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ABSTRACT

Morpholino oligos (Morpholinos) are widely used tools for knocking down gene expression and are currently in a
clinical trial for treatment of Duchene muscular dystrophy. A Morpholino analog has been in a clinical trial as a
potential anti-bioterrorism agent for inhibiting replication of deadly Marburg viral infection. The cellular uptake of
Morpholinos can been greatly increased by conjugation with cell-penetrating peptides (CPP). The use of the CPP-
Morpholino conjugates (PPMOs) in vivo has been broadly demonstrated in viral, bacterial, genetic and other diseases.
The following aspects of PPMOs will be discussed in this paper including chemistry, stability, antisense specificity,
mechanism of cellular uptake, in vivo efficacy, tissue distribution, pharmacokinetics, toxicity and the human clinical
trials. PPMOs are powerful research tools for studying gene function in animals and their properties are being
improved as potential human therapeutic agents.



1. INTRODUCTION

Phosphorodiamidate morpholino oligomers (also known as Morpholinos or PMOs) are a type of antisense oligos that
are widely used in developmental biology to knockdown gene expression. The efficacy, sequence specificity, stability
and low toxicity of Morpholinos have been demonstrated in about 5000 publications (pubs.gene-tools.com), mostly
describing work in embryos. The therapeutic development of Morpholinos is underway, currently in on-going clinical
trials for treatment of Duchenne muscular dystrophy (DMD) and against infection and spread of the hemorrhagic
filovirus Marburg (www.sarepta.com). In this paper, the chemistry and mechanism of action of Morpholinos will be
briefly introduced. The main part of the paper will be devoted to the delivery of Morpholinos by cell-penetrating
peptides (CPPs) including discussion of the chemistry, sequence specificity, stability and cellular uptake mechanism
of CPP-Morpholino conjugates (PPMO). In addition, in vivo efficacy, pharmacokinetics, tissue distribution and
toxicity of PPMO will be discussed in the context of systemic delivery for DMD research. Lastly, | will highlight the

two human clinical trials of PPMO for cardiovascular diseases.

2. PHOSPHORODIAMIDATE MORPHOLINO OLIGOMERS

2.1. Nomenclature, chemical structure and stability.

Phosphorodiamidate morpholino oligomers are referred to by a number of different names and acronyms. In this
paper, two commonly used terms, PMO and Morpholino, will be used interchangeably to describe this class of
antisense compounds. In the literature, phosphorodiamidate morpholino oligomers are also referred to as MO or
MOREF.

The structure of a Morpholino is superficially similar to a nucleic acid oligo; however, upon closer inspection
there are significant differences. Nucleic acids consist of a backbone of sugar rings (ribose or deoxyribose) bearing
pendant nucleic acid bases and are coupled via phosphates. In contrast, Morpholino oligos replace the ribose rings of
RNA with morpholine rings which bear the nucleic acid bases (usually A, C, G or T), and the morpholino-base
moieties are linked through methylene phosphordiamidates (Figure 1). The phosphordiamidate group contains two
nitrogen-phosphorous bonds, one with the morpholine nitrogen and one with a dimethylamine. The
phosphorodiamidate linkage is non-ionic, in contrast to the anionic phosphate linkage of natural nucleic acids [1].
Morpholinos are usually 18-31 subunits in length with each subunit bearing an A, T,C or G base; a typical 25-base
Morpholino oligo has a mass of ~8000 Daltons, with the exact mass dependent on the specific base sequence.
Morpholinos are stable in basic conditions and sensitive to acidic conditions at pH< 3. Morpholinos are not degraded

by enzyme action [2] and they are biochemically stable in human serum and in cells [3] and tissue lysates [4].
2.2. Mechanism and Biological Functions.

Binding of a Morpholino to its target RNA sequence prevents other processes from occurring at that target by
steric blocking, simply getting in the way of macromolecules [1, 5]. Morpholinos bind to sequences of RNA in
antiparallel orientation by complementary base pairing. They do not require enzymes for their activity [1, 5, 6].



Depending on their target sequence, Morpholinos have been shown to have the following functions: blocking
translation of mRNA [7], modifying of splicing of pre-mRNA [8], blocking miRNA maturation and activity [9], and
blocking other RNA sites — splice regulation sequences [10], ribozymes [11], translocation signals [12] and slippery

sequences [13] .
2.3. Toxicity.

On-target Morpholino exhibits very low toxicity in living systems unless knockdown of the targeted gene is itself
toxic. Morpholinos are broadly-used tools for gene knockdown in studies of the development of zebrafish [14], frogs
[15], chicken eggs [15], urchins [16] and tunicates [17]. Their successful and widespread use for gene knockdown in
those exquisitely sensitive embryonic systems indicates their low toxicity and low off-target effects [14, 18, 19]. This
success is probably due to their charge-neutrality, good aqueous solubility, reasonable RNA binding affinity and low
protein binding affinity. Morpholinos don’t activate Toll-like receptors or otherwise trigger innate immune responses
[20]. The safety of Morpholinos has been demonstrated in mice, in monkey [21-24] and in human clinical trials [25,
26].

2.4. Delivery.

For most applications, delivery assistance is required to get Morpholinos into cells in order to perform their
functions. Various methods have been used for in vivo delivery of Morpholinos, including microinjections into the
cytoplasm of early embryos, injection then electroporation for local delivery in later embryos, conjugation of cell-
penetrating peptides to form PPMO [3, 27-35] or conjugation to an octa-guanidinium dendrimers [36]. Below I will

focus on studies of PPMOs and in vivo systemic delivery of PPMOs in DMD animal models.

3. CELL-PENETRATING PEPTIDE MORPHOLINO CONJUGATES
3.1.Chemistry.

An uncharged Morpholino does not form a complex with a CPP so simply mixing a Morpholino and a CPP and
putting the mixture onto cells failed to produce antisense effects [37]. Therefore, covalent conjugation of a CPP to a
Morpholino is usually required for the delivery except with the peptide Endoporter. Endoporter, developed by Jim
Summerton, has been shown to successfully deliver Morpholinos in cell cultures [38, 39] and in organ explants [40]
without covalently conjugating the peptide to Morpholino; however, its efficacy for systemic delivery of Morpholinos

in vivo has not been demonstrated.

A CPP can be conjugated at either end (5’or 3’) of a Morpholino and the resulting PPMO conjugates have similar
in vivo activity (unpublished data). Several linker types including amide, thioether, disulfide and ester have been
tested to determine the linkage’s influence on activity [30, 41] and stability [3] of PPMOs. In cell culture, the nuclear
antisense activities of the PPMO were similar for the three linkage types based on a splicing assay [30]. An amide
linkage is the most common way to conjugate a CPP to Morpholino because a Morpholino can easily be conjugated to

the carboxyl group of a CPP via an amine at an end of the Morpholino (Figure 1B). For this conjugation, only one



reaction step is required as compared to a two-step strategy for other linkages. In addition, an amide bond is

chemically more stable than the other linkages.
3.2. Cellular Uptake Mechanism.

Study of the mechanism of uptake of PPMOs revealed that cell-surface proteoglycans were involved in binding
the conjugates, which were subsequently taken up by endocytosis. When the CPPs RgF,, Tat and (RXR)4 (R =
arginine, F = phenylalanine, X = 6-aminohexanoic acid) were studied as components of PPMOs, the internalization of
the PPMOs was found to be energy- and temperature-dependant, as expected for endocytotic uptake. The majority of
the conjugates co-localized in cells with a marker for endocytotic/lysosomal vesicles. A small amount of the
conjugates escaped the vesicles to enter the cytosol and nucleus by an unknown mechanism. The degree of endosomal
escaping seems related to structural features of the CPPs, with details of this structure activity relationship yet to be
defined. A significant portion of the conjugates were found to be trapped within vesicles and could be released by

chloroquine treatment [41].

A hypothesis is that proteoglycans tightly binding to a PPMO hinders its endosomal release. Two peptides,
(RXR), and Rg, were compared for their ability to deliver Morpholino into cells to the target RNA and for their
binding kinetics with a model proteoglycan, heparin sulfate. Those two peptides contain the same number of positive
charges but differ in charge density. As demonstrated by an antisense splice correction assay done in cell culture and
in mice, (RXR)4 PPMO had significantly higher antisense activity than the Rg PPMO [35, 42]. A binding study by
surface plasmon resonance reveals that both PPMOs bind to heparin sulfate with similar stoichiometric ratios but have
different heparin sulfate binding kinetics (Figure 2). The (RXR), PPMO exhibits about a 10-fold greater dissociation
constant for heparin sulfate than the Rg PPMO; this is reflected in the (RXR), PPMOQ’s 2 x slower on-rate and 5 x
faster off-rate compared to the Rg PPMO. Taken together, the studies support the idea that while binding to
proteoglycans aids PPMO internalization, tight binding to proteoglycans may not be beneficial for endosomal release
of PPMO.

3.3. Stability.

Twelve PPMOs each with a different CPP were investigated to determine the effects of peptide sequence,
linker type and stereochemistry of the amino acids on the stability of a PPMO in cells and in human serum. The
stability of the peptide moiety in serum ranked in the order D-CPPs = (RX)s = (RB)g > (RXR)4 > RgF, = Tat.
Stabilities of peptide moieties within cells was found to be D-CPPs > (RB)g > (RX)s = (RXR); = RgF, = Tat (X = 6-
aminohexanoic acid, B=beta-alanine). Stabilities of linkers in serum or in cells were found to be amide = maleimide >
disulfide [3]. In addition, the stability of an (RXR), PPMO was determined in rat serum and organ lysates. The CPP
portion of the conjugate exhibited time- and tissue-dependent degradation, with biological stability ranked in the order
of liver > heart = kidney > plasma. Up to 6 hr, the CPP portion of PPMO was partially degraded in the plasma but had
no apparent degradation in tissues [4]. In all cases, the Morpholino portions of PPMOs were completely stable in

cells, human or rat serum and in rat tissue lysates.



3.4. Specificity.

Off-target effects of PPMOs depend on the intracellular stability of the CPPs and the concentrations of PPMO in
the cytosol and nuclei of cells. Effects of CPPs (RqF,, R4sF2R4, (RXR),) on the specificity of PPMO have been
investigated in various models from cell-free translation assays to cell cultures and in vivo models. Cell-free
translation studies showed that these PPMOs had minimum off-target effects at < 1 uM but off-target effects were
observed at higher concentrations [43-46]. The non-specificity was caused by the cationic charged nature of PPMO
and the degree of non-specificity of PPMO appears to depend on the Morpholino sequences [45]. However, the non-
specificity was not observed either in cell culture up to 20 uM treatment concentrations [43-51] or in mouse models
[43, 47,51, 52].

There are two major reasons giving rise to the discrepancy between cell-free and cell/animal models. First, the
intracellular instability of CPP reduces off-target effects. In cells most of the CPP was degraded from the
MORPHOLINOSs and intact conjugates were not detected [3]. Non-specificity in cells was observed for the non-
degradable D-isomer of RgF, PPMO [45]. Second, low PPMO concentration in cytosol and nuclei reduce off-target
effects. Although the treatment concentrations were > 1uM in most applications, the concentration of PPMO available
in the cytosol and nucleus is only a small fraction of the treatment concentration because only a small amount of

PPMO entered cells and the majority of the PPMOs were trapped within endosomal/lysosomal vesicles [41].
4. INVIVO DELIVERY OF PPMO

PPMOs have been used for numerous applications in animal models, mostly in the areas of genetic, bacterial and
viral diseases including various strains of influenza virus [49, 53, 54], respiratory syncytial virus [55, 56], herpes
simplex viruses [57, 58], severe acute respiratory syndrome (SARS) [31, 59], murine hepatitis virus [52] and Ebola
virus [33, 43], etc. There is a good review paper for the in vivo applications of PPMOs against viral diseases [60].
PPMO’s antibacterial in vivo applications include Burkholderia cepacia complex [61] and Escherichia coli [62]. Here
I will focus on systemic delivery of PPMOs for the genetic disease Duchenne muscular dystrophy (DMD) in animal

models and highlight the two clinical trials with a PPMO.
4.1. Systemic Delivery of PPMO in DMD Mouse Models

PPMO delivery has been extensively studied in animal models of DMD. DMD is an X-linked disease usually
caused by frameshift or nonsense mutation of the human dystrophin transcript, leading to muscle degeneration and
decreased span and quality of life in affected humans. Using splice-switching oligos (such as Morpholinos) to modify
splicing can result in targeted exon exclusion and restoration of the correct reading frame which has been shown to
restore much dystrophin function, offering hope of changing the pathology of Duchenne to resemble the milder

Becker muscular dystrophy.



A dystrophin-deficient mouse model of muscular dystrophy (mdx mouse) carries a nonsense mutation in exon 23.
Excision of exon 23 in muscle cells of mdx mice by a Morpholino can restore the expression of a partially-functional
dystrophin protein [8]. Skipping exon 23 maintains the reading frame of downstream sequence, allowing expression
of an in-frame protein product when the stop codon in exon 23 has been deleted from the mature mRNA along with
the rest of the exon. The 25-base Morpholino sequence complementary to the splice donor site, the e23i23 junction
(PMOkg,3), has been used by several groups and showed various degrees of efficacy with different dose regimens [8,
63, 64]. Several CPPs with different sequences have been tested for their ability to deliver PMOgy; to the muscles of
the mdx mice [29, 65]. | will review the studies with a CPP named “B peptide” Morpholino conjugates as the peptide
is one of the most extensively studied CPPs for the DMD application and has been tested in two DMD mouse models,
wild type mice and in non-human primates [66]. The B peptide has the sequence of (RXRRBR),XB where R =
arginine, X = 6-aminohexanoic acid, and B = beta-alanine. The discussion includes 1) PPMO improved exon-skipping
efficiency and reduced disease pathology, 2) PPMO improved cardiac function, 3) PPMO caused sustained dystrophin
production and reduced disease pathology, 4) plasma pharmacokinetics, 4) tissue distribution and residence time, and

6) toxicity.

4.1.1. Improved Exon-Skipping Efficiency and Reduced Disease Pathology.

The dystrophin band of muscle lysate from mdx mice is totally absent on a Western blot. Lack of dystrophin
causes many downstream effects including 1) leaking of muscle cell membranes, evaluated by elevated serum creatine
kinase (CK) and uptake of normally cell-impermeable dyes and antibodies, 2) changes in cellular architecture
including absence of proteins in the dystrophin-associated protein complex, 3) regeneration and degeneration of
muscle fibers, evaluated by the fiber sizes and the location of nuclei, and 4) decreased muscle functions, evaluated by

grip strength, treadmill running, etc.

Because an unmodified Morpholino has rapid renal clearance and poor cellular uptake, the efficacy of delivery to
various muscles varies greatly and delivery across skeletal muscle tissue is patchy [8, 67]. Dystrophin expression was
found low and uneven and only in a fraction of some muscle types. In addition, MORPHOLINOs do not enter
cardiomyocytes sufficiently to relieve heart pathology [8, 67]. Delivery of a Morpholino by CPPs significantly
improves intracellular concentration of the Morpholino and results in much greater levels of dystrophin expression in
all muscles including heart [34, 42, 68]. A single 1V injection of the PPMOg,; through a retro-orbital (RO) route at 30
mg/Kg resulted in production of exon-skipped transcript accounting for >80% of dystrophin RT-PCR product in all
skeletal muscles and accounting for 50% of the transcript in the cardiac muscle. The amount of dystrophin protein
restored in the skeletal muscles was near the normal level in the TA of a wild-type mouse. Every skeletal muscle fiber
and 94% of cardiac muscle fibers stained positive for dystrophin [34]. Six biweekly treatments over three-months led
to even higher amounts of exon-skipped dystrophin mRNA and protein. In addition, the dystrophin protein was
detected in smooth muscles of large blood vessels, the pulmonary artery, and the small intestine. Leaky cell

membranes were repaired as demonstrated by lack of uptake of Evan's blue dye and mouse 1gG [34].



A one-year long term study of the PPMOkg,3 in mdx mice was carried out to determine the effect on dystrophin
restoration and disease pathology at lower or less frequent dosing regimen[69]. Monthly injections of 30 mg/Kg
PPMOgy; restored dystrophin expression to > 50% normal levels in all skeletal muscles and 15% in cardiac muscle.
This was associated with greatly reduced serum CK levels, near normal histology, and functional improvement of
skeletal muscles. Biweekly injection of 6 mg/Kg PPMOkg,; for one year produced > 20% dystrophin expression in all
skeletal muscles and up to 5% in cardiac muscles, with improvement in muscle function and pathology and reduction
in the levels of serum creatine kinase (CK). However, biweekly injection of the PPMO at 1.5 mg/Kg for one year
resulted in < 5% dystrophin expression in skeletal muscles and nothing in the heart. The low expression correlates

with no improvement of muscle function and disease pathology.

Efficacy of a human-targeted a B peptide PPMO to cause targeted exon 50 skipping was tested in healthy
cynomolgus monkeys. With once-weekly IV injection for four weeks at 9 mg/Kg, the PPMO induced an average of
40%, 25% and 2% exon-skipped RT-PCR product in diaphragm, quadriceps and heart (respectively) of four monkeys
[70]. The level of exon-skipping is probably an underestimate because the exon-skipped product is out-of-frame and
undergoes nonsense-mediated decay in a healthy monkey. With the same dose schedule at a lower dose of 3 mg/Kg

little exon-skipped product was detected, similar to the saline-treated monkeys.
4.1.2. Improved Cardiac Function

The first study showing the B peptide PPMOg,; improved heart function of mdx mice employed a hemodynamic
model [34]. Mdx mice were treated twice with the PPMOgy; at 30 mg/Kg with a 2 week interval. Three weeks after
the 2nd treatment, the PPMOgy;-treated mdx mice, untreated mdx mice and the wild type mice were challenged with
dobutamine, a R-adrenergic stimulant that can increase cardiac workload and magnify the dysfunctions of the heart of
mdx mice. All ten wild-type mice and all eight PPMOgy;-treated mdx mice survived the challenge, while only three of
nine untreated mdx mice survived the challenge. In addition, the cardiac parameters, including end-diastolic volume,
end-systolic pressure, dp/dtm.x, and cardiac pressure/volume loops of PPMO-treated mdx mice were similar to the

wild-type mice but different from the untreated mdx mice.

The long term benefit of the PPMOg,; treatment prior to the development of cardiomyopathy was shown in
another study[68]. The effect of the PPMOg,; Was investigated by treating 16 week old mdx mice, the age just before
the development of cardiomyopathy. The PPMOgy; was injected IV at 12 mg/Kg in two cycles of four once-daily
injections with a 2-week interval. Dystrophin restoration was found throughout the heart of treated mdx mice and was
about 30% of wild type level. The cardiac marker creatine kinase-MB, a hallmark for cardiomyopathy, was
significantly reduced, reaching wild type concentration 5 weeks after the first injection. A sham PPMO was used as
the specificity control. No detectable dystrophin expression was observed in sham-treated mdx mice. Restoration of
dystrophin prevented cardiac hypertrophy compared to the sham-treated mdx mice as measured by significant
reduction in the thickness of anterior and posterior walls in diastole and systole, total heart mass and left ventricle

mass to body mass ratio[68]. In addition, the PPMOg,; treatment prevented the typical mdx age-associated



development of diastolic dysfunction. The seven-month study also showed that earlier PPMO intervention can

potentially reduce cardiomyopathy.
4.1.3. Sustained Dystrophin Production and Effect On Disease Pathology

Sustained dystrophin production was first demonstrated in a study when the “peptide B” PPMOg,; was IV
injected into mdx mice at 12 mg/Kg daily for four days. Exon-skipping efficacy, evaluated by detection of exon-
skipped RNA transcript, and dystrophin restoration, evaluated by immune blot, was determined from day 1 up to 17
weeks after the last injection [42]. Nine weeks after the last injection, the exon 23-skipped RNA transcript was the
major band detected in diaphragm and quadriceps; the band was less intense but still detectable in the heart. Up to 17
weeks after the last injection, dystrophin protein was clearly detected in quadriceps and to a lesser degree in the
diaphragm. In the heart, dystrophin protein was detected up to 9 weeks but not 17 weeks after the injection. No tests

of disease pathology and muscle function were done in this study.

In a recent study, the half-life of dystrophin induced by a single IV injection of the same PPMOg,; was
determined[69]. The half-life of dystrophin induced in the skeletal muscles of mdx mice was found to be about 2
months. Single 1V injection of the PPMOg,; at 30 mg/Kg into mdx mice resulted in production of dystrophin in
skeletal muscles that was still detectable at 30% and 10% of wild-type level 4 and 5 months after the injection,
respectively. The dystrophin level in skeletal muscle was very high at >80% of wild type level and this level was
sustained from 2 weeks to 1.5 months and then decreased to 50% at 2.5 months after the injection. Dystrophin
expression induced in the cardiac muscle was at a lower level and had a shorter half-life than that in skeletal muscles.
The half-life of dystrophin in cardiac muscle was about 1 month. Cardiac dystrophin induced by the single 30mg/Kg
PPMO treatment peaked at 1 month after the injection at about 70% of wild type levels, and then decreased to less
than 50% and 25% at 1.5 and 2.5 months after the injection respectively. Dystrophin was not detected at 4 or 5

months in cardiac muscles either by immunohistochemistry or by Western blot.

Dystrophin restoration improved disease pathology of the mdx mice. Unlike in the saline-treated mdx mice, areas
of muscle degeneration and mononucleocyte infiltration were absent in the examined skeletal muscles including TA,
quadriceps, biceps and gastrocnemius between 2 weeks and 5 months after the single dose PPMO treatment at 30
mg/Kg. PPMO treatment increased the % muscle fibers that didn’t have centralized nuclei from 20% to 40% from 1
month to 4 months post injection. Percentage of fibers with uncentralized nuclei went down to 30% by 5 months in
those skeletal muscles after the PPMOg,3 injection.

A single dose of PPMO treatment provides a shorter period of protection to diaphragm than to other skeletal
muscles. In diaphragm, the percentage of fibers with uncentralized nuclei increased to the highest level by 2.5 months,
but then decreased again by 4 months, which was earlier than for other skeletal muscles. This was associated with the
temporary amelioration then return of areas with degenerating fibers and foci of mononucleocyte infiltration. CK

levels were reduced significantly and remained at similar low levels from 1 month to 5 months after the injection.



4.1.4. Plasma Pharmacokinetics

The pharmacokinetics (PK) profile and parameters of the B peptide PPMOg,; in mdx mice is yet to be published.
However, it is expected to be similar to a published study with a similar peptide (RXR),XB (P7) conjugated to a
Morpholino targeted to human c-myc (PMOcmyc) [4]. P7 peptide and B peptide only differ in two amino acid residues,
with two of the four 6-aminohexanoic residues in P7 replaced with two beta-alanine residues in the B peptide. When
the P7 PPMOcm Was IV injected to rats at 15 mg/Kg, its plasma PK was characterized by rapid distribution from the
vascular space to tissues with an initial distribution half-life (T,,,) of 0.40 h. The PPMO . showed a prolonged
elimination half-life (Ty,4) of 5 hr, representing a 2-fold increase compared to the corresponding unmodified PMO¢pyc
at the same dose. The volume of distribution of the P7 PPMOnm,. was increased by 4-fold over PMOgpyc. P7

PPMO¢nm. had a small increase in area until the curve over PMOgpyc.

4.1.5. Tissue Distribution and Residence Time

B, P7 and other arginine-rich CPP conjugated Morpholinos are found to exhibit a broad tissue distribution as shown
by measuring Morpholino tissue concentrations [4] or by an in vivo antisense functional assay [42]. Kidney and liver
are the primary sites of accumulation of the PPMOs [4, 71]. Relatively lower concentrations were detected in spleen,
lungs, heart, brain and muscles. At equivalent dose, the tissue recovery data showed that conjugation of the P7 peptide
improved tissue uptake of the MORPHOLINO in all of these tissues except brain [4]. In addition, tissue
concentrations of the Morpholino in the P7 PPMO-treated rats were greater than in the tissues of the corresponding
Morpholino-treated rats 5 days post injection, indicating that CPP conjugation prolongs the duration of tissue
retention of the Morpholino. Functional biodistribution of 14 CPP PPMOs varying in amino acid sequences of the
CPPs were determined in a splice correction reporter transgenic mouse model, with EGFP as the reporter for
functional readout [72]. Antisense activity of the PPMOs was found in all of the tested organs and tissues including

kidney, liver, lungs, heart, skeletal muscles, diaphragm, and intestine [42].

4.1.6. Toxicity

PPMO exhibits dose-dependent toxicity [4]; there seems to be a dose threshold for the toxicity. Below the
threshold, toxicity was not observed. Above it, the severity of toxicity is dose-dependent. Toxicity includes lethargy,
rapid breathing, tubular degeneration in kidney and weight loss. The severity of toxicity is also dependent on the dose
frequency. Animals can tolerate doses and recover better if infrequent dose schedules are followed. The B peptide
PPMO¢g,; was found not toxic when it was 1V injected to mdx mice at 6 mg/Kg biweekly or at 30 mg/Kg monthly for
one year [69] At higher doses, PPMO-related toxicity was observed with the LD, of the “B-peptide”’PPMOg;;

determined to be 85 mg/Kg in mdx mice.



The threshold level of PPMO toxicity varies among animal species.. The B peptide PPMOkg,; exhibited no toxic
effect in kidneys at either 20 mg/Kg weekly injection to the wild type mice for 6 weeks (data not shown) or 30 mg/Kg
biweekly injection to mdx mice for three months [34]. However, the same peptide conjugated to another Morpholino
targeted to human dystrophin exon 50 (PPMOgsg) was found to cause mild tubular degeneration in the kidneys of
monkeys at 9 mg/Kg weekly injections for 4 weeks [70]. However, one needs to be cautious in drawing any
conclusion from one limited study because other factors could also contribution to the higher level of toxicity in
monkeys. For example, the antisense component may also contribute to the toxicity in several possible ways. If there
is an off-target RNA interaction related to antisense sequence, that may contribute to the observed toxicity. In
addition, unlike PPMOg,; which skips exon 23 in mice and does not frameshift downstream dystrophin, the PPMOgs-
induced exon 50 skipping frameshifts the dystrophin sequence downstream of exon 50 in monkeys, which might

contribute to toxicity.

No specific humoral immune response against the B peptide PPMOg,; was found after a single systemic injection
or multiple injections over several months [34]. Another study examined both humoral and T cell responses to a B
peptide derivative, B-MSP, conjugated to PMOg,s. After this PPMO was injected into mdx mice at 6 mg/Kg biweekly
for 12 weeks, anti-PPMO antibody was not detected in the mouse serum. In addition, CD3" and CD8" T lymphocytes
in muscle tissue sections did not differ significantly between age-matched PPMO-treated and untreated mdx mice
[73].

4.2. PPMO Clinical Trials

AVI-5126 is a PPMO containing the P7 peptide conjugated PMOcmy.. It was the first PPMO used in a safety and
efficacy clinical trial. The PPMOcn,. was intended to prevent eventual blockage of a transplanted vein after
cardiovascular by-pass surgery by inhibiting cell proliferation. The vein was excised and immersed in a solution
containing 10 uM AVI-5126 and then re-implanted as a bypass graft. The study was titled “Clinical Study to Assess
the Safety and Efficacy of ex-Vivo Vein Graft Exposure to AVI-5126 in Coronary Artery By-Pass Grafting to Reduce
Clinical Graft Failure” ( http://clinicaltrials.gov/ct2/results?term=AV1+5126). Unfortunately, the trial was terminated
based on the results from limited number of patients; the company felt that “the probability of successfully attaining
the study’s clinical endpoint, even at this early stage, was deemed to be too low to warrant continuing the trial”.
However, termination decision was not based on clinical safety concerns since there was no significant difference
between the AVI-5126 or placebo groups with respect to Major Cardiac Adverse Events (MACE)
(http://www.clinicaspace.com/news_print.aspx?NewsEntityld=99791). The same PPMO¢p,, renamed as GTX 5126
was tested in another clinical trial in Germany for prevention of restenosis of coronary artery after balloon
angioplasty, sponsored by COOK (http://clinicaltrials.gov/ct2/show/NCT00777842). PPMO;ny.-loaded GTX™ Drug
Eluting Coronary Stent System is intended for the treatment of patients with a lesion in the coronary artery. Thirty
patients were enrolled in the trial and the trial was terminated for an unknown reason. No efficacy and safety data

have been published.



5. CONCLUDING REMARKS

CPP conjugation is one of the most effective techniques for systemic delivery of Morpholinos in vivo. They have
been valuable research tools for studying Morpholino-mediated gene knockdown in cell culture and in animals. The
therapeutic potential of PPMO is promising. Improvement of endosomal release and lowering the toxicity of PPMOs
through structure-activity-relationship studies will result in optimized CPP, able to deliver Morpholinos with

improved therapeutic windows.
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FIGURE LEGENDS

Figure 1. Chemical structures of (A) Morpholino and (B) (RXR),XB CPP Morpholino conjugate (PPMO).

Figure 2. Heparin sulfate binding SPR sensorgrams (top graph) and parameters (bottom table) of (RXR), PPMO (red)
or Rg PPMO (blue). Biotin conjugated heparin sulfate was immobilized onto a streptavidin sensor chip and the
binding parameters of PPMO to the heparin sulfate were determined using BioCore T-100 instrument and its software
(GE Healthcare).
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Figure 1. Chemical structures of (A) Morpholino and (B) (RXR),XB CPP Morpholino conjugate (PPMO).
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Figure 2. Heparin sulfate binding SPR sensorgrams (top graph) and parameters (bottom table) of (RXR), PPMO (red)
or Rg PPMO (blue). Biotin conjugated heparin sulfate was immobilized onto a streptavidin sensor chip and the
binding parameters of PPMO to the heparin sulfate were determined using BioCore T-100 instrument and its software
(GE Healthcare).



