was detected in quadriceps
of the mice treated with the M12-PMO, compared to <10% in
corresponding tissues from the mice treated with the MSP-PMO
(Figure 3b). In line with immunostaining and RT-PCR results,
western blot analysis showed that >25% of normal level of dystro-
phin protein was detected in quadriceps of mice treated with the
M12-PMO, suggesting a therapeutic level of dystrophin protein
can be achieved with three repeated injections of M12-PMO at the
dose of 25 mg/kg (Figure 3c,d).?2 Much lower level of dystrophin
protein was detected in the samples treated with the MSP-PMO
(Figure 3c), indicating that M12 can significantly enhance the
exon-skipping efficiency of PMO compared with the MSP peptide.

Functional rescue in mdx mice by M12-PMO without
any detectable toxicity

Given the therapeutic level of dystrophin was achieved in mdx
mice treated with three weekly injections of the M12-PMO at
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25mg/kg intravenously, we next wished to investigate whether
similar efficacy could be established with one single injection of
M12-PMO while maintaining the same administration amount.
More importantly, we were interested in examining whether there
is any drug-associated adverse effect at higher doses. Therefore, a
single injection of M12-PMO at a dose of 75 mg/kg was applied to
mdx mice and subsequent immunostaining revealed a substantial
number of dystrophin-positive fibers in body-wide skeletal mus-
cles with the exception of heart (Figure 4a). In corroboration with
the immunostaining, RT-PCR and western blot results indicated
effective exon skipping and dystrophin restoration in the samples
treated by the M12-PMO at 75 mg/kg (Figure 4b,c).

Considering the therapeutic level of dystrophin protein
restored by M12-PMO at 75 mg/kg, we subsequently investigated
its ability to restore function and correct pathology in mdx mice.
It is known that in the absence of dystrophin, the dystrophin-asso-
ciated protein complex (DAPC) will be unanchored and become
largely cytoplasmic. Therefore, the relocalization of DAPC is
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Figure 4 Functional and phenotypic correction in mdx mice following treatment with M12-PMO conjugates at a single dose of 75mg/kg
intravenously. (@) Immunohistochemistry for dystrophin protein expression in mdx mice treated with M12-PMO conjugates at 75mg/kg. Data
from untreated mdx mice were shown (scale bar = 100 pm). TA refers to tibialis anterior. (b) Reverse transcription-PCR analysis to detect dystrophin
exon-skipping transcripts in the treated tissues with M12-PMO conjugates. Aexon 23 represents exon 23 skipped bands. (c) Western blot to detect
dystrophin protein expression in the indicated muscle groups from treated mdx mice compared with C57BL6 and untreated mdx mice and quantita-
tive analysis with Image | (n = 3). Ten percent C57 represents 100% C57 protein extracted from tibialis anterior was diluted 1 in 10. (d) Restoration
of the dystrophin-associated protein complex (DAPC) in mdx mice treated with the M12-PMO at a single dose of 75mg/kg was studied to assess
dystrophin function and recovery of normal myoarchitecture. DAPC protein components B-dystroglycan, a- and B-sarcoglycan, and neuronal nitric
oxide synthase were detected by immunostaining in tissue cross-sections of quadriceps. All detected DAPC components are found to be success-
fully relocalized to the mdx muscle sarcolemma after treatment. (e) Muscle function was assessed using a functional grip strength test to determine
the physical improvement of M12-PMO treated mdx mice. Significant force recovery was detected in M12-PMO-treated mdx mice compared with
untreated mdx controls (t-test, *P < 0.05; n = 3). (f) Measurement of serum CK levels as an index of ongoing muscle membrane instability in treated
mdx mice compared with untreated control group (t-test, *P < 0.05; n = 3). CK, creatine kinase; KGF, kilogram force; PMO, phosphorodiamidate
morpholino oligomer.
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regarded as an indicator of functional restoration.”® As expected,
multiple DAPC component proteins including [-dystroglycan,
o-sarcoglycan, B-sarcoglycan, and neuronal nitric oxide synthase
correctly relocalized to the membrane as shown by immunohis-
tochemistry of serial sections, and the intensity of the signals
was comparable to that of dystrophin (Figure 4d). Grip strength
analysis was used to examine to what extent mdx muscle func-
tion was restored following the M12-PMO treatment (Figure 4e).
Treatment with the M12-PMO resulted in a significant improve-
ment in muscle strength 2 weeks following one single adminis-
tration of the M12-PMO at 75 mg/kg compared to the untreated
mdx control. A significant decline in serum creatine kinase levels
was also observed in mice treated with single 75 mg/kg dose com-
pared with untreated mdx mice (Figure 4f).

No sign of illness (weight loss, lethargy, and death) was found
in treated mdx mice with either multiple repeated injections or
a single injection of the M12-PMO at the dose of 25 or 75mg/
kg, respectively. Safety remains a big concern given the dose-
dependent kidney toxicity and tubular degeneration reported for
cell-penetrating peptides in rat and monkey, respectively**?; the
latter was reported for another PPMO (AVI-5038) in monkeys.”
Compared with untreated mdx mice, histological H&E stain-
ing of liver and kidney tissue sections of mice treated with the
M12-PMO showed neither detectable changes of cells in those
tissues not the amount of infiltrating immune cells (Figure 5a).
Further immunostaining of CD3* and CD68* T lymphocytes in
diaphragmatic sections of treated animals showed that only spo-
radic CD3* and CD68* cells were observed in cross-sections from
mice treated with the M12-PMO (Figure 5b); this suggests that
M12-PMO is unlikely to cause inflammation or trigger immu-
nogenicity. Further biochemical analysis of serum collected from
treated mice revealed a significant reduction in the level of aspar-
tate aminotransferase and alanine aminotransferase liver enzymes
compared to untreated mdx controls, with levels of these enzymes
were within the normal range in comparison with normal C57BL6
mice (Figure 5¢). Overall these results indicated that during the
experiment, M12-PMO did not induce any overt hepatic or renal
toxicity or activation of the immune system at the systemic dose
of 75 mg/kg in mdx mice.

DISCUSSION

Although AO-mediated exon-skipping therapeutics can correct
dystrophin deficiency in Duchenne muscular dystrophy when
delivered at sufficient concentrations, the efficacy of those AO
drugs currently in clinical trials delivered systemically is still low
and treatment costly."? In this study, we demonstrated, for the first
time, that it is feasible to direct enhanced muscle-targeted delivery
of PMO with a muscle-homing peptide alone. With in vitro bio-
panning, we identified a muscle-homing peptide (M12) showing
higher binding affinity to skeletal muscle than that of MSP, another
muscle-homing peptide reported earlier but failed to deliver PMO
to muscle efficiently.!”"* The M12-PMO conjugate induced a ther-
apeutic level of exon skipping and dystrophin expression in adult
mdx mice under two different dosing regimens, with significant
phenotypic and functional improvement (Supplementary Figure
S1A,B). Notably, there is no overt toxicity detected with doses of
75mg/kg and repeated injections of 25mg/kg (Supplementary
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Figure 5 Investigation of potential toxicity and immune activation of
M12-PMO conjugates at 75mg/kg in mdx mice. (a) H&E staining of
kidney (upper panel) and liver (lower panel) tissues sections from treated
mdx mice with the M12-PMO, untreated mdx mice, and C57BL6 normal
controls (scale bar = 200 um). (b) Detection of CD3* T lymphocytes and
CD68* macrophage in the diaphragms of treated and untreated mdx
mice (scale bar = 100 pm). Arrows indicate T lymphocytes detected by
CD3* and CD68* mouse monoclonal antibodies. (¢) Measurement of
serum levels of AST and ALT enzymes in M12-PMO treated mdx mice
compared with untreated mdx mice. Data show improved pathological
parameters in M12-PMO treated mdx mice compared with untreated
controls with significantly lower serum levels of both enzymes (t-test,
*P < 0.05; n = 3). AST, aspartate aminotransferase; ALT, alanine amino-
transferase; PMO, phosphorodiamidate morpholino oligomer.

Figure S2A,B). Compared to MSP-PMO, ~3- to 10-fold higher
expression of dystrophin was achieved in skeletal muscles in
mdx mice treated with the M12-PMO. And the difference is
even more significant when compared to the unmodified PMO,
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demonstrating the potential of M12 as a muscle-homing peptide
in directing muscle-targeted delivery of AOs.

A few reports identified muscle-homing peptides with phage
display. However, the sequence space for muscle-targeting pep-
tides is larger than experimentally feasible as there are totally 10°
different amino acid sequences can exist in the phage library.'**
We have, in this study, improved on our selection method by
reducing the phage incubation time from generally reported 1
hour to 30 minutes, thus increasing the stringency of the screen,
by which we reasoned that it can minimize the nonspecific bind-
ing and allow the recovery of phages with higher binding affinity
for the target.'****! The potential receptor for M12 is not known as
there is no match to any known motif by searching on SAROTUP,
PEPBANK, nonredundant protein sequences, Swiss-Prot, patented
protein sequences, and Protein Data Bank. When further compar-
ing the sequence composition between M12 (RRQPPRSISSHP)
and MSP (ASSLNIA) and 9 peptides (SKTFNTHPQSTP), there
is no conserved motif found except two Ss (serine) are present in
all three peptides.”*** Further studies are warranted in identifying
the potential binding partner for M12 and investigations of the
relationship between structure and activity would also shed light
on how the peptide sequence impacts its uptake in different cells.

Minimal dystrophin was detected in the heart with the M12-
PMO, in contradiction to the amount of phage recovered in the
heart. There is precedence for this as the same observation was
also reported in the study with MSP!*!3* We speculate that dif-
ferent level of uptake in heart between peptide displayed on phage
and peptides or peptides with PMO can be attributed to nonspe-
cific binding of the phage to the heart. Thus, a follow-on selec-
tion against a live heart slice as reported earlier'**** may provide
further insight. We realize that the low level of dystrophin expres-
sion in heart might limit the clinical applicability of this pep-
tide as cardiomyopathy from the lack of dystrophin is one of the
major causes for the mortality in Duchenne muscular dystrophy
patients. Hence follow-on studies to identify the binding partner
of M12 are ongoing to further improve on the delivery efficiency
of M12. Nevertheless, this is the first report demonstrating the
concept that a muscle-homing peptide can enhance the delivery of
AOs to muscle by itself and increase the exon-skipping efficiency
in mdx mice without any detectable toxicity.

Safety always is the top concern for any peptide vector, par-
ticularly for cell-penetrating peptides.**® As demonstrated pre-
viously for B and (RXR), peptides, toxicity has been observed at
60mg/kg in mice® and 30 mg/kg in rats,” respectively. Therefore,

Table 1 Oligonucleotide and peptide nomenclature and sequences

Molecular

weight
Name Sequence (g/mol)
Mi12 RRQPPRSISSHP 1,644
MSP ASSLNIA 901
control MIRIMRRIKLIR 1,599
peptide
M23D 5"-GGCCAAACCTCGGCTTACCTGAAAT-3’ 8,413
M12-PMO RRQPPRSISSHP-GGCCAAACCTCGGCTTACCT 10,348

GAAAT

MSP-PMO ASSLNIA-GGCCAAACCTCGGCTTACCTGAAAT 9,604

Molecular Therapy vol. 22 no. 7 jul. 2014
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in our current study, up to 75 mg/kg of M12-PMO conjugates was
tested in mdx mice. Treated animals were intensively monitored
for changes in behaviors, appearance, and other habits during the
course of the study. No signs of any abnormal behaviors including
reduced activity and weight loss were found over the duration of
experiments. In line with this observation, subsequent histologi-
cal analysis revealed no morphological change in liver and kidney
from treated mdx mice, particularly there is no tubular degenera-
tion in kidney as reported earlier in monkey.** Correlating with
this finding, further examination of serum chemistry, e.g., aspar-
tate aminotransferase and alanine aminotransferase, revealed no
detectable drug-related elevation in treated mdx mice. To exclude
the possibility of M12-PMO conjugates eliciting potential immu-
nogenicity or inflammation, we measured CD3* T cells and
CD68* macrophages in diaphragms from treated mdx mice and
the data indicated no increase in the level of infiltrated monocytes,
suggesting the administration of M12-PMO conjugates did not
trigger any immune response.

In summary, we identified a novel MSP (M12) by in vitro
biopanning and demonstrated the feasibility of muscle-targeted
delivery of PMO by conjugating the muscle-homing peptide to
PMO in mdx mice. Furthermore, therapeutic level of dystrophin
protein was achieved with three repeated weekly injections or sin-
gle injection of M12-PMO conjugates. Functional improvement
was established with both dosing regimens without any overt tox-
icity. Given the disappointing results from phase 3 clinical trials
released by GSK recently, in which low systemic delivery efficiency
accounts for the failure of the trial, muscle-homing peptides will
provide an alternative option for facilitating the uptake of AOs to
muscle. This work is a prelude to further studies to establish the
therapeutic window and to ascertain the effects of lifetime correc-
tion of dystrophin deficiency in mdx mice.

MATERIALS AND METHODS

Animals. mdx mice (6-8 weeks old) were used in all experiments (three
mice in each of the test and control groups). The experiments were carried
out in the animal unit (Tianjin medical University, Tianjin, China), accord-
ing to procedures authorized by the institutional ethical committee. For
the phage verification study, the candidate phage clones (1x 10" pfu) and
empty phage clones (negative control) were injected into mdx mice intrave-
nously, respectively. Mice were killed by terminally anesthesia followed by
perfusion at desired time points, and muscles and other tissues were snap-
frozen in liquid nitrogen-cooled isopentane and stored at —80 °C.

PMO and PMO-peptide conjugates. The PMO sequence against the
boundary sequences of exon and intron 23 of murine dystrophin gene was
5’-ggccaaacctcggettacctgaaat-3” and designated as 25-mer PMO (M23D)
as shown in Table 1. Conjugations of M12 and MSP peptides with PMO
were synthesized by a stable amide linker as described elsewhere.” All
conjugates are kindly provided by Dr. Hong M Moulton (Oregon State
University, Corvallis, OR).

Cell culture and in vitro biopanning. C2C12 (mouse myoblasts) were
cultured as previously reported.? In brief, cells were grown at 37 °C in 5%
CO2 in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum and 1% penicillin and streptomycin. The PhD-12 phage dis-
play library (New England Biolabs, Ipswich, MA) was used for all panning
experiments. Cells were plated at 1x 10° cells per well in six-well plates. In
the first round of biopanning, 1x 10" pfu (plaque-forming units) phages
were incubated with C2C12 cells for 12 hours after seeding. Cells were
washed with cold phosphate-buffered saline (PBS) for five times after 30
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minutes of incubation and trypsinized, followed by centrifugation. Bound
phages were recovered, titred, and amplified as previously reported.'® For
each of the subsequent four rounds of biopanning, the amount of phage
particles was reduced gradually. A total of five rounds of in vitro biopan-
ning were performed followed by sequencing of 20 random plaques.

In vivo verification. For the in vivo verification study, 1x 10" pfu of selected
phage clones and an empty phage as a negative control were injected into mdx
mice intravenously. Mice were terminally anaesthetized followed by perfu-
sion 2 hours after injection. The heart, quadriceps, and liver were harvested,
weighed, and washed with ice-cold PBS three times before being minced and
homogenized for titering. A part of the tissues were cryopreserved for sub-
sequent immunostaining assay. Eight micrometer of tissue sections were cut
from treated heart, quadriceps, and liver at 100-um intervals. The sections
were examined for the presence of selected phage particles with mouse mono-
clonal antibody—mouse anti-M13 gII antibody (New England Biolabs).
Monoclonal antibodies were detected by peroxidase labeled goat anti-mouse
secondary antibody (Sigma, St Louis, MO) and counterstained by 3,3’-
diaminobenzidine followed by visualization using a conventional microscope.

In vitro binding assay. Details of all peptides studied are shown in Table 1.
Peptides were synthesized and labeled on the N-terminus with 6-carboxy-
fluorescein (FAM) by China Peptides (Shanghai, China). Fifty micromole
of each labeled-peptide was applied to C2C12 cells, respectively, followed
by washing with PBS for three times 2 hours later, and the nuclei were
counterstained by Hoechst 33342 (Sigma). Cells were then imaged with a
confocal fluorescence microscope (OLYMPUS FV1000; Olympus, Tokyo,
Japan). The binding efficiency was quantified by flow cytometry (BD FACS
Calibur; BD, Franklin Lakes, NJ).

In vivo distribution test. Fluorescence-labeled peptides were diluted in
120 pl of PBS and administered into 6- to 8-week-old mdx mice intrave-
nously at a dose of 25mg/kg. Treated mice were terminally anesthetized
2 hours after injection and perfused with 50ml of cold PBS to wash out
unbound peptides. Heart, quadriceps, liver, and kidney were harvested for
imaging with IVIS spectrum (PE, Waltham, MA).

RNAextraction and nested RT-PCR analysis. Sections were cutand collected
into 1.5-ml eppendorf tubes, snap-frozen in liquid nitrogen, and homog-
enized in Trizol reagent (Invitrogen, Carlsbad, CA). Total RNA was then
extracted and 400 ng of RNA template was used for a RT-PCR with OneStep
RT-PCR kit (Qiagen, West Sussex, UK). The primer sequences for the ini-
tial RT-PCR were Exon 20 F0: 5" -CAGAATTCTGCCAATTGCTGAG-3’
and Exon 26 R0: 5-TTCTTCAGCTTTTGTGTCATCC-3" for reverse
transcription from mRNA and amplification of cDNA from exons 20-26.
The cycling conditions were 95 °C for 1 minute, 55 °C for 1 minute, and 72
°C for 2 minutes for 25 cycles. The primer sequences for the second rounds
were Exon 20 F1: 5-CCCAGTCTACCACCCTATCAGAGC-3’ and Exon
24 R1: 5-CCTGCCTTTAAGGCTTCCTT-3". The cycling conditions were
95 °C for 1 minute, 57 °C for 1 minute, and 72 °C for 1 minute for 25 cycles.
Products were examined by electrophoresis on a 2% agarose gel. RNA
extracted from tibialis anterior muscle of C57BL6 and mdx mice were used
as normal and positive controls.

Protein extraction and western blot. Protein extraction and western blot
were carried out as previously described.!” Various amounts of protein from
wild-type C57BL6 mice were used as positive controls and corresponding
amounts of protein from muscles of treated or untreated mdx mice were
loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gels (4% stacking, 6% resolving). The membrane was then washed and
blocked with 5% skimmed milk and probed overnight with DYS1 (Abcam,
Cambridge, UK) for the detection of dystrophin protein and o-actinin
(Sigma) as a loading control. The bound primary antibody was detected by
peroxidase-conjugated goat anti-mouse IgG (Sigma) and the ECL western
blot analysis system (Millipore, Billerica, MA). The intensity of the bands
obtained from treated mdx muscles was measured by Image J software.
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Immunohistochemistry and histology. Sections of 8 pm were cut from
tibialis anterior, quadriceps, gastrocnemius, triceps, abdominal and dia-
phragm, and cardiac muscles. Sections were then examined for dystro-
phin expression with a polyclonal antibody 2166 against the dystrophin
C-terminal region (the antibody was kindly provided by Professor Kay
Davies). Polyclonal antibodies were detected by goat anti-rabbit IgG Alexa
Fluor 594 (Invitrogen). Routine H&E (hematoxylin and eosin) staining
was used to examine overall liver and kidney morphology and assess the
level of infiltrating mononuclear cells. The serial sections were also stained
with a panel of polyclonal and monoclonal antibodies for the detection
of DAPC protein components. Rabbit polyclonal antibody to neuronal
nitric oxide synthase and mouse monoclonal antibodies to 3-dystroglycan,
o-sarcoglycan, and B-sarcoglycan were used according to manufacturer’s
instructions (Novocastra, Newcastle upon Tyne, UK). Polyclonal antibod-
ies were detected by goat anti-rabbit IgGs Alexa 594 and the monoclonal
antibodies by goat anti-mouse IgGs Alexa 594 (Invitrogen). The M.O.M.
blocking kit (Vector Laboratories, Burlingame, CA) was applied for the
immunostaining of the DAPC.

Grip strength test. Grip strength was assessed using grip strength meter
consisting of horizontal forelimb mesh (BIOSEB, GT-31003004, Vitrolles,
France). Each mouse was held 2 cm from the base of the tail, allowed to grip
the metal mesh 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 1 minute
apart. Five successful forelimb strength measurements were recorded, and
data were normalized to body weight and expressed as kilogram force.

Serum enzyme measurements. Mouse blood was taken immediately after
cervical dislocation and centrifuged at 1,500 rpm for 3 minutes. Serum was
separated and stored at —80 °C. Analysis of levels of serum creatinine kinase,
aspartate aminotransferase, and alanine aminotransferase was performed
by the clinical laboratory (Tianjin Huanhu Hospital, Tianjin, China).

Statistical analysis. All data are reported as mean values + SEM. Statistical
differences between treatment and control groups were evaluated by
SigmaStat (Systat Software, London, UK) and the Student’s ¢-test.

SUPPLEMENTARY MATERIAL

Figure S1. Functional evaluation of skeletal muscles following treat-
ment with M12-PMO conjugates with 3 weekly injections at the dose
of 25mg/kg in mdx mice.

Figure $2. Histological and immunological measurement of poten-
tial toxicity in mdx mice treated with the M12-PMO conjugate with 3
weekly injections at 25mg/kg.
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