AQ: 2

AQs 14

| tapraids/2ay-aon/zay-aon/zay00309/2ay3266d09g | gockleyi | S=6 | 1/19/08 | 9:17 | Art: 21627 | |

tain more functionality,” Finally, the use of cockeails
could lead to FDA-approved mixtures that would suc-
cessfully treat a large group of DMD patients with dis-
tinct but overlapping deletions. This might alleviate
the problem of performing roxicology tests and FDA
approvals for each individual antisense sequence; a for-
midable barrier to clinical application. Skipping of
more than one exon could, theoretically, increase the
applicability to some 90% of DMD pacients™ while
aiming to produce the most funcrionally favorable dys-
trophin variants.”

The canine X-linked muscular dystrophy (CXMD)
harbors a point mutation within the accepror splice sire
of exon 7. leading 1o exclusion of exon 7 from the
mRNA transcript.” We used the Beagle model here,
the mutation of which originates from the Golden Re-
triever model, but which is less severely affected. At
least two furcher exons (exons 6 and 8: Fig 1) must be
skipped (multiexon skipping) to restore the open read-
ing frame; therefore, it is more challenging to rescue
dystrophic dogs with exon-skipping strategy. Previ-
ously, McClorey and colleagues'"' showed transfection
with antisense oligo targeting exons 6 and 8 restored
reading frame of mRNA in cultured myotubes from
dystrophic dogs in vitro. Here, we identified a PMO
cockeail that, using either intramuscular injection or
systemic intravenous delivery, was nort toxic, resulred in
extensive dystrophin expression to therapeutic levels,
and was associated with significant functional stabiliza-
tion in dystrophic dogs in vivo.

Subjects and Methods

Animals

CXMD-attecred dogs and wild-rype lircermares from 2
months ro 5 years old were used in this sudy'' (see the
Supplementary  Table). Institutional animal care and use
committee of Narional Center of Neurology and Psychiarry
Japan approved all experiments using CXMD.

Antisense Sequences and Chemistries

We designed four antisense sequences to target exons 6
and 8 of the dog dystrophin mRNA as follows: Ex6A
(GTTGATTGTCGGACCCAGCTCAGG), Ex6B (AC-
CTATGACTGTGGATGAGAGCGTT), Ex8A (CTTC-
CTGGATGGCTTCAATGCTCAC), and Ex8B (ACCT-
GTTGAGAATAGTGCATTTGAT). Sequences were
designed to rarger exonic sites of exon 6 (Ex6A) and exon 8
(Ex8A), or exon/intron boundary berween exon 6 and in-
rron 6 (Ex6GB), or exon 8 and intron 8 (Ex8B) (see Fig 1).
Two donor-sire sequences (Ex6B and Ex8B) were designed
to target 23bp of exon and 2Zbp of intron. Sequences were
synthesized using two different backbone chemistries: 2'0O-
MePs (Eurogentec), and morpholino (Gene-Toaols, LLC). '
We determined these sites based on the exonic splicing en-
hancer morifs, GC conrents, and secondary srructures. We
also avoided selt/heterodimers. U (uracil) was used instead
of T (thymidine) for the synthesis of 2'0-MePs oligos. A
discussion and i‘tgurr showing the alternarive chemistries
can be found in Yokora and colleagues” article."

In Vitro Cell Transfections
Primary myablast cells from neonatal CXMD dogs were ob-
rained by standard methods using preplating method.” Nor-
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Fig 1. Mutation in canine X-linked muscular :.lfp.rrup.i’w {CXMD) and straregy for exon-skipping srearment. The dysiraphic dog har-
bors a poine mutation ar splice site in intron 6, which leads to lack of exon 7 in messenger RNA. Single-exon skipping of exon 6
or 8 lewds to our-of-frame produces. Exclusion of ar least two further exons (exons 6 and 8) is vequired to restore reading frame.
Verrical line means that the exons begin by the first nucleatide of a codon: arrows woward left mean that the exons begin with the
second nucleotide of a codon; arrows roward right mean that the exon begin with the third nucleotide of « codon. DMD = Duch-
enne mcadar dystrophy.
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mal conrrol (wild-rype) or dystrophic (CXMD) myvoblasts
(1.5 % 10" cells) were cultured in growth medium contain-
ing F-10 growth media containing 20% feral calf serum, ba-
sic fibroblast growth facror [2.5ngflnl). ;‘n!nici]lin {200U/ml),
and strepromycin (200pg/ml) for 72 hours, followed by
antisense oligonucleoride (2'0-MePs) administrarion (0.25—
Spg/iml. 30-600nM) for 3 hours with lipofectin (Invitro-
gen, La Jolla, CA) following manufacturer's instructions
(AOs/lipofectin ratio = 1:2). The cells were cultured in dif-
ferentiation medium containing Dulbecco’s minimum essen-
tial medium with HS (2%), penicillin (200U/ml), and strep-
womycin (200pg/ml) for 4 ro 5 days before analyses for RNA
d"d Prl][(‘i". h"ﬂrphulinﬂ anlisfnk D!Igﬂnuclmlide& Ca‘r}' no
charge and cannot be transtecred into cells efficiently, so only
2'0-MeD's chemistry was urilized for in vitro studies.

Intramuscular Infections

Animals were anestherized with thiopenral sodium induction
and mainrained by isoflurane for all intramuscular injections
and muscle biopsies. Skin was excised over the sire of injec-
ton, muscle exposed, and the injection site marked with a
surure in the muscle. Annisense oligonucleorides were deliv-
ered as intramuscular injection using 1ml saline bolus into
the ribialis anterior or extensor carpi ulnaris (ECU) muscles
using a 27-gauge needle. Anusense oligonucleotides were de-
livered cither singly or in mixtures. Both 2'0-MePs and
marpholino chemistries were rested. Muscle biopsies were
obrained at 2 weeks after antisense injection,

Intravenous Systemic Delivery

Three dogs were treated and all were given an equimolar
mixture of morpholinos Ex6A, Ex6B, and Ex8A at 32mg/ml|
each. Berween 26 1o 62ml was injected into the right saphe-
nous vein using a 22-gauge indwelling carherer, leading ro a
cumularive (combined) dose of 120 ro 200mg/kg per injec-
tion. Morpholinos were injected 5 to 11 times ar weekly or
biweekly intervals (see the Supplementary Table). Tissues
were examined at 2 weeks after the last injecuion.

Reverse Transcriptase Polymerase Chain Reaction and
Complememary DNA Sequencing

Total RNA was extracted from myoblasts or frozen tissue
sections using TRIzol (Invitrogen). Then reverse transcrip-
tase polymerase chain reaction (RT-PCR) was performed on
200ng of total RNA for 35 cycles of amplification using
One-Step RT-PCR kit (Qiagen, Chatsworth, CA) following
manufacturer’s instructions with 0.6mM of either an exon 5
(CTGACTCTTGGTTTGATTTGGA) or an exon  3/4
juncrion (GGCAAAAACTGCCAAAAGAA) forward primer.
Reverse primers were either exon 10 (TGCTTCGGTC-
TCTGTCAATG) or exon 13 (TTCATCGACTACCAC-
CACCA). The resulting PCR bands were extracted by using
Gel extraction kit (Qiagen). BigDye Terninator v3.1 Cycle
Sequencing Kit (Applied Biosystems) was used for comple-
mentary DNA sequencing with the same primers.

Hematoxylin and Eosin and Immunostaining

Eight micrometer cryosections were cut from flash-frozen
muscle biopsies at an interval of every 200pm, then placed
on poly-L-lysine-coated slides and air-dried. Anti-dystrophin

rod (DYS-1) or C-terminal monoclonal Ab (DYS-2) (Novo-
castra) were used as primary annibodies. Rabbir anti-neuronal
nitric oxide synthase (anti-nNOS) (Zymed Laborarory, San
Francisco, CA) was used for nNOS smining. Alexa 468 or
594 (Invirrogen) was used as secondary antibody, 4'.6-
diamidino-2-phenylindole conmining mounting agent (In-
virrogen) was used for nuclear counterstaining (blue). The
number of positive fibers for DYS-1 was counred and com-
pared in sections where their biggest number of the posirive
fibers was as described previously.'” Hemaroxylin and eosin
staining was performed with Harris hematoxylin and eosin
solutions. Images were analyzed and quanrified by using Im-
age] sofoware. '

Western Blotting Analysis

Muscle proteins from cryosections were extracted with lysis
buffer contining 75mM Tris-HCI (pH 6.8), 10% sodium
dodecyl sulfare, 10mM EDTA, and 5% 2-mercaproethanol.
Four to 40pg proteins were loaded onto precase 5% resolv-
ing sodium dedecyl sultate polyacrylamide gel electrophoresis
gels following manufacturer’s instructions. The gels were
transferred by semidry blotting (Bio-Rad) ar 240mA for 2
hours. DYS-2 (Novocastra) antibody against dyserophin, rah-
bir polyclonal antibody against w-sarcoglycan, and rabbir
polyclonal antibody desmin were used as primary antibod-
ies.'” Horseradish peroxidase-conjugated anti-mouse or an-
r-rabbit goat immunoglobulin  (Cedarlane  Laboratories,
Hornby, Ontario, Canada) was used as secondary antibodies.
Enzyme chemiluminescence kit (GE) was used for the derec-
tion. Blots were analyzed by Image] software.

Blood Tests

Creatine phosphokinase acrivity, blood counts, serum bio-
chemistry, and roxicology test in canine serum were assayed
with the Fuji Drychem system and Sysmex F-820 according
o manufacturer’s instruction,

Muagnetic Resonance Imaging

For imaging studies, animals were anestherized with thiopen-
wl sodium and mamntained by isoflurane. We used a super-
conducting 3.0-Tesla magnetic resonance imaging (MRI) de-
vice (MAGNETOM  Trio;  Siemens-Asahi  Medical
Technologies, Japan) with an 18em diamerer/18cm length
human extremity coil. The acquisition parameters for T2-
weighted imaging were TR/TE = 4,000/85 milliseconds,
slice thickness = G, slice gap = Omm, field of view =
18 X 1Bem, marrix size = 256 X 256, and number of ac-
quisitions = 3 during fast spin echo.

Functional Testing

Clinical evaluation of dogs was performed as described in
our previous report.'® Grading of clinical signs in CXMD
dogs was as follows: gair disturbance: grade 1 = none, grade
2 = sirring with hind legs extended, grade 3 = bunny hops
with hind legs, grade 4 = shuffling walk, and grade 5 =
unable ro walk; mobility disturbance: grade | = none, grade
2 = lying down more than normal, grade 3 = cannor jump
on hind legs: grade 4 = increasing difficulry moving around,
and grade 5 = unable 1o ger up and move around; limb or

remporal muscle awophy: grade 1 = none, grade 2 = sus-

Yokota er al: Multiexon-Skipping Therapy for Dystrophic Dogs 3

AQ: 6

AT

AR

A9

A 10




_tapraidsmy-aun}zay-annfza]rwm.’zayﬁﬁﬁdﬁég | g_gg:_i_tleyj_] $=6 | 1/18/08 | 9:17 | Art: 21627 |

pect hardness, gl'.nil.‘ 3 can feel hardness or apparently

thin, grade 4 = between grades 3 and 5, and grade 5 =

extremely thin or hard; drooli

: grade | = none, grade 2

occasionally dribbles saliva when sirring, grade 3 = some
strings of drool

drool when eaning and drinking, grade 4

when eating or drinking, and grade 5 continuous drool;

macroglossin: grade 1 none, grade 2 = slightly enlarged,

grade 3 = extended ourside denrition, grade 4 = enlarged
and slightly thickened, and grade 5 = enlarged and rhick
ened: dysphagia: grade | = none; grade 2 = rakes rime and

effore in raking food. grade 3 difficulty in taking food
from plate, grade 4 = difficulty in chewing. swallowing, or
drinking, and grade 5 = unable to ear

For nmed running tests, each dog was encouraged ro run
down a hallway (15m), and elapsed rime was recorded. Sin

ple tests were done because of easy tiring of dystrophic dogs.

Results

In Vitro Screening of Antisense Oligonucleatides in

Dog Primary Myoblasts

The CXMD dog harbors a splice-site muration of exon
7. leading to an out-of-frame mRNA transcript fusing
exons G o § (see Fig 1). Both exans 6 and 8§ must be
excluded (skipped) from the mRNA 1o restore the
reading frame. Four antisense oligonucleotides were de-
signed against exons 6 and B. Ex6A and Ex8A were
designed to bind exonic splicing enhancers, and Ex6GB
and Ex8B were directed against the 5 splice bound
aries of each exon (see Fig 1). The four AOs were
ransfected as 2'0O-MeDPs eicher singly or in mixture
(cockrails; Spg/ml each or 600nM cach) into culrures
yoblasts isolated from the skeleral muscle
of neonatal CXMD dogs. Four days after differentia-
tion into myotubes, RNA was isolated and rested for
specific exon skipping by RT-PCR. A cockeail of all 4
AQOs produced a single 101bp band with 100% of RT-
PCR produce corresponding to a desired in-frame
splice product of exons 5 to 10 (Fig 2A). 1t is of in
terest that exon 9, known to be an alternatively spliced

of primary m

exon in the dystrophink mRNA, was consistently

skipped, although no antisense oligonucleotide was

used against this exon (see Fig 2; see Supplemennal Fig
PPl . :

1)."" Each of the four sequences was also transfected

individually, and either

duced skipping as a single AO (100% in-frame prod-

ExGA or Ex6B successfully in-

uct) (see Fig 2A). The precise skipping of exons was
confirmed by complementary DNA sequencing (see
E

of 30 and 60nM of either Ex6GA or Ex6B induced mul-

2B). We found a dml:—rmplm.'-t‘ relation where use

tiexon skipping of exons 5 to 10, alchough with less
effic lency and more intermediate out-of-frame |,um||.ll.l‘u
(see Supplemental Fig 1A). In concrast, the Ex8A AO
alone induced .\i{lp[ll]l}_‘: of mainly exons 8 and 9, an
our-of-frame transc ript, whereas the Ex8B AO induced
no detectable exon skipping (see Fig 2A). Dystrophin
protein production from in-frame mRNA was con-

4  Annals of ’\:r‘llltlhs!:_\' Vol 65 No 2 February 2009

Cockiail 600 nM aach
ExBA 600 nM
Ex68 800 nM
ExBA 800 ni
Ex88 600 nM

NT

¢ Marker

0 0 10 100 %
B[.__Exon5 | _Exeni0 ,
CCTCCACTGGCAG CATTTGGAAACTCC

Fig 2. In virro sereening of antisense oligonucleotides and re-

covery af dystrophin expression by single antisense oligos in dug
primary myoblasis. (A) Detection of exons G to 9 skipped -
e transcriptase polymeritse

frame products (1016p) using reve
chain reaction (RT-PUR) at 4 days after the transduction of
Sig (GOOM) each ACs of single (ExGA or ExGB) or cockmail
AQs (Ex6A, ExGB, Ex8A, and Ex88) as indicared. The faine
5856p ont-of-frame band is detected in Ex8B-treated myo
tubes. Nontreated myotubes (NT) show little RT-PCR prod-
nuct, likely because of nonsense-mediated decay. (B) Comple-
mentary DNA (cDNA) sequencing afier antisense

UJ'IIK”HH( leotide treatment wt 4 (farla- .{,P'II;'J the transduction -!.f'

ExGA alone, showing the desived in-frame exons 5 to 10 skip.

Wye-2; red) aned nuclear counterstaining (blue) for primary
myotubes from canine X-linked muscular dystrophy (CXMD)
cells ar 4 days after J'r,unff".r tion with cocktarl o ‘J'rrl;'f.l"r' anti-
sense 2 Cl-methylared phosphorothioate (2 O-Mels) wargening
exons 6 and 8 (Spug eachiml, or 600uM), nontreated wild
e (W) cells, aned CXMD colls, Scale bar ;I"J,.lu.'.

firmed by immunocyrochemistry using either the four-
sequence cockeail or Ex6A alone (see Fig 2C).

We resred the same sequences in normal (wild-rype)
control beagle cells (see Supplemental Fig 1B). When
rransfected into wild-type beagle myoblasts, exon 9 was
again routinely removed from the transcripts. The an-
tiexon 8 AQ pair excised exon 8, similar ro dystrophic

| Imemeenocyrochemistry with dysorophin C-terminal antibody
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cells, whereas the exon 6-specific AO pair excised exon
6, as well as exon 9, but left exons 7 and 8 in place.

Efficiens Skipping In Vive Requires a

Three-AO Cocktail

Given that Ex8B appeared ineffective by all in virro
assays, we did not continue with this sequence. Intra-
muscular injections were done using Ex6A alone, and
equimolar mixtures of Ex6A, Ex6B, and ExBA. Intra-
muscular injections into the ribialis anterior or ECU
muscles of 0.5- o S-year-old CXMD dogs were done
for both 2'0-MePs and morpholino chemistries, at a
dose of 0.12 o 1.2mg of each sequence (Fig 3; sec
Supplemental Fig 2). Biopsies were performed 2 weeks
later ar injection sites, marked by suture threads.
Dystrophin-positive fibers were concentrated around
the injection site, and rthe absolute number of
dystrophin-positive fibers was counred in cross section.

In contrast with the skipping patterns observed with
in vitra cell transfections, injection of Ex6A alone in-
duced skipping of only exon 6 in experiments using
cither morpholinos or 2'0-MePs chemistries (see Fig
3; see Supplemental Fig 2). By contrast, the cockail of
ExGA, Ex6B, and Ex8A induced robust dystrophin ex-
pression in a highly dose-dependent manner), with
1.2mg per each morpholino showing areas of complete
dystrophin rescue, and high levels of dystrophin by im-
munohistochemical analysis and immunoblor (see Figs
3A, B, D); see Supplemental Fig 2). Intramuscular in-
jections using the same cockeail with 2'0-MePs chem-
istry showed similar results, with greater dystrophin
rescue using the three AO cockrail compared with
Ex6A alone (see Fig 3C). Two pairwise combinations
of ExBA with either Ex6A or Ex6B were tested with
morpholino  chemistry, and combination
proved as efficient as the three-sequence cocktail (see
Fig 3B).

RT-PCR analyses of injected muscles showed the
Ex6A/Ex6B/Ex8A morpholino cockuail to drive effi-
cient skipping of exons 6 to 10 skipped products, with
between 61 and 83% of RT-PCR products showing
the desired in-frame product in the three muscles
tested (see Fig 3D). Additional out-of-frame products
were observed with Ex6A alone, and as a minority of
products in the cocktail-treated muscles (see Fig 3D).
Histological analyses of the muscle injected with the
three-morpholino cockrail (1.2mg/each) showed signif-
icant histological improvement of the dystrophy, rela-
tive to uninjected muscle, using (see Fig 3A; botom
pam’ls),

By immunoblotting, intramuscular injection of the
oprimal cockeail dystrophin induced dystrophin o
50% normal levels in a 2-year-old dog but only to
25% in a more clinically severe S-year-old dog (see
Supplemental Fig 2A). This result implies thar the

neither

muscle qualiy influences the amount of dystrophin
that can be produced.

Intravenons Systemic Delivery of a Morpholine

Cocktail Induces Body-Wide Dystrophin Expression

AOs must be deliverable systemically 1o be of therapeu-
tic value. Accordingly, we undertook intravenous infu-
sion of the three morpholino-cocktail showing the
most success in the intramuscular experiments (ExGA,
ExGB, and Ex8A). Three CXMD dogs were studied us-
ing intravenous doses similar ro thar used in mdx
mouse studies  (30-40mg/kg  per injection), with
weekly or biweekly dosing. The first dog received
120mg/kg morpholinos (40mg/kg per each sequence)
in weekly intravenous injections, with five doses per
kilogram over 5 weeks. The second dog was given the
same dose 11 times at 2-week intervals over the course
of 5.5 months. The third dog received a greater dose:
200mg/kg (66mglkg of each morpholino) seven times
at weckly intervals (see the Supplementary Table). All
dogs were killed 2 weeks after the last injection, and
multiple muscles were examined.

All skeletal muscles of each treated dog showed evi-
dence of de novo dystrophin expression by immuno-
fluorescence of cryosections, although the degree of res-
cue was variable (Fig 4A). Histopathology was
markedly improved in regions showing high dystrophin
expression (see Fig 4A). Immunoblotting confirmed ex-
pression up o approximately 50% of normal levels,
but some muscles expressed only trace amounts (see
Figs 4C, D). Dystrophin expression was also detected
in cardiac muscles bur, as in the mdx mouse,'” less
than in skeletal muscles and concentrated in small
patches (see Fig 4A). Of the three dogs, the average
dystrophin protein expression level was greatest in the
dog given seven weekly doses of 200mg/kg PMO, with
an average of 26% dystrophin levels.

Selected muscles were studied for quantitative rescue

of histopathology and for biochemical rescue of

dystrophin-interacting  proteins (dystrophin-associared
glycoproteins and nNOS). A commonly utilized quan-
ticative marker for muscle pathology is central nucle-
ation of myofibers, where increased central nucleation
is reflective of increased degeneration and regenerarion.
Quantitation of cenrral nucleation in treated dogs
compared with untreared littermares showed thart intra-
venous antisense trearment reduced central nuclearion
in all five muscle groups examined (see Fig 4B).

Both nNOS and a-sarcoglycan are dystrophin-
associated proteins that colocalize with dystrophin in
normal muscle and are reduced in DMD muscle.
nNOS immunofluorescence and  w-sarcoglycan im-
munoblotting were done on a series of muscles
from rtreated and control dogs. By immunoblor,
a-sarcoglycan was seen to be increased in all muscles
examined (Fig 5B). Likewise, nNOS was seen to relo-
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Fig 3. Recovery of dystrophin expresion by in vive intamicscn-
lar imjection of a three-AQ cockiail bur not ExGA alone, (A)
Restoration of dystvaphin expression in tibialis antertor (TA) at
14 days after single infection with 1.2mg Ex6A only, or cocktail
containing 0.12mg each, 0.6mg each, or 1. 2mg cach of anei-
serise morpholing Ex6A, ExGB, and Ex8A are shownt. Age-
matched mwontreated (NT) canine Xelinked nmuscula dyitroply
(CXMD) and wild-type (WT) dogs are shown as contral ani-
mals. Hematoxylin and eosin (HE) staining ar 14 days after

1. 2mg each of the cocktail injection and age-matched nontreated
control (NT) with consecutive cryesection sttined with dystro-
phin (DYS-1) and 4' . 6-diamidino-2-phenylindole shaw histolog-
seal vorvection of the dytraply. Bar = 100pm. (B, C) The
nuniber of DYS-1-positive fibers in TA or extensor carpi ul-
waris (ECU) at 14 days after a single injection with cockuail
(Ex6A+ ExOB+ ExBA), or indicated combinations, ar 1.2mp
el (morpholino: B). or 120pg each 2'O-metly ]

ied phasplioro-

thiaate (2'O-Mels) (C). Values are mean = sgandard ervor of
the mean. (D) RT-PCR unalysi

mijection of cocktail or ExGA morpholing ar 1.2mg each. The

ar 2 weeks afrer meramiuscular

peree

of the n-friome exon 5 1o 10 ’(,f ro s under the

for d mscle; mormal conerol (WT) muwcle thows

the mormil full-lengely in-frame manscript at the expected 100%.

6 Annals of Neurolopy Vol 65 No 2 February 2009

\'.I“?f o [Jlt ['I'Il'l'llh[.l]ll_' ill li\'\l[{iii[1i1l—i\l})ili\'{ |(.'i_"l

mn N\'.‘u"fl'lliL'-iu\' [J'C'HICL{ llll‘l__".\ ‘_M.'t' Fl}__‘_ :\f‘\J.

Muscle Imaging and Clinical Grading Scores Are
Improved by §;
A global improvement in muscle pathology was furcher
supported by the T2-weighted MRI examinarion (Fig
6). The high-intensity T2 signal, indicative of inflam-
mation and increased water content, was diminished in
PMO-treated dogs compared with pretreated and un-
treated control dogs in most muscles (see Fig 6).

stemic Antisense

Functional improvement of treated dogs was also as-
sessed by a 15m timed running rtest and by a combined
clinical grading score, as we have previously pub
lished."™ Three dogs treated with intravenous morpho-
linos were compared with three unrreated, ac the ages
of both 2 or 5 months (precreatment) and 4 or 7
maonths (postrreatment) (Figs 7B, C). The untreated
littermares became slower over the treatment time,
whereas all treated dogs ran faster after treatment. The
single dog treated ar an older age with more advanced
symproms showed grearer improvement relative to un-
treated liccermares (see Fig 7B).

The combined clinical grading score similarly
showed improvement or stabilization of disease pro-
gression after antisense treatment, relative to nacural
history controls (see Fig 7A). Videos documenting run-
ning ability of treated dogs and unrreated littermares
are available as supplemental data (see Supplemental
Movies 1-5),

Serum creatine kinase was assessed before and after
intravenous treatment, and compared with natural his-
tory controls (see Supplemental Fig 3). Although se-
rum creatine kinase was variable, posttreatment creat
i”f.' kil].l\f [l‘\'l.‘l.‘ were l'llll‘i“-ll'l'lll'\' |(_’\\ Tl'lill'l ”,I[liT.li

history controls.

Intravenous H:gfl-f.)n.lr ,Hnr‘!;frmf.rnu Cocktail Shows

No Evidence uf Toxi 1y

No local inflammatory reactions or organ dysfunctions
were recorded in the morpholino-treated dogs. Twice-
weekly serum toxicology screens of the three systemi-
cally rreated dogs showed no evidence of liver or kid-
ney dvsfunction (see Supplemental Fig 4). Levels of
urea nitrogen, w-glutamyl transpepridase, and creari-
nine all remained within the reference ranges. In addi-
tion, no significant changes were observed in amylase,
total protein, rotal bilirubin, C-reactive protein, so-
dium, portassium, or chloride. Growth of body weight
was also within reference range in all treared dogs (data
not shown),

Discussion

T'his is the first reporr of widespread induction of dys-
trophin expression to therapeuric levels in the dog
model of DMD. Overall, our findings provide a prom-
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ising message for DMD patients. Specifically, we show
that intravenous morpholino antisense (PMOs) can
generate body-wide production of functional dystro-
phin in a model clinically more severe than DMD, re-
sulting in stabilization or improvement of the clinical
discase. Beneficial effects were documented by histol-
ogy, MRI, and functional tests (running and combined
clinical grading scores).

We encountered some unexpected findings that raise
important questions as to how to pursue this promising

Is. Clearly, the choice

approach into human clinical tr
of specific antisense sequences is a crucial determinant
of the ulrimate success of wargeted exon skipping. To
date, specific AO sequences have been assessed for ef-
ficiency of exon skipping using cell-based experimental
(in vitro) systems, with the oprimal sequences then
used for in vivo experiments. In studies presented here,
antisense oligonucleorides directed against exon 6 were
able ro efficiemtly induce the desired exon 5 w 10

splicing in vitro but not in vivo, Our observations of

discrepant outcomes for ex vivo and in vivo in the dys-
trophic dog tell us thar we do not currently possess a
reliable means of screening for sequences that induce

0 1a

D §
EE;EEEE-‘EgEg;
PMO weated
e T e DYS1
Desamin

efficient skipping of a particular exon in a particular
|11ul.1:mn.il context [}.I[J obtained from ,\pph..‘il:inn of
sequences as 2'O-MelPs in primary myogenic cells or as
PMOs incubared ex vivo with muscle fragments failed
to predict the effects when PMO sequences were tested
in vivo, The high percentage of in-frame products here
might be related ro nonsense-mediated decay of out-of-
frame products or quality of RNA from cell culrure;
however, the in vitro experiments were consistent using
three different concentrations (600, 60, and 30nM)
with two different sequences (Ex6A and Ex6B). The
results were confirmed by RT-PCR, immunohisto-

chemistry, and complementary DNA sequences (see
.

Fig 2; see Supplemental Fig 1). The in vitro effect of
Th{’ cxon () -‘\l‘('L“‘l\. HL'l.!uCl]LL' was, i]l Jljl.{]‘“l‘n. context
dependent. For when wansfected into wild-type beagle
myoblasts, the exon 8 AO pair again excised exons 8
and 9, whereas the exon G-specific AO pair excised
exons 6 and 9, leaving exons 7 and 8 in place (see

Supplemental Fig 1). Thus, excision of exon 8 by the

exon G-specific sequences occurs only in the context of

Fig 4. Widespread dystrophin expresston and improved histal-
ogy by mtravenous systemic delivery of cocktail morphelines in
canine X-linked muscular dystraply (CXMD) dogs. (A) Dyi-
mophin (DYS-1) staiing and bistology in bilateral tibialis
antertor mwscles (TA), diaphragm (DIA), sternocleidomastoid
(SCM), and heart ar 2 weeks after final injection after five
weekly ineravenous injections of 120mglkg cocktail morpholines
containing Ex6A. Ex6B, and Fx8A (2001MA). Comparisons
were made with TA from normal control animal (wild type
IWT]) and from nontreated CXMD littermate (NT) tibinlis

anterior (TA) and heart, Intravenons morpholine treatment

resulted in extensive, though variable, dystrophm production in
nmf'r.rpf’g mscles, bue with only linited evidence r}}"!'a'.\(ru m
heart (fiolated civdiocytes). Paired nf’r-.!mpflm :nm.:.-mrau.numl["
aned histology from treated dog (TA, battom P.N..’{i'; ) showed
improved histopathology relative to untreated litermate (NT
TA) bistology. Bavs = 200wm, except for higher magnifica-
non picture of DIA and bearts (100pm). (B) Quantitation of
. intercostal (1C),
quadriceps (QUA), diaphragm (IDMA). and sternocleidomasiond

centrally mucleated fibers (CNFs) in T

M) in treated dog (blue bars; 2001MA) and untreated
dog (ved bars; 2008MA). (C) Western blotting analysis for

detection of dystrophin at 2 weeks after final injection after

5 X weekly intravenons injectrons of 120mglky cocktuil maor
pholines containing Ex6A, Ex6B, and Ex8A (2001MA). Dys-
trophin rescue is variable with Iigh expression in right exten-
[ECUR)| and left fl’n':".r-’.l femorts [BF(L).
gus [ESCOiA)
and sternocleidomastord (SCM), (D) Iniminoblo :run'f_'r,r- af

sor carpr wliares

aned less in ;.-mh'rfm JESO{P)] or anteriar r_\{rfrrﬂ.'

dyserophin i iniravenous morpholine-treated dog (2703MA;

I,

tweekly dosing) and contrel animals (normal contrel

[WT/, nantre hawn as i

ted (NT]). Desmin immunoblot is

i <250 conral

loading control. Dystrophin shows high |
levels) in triceps brachii (TB), DIA, and masieter (MAS).
ADD = adductor; BB = biceps brachii; EDL

digrtorum longus: MAS

extensor

Htatiieter
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Fig 5. Recovery of locals
wtitted protens after
wos to canine X-linked muscular dystrophy (CXMD) dogs.

Newvonal mitrie oxide synthase (nNOS) (A) and - sarcoglycan

ation and expression of dystrophin-

systemee h‘ls'.fl.ri':‘i_". af vockeail mru‘,ru"h.\."r-

(B) expression at 2 weeks after 5 % weekly 1 20mglkg cockuil
(2001MA) or 7 X wweekly 200mglke cockeail nnnp!’:m"mn n
jections (2703IMA) to CXMD dags. Recovery of nNOS expres-
ston att sarcolemma was observed !rl_)' donble r‘wmJ’rm’?_,I’a"uﬁ-'I'f'J'
cence against dystrophin (DYS-1) and nNOS. Scale bar =
SO f!_'r tmminnoblor (B), -sanc r;lg‘.'"rr:.ru levels are increased
in ireated dog muscles, :':w.-pam'n" wieh untreaced aysrr ophic

control IT). Myosin beavy chain (MyHC) shown ws w lond-
ing control. W' = wild-type normal control animals; WT(1/
10) wild-type (110 diluted samples, e, dpg loaded):

MD muscles (tbialis anterior); ECU
extensor carpl wlnaris; SCM = sternocleidomastoid; BF =

NT = nentreated (

biceps femoris; TA = tibialis anterior; QUA qistelriceps:
SAR sartarius; GAS = gastrocnemins; DIA = diaphragm;
L = left side: R right side.

the murant exon 7 splice site. Together, the differences
berween patterns of skipping in vivo versus in vitro and
between wild-type versus mutant genotypes tell us that
efficiency of skipping during transcription is domi-
nated by variables other than the availability or other-
wise of specific local sequence. Thus, it is prudent to
consider testing of selecred sequences in multiple sys-
tems with human dystrophin mRNA as the warger be-
fore committing 1o a specific sequence for clinic trials,

We observed efficient skipping of exon 9, even
though no antisense sequence targeted its removal in
both wild-type and CXMD (see Figs 2 and 3), which
is known as alternative splice site.”" AOs targeting exon
8§ have been reported to induce skipping of both exon

8 and 9 in human and in dog studies (see Figs 2 and
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3).""" It appears likely that the small size of intron 8
uu‘np;u'cd with intron 7 (1.1 vs 110Kb) pl’l.‘dl(lll]‘;(’i o
splicing of exon 8 to exon 9 before splicing o exon 7

In the systemically treared dogs. we found wide-
spread expression of dystrophin in all muscles analyzed
bur with considerable variation (see Fig 4). No differ
ence in dystrophin expression berween fiber types was
evident (dara nor shown). Even conrralateral muscles
differed from onc another, suggesting that variation in
efficacy of dystrophin production is a reflection of
rransient sporadic events such as myopathic episodes or
changes in vascularization or circulation rather than
any intrinsic muscle-specific properties. Pathological
stages of degeneration/regeneration may  also be in-

2001MA

- gk
Ime Ame Ime 4mo Ime 4me
rorred eaghs #= = #rarn Dl O00 e Trmsted OO0

Fig 6. Ameliovation of pathology and reduced inflammation
cignal in magnetic vesonance imaging (MRI). T2-weighted
MR of I
and ar 2 weeks after fimal injection (post-tng) of 7 X weekl
intravenous (IV) infection af 200mgikg cockiail morpholinos
(2703MA) or 5 weekly IV injection of 120mglke cocktail
morpholine .'._fHH MA). Age-muiched wntreated dogs (wild
npe [WT: nermal contral] and nontreated ;-'_".'.‘rmj,m'm conerol
[NT]) are shown for comparison. (B) Changes of T2 value
examined by MRI at 2 weeks after weekly 200mglkg
.mlm; morpholino injections. Changes of T2

nel legs at 1 week before initial injection (pre-ing)

salwes i Dind

at | week before initial ingection and at -' wweeks after

marpholine treatment

ron are shown. Intravenous
ed T2

final in,

reswlted in decr el 11 all mscles exaniined

TA = tbialis anterior; gastrocnemins; ADD = qd-
ductor; VI = pastus Dotted lines represent ol

tent nontreated canine X-
musculur n"",--ur.l;.lf"] (CXMDY); salid lines e

CAMD.,

!'J:‘..‘_gf"r.' dashed lines

resent tredted




| tapraid5/zay-aon/zay-aon/zay00309/2ay3266d09g | gockleyj | S=6 | 1/19/09 | 9:17 | Art: 21627 | |

o - . I w
gzu E 5 x PMO injections _ 2 3\
§ 20 Non-treat Iiwmre} P 2
.
s A | . 7xPMO injections
o e |
g0 ol o~ ittetmate 2 [ B~
. = 10 | R
7T Non-treat :\
3 [ 5 x PMO injections RPN
/i | i 1 ¥4
072 3 4 5 7 3 L A 7 = = 4
Months of age Months of age Months of age

Fig 7. Stabilization of clinical symproms by systemic morpholino mearment. (A) Combined clinical grading scores before (black
lines) and after starting treatment (ved lines) of the three treared dogs. Clinical grades of gait disturbance, mability disturbance,
limb or temparal muscle atrophy, drooling, macroglassia, and dysphagia are scored as described in Materials and Methods. A series
of untreated dogs (n = 6-13) was studied for comparison (dashed line, standared evvor bars). (B, C) Fifteen-meter timed running
tests in treated dogs and untreated bittermates. A canine X-linked muscular dystrophy (CXMD) dog treated from 5 10 7 months
2001MA) of age showed decreased timed 15m run afier treamment, whereas untreated listermates showed slowed running ability
(B). Similarly, two littermate a’ax: meated at 2 1o 4 months qfdgr (2703MA: 2702FA) shorwed quicker 15m rimes after mreasment

compared with nontreated littermate (C),

volved. Overall, most studies to date suggest that 10 1o
20% normal dystrophin levels are needed to improve
muscle function,™ " and the data on systemic
morpholino-induced exon skipping presented here im-
ply that some, but not all, muscle groups reached this
therapeuric level.

Systemic delivery of morpholinos in CXMD dogs as
in mdx mice induced only modest dystrophin produc-
tion in the heart (see Fig 4)."” The reason is nor clear,
but it has been suggested that dystrophic skeletal mus-
cle fibers may give greater access 1o AOs because they
have more “leaky” membranes than the smaller cardiac
cells and because the syncytial structure of myofibers
may permit wider diffusion of PMO molecules from
each site of entry.™* Cardiac ischemia, as indicated by
abnormal Q-waves in CXMD,** may also limit access
of AOs to cardiomyocytes. Some improvement in de-
livery has been reported with cell-penctrating pepride-
tagged morpholinos, or use of microbubbles and ulera-
sound that may enhance uptake efficiency in the heart
by facilitating penetration of cell membranes, although
toxicity of these strategies is not clear,”’

Considerable evidence for functional and histological
improvement was seen in the three systemically treated
dogs (see Figs 4-7). All were stabilized compared with
their untreated lictermates in motor funcrion tests, gen-
eral clinical condition, and serum creatine kinase levels.
MRI images also showed reduction of T2-weighred sig-
nal, interpreted as a sign of diminished inflammarion,
after morpholino delivery (see Fig 6). However, longer-
term experiments are required to investigare whether
AOs can reduce infiltration by fibrofatty tissue and ro
whart extent functional loss can be recovered.

Many DM patients require rwo or more exons to
be skipped o restore the reading frame. The data re-
ported here are the first demonstrations of efficient
skipping of multiple exons systemically through intra-
venous delivery. The dog model required skipping of
two to three exons to restore the reading frame, and we
were able to show efficient skipping of three exons by
both intramuscular and intravenous delivery methods.
Multiexon skipping has also been shown in in vitro cell
cultures and in mdy mice by intramuscular injec-
tions.*** " Multiexon skipping increases the range of
potentially trearable DMD patients and also raises the
prospect of selecting the most funcrionally favorable in-
frame dystrophins,” although skipping larger stretches
of exons has yet not been achieved and currently may
not be feasible. Specific morpholine cockrails able to
treat a large proportion of DMD patients with opti-
mized quasi-dystrophin production might be submirted
for regulatory approval as a single “drug.” For example,
a cockeail of AOs rargering exons 45 ro 55 would be
applicable in up to 63% of partients with dystrophin
deletions, and this specific deletion is associated with
asymptomatic or mild BMD clinical phenorypes.®**
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