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A Renaissance for Antisense Oligonucleotide
Drugs in Neurology

Exon Skipping Breaks New Ground
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ntisense oligonucleotides are short nucleic acid sequences designed for use as small-

molecule drugs. They recognize and bind to specific messenger RNA (mRNA) or pre-

mRNA sequences to create small double-stranded regions of the target mRNA that

alter mRNA splicing patterns or inhibit protein translation. Antisense approaches have

been actively pursued as a form of molecular medicine for more than 20 years, but only one has

been translated to a marketed drug (intraocular human immunodeficiency virus treatment). Two

recent advances foreshadow a change in clinical applications of antisense strategies. First is the

development of synthetic DNA analogues that show outstanding stability and sequence specificity

yet little or no binding to modulator proteins. Second is the publication of impressive preclinical

and clinical data using antisense in an exon-skipping strategy to increase dystrophin production

in Duchenne muscular dystrophy. As long-standing barriers are successfully circumvented, atten-

tion turns toward scale-up of production, long-term toxicity studies, and the challenges to tradi-
tional drug regulatory attitudes presented by tightly targeted sequence-specific drugs.
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With the advent of recombinant DNA in
the 1970s, it was soon realized that bac-
teria possess a form of regulatory machin-
ery where small RNA transcripts can bind
(hybridize) to other target RNAs and in-
hibit the translation of these targets.! These
antisense RNAs were subsequently recog-
nized as natural translational regulation
mechanisms in plants and higher organ-
isms.? More recently, a specialized form of
antisense transcript was found to be a cel-
lular defense mechanism against invad-
ing messenger RNAs (mRNAs) (viruses),
and this has been harnessed as a popular
method to “knock down” specific mRNA
transcripts in cultured cell models (short
interfering RNAs).?

Attention soon shifted toward devel-
opment of antisense molecules as a form

of small-molecule drug (antisense oligo-
nucleotide [AO}). The approach was in-
tuitive: one needs simply to chemically
synthesize short pieces of DNA of about
20 bases, where a specific complemen-
tary sequence is designed to hybridize with
a desired target mRNA. Such designer AO
drugs should show very high specificity
and selectivity for binding only the de-
sired target RNA sequence of nucleotides
that is predicted by base pairing. Begin-
ning in the mid-1980s, this approach was
put to the test in model systems and was
shown to work quite well in shutting down
the production of the target (undesired)
protein.* Isis Pharmaceuticals, Inc, Carls-
bad, California, a company focused on
clinical applications of AOs, was incotpo-
rated in 1989. Additional companies fo-

cusing on AQ approaches soon followed.

Despite early promise, uses of AOs as
small-molecule drugs have been pain-
fully slow to enter the market and stan-
dard of care. Indeed, only asingle AO drug
has been approved by the Food and Drug -
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Figure 1. Comparison of chemistries used for the exon-skipping approach. Examples of artificially developed antisense oligomers such as 2'-O-methylated
antisense oligonucleotides (2-0-MeAQ) (phosphorothioate), locked nucleic acld (LNA), phosphorodiamidate morpholino oligomers (PMOs), and peptide-tagged

PMOs (PPMOs) are shown for comparison with DNA and RNA.

Administration (FDA), fomivirsen sodium (Vitravene; Isis
Pharmaceuticals, Inc) delivered by intravitreous injec-
tion to inhibit cytomegalovirus retinitis in AIDS. Vit-
ravene was approved in 1998 and there have been no sub-
sequent successful approvals in the ensuing 10 years.

What has slowed the progress of AO drugs into the
clinical arena, and why may this be changing?

There have been 2 major hurdles: off-target toxic ef-
fects and potency or delivery. Regarding toxic effects, most
organisms do not take kindly to covert infiltration by for-
eign DNA or RNA. Indeed, all species have quite effec-
tive mechanisms to destroy foreign DNA and RNA as they
are more likely than not to be viruses or other undesir-
able organisms. In addition, many of the clinical trials
testing AO drugs have seen evidence of activation of the
complement cascade, and this has been a key concern of
the FDA. Delivery has also been a consistent problem.
Because the target RNAs are always intracellular, it is im-
perative for the AO drug to achieve intracellular concen-
trations sufficient to enable it to bind and modulate the
target RNA to a significant extent. The fact that AOs typi-
cally do not easily cross the lipid bilayers that bound the

cell 50 as to achieve sufficient intracellular potency via
systemic (intravenous) delivery has been problematic.

Recent developments are achieving success in over-
coming both hurdles. Analogues of nucleic acid have
been designed and synthesized in which the ribose
backbone of RNA and DNA is replaced with different
chemistries (Figure 1). Two are particulatly promis-
ing: one uses a morpholino backbone (phosphorodi-
amidate morpholino oligomer [PMO]; AV1 BioPharma,
Portland, Oregon), and the second uses a locked
nucleic acid backbone (Enzon Pharmaceuticals, Inc,
Bridgewater, New Jersey). These new backbones are
designed to maintain the molecular distance between
bases (G, A, T/U, and C), enabling highly sequence-
specific base pairing to the target RNA that is stronger
in the case of PMO and locked nucleic acid drugs than
DNA or RNA AOs. Equally important, these backbones
are so dissimilar from the DNA and RNA ribose phos-
phodiester backbone that they are not recognized by
most or any DNA and RNA binding proteins or degrad-
ing enzymes, thereby enhancing their stability and
avoiding many or all off-target toxic effects.
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The second major barrier has been achieving sufficient
intracellular concentrations (delivery). One successful ap-
proach s to take advantage of preexisting holes in the plasma
membrane of the target cell. Infecting viruses breach the
cell membrane during the process of infection and appear
to bring along AO drugs in the process. As such, AOs have
been quite successful in blocking downstream viral repli-
cation within cells, and PMO drugs are showing impres-
sive promise as antiviral antidotes.”> Another preexisting hole
is found in muscle cells lacking dystrophin (Duchenne mus-
cular dystrophy [DMD]).® The unstable plasma mem-
brane of myofibers appears to allow the AO to leak into
the cell.” An additional approach is to modify the AO drugs
with cell delivery moieties, chemical adducts that pen-
etrate the cell membrane. One example is the addition of
arginine-rich peptides to one end of the AO drug (peptide-
tagged PMO) (Figure 1).

From these advances has sprung a resurgence of in-
terest in AO drugs for treatment of genetic disease, can-
cer, and infectious disease. The purpose of most appli-
cations is to knock down a target RNA so that it makes
less of the deleterious protein product (eg, tumor growth
factor B or hypoxia-inducible factor la in cancer cells,
viral mRNAs, or dominant gain-of-function toxic pro-
teins in inherited neurological disease). However, the dis-
order that may be most advanced in such applications is
DMD. Here the AOs are used for a quite different objec-
tive than for previous applications; explicitly, AOsin DMD
are designed to restore function to the target mRNA and
protein rather than block it. The remainder of this re-
view focuses on this application.

RATIONALE AND PROOF OF PRINCIPLE
OF EXON-SKIPPING THERAPY

The principle of exon-skipping therapy for dystrophi-
nopathies was initially demonstrated by Dunckley et al®
in cultured mouse muscle cells in vitro. The rationale is
as follows. Duchenne muscular dystrophy is caused by
mutations of the 79-exon gene (commonly deletions of
=1 exon). Within the myofiber, the remainder of the gene
will be transcribed and spliced together. However, if the
triplet codon reading frame of the mRNA is not pre-
served, the resulting rame shift will lead to the failure
of dystrophin protein production. Becker muscular dys-
trophy (BMD) is a clinically milder and more variable dis-
ease in which mutations of the dystrophin gene are com-
monly such as to preserve the translational open reading
frame; thus, after splicing together, the remainder of the
gene retains some ability to synthesize the dystrophin pro-
tein. The goal of exon-skipping therapies is to force the
dysfunctional mRNA with out-of-frame mutations in a
patient with DMD to skip (exclude) some additional ex-
ons. The loss of additional material directed by AO drugs
restores the reading frame, changing a Duchenne out-
of-frame transcript to a Becker in-frame transcript. For-
tunately, most mutations in the dystrophin gene occur
in parts that do not code for functionally essential re-
gions of the protein.

This AO-mediated exon-skipping method has been de-
veloped and extensively tested on the dystrophic mdx
mouse model of DMD. The mdx mouse harbors a non-

sense mutation in exon 23 that prevents translation be-
yond this pointin the transcript. Both local intramuscu-
lar injection and systemic delivery of a single AO targeted
against exon 23 in the primary transcript excludes this
exon from the mRNA, leaving an in-frame transcript that
generates dystrophin expression and produces a degree
of functional recovery. Intramuscular and systemic in-
jections of AOs for exon splicing of a dog model of DMD
have also been demonstrated with a novel cocktail AO
strategy (T.Y.,S.T.,Q.-L.L., T.A.P,,AN.,E.P.H.,and Ma-
sanori Kobayashi, DVM, unpublished data, 2006-
2008). The principle is similarly illustrated in humans;
van Deutekom et al® reported single-site intramuscular
injections of 2'-O-methyl AO chemistry in 4 boys with
DMD, showing evidence of de novo dystrophin produc-

tion at the injection site.
These data demonstrate that the key hurdles of achiev-

ing intracellular delivery and avoiding toxic effects can
be cleared. A similar strategy is being explored in other
diseases such as myotonia, human immunodeficiency vi-
rus, and spinal muscular atrophy.1%1?

HURDLES IN BRINGING EXON SKIPPING
TO STANDARD OF CARE

Exon skipping using AO drugs has rapidly emerged as the
frontline therapeutic approach for DMD. How soon can we
expect exon skipping to reach the neuromuscular clinic and
standard of care? This approach is breaking new ground
and raising challenges not encountered previously in drug
development. Different patients have different mutations,
and many AO sequences will need to be designed, tested,
and FDA approved. Also, current genotype and pheno-
type data suggest that there may be good in-frame dele-
tions and not-so-good in-frame deletions; simply restor-
ing the reading frame may not be synonymous with
restoring dystrophin protein function. The optimization of
dystrophin function will likely require deletions of mul-
tiple exons, and this will require mixtures of different AOs—
new territory for drug development and the FDA. The ap-
proach will require regular injections of large amounts of
AO drug; what are the long-term toxic effects? Moreover,
are the standard toxicity tests appropriate for sequence-
specific drugs? Each of these hurdles is discussed briefly
in the remainder of this review.

CERTAIN EXON DELETIONS MAY RETAIN MORE
DYSTROPHIN FUNCTION THAN OTHERS

The molecular diagnostics of DMD and BMD frequently
refer to the reading frame rule, where out-of-frame de-
letions are given a DMD diagnosis and in-frame dele-
tions are given a BMD diagnosis. However, as many as
30% of patients with BMD do not adhere to thisrule.”® A
thorough understanding of reading frames is critical for
appropriate design of exon-skipping therapies, both so
that the best AO can be given to the patient and so that
an optimally functional dystrophin protein is produced
as aresult of the expected exon skipping. Currently, the
best information from which to predict the capabilities
of partially deleted dystrophins to rescue the DMD phe-
notype comes from analysis of the thousands of geno-
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Figure 2. Clinical phenotypes associated with specific start (A) and end (B) sites for in-frame deletions. Percentages of patients with Duchenne muscular
dystrophy (DMD) out of patients with DMD or Becker muscular dystrophy with specific start and end exons are shown. Combined muscular dystrophy databases
of 14 countries (from Argentina, Belgium, Brazil, Bulgaria, Canada, China, Denmark, France, India, Italy, Japan, The Netherlands, the United Kingdom, and the
United States) at Leiden University (http2//www.dmd.nl), where diagnoses were performed using multiplex ligation-dependent probe amplification/multiplex ampli-
fication and probe hybridization, Southern blotting, or polymerase chain reaction primer sets that allow deletion boundaries to be assigned accurately to a specific
exon, are used (deletion start sites: n=288 for exon 45, n=23 for exon 47, n=9 for exon 48, n=12 for exon 49, and n=10 for exon 50; deletion end sites: n=11 for
exon 46, n=115 for exon 47, n=95 for exon 48, n=51 for exon 49, n=53 for exon 51, n=40 for exon 53, and n=21 for exon 55).

type and phenotype correlations in patients with DMD
and BMD that have been published in the literature and
on the Internet. We examined all in-frame deletions and
determined the proportion of observed cases that showed
mild or severe phenotypes. This was gleaned from com-
bined muscular dystrophy databases of 14 countries (from
Argentina, Belgium, Brazil, Bulgaria, Canada, China, Den-
mark, France, India, Italy, Japan, The Netherlands, the
United Kingdom, and the United States) at Leiden Uni-
versity (http:/www.dmd.nl), excluding diagnoses that did
not allow deletion boundaries to be assigned accurately
to a specific exon.! Of all observed in-frame deletion pat-
terns on genomic DNA in the central rod domain hot-
spot region (exons 42-57; 28 distinct patterns), 57% (16
of 28 patterns) were associated with DMD rather than
BMD. This analysis showed that there are considerable
discrepancies between population-based ratios and pat-
tern-based proportions of severe DMD vs mild BMD phe-
notypes, and interestingly, the ratio of DMD to BMD re-
markably varies between specific deletion patterns. For
example, in-frame deletions starting or ending around
exon 50 or 51 that encode the hinge region were most
commonly associated with severe phenotypes (Figure 2)
(eg, deletions at exons 47-51, 48-51, and 49-53 are all
reported to be associated with a severe DMD phenotype
rather than BMD).1>1¢

Two questions arise. First, why do specific patterns
of in-frame mutations tend to result in a severe DMD phe-
notype in contradiction to the reading frame rule? Sec-
ond, why do different individuals with the same exonic
deletion pattern exhibit such different clinical pheno-
types? Likely contributory factors include the follow-
ing: the effect of the specific deletion breakpoints on
mRNA splicing efficiency and/or patterns; translation or
transcription efficiency after genome rearrangement; and
stability or function of the truncated protein structure.
The mechanisms controlling accurate splicing of the 79-
exon, 2.4 million-base pair dystrophin gene are clearly

complex. Introns of the dystrophin gene are highly vari-
able in size, and it is likely that exonic splicing does not
take place in an ordered 5’ to 3’ sequence. A complica-
tion in interpreting genotype and phenotype correla-
tions is that the deletion in genomic DNA does not al-
ways correspond to the material missing from the resulting
mRNA. We and others have shown that even in the ab-
sence of AOs, a patient may produce 1 or more tran-
scripts that skip additional exons present in the ge-
nomic DNA, in effect performing their own private exon
skipping.!? Disruption of splice site information (such as
an intervening sequence) in some patients with in-
frame gene deletions may cause skipping of additional
cxons at mRNA splicing, thus leading to out-of-frame tran-
scripts from an in-frame genomic DNA deletion as Ke-
sari et al'® have recently described. As Menhatt'” has
pointed out, it is also likely that quasi-dystrophin vari-
ants in the rod domain may show different stability or
function because of different types of derangement of spec-
trinlike repeat domains. Not enough is known about dys-
trophin structure and function, and the relative impor-
tance of the protein sequence within the rod domain
remains entirely a matter of speculation. Historically, lack
of dystrophin expression has been used as the key cri-
terion for DMD diagnosis. This together with the pres-
ence of the DMD clinical picture with such in-frame mu-
tations argues that other confounding variables such as
imprecisely defined mutation or aberrant splicing may
explain these “exceptions to the reading frame rule.” Thus,
itis anticipated that most or all patients with mutations
in the central rod domain would benefit from the pro-
duction of truncated dystrophin.

PARALLELING AO TRIALS: TESTING NEW
EXONS AND MIXTURES

Clinical proof-of-concept trials testing limited intramus-
cular injection with a 2'-O-methyl AO against exon 51
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Figure 3. Targets of exon skipping and population of potentially treatable
patients. Percentage of patients with the dystrophin deletion who are
potentially treatable by targeting specific exons for Duchenne muscular
dystrophy. For example, 17% of patients with Duchenne muscular dystrophy
who have the dystrophin deletion can be potentially treated by targeting exon
51 using antisense oligonucleotides.

have been published,’ and similar studies with PMO chem-
istry are under way in the United Kingdom. Given the
many questions concerning the sequence specificity of
toxic effects and the large number of AO sequences that
will need to be developed as drugs to treat most patients
with DMD, it is critical to parallel studies on many more
AOs for DMD (Figure 3).

It should be noted that about 30% of patients with
DMD have nondeletion mutations (duplication, non-
sense mutations, small rearrangement, or splice site mu-
tations). Most mutations are theoretically amenable to
exon skipping; however, there are no hot spots for point
mutations, so relatively few patients would be treatable
with each targeted exon by comparison with deletion mu-
tations. Moreover, if skipped to remove a nonsense mu-
tation, the exons thal are candidates to restore the read-
ing frame in patients with deletions (eg, exons 43, 45,
46, 50, 51, and 53) will require additional deletion of at
least 1 further exon to restore the reading frame because
these are frame-shifting exons. Thus, only 35% of non-
sense mutations are potentially treatable by single-exon
targeting, but the combined data of the Leiden DMD mu-
tation database imply that more than 90% could be re-
sponsive to multiskipping.**

Development of exonic cocktails (mixtures) could re-
solve a number of problems, including optimization of
dystrophin function and covering relatively high pro-
portions of patients with DMD with a single mixture. The

mixture approach has clear advantages and disadvan-’

tages. As an example, an 11-exon AO cocktail skipping
exons 45 through 55 is predicted to result in a particu-
larly mild BMD phenotype (94% of reported patients).**
Encouragingly, this large deletion is regularly associ-
ated with clinically milder phenotypes than any of the
smaller in-frame deletions within the same range of ex-
ons 45 to 55.1° A second advantage is that the cocktail
could conceivably be approved as a single drug for most
patients with DMD who have dystrophin deletions, in-
dependent of their precise deletion, eg, an 11-exon AO
cocktail targeting exons 45 through 55 is potentially ap-

plicable to more than 60% of patients with a dystrophin
deletion (Figure 4).'%° In total, more than 90% of pa-
tients with DMD could potentially be treated by mul-
tiskipping, whereas single-exon skipping could treat
around half of the patients with dystrophin deletions and
point mutations. Systemic studies in the large dog model
of DMD have been done using a 3-exon PMO cocktail,
and this has clearly been shown to be efficacious by mul-
tiple clinical, imaging, histological, and biochemical or
molecular end points (T.Y.,S.T,, Q.-L.L., TAP., AN,
E.P.H., and Masanori Kobayashi, DVM, unpublished data,
2006-2008).

A disadvantage of the cocktail approach is the addition
of novel hurdles for FDA or regulatory approval. Current
FDA regulations require each component of a drug mix-
ture to undergo toxicological and clinical testing and then
require the mixture to similarly undergo toxicological and
clinical testing. In the context of an ideal 11-exon AQ cock-
tail, the regulatory barriers become truly intimidating. In
addition, the 11-exon cocktail PMO approach would lead
to delivery of some AOs that may not have a target in a spe-
cific patient (eg, the patient already has a deletion of =1
exonin the AO mix). Thus, some parts of the mixture will
have no possible potential molecular or clinical benefit to
individual patients. This would again be uncharted terri-
tory for the FDA. While clinical development of the 11-
exon mixture is likely ambitious at present, it will be im-
portant to initiate toxicological and clinical trials of exon
mixtures for subsets of patients who cannot be treated with
a single AO. Also, for future trials on multiskipping such
as with exons 45 through 55, we should have as many AOs
in hand as possible because they can be used as part of mul-
tiskipping AOs.

PERSONALIZED MEDICINE AND THE FDA:
ARE EXISTING GUIDELINES APPROPRIATE?

Personalized medicine has many definitions, but most
share the concept of optimizing a treatment for a par-
ticular patient. Designing and using AO drugs targeted
for a patient’s specific gene mutation would seem to fit
well within this rubric. As such, the promising AO exon-
skipping approach may bring neuromuscular disease to
the frontline in development of drugs for personalized
medicine. It is important to examine the existing FDA
guidelines for drug development and reinterpret these
guidelines in the context of AO and DMD. For example,
the drug development pipeline includes phase 1 studies
of the drug in healthy volunteers. However, successful
on-target exon skipping of the dystrophin gene in healthy
volunteers would give them DMD, a clear adverse effect
that is entirely irrelevant to toxic effects in the target pa-
tient population (boys with DMD). Toxicity tests are cur-
rently done in animal models (typically 2 species), but
one of the major concerns regarding toxic effects of AO
drugs is binding to off-target RNAs. For example, if an
AO drug designed for exon skipping of the dystrophin
mRNA also binds to the closely related utrophin mRNA,
then exon skipping of utrophin might occur and could
result in off-target adverse effects. The utrophin se-
quence of mice or rats is different from the utrophin se-
quence of humans, so the standard rodent toxicity tests
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Figure 4. Mechanism of multiexon skipping of exons 45 through 55 to rescue 60% of patients with Duchenne muscular dystrophy with dystrophin deletions.

A More than 60% of deletion mutations of the dystrophin gene occur within the hot-spot range of exons 45 through 55 (exon 45 is deleted in this schematic
[del]) in Duchenne muscular dystrophy muscles. The messenger RNA (mRNA) of remaining exons is spliced together but the reading frame is disrupted, resulting
in failure of the production of functional dystrophin protein. CK indicates creatine kinase; Ca**, calcium ions. B, An antisense oligonucleotide (AO) cocktail
targeting exons 45 through 55 likely enters the Duchenne muscular dystrophy muscle through its leaky membranes, then binds to the dystrophin mRNA in a
sequence-specific manner. The AOs block the splicing machinery and prevent inclusion of all exons between exons 45 and 55. Skipping these exons restores the
reading frame of mRNA, allowing production of quasi-dystrophin containing exons 1 through 44 and exons 56 through 79, which is not normal but likely retains

considerable function as evidenced by patients with clinically milder Becker muscular dystrophy with identical partial dystrophin.

may not accurately assess off-target toxic effects of AOs
for human use.

Perhaps the largest challenge facing implementation
of exon-skipping therapy for DMD is in developing new
approaches to toxicity testing and clinical trial regula-
tory procedures that are relevant and appropriate for se-
quence-specific drugs. The pharmaceutical industry of-
ten quotes a price tag of $500 million to bring any new
drug to the market. Given the discussion earlier, imple-
mentation of AO drugs in DMD will require many exon-
specific drugs. If the $500 million is assessed for each in-
dividual AO sequence, then both time and money become
insuperable barriers to helping the existing generation
of boys with DMD. The silver lining in this cloud is the
lack of any detectable toxic effects with PMO AO drugs
to date. If multiple AOs all show a lack of long-term toxic
effects, then there is hope that specific AO drugs could
be approved with more limited toxicological and phase
1 testing,

A practical resolution of this problem is to consider
each component of the potential toxic effects of these
highly targeted drugs individually. Tests of the generic
toxic effects of morpholinos at the doses at which they

are likely to be functionally effective could be con-
ducted quite straightforwardly with either a scrambled
or arbitrary sequence of a particular molecular weight.
It is the notion of individual sequence-specific toxic ef-
fects that raises problems. The argument that any spe-
cific sequence may have off-target effects (eg, binding to
utrophin transcripts) cannot be properly tested in other
species because they may have different potential off-
target sequences as compared with those in humans. This
carries the dire implication that a lack of sequence-
specific toxic effects in a test species can provide no as-
surance, indeed no information at all, as to the se-
quence’s safety in humans. Tests in healthy human
volunteers are also problematic. Ethical issues arise from
the possible generation of a pathogenic frameshift in
healthy muscle by successful suppression of the tar-
geted exon. Moreover, the lack of innate pathological ab-
normalities in healthy human muscle would stifle ac-
cess of the AO to its intended intramuscular target while
at the same time providing a different spectrum of po-
tential off-target molecules (eg, utrophin transcripts). A
further complication arises from the individualistic na-
ture of the entire rationale, for it precludes the possibil-
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ity of learning from experience; the probability that any
given sequence may be toxic s independent of the num-
ber of safe experiences with other sequences. In effect,
for safety, we can test for sequence-specific toxic effects
only in human volunteers with DMD by progressive dose
escalation. Only in this way would the reagents have ac-
cess to their intended targets as well as any unintended
targets in a physiological context that is inappropriately
modeled both in other species and in healthy human
volunteers.
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Transduction Efficiency and Immune Response
Associated With the Administration of AAV8
Vector Into Dog Skeletal Muscle
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Recombinant adeno-associated virus (rAAV)-mediated
gene transfer is an attractive approach to the treatment
of Duchenne muscular dystrophy (DMD). We investi-
gated the muscle transduction profiles and immune
responses associated with the administration of rAAV2
and rAAV8 in normal and canine X-linked muscular
dystrophy in Japan (CXMD) dogs. rAAV2 or rAAV8
encoding the lacZ gene was injected into the skeletal
muscles of normal dogs. Two weeks after the injection,
we detected a larger number of -galactosidase-positive
fibers in rAAV8-transduced canine skeletal muscle than
in rAAV2-transduced muscle. Although immunohis-
tochemical analysis using anti-CD4 and anti-CD8 anti-
bodies revealed less T-cell response to rAAV8 than to
rAAV2, p-galactosidase expression in rAAV8-injected
muscle lasted for <4 weeks with intramuscular transduc-
tion. Canine bone marrow-derived dendritic cells (DCs)
were activated by both rAAV2 and rAAVS, implying
that innate immunity might be involved in both cases.
Intravenous administration of rAAV8-lacZ into the hind
limb in normal dogs and rAAV8-microdystrophin into the
hind limb in CXMD, dogs resulted in improved trans-
gene expression in the skeletal muscles lasting over a
period of 8 weeks, but with a declining trend. The limb
perfusion transduction protocol with adequate immune
modulation would further enhance the rAAV8-mediated
transduction strategy and lead to therapeutic benefits in
DMD gene therapy.

Received 16 March 2008; accepted 17 September 2008, published
online 21 October 2008. doi:10.1038/mt.2008.225

INTRODUCTION

Duchenne muscular dystrophy (DMD) is an inherited disorder
causing progressive deterioration of skeletal and cardiac muscles
because of mutations in the dystrophin gene. No effective treat-
ment has been established despite the development of various

novel therapeutic strategies including pharmacologic and gene
therapies. Dystrophin-deficient mdx mice and dystrophin-
utrophin double-knockout mice are the animal models most
widely used to evaluate therapeutic efficacy, although the symp-
toms of mdx mice are not comparable to those of human DMD
patients. Dystrophin-deficient canine X-linked muscular dystro-
phy was found in a golden retriever,'"* and we have established
a Beagle-based model of canine X-linked muscular dystrophy in
Japan (CXMD,) dogs.* The clinical and pathological character-
istics of the dystrophic dogs are more similar to those of DMD
patients than murine models.?

The recombinant adeno-associated virus (rAAV) can be used
for delivering genes to muscle fibers. Several serotypes of rAAV
exhibit a tropism for striated muscles.** Intramuscular or intra-
venous administration of rAAV carrying the microdystrophin
gene was reported to restore specific muscle force and extend
the lifespan in dystrophic mice.5” In contrast to the success of
transgene delivery in mice, TAAV2 or rAAV6 delivery to canine
striated muscles without immunosuppression resulted in insuf-
ficient transgene expression, and rAAV evoked strong immune
responses.® An assay of interferon-y released from murine and
canine splenocytes suggested that the immune responses against
rAAV and transgene products in mice and in dogs are dissimi-
lar.® Uptake of rAAV2 by human dendritic cells (DCs) and T-cell
activation in response to the AAV2 capsid have been reported,"
indicating that DCs play key roles in the immune response
against rAAV-mediated transduction. On the other hand, other
serotypes, including rAAVS, that are capable of whole-body skel-
etal muscle expression after intravenous administration,**induce
less T-cell activation.!! We hypothesized that the level of activa-
tion of canine DCs by rAAVS might be lower than that achieved
by rAAV2. However, the transduction profile and immune
response in the rAAVS8-injected dog skeletal muscle have not
been elucidated.

In this study, we chose to use intramuscular injections under
ultrasonographic guidance so as to minimize the inflammatory
reaction caused by incisional intramuscular injection.® In
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addition, intravascular delivery was performed as a form of limb
perfusion, in an attempt to bypass the immune activation of DCs
in the injected muscle.'? We investigated the transgene expression
and host immune response to two distinct serotypes of rAAV in
normal and dystrophic dogs after direct intramuscular injection
and after limb perfusion.

RESULTS _

Extensive expression of p-galactosidase

in rAAV8-transduced muscles in wild-type dogs

We administered nonincisional intramuscular injections under
ultrasonographic guidance so as to minimize injury. With inci-
sional injection, the ordinary method of intramuscular viral
administration in dogs,? the skin is opened to identify the individ-
ual muscles. This may enhance the immune reaction by recruit-
ing inflammatory cells for wound healing. After nonincisional
injection of rAAV2-lacZ, faint p-galactosidase (B-gal) expres-
sion was detected, whereas lymphocyte infiltration still occurred
(Supplementary Figure S1). To investigate the transduction
efficiency of rAAVS in canine skeletal muscle, normal dogs were
transduced with rAAV-lacZ serotypes2 and 8 (Table 1). Prominent
expression of B-gal was observed in the rAAV8-lacZ-injected
muscles, whereas the rAAV2-lacZ-injected muscles showed mini-
mal transgene expression (Figure 1). While p-gal expression in
the rAAV8-injected muscle was correlated with the viral dose,

Table 1 Summary of gene transduction experiments

© The American Society of Gene Therapy

B-gal expression in the rAAV2-injected muscle was not aug-
mented with viral dose escalation. However, rAAV8-lacZ-injected
muscles, which showed extensive B-gal expression at 2 weeks,
also exhibited reduced expression at 4 weeks after the injection,
thereby suggesting that the transgene product had immunogenic-
ity (Supplementary Figure $2).

To evaluate the difference in transduction efficiency between
rAAV2 and rAAVS at 2 weeks after the injection, relative quanti-
fications of the vector genome and mRNA were performed. The
result demonstrated higher transduction rates in the rAAV8-
injected muscles as increasing amounts of the vector were admin-
istered (Figure 2a,b). The amount of protein expression was
also well correlated with that of transgenic DNA (Figure 2c,
Supplementary Table S$1). Immunohistochemical analysis
revealed that the rAAV2-injected muscles showed much more
infiltration of CD4* and CD8* T lymphocytes in the endomysial
space than the rAAV8-injected muscles did (Figure 3a). mRNA
levels of TGE-B1 and IL-6 (representative markers of inflamma-
tion) in the rAAV-injected muscles were standardized with the
B-gal expression. rAAV2-injected muscles had higher TGF-1 and
1L-6 expression than rAAV8-transduced muscles (Supplementary
Figure $3). We also examined humoral immune responses against
the rAAV particles in the sera of rAAV-injected dogs. The levels
of serum IgG in reaction to rAAV2 or rAAVS gradually increased
with time in both serotypes (Figure 3b). These results suggest

Transgene expression® Cellular infiltration®

Dog ID Sex Age* BWY se:me Transgene Route Muscle Vector dosec 2 weeks 4 weeks B weeks 2weeks 4 weeks 8 weeks
2201MN M 10 45 2 lacZ’ im. TA, ECR 1x 10" - - - ++
3004MN M 5 28 2 lacZ im. TAECR 1x 10" + - + +

3007FN F 5 25 2 lacZ im. TAECR 1x 10" + + ++ ++

2204FN F 10 25 2 lacZ im. TA,ECR 1x 10" - - + ++

2801FN F 10 52 2 lacZ im. TA,ECR 1x10? + - + ++
2901MN M 6 28 2 lacZ im. TA,ECR 1x10% - +

7M48 M 7 33 2 lacZ im. TA,ECR 1x 10" - +

2206FN F 10 3.0 2 lacZ im. TA,ECR 1x 109 + + + ++
2205MN M 10 42 8 lacZ im. TA,ECR 1% 10" ++ + - ++
2905MN M 6 28 8 lacZ im. TA,ECR 1x 10" + -

NL52F F 10 35 8 lacZ im. TA,ECR 1x 102 +++ +

2106FN F 6 32 8 lacZ im. TA,ECR 1x10% +4++ - - T4+

7M49 F 6 32 8 lacZ im. TAECR 1x 102 + - ++ +
2109FMN M 33 8 lacZ im. TA,ECR 1x10% +++ -

2903MN M 6 32 8 lacZ im. TA,ECR 1x10% +++

2209MN M 10 43 8 lacZ im. TA,ECR 1x 108 +++ ++

2309FA F 6 32 8 M3 im. TA,ECR 1x 102 *

LH49F " F 8 33 8 lacZ iv 1x 104 +++ +

3805MN M 6 35 8 lacZ iw 1% 10" +++ + + +
2704FA F 8 36 8 M3 iv. 1x 10 + +++

4001MA M 6 32 8 M3 iv. 1x 10" +++ +

BW, body weight; F, female; M, male.

*Age at injection (weeks). BW at injection (kg). ‘Vectors (vg/ml) were intramuscularly (i.m.) injected into extensor carpi radiolis (ECR) (1ml) and tibialis anterior (TA) (2ml)
on both sides. Vectors were also intravenously (i.v.) injected into the lateral saphenous vein (vg/kg/limb) by using limb perfusion method. *B-Gal or microdystrophin-
positive fibers per 3,000 fibers: -, 0; 1, <100; +, <300; ++, <1,000; +++, >1,000. *Infiltrating cells: —, not detected; , a few; +, moderate; ++, extensive.
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Figure 1 Canine skeletal muscles stained for B-galactosidase. Two
milliliters of rAAV2-lacZ or rAAV8-lacZ (1 = 10"-10"vg/ml) were
injected intramuscularly into the tibialis anterior (TA) muscle of normal
dogs (n = 16) under ultrasonographic guidance. The muscles were biop-
sied 2 weeks after the injection. Upper: rAAV2-lacZ-injected TA muscles,
Lower: rAAV8-lacZ-injected TA muscles. Bar = 200 pm.
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Figure 2 Quantification of viral vector genome, mRNA, and trans-
gene expression. (a) Relative quantification of genomic PCR for rAAV2-
lacZ-injected muscle (black bars) or rAAV8-lacZ-injected muscle (gray
bars). DNA samples were extracted from the TA muscles. *P < 0.05. **P <
0.01. Error bars represent 2 SD. (b) Relative quantification showed more
extensive B-gal mRNA expression caused by rAAV8-lacZ (gray bars) as
compared to that caused by rAAV2-lacZ (black bars). 185 rRNA was used
for an internal control. ***P < 0.05. Error bars represent 2 SD. (c) Western
blots of B-gal protein (120kDa) and a-actin (42 kDa); the B-gal signal was
normalized to a-actin for comparison.

that cellular and humoral immune responses are elicited in both
rAAV2- and rAAV8-transduced muscles.

Bone marrow-derived DC reactions to rAAV2

and rAAV8

We next cultured bone marrow-derived DCs to investigate
their response to rAAV injection in dogs. Flow cytometric
analyses of these cells at 7 days of culture revealed marked
expressions of CD11c and MHC class II molecules on the
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Figure 3 Immune response to rAAV. (a) Lymphocyte infiltration after
rAAV transduction. Muscles were biopsied 2 weeks after rAAV2- or rAAV8-
lacZ injection (2 x 10'2vg/muscle). Serial cross-sections were stained with
B-gal and H&E, and were immunohistochemically stained with antibod-
ies against canine CD4, CD8a (Alexa 568, red), and a-sarcoglycan (a-SG,
Alexa 488, green). Upper: rAAV2-lacZ-injected TA muscle; lower: rAAV8-
lacZ-injected TA muscle. Bar = 100 pm. (b) Humoral immune responses
to rAAV capsid in dogs. Serum was collected weekly from rAAV2- or
rAAV8-lacZ-injected dogs and analyzed for the presence of IgG antibody
against the rAAV2 or rAAV8 capsid. The data represent dilution rates with
50% reactivity of anti-rAAV2 (black boxes) and anti-rAAV8 (gray boxes)
capsid antibodies. The mean reconstitution values are shown as straight
lines. Each symbol represents an individual dog that was injected with
rAAV at 2 x 10'2vg/muscle.

surface (Figure 4a,b). The DCs were cultured with the rAAV-
luciferase of either serotype 2 or 8 for 48 hours to evaluate
transduction efficiency, or cultured with rAAV-lacZ for 4 hours
to investigate kinetic changes in mRNA. The luciferase assay
showed that the transduction efficiency of rAAV2-luciferase
in DCs was approximately two times that of rAAV8-luciferase
(Figure 4c). mRNA levels of MyD88 and costimulating factors,
such as CD80, CD86, and type I interferon (interferon-p, IFN-pB)
were elevated in both conditions (Figure 4d), suggesting that
rAAV8 also induces a considerable degree of innate immune
response in dog skeletal muscles. Although rAAV2-transduced
DCs showed higher IFN-B expression than rAAV8-transduced
DCs, the differences between the effects of rAAV2 and rAAVS
on the mRNA levels of MyD88, CD80, CD86, and IFN-f were
not statistically significant.

Successful microdystrophin gene transfer

with rAAV8S into dystrophic dogs

Dystrophin expression in normal skeletal muscle is localized
on the sarcolemma, whereas it is totally absent in CXMD, dogs
(Supplementary Figure S4a,b). Microdystrophin expression in
the rAAV8-injected skeletal muscle of CXMD, dogs was main-
tained, even in the absence of any immunosuppressive therapy,
for at least 4 weeks after the injection (Table 1). Previously, we
had shown that microdystrophin expression of ca 20% was suf-
ficient to achieve functional recovery in mdx mice®. However, the
amount of the expression in intramuscularly injected muscles
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Figure 4 Responses of dendritic cells (DCs) to rAAV in dogs. Bone
marrow-derived DCs were obtained from the humerus bones of dogs
and cultured in RPMI (10% FCS, p/s) for 7 days with canine GM-CSF
and IL-4. (a) Flow cytometric analysis of cell surface molecules on day 7.
The cells were stained with PE-conjugated CD11c antibody and isotype
control. (b) DCs were stained with FITC-conjugated MHC Class Il anti-
body and isotype control. (c) DCs were transduced with rAAV-luciferase
(1 x 10%vg/cell) for 48 hours. To analyze luciferase expression relating to
the use of rAAV2 or rAAVS, relative light unit (RLU) ratios were measured.
*P < 0.01. Error bars represent s.e.m., n = 8. (d) DCs were transduced
with 1 x 10¢vg/cell of rAAV2 (black bars) or rAAV8-lacZ (gray bars) for
4 hours, and mRNA levels of MyD88, CD80, CD86, and IFN-p were
analyzed. Untransduced cells were used as a control to demonstrate the
relative value of expression. The results are representative of two inde-
pendent experiments. Error bars represent s.e.m., n = 3.

seemed to be insufficient to produce the expected functional
recovery (Supplementary Figure S4c).

For more efficient gene delivery by rAAVS, we tried a limb
perfusion method in the hind limb through the lateral saphen-
ous vein, in an attempt to prevent muscle damage due to direct
injection and to bypass immune activation through DCs in the
injected muscle. We had observed highly efficient p-gal expres-
sion in nearly all the muscles of the distal hind limb at 2 weeks
after a single injection (Table 1, Figure 5a). We then injected
rAAV8-M3 into the hind limbs of CXMD, dogs, using the same
method (Table 1). The induction of microdystrophin expression
in the muscle at 4 weeks after intravascular injection was more
efficient and free of noticeable immune response as compared
to intramuscularly injected muscle (Figure 5b, Supplementary
Figure S4d). These results suggest that the intravascular method
is superior to the intramuscular method of administration.
Although microdystrophin expression persisted at 8 weeks after
injection of rAAV8-M3, the number of microdystrophin-positive
cells at this time point was lower than in the muscles that were
sampled at 4 weeks after injection. It is clear, therefore, that long-
term microdystrophin expression can be obtained by the limb
perfusion method, but that the expression does not last at the
same level over a period of weeks. The same phenomenon was
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Figure 5 rAAV8-mediated muscle transduction using the limb perfu-
sion method. (a) Transduction of normal dog with rAAV8-/acZ, using the
limb perfusion method. Muscles were biopsied 2 weeks after the injec-
tion and stained with B-gal and H&E. TA, tibialis anterior, EDL, extensor
digitorum longus. Bar = 200pum. (b) Transduction of canine X-linked
muscular dystrophy in Japan (CXMD)) dog with rAAV8-M3. Muscles of
CXMD, dogs were biopsied 4 and 8 weeks after limb perfusion with rAAV8-
M3. Samples were immunohistochemically stained with anti-dystrophin
antibody (dys2, NCL). Left: nontreated CXMD, muscle. Middle and right:
muscles injected with rAAV-M3 using limb perfusion method, examined
at 4 or 8 weeks after the transduction. Bar = 100 um.

observed in rAAV8-lacZ-transduced muscles (Supplementary
Figure S5).

DISCUSSION

In this article, we present evidence that the transfer of rAAVS-
lacZ to canine skeletal muscles produces higher transgene expres-
sion with less lymphocyte proliferation than rAAV2-lacZ does,
at 2 weeks after injection. Given the advantages of rAAVS, the
administration of rAAV8-M3 by limb perfusion produced exten-
sive transgene expression in the distal limb muscles of CXMD,
dogs without obvious immune responses for as long as 8 weeks
after injection. However, transgene expression in the rAAVS8-
transduced muscles attenuated in the absence of an immuno-
suppressive regimen over the course of observation. In addition,
humoral immune responses were elicited by both rAAV2 and
rAAV8. mRNA levels of MyD88 and costimulating factors such
as CD80, CD86, and type I interferon (interferon-p) were elevated
in both rAAV2- and rAAV8-transduced DCs in vitro.

In our previous study, we had demonstrated extensive
lymphocyte-mediated immune responses to rAAV2-lacZ after
direct intramuscular injection into dogs, in contrast to the reported
successful delivery of the same viral construct into mouse skeletal
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muscle.® The fact that the promoter-deleted rAAV2 caused fewer
cytotoxic cellular responses suggested that the massive destruction
of transduced muscle cells might be the result of cellular immunity
against the transgene product. In this study, there was extensive
expression of B-gal in rAAV8-lacZ-injected canine muscles even
in the absence of any immunosuppressive treatments (Figure 1),
while the rAAV2-lacZ-injected muscles showed minimal B-gal
expression with considerable inflammatory infiltration. If the
transgene product were the main inducer of immune responses,
lymphocyte activation would be correlated with transduction effi-
ciency; however, this is not the case based on our results relating to
the vector genome, mRNA expression level, and protein delivered
through either rAAV2 or rAAV8 (Figure 2). These data suggested
that the rAAV particle is associated with potent immunogenicity.
Besides, B-gal expression disappeared 4 weeks after injection in
the rAAV8-injected muscle as in the rAAV2-transduced muscles
(Supplementary Figure $2). To investigate whether AAV itself has
immunogenicity properties, we further characterized the immune
responses caused by rAAV2 or rAAVS.

Immunochistochemical analysis revealed that the rAAV2-in-
jected muscles showed higher rates of infiltration of CD4% and
CD8* T lymphocytes in the endomysium than rAAV8-injected
muscles did (Figure 3a). Considering the stringent immuno-
genicity of lacZ gene expression, we normalized the activity of
TGF-B1 and IL-6 by lacZ expression to exclude the effect of trans-
gene products (Supplementary Figure $3a). The total activity of
TGF-B1 and IL-6 in the rAAV8-injected muscles was higher than
that in rAAV2-injected muscles (Supplementary Figure S$3b).
As a result, rAAV2 induced a stronger cellular immune response
than rAAV8 did. To investigate the humoral immune response, we
quantitated neutralizing antibodies against rAAV particles in the
sera of rAAV-injected dogs (Figure 3b). Antibodies against AAV2
and AAV8 capsids were below the detectable level before the
injection and were elevated with time after the injection. Because
the dogs were bred in a specific pathogen-free facility and not vac-
cinated, we assume that the elevation of antibody levels was not
caused by anamnestic reaction.

Recently, Li et al.'® reported that the AAV2 capsid can induce
a cellular immune response through MHC class I antigen pre-
sentation with a cross-presentation pathway, and the effects of
rAAV2 on human DCs have been described.'®”® In contrast,
other serotypes such as rAAV8 induced less T-cell activation.!"!¥
Plasmacytoid DCs are critically. important in innate immunity
because of their unsurpassed ability to present adenoviral anti-
gens to T-cells for the generation of primary cellular and humoral
immune responses.'*!” The response of DCs against rAAV in dogs
was yet to be elucidated. We prepared bone marrow-derived DCs
to investigate rAAV-mediated transduction of DCs. The differ-
ence between rAAV2 and rAAVS in respect of the transduction
rate of DCs in vitro was no greater than the difference in distinct
B-gal expressions in vivo (Figure 2,4c). Quantitative analysis of
mRNA of the transduced DCs by RT-PCR revealed that both
rAAV2 and rAAVS upregulated the expression of costimulating
factors, with no significant difference between mRNA levels in
rAAV2- and rAAV8-transduced cells. Therefore, both rAAV2
and rAAV8 may activate innate immunity in the context of exten-
sive muscle transduction. Whereas AAV capsids cause immune

Molecular Therapy vol. 17 no. 1 jan. 2009
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response, transgene products may play adjuvant roles in the
immunity to the AAV capsids.'®

rAAV8 encoding the human microdystrophin gene was also
intramuscularly injected into the skeletal muscles of CXMD,
dogs. rAAV8-mediated gene expression without any immunosup-
pression was confirmed over a period of 8 weeks after the injec-
tion, whereas there was much less transduction with the use of
rAAV?2 (data not shown). rAAV8-mediated transduction was also
expected to provide effective intravenous delivery."? In this con-
text, the venous system is an attractive route for limb perfusion
administration because it is a direct channel to multiple muscles
of the limb. Moreover, veins are easier to access through the skin
and there is less potential for muscle damage during injection.
By using the limb perfusion method, we could reach nearly all
the muscles of the lower limb, held transiently isolated by a tour-
niquet around the thigh. Limb perfusion administration could
possibly have the potential to bypass the DC recognition caused
by intramuscular injection. We_ intravenously injected rAAVS-
lacZ into the hind limbs of normal dogs and rAAV8-M3 into the
hind limbs of CXMD, dogs, and obtained more extensive expres-
sion of p-gal or microdystrophin than by intramuscular injection.
Interestingly, the inflammatory response was not significant in the
intravenously injected muscles, although no immune suppression
was attempted. We think that one reason rAAV8-M3 resulted in
better expression than rAAV8-lacZ is that the immunogenicity of
M3 is lower than that of lacZ. Although microdystrophin expres-
sion was lower at 8 weeks after the transduction with the limb
perfusion, cellular infiltration was not significant.

In the future, systemic delivery of rAAV8-microdystrophin
could ameliorate the symptoms of DMD patients. Even though
portal vein injection of rAAV2-FIX into hemophilia B dogs pro-
duced long-term expression, a clinical study failed to demonstrate
long-term expression in humans.'*® In advance of future clinical
trials, several studies are required to confirm safety. Sequential
peripheral blood monitoring showed no severe adverse events,
including liver dysfunction, during 8 weeks (data not shown). We
are now developing a systemic delivery strategy with a muscle-
specific promoter. It isalso necessary to improve vector constructs or
regulate immune reaction against transgene products. Recently,
‘Wang etal. reported sustained AAV6-mediated human microdystro-
phin expression in dystrophic dogs for 30 weeks, using combined
immunosuppressive therapy of Ciclosporin, Mycophenolate
Mofetil, and anti-thymocyte globulin.® In this study with rAAVS-
M3, we confirmed effective transduction into dog skeletal muscle
for 4 weeks without immunosuppressive therapy. However, consid-
ering the fact that not only rAAV2 but also rAAV8 induced activa-
tion of DCs iz vitre, immunological modulation would be required
for sufficient long-term expression. A novel protocol with systemic
or localized immunosuppression using immunosuppressive drugs
or local immunosuppression with an IFN-a or -$ blockade could
help avoid host immune reaction.

In summary, we achieved successful rAAV8-mediated muscle
transduction in wild-type dogs as well as in dystrophic dogs by
using the limb perfusion method of administration. Also, by
manipulating bone marrow-derived DCs, we observed the prob-
able contribution of antigen-presenting cells to the immune
response against rAAV8-mediated gene therapy. Although the
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cellular responses against rAAV8 were not significant in vivo, this
DC activation may possibly be involved in limiting long-term
transduction when the limb perfusion method is used. The limb
perfusion transduction protocol with improved AAV constructs
or immune modulation would further enhance rAAV8-mediated
transduction strategy and lead to therapeutic benefits.

MATERIALS AND METHODS

Animals. Five- to ten-week-old male and female wild-type dogs obtained
from the Beagle-based CXMD), breeding colony at the National Center
of Neurology and Psychiatry (Tokyo, Japan) were used for the lacZ
gene transduction.? Six- to eight-week-old CXMD, dogs were used for
microdystrophin gene transduction. All the animals were cared for and
treated in accordance with the guidelines approved by the Ethics Committee
for Treatment of Laboratory Animals at National Center of Neurology
and Psychiatry, where the three fundamental principles of replacement,
reduction, and refinement are also considered. Dogs were not vaccinated
to avoid the immune responses to vaccination.

Construction of proviral plasmid and recombinant AAV vector
production, The AAV2 vector proviral plasmids harboring the lacZ or
luciferase gene with a CMV promoter and SV40 late-gene polyadenylation
sequence were propagated.® As a therapeutic gene for DMD, the human
microdystrophin gene, M3, was used under the control of the CMV pro-
moter and a bovine growth hormone polyadenylation sequence.?’ The
vector genome was packaged into the AAV2 capsid or pseudotyped AAVS
capsid in HEK293 cells. A large-scale cell culture method with an active
gassing system was used for transfection.” The vector production process
involved triple transfection of a proviral plasmid, an AAV helper plasmid
PAAV-RC (Stratagene, La Jolla, CA) or p5E18-VD2/8, and an adenovirus
helper plasmid pHelper (Stratagene).?* All the viral particles were puri-
fied by CsCl gradient centrifugation. The viral titers were determined by
quantitative PCR using SYBR-green detection of PCR products in real
time with the MyiQ single-color detection system (Bio-Rad, Hercules,
CA) and the following primer sets: for AAV-lacZ, lacZ-Q60: forward
primer 5-TTATCAGCCGGAAAACCTACCG-3', and reverse primer
5-AGCCAGTTTACCCGCTCTGCTA-3; for AAV-microdystrophin:
forward primer 5-CCAAAAGAAAAAGGATCCACAA-¥, and reverse
primer 5-TTCCAAATCAAACCAAGAGTCA-3’; and for AAV-luciferase:
forward primer 5-GATACGCTGCTTTAATGCCTTT-3, and reverse
primer 5-GTTGCGTCAGCAAACACAGT-3".

Direct administration of rAAVs into normal and dystrophic skeletal
muscle. Experimental dogs (n = 16) were sedated with isoflurane by mask
inhalation and intubated. Anesthesia was maintained with 2-4% isoflu-
rane. Two milliliters of rAAV2-lacZ or rAAV8-lacZ (1 x 10"'-10"vg/ml)
were injected intramuscularly into the tibialis anterior muscles and 1 ml
into the extensor carpi radialis muscles of the normal dogs under ultra-
sonographic guidance. rAAV8-M3 (1 x 10"vg/ml} was intramuscularly
injected at a volume of 2 ml into the tibialis anterior muscles and 1ml into
the extensor carpi radialis muscles of a CXMD, dog.

Intravenous delivery of rAAVs into the limb veins of dogs. Intravenous
injection was administered as described elsewhere.”? Briefly, a blood
pressure cuff was applied just above the knee of an anesthetized nor-
mal dog. A 24-gauge iptravenous catheter was inserted into the lateral
saphenous vein, connected to a three-way stopcock, and flushed with
saline. With the blood pressure cuff inflated to over 300 mm Hg, saline
(2.6 ml/kg) containing papaverine (0.44mg/kg, Sigma-Aldrich, St Louis,
MO) and heparin (16 U/kg) was injected by hand over 10 seconds. The
three-way stopcock was connected to a syringe containing rAAV8-lacZ
(1 x 10" vg/kg, 3.8 ml/kg). The syringe was placed in a PHD 2000 syringe
pump (Harvard Apparatus, Edenbridge, UK). Five minutes after the
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papaverine/heparin injection, the rAAV8-lacZ was injected at a rate of
0.6 ml/second. Two minutes after the rAAV injection, the blood pressure
cuff was released and the catheter was removed. The CXMD, dogs were
injected with rAAV8-M3 using the same method.

Sampling of transduced muscles. Either the muscles of the transduced
dogs were biopsied or the animals were killed at 2, 4, and 8 weeks after
the injection., We sampled tibialis anterior and extensor carpi radialis
muscles on both sides in the intramusculary transduced dog. In the case
of the limb perfusion study, tibialis anterior or extensor digitorum lon-
gus muscle of the injected side of the leg was sampled. For biopsy and
necropsy, the individual muscle was cropped tendon-to-tendon, divided
into several pieces, and immediately frozen in liquid nitrogen-cooled
isopentane. Two to eight blocks were sampled from the transduced
muscle. We analyzed at least 30 sections from the blocks to observe the
general representation.

Histological analysis. Transverse cryosections (10um) from the rAAV-
lacZ-injected muscles were stained with hematoxylin and eosin or
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside.?> Eight-micrometer-
thick cryosections from the rAAV-M3-injected muscles were immu-
nohistochemically stained as described. Briefly, the cryosections were
fixed by immersion in cold acetone at -20°C. Fixed frozen sections were
blocked in 5% goat serum in phosphate-buffered saline at room tempera-
ture and incubated with mouse monoclonal anti-dystrophin C-terminal
antibody (NCL-dys2, Novocastra, Newcastle upon Tyne, UK). The signal
was visualized with an Alexa 568-conjugated anti-mouse IgG. Fluorescent
signals were observed using a confocal laser scanning microscope (Leica
TCS SP, Leica, Heidelberg, Germany). Immunohistochemical analyses
were performed with mouse monoclonal antibodies against canine CD4
{CA13.1E4, Serotec, Oxford, UK), canine CD8a (CAS. ]D3, Serotec}, and
double-stained with rabbit polyclonal antibody against a-sarcoglycan.”
The signal was visualized with an Alexa 568-conjugated anti-mouse IgG,
and 488-conjugated anti-rabbit IgG.

Detection of AAV genomes. Total DNA was extracted from muscle cryo-
sections. Cryosections were homogenized using a Multi-beads shocker
(Yasui Kikai, Osaka, Japan), and extracted using a Wizard SV Genomic
DNA purification system (Promega, Madison, W1). The rAAV genome
was detected by relative quantitative PCR using SYBR-green detection of
PCR products in real time with a primer set of lacZ-Q60. For an internal
control, forward primer, 5-GAACACGCGTTAATAAGGCAATCA-3,
and reverse primer, 5-CTGACATTCATCGCATCTTTGACA-3', directed
to an ultra-conserved region, were used.*

Real-time RT-PCR. Total RNA was isolated from cryosections using a
Multi-beads shocker (Yasui Kikai), and RNeasy Fibrous Tissue Mini kit
(Qiagen, Hilden, Germany), and first-strand cDNA was synthesized using
a QuantiTect Reverse Transcription kit (Qiagen). mRNA was detected
using primer sets of lacZ-Q60, forward primer 5-TGATGGCTA
CTGCTTTCCCTAC-3’ and reverse primer 5-GAGATTTTGCCGA
GGATGTACT-3’ for IL-6, and forward primer 5'-CAAGGATCTGGGC
TGGAAGTGGA-3’ and reverse primer, 5-CCAGGACCTTGCTGTA
CTGCGGT-3' for TGF-B1. For an internal control, a primer set of 188
TRNA (Ambion, Foster City, CA) was used.

Western blot analysis. Muscle cryosections were homogenized with
four volumes of sample buffer (10% SDS, 70 mmol/l Tris-HCl, 10 mmol/l
EDTA, and 5% B-mercaptoethanol). The samples were boiled for 5 minutes
and centrifuged at 14,500 rpm for 15 minutes. Protein samples (30 ug per
lane) were electrophoresed on a 7.5% polyacrylamide gel (Bio-Rad). The
membranes were incubated with a 1:1,000 dilution of the primary anti-
body for detecting 120kDa lacZ protein (rabbit anti-B-galactosidase IgG
fraction, Molecular Probes, Eugene, OR) or 42kDa a-actin (mouse anti
a-sarcomeric actin IgM, Sigma-Aldrich). Anti-rabbit IgG peroxidase F(ab”)
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(GE Healthcare, Buckinghamshire, UK), or peroxidase-conjugated donkey
anti-mouse IgM (Jackson ImmunoResearch Laboratories, West Grove,
PA) was used for ECL immunodetection (GE Healthcare). Quantification
of LacZ protein was performed using a specialized software (Image], US
National Institutes of Health, Bethesda, MD).

ELISA for anti-canine AAV igG. A microtiter plate (MS-8596F, Sumitomo
Bakelite, Tokyo, Japan) was precoated with promoter-deleted rAAV2 or
rAAVS (2 x 10° genomes/well) and blocked with a blocking buffer (Block
Ace, DS Pharma Biomedical, Osaka, Japan). The plate was incubated for
2 hours at room temperature with the sera from rAAV-transduced dogs,
followed by a 1:5,000 dilution of peroxidase-conjugated rabbit anti-dog
IgG (Sigma-Aldrich) for 1 hour. Color was visualized using a peroxidase
substrate system (TMBZ, ML-1120T, Sumitomo Bakelite). Reactivity was
detected at a wave-length of 450nm with a reference at 570nm, using
an APPLISKAN Multimode Reader (Thermo Fisher Scientific, East
Greenbush, NY).

Bone marrow aspiration and preparation of DCs. After the dogs were
anesthetized with thiopental and isoflurane, ~0.5ml of bone marrow
was oObtained from each humerus by aspiration with a syringe con-
taining 2 m! of 16 mmol/l EDTA-2Na PBS. Bone marrow-derived DCs
were generated as described.”® Mononuclear cells were isolated by
density centrifugation using Histopaque-1077 (Sigma-Aldrich). Cells
were suspended in RPMI-1640 culture medium (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (MP Biomedicals,
Aurora, OH) and 1% penicillin-streptomycin (Sigma-Aldrich), and
cultured at 37°C in a humidified 5% CO,-containing atmosphere.
Recombinant canine GM-CSF (25ng/ml, R&D Systems, Minneapolis,
MN) and canine 1L-4 (12.5ng/ml, R&D Systems) were added to the
culture medium. On days 3 and 5 of the culture, 60% of the medium
volume was changed. On day 7 of the culture, loosely adherent cells
were collected and used for fluorescence-activated cell analysis. A FACS
Vantage system (Becton Dickinson, Franklin Lakes, NJ) was used for
flow cytometry event collection. For the purpose of examining the
infectious rate of rAAV, cells were cultured for 48 hours with rAAV2-
or 8-luciferase. The luciferase activity of rAAV2- or rAAVS-luciferase
co-cultured cells was estimated using an APPLISKAN Multimode
Reader (Thermo Fisher Scientific). Total RNA was isolated using an
RNeasy Fibrous Tissue Mini kit (Qiagen), and QuantiTect Reverse
Transcription kit (Qiagen). mRNA of cytokines were analyzed using the
primer set, forward primer 5-GAGGAGATGGGCTTCGAGTA-3" and
reverse primer 5-GTTCCACCAACACGTCGTC-3' for MyD88; for-
ward primer 5’-GCATCATCCAGGTGAACAAG-3’ and reverse primer
5-AAGTCAGCAAAGGTGCGATT-3" for CD80; forward primer
5. AGGTTACCCAGAACCCAAGG-3' and reverse primer, 5-TTGC
AGGACACAGAAGATGC-3’ for CD86; and forward primer 5'-ATT
GCCTCAAGGACAGGATAAA-3’ and reverse primer 5-TTGACG
TCCTCCAGGATTATCT-3’ for IFN-B. mRNA levels of MyD88, CD80,
CD86, and IFN-p in DCs were normalized with a house keeping gene,
18s rRNA. The mRNA levels in the transduced cells were presented as
ratios relative to the sample obtained from the untransduced DCs.

Statistical analysis. Statistical significance was determined on the basis
of an unpaired, two-tailed Student’s t-test using specialized software
(Statview; SAS Institute, Cary, NC). A P value of <0.05 was considered

significant.

SUPPLEMENTARY MATERIAL

Figure S1. Histological findings with incisional and nonincisional
_ injection under ultrasonographic guidance.

Figure $2. p-gal expression 4 weeks after injection.

Figure S3. Levels of mRNA were investigated using rAAV-injected

muscles.
Figure $4. Intramuscular injection of rAAV8-M3 into CXMD,
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Figure $5. Long-term p-gal expression using limb perfusion
injection.
Table $1. Protein expression analyzed with image].
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Abstract

Objective Mutations in the dysferlm gene cause hmb-glrdle muscular dystrophy (LGMD) 2B and Miyoshi
myopathy (MM), Wthh are collectively named dysferlmopathy Dysferlmopathy is the most frequent type of
LGMD in the Japanese population. Molecular genetic analysis is essential for the diagnosis of dysferlinopa-
thy because of its variable immunohistochemical patterns of biopsied muscles, including patterns similar to
normal controls. The analysis of the entire dysferlin gene however, is time-consuming and laborious; there-
fore a simple and rapid screening method to. detect hot spot mutations in the dysferlin gene is essential for

the diagnosis of dysferlmopathyR
Methods: We:previously showed . that 4 mutations, ¢.937+1G>A, ¢.1566C>G, ¢.2997G>T and c.3373delG

account for 50% of all the mutations identified in Japanese dysferlinopathy patients. We performed a one-
tube multiplex PCR, followed by extension of: primers for each mutation with a fluorescence-labeled dide-
oxynucleotide to screen the 4 hot spot mutations.

Results The multiplex primer-extension reaction was developed on samples of known mutations. The exten-
sion products were represented as 4 different peaks that corresponded to a mutated nucleotide on electro-
pherogram: Using the developed screening method, we were able to detect mutations in these hot spots in 3
samples out of 8 clinically suspected LGMD2B/MM patients in only approximately 8 hours. These 3 cases
were definitely diagnosed as LGMD2B/MM by exonic sequencing.

Conclusion We have developed a simple and rapid screening method which could facilitate the definitive
diagnosis of dysferlinopathy, contributing to an understanding of the genotype-phenotype correlations: for
dysferlinopathy.

Key words: limb-girdle: muscular dystrophy (LGMD) 2B, Miyoshi myopathy (MM), dysferhnopathy, muta-

tional hot spots, ﬂuorescent primer extension -

* (Intern Med 49: 2693-2696, 2010)
(DOI: 10. 2169/'mtemalmedxcme 49.3771)

Introduction

The loss: of dysferlin, resulting from homozygous or com-
pound heterozygous mutations in the dysferlin gene (Ge-
nelD: 8291) causes dysferlinopathy, including autosomal re-
cessive limb-girdle muscular dystrophy (LGMD) 2B, Mi-
yoshi myopathy (MM) and distal anterior compartment
myopathy (1, 2). Dysferlinopathy is the most frequent type
of LGMD in the Japanese population (personal communica-

tion by Dr. Yukiko Hayashi, National Center of Neurology
and Psychiatry). Commonly, the diagnosis.of dysferlinopa-

‘thy is made by immunohistochemistry (IHC). However, IHC

analyses with anti-dysferlin antibodies:in. LGMD2B/MM pa-
tients show multiple staining patterns, including patterns
similar. to normal controls. In addition, other types of
LGMD, such as LGMD2A and LGMDIC sometimes show
altered immunostaining patterns similar to LGMD2B/
MM (3). Therefore, molecular genetic analysis is essential
for the diagnosis of dysferlinopathy. Because the dysferlin
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Table 1. Clinical Features of 10 Patients

Mo S oniey Climealdingrosis D ety

1 F 2 LGMD2B ¢.2997G>T + ¢.2997G>T —

2 M s LGMD2B* - ND

3 M g8 LGMD2B* - ND

4 M s MM ¢.1566C>G €.265C>T

5 F 5 MM* - ND

6 F 66 MM** - ND

7 M 18 MM - ¢3112C>T +¢.5226C>T
8 M s MM €¢.3373delG ¢.1321C>T

9 M 6 other LGMD - ND

10 F 2 other LGMD — ND:

ND: not determined.  Dysferlin immunorencﬁvity:' *absent, **faint,

Table 2. PrimersUsed for PCR and Extension Reaction

Mutations Primer sequences Size Bp

(No. of Exon)

¢.937+1G>A F-ccacactttatttancgettiggegg

(Exon 10) R-cagaaccaaaatgcaaggatacgg
E-accatttacagagagcecc 19

¢.1566C>G ‘F-cgaccectetgatigecactigtg

(Exon 18) R-ggcatcetgecctigecaggg
E-aaaaaccacttttgggcectgeta 24

¢.2997G>T F-lci:'tctclnttgcttgcctgttcgg ‘

(Exon 28) R-ttgagagctigcoggppatgg
E-aaaaaasasagtgggaagatgaggaatg 28

€.3373delG F-atctaactctctgggctagtc

(Exon 31) R-tatcaccccatagaggectogaag
E-ananaanasaaagcgtpatggatgacaagagt 32

F: Forward primer for exonic PCR, R: Reverse primer for exonic PCR,

E: Extension primer

~ gene consists of 55 exons spanning more than 150 kb, mo--

lecular genetic analysis of the entire gene is time-consuming
and laborious. Therefore, an easier method to screen for

common mutations is now required to facilitate DNA-based

diagnosis of dysferlinopathy. We previously -showed that 4
mutations, ¢.937+1G>A, c¢.1566C>G, ¢.2997G>T and
¢.3373delG account for 50% of all the mutations identified
in" Japanese dysferlixiopathy patients (4). In this study, we
have developed & simple and -rapid screening method to de-
tect these mutational hot spots in. the dysferlin gene using
fluorescent primer extension.

~ Materials and Methods

'DNA samples

To develop a new screening method, we collected control
DNA samples from patients genetically diagnosed with dys-
ferlinopathy. Genomic DNAs from patients with MM (n=8),

carrying the homozygous and heterozygous mutations at the
hot spots ¢.937+1G>A, c¢.1566C>G, ¢.2997G>T, and
€.3373delG in the dysferlin gene were used as positive con-
trols,.and 4 negative controls were applied to this study. De-
scription of sequence variations are modified basically as
recommended by the Ad-Hoc Committee for Mutation No-
menclature (AHCMN), with the recently suggested additions

- as follows; G1310A to' c.937+I1G>A (p.2), C1939G to

c.1566C>G (p:Y522X), G3370T to ¢.2997G>T (p.W999C),
and 3746delG to ¢.3373delG (p.E1125KfsX1134) (5).

To test the usefulness of the newly developed method, we
further collected 8 DNA samples from patients who were
clinically suspected to have LGMD2B/MM based on the
typical clinical picture and the muscle biopsy finding of

 dysferlin deficiency and 2 other LGMD patients as shown in

Table 1.
PCR

‘Pairs of primers were designed to amplify DNA frag-
ments containing the 4 mutational hot spots (Table 2). Mul-
tiplex PCR amplification was performed in 1 tube, with 35
cycles of 94°C for 15 second, 55°C for 30 second and 72°C
for 1 minute. The resulting PCR products were purified us-
ing a PCR purification kit (Qiagen, Hilden, Germany).

Fluorescent primer-extension

Using purified PCR products as the template, multiplex
primer-extension reactions were performed in 1 tube to de-
tect. hot spot mutations ‘using a SNaPshot™ Multiplex Kit
(Applied Biosystems, Foster City, CA). We designed non-
labeled extension primers to anneal just 5 of the mutated
nucleotide. The primer length was altered by adding poly
(dA) tails at the 5° end to vary the size of the extension
products (Table 2). Once the primer anneals, a single-base
extension occurs by the addition of a complementary dide-

- oxyribonucleoside triphosphate (ddNTP) to the 3” end of the

annealed primer. In the present study, the 4 ddNTPs were
fluorescently labeled as follows: black for G, green for A,
blue for C and red for T. The primer extension reaction was
performed in a final volume of 10 pL, containing 3 pL of
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ttcattttcttttcatgtagtatcaaatgttgactgectgtgtttccaaatgttcttcaaaaacatggttittaatggaat

catataatgcaccacactttatttaacgctitggcggcaagagtitgatttgtgtetectcteattgattgeagatg

gacgtgggeaccatttacagagagecee[G/A]tgagttctcaccactitggecgtatecttgeattitggit

ctggaggctgatiggggacactcatitggggtectcactgtcectectgggggttitagaatctagaggaagg

‘Figure 1, Sequence of exon 10 from the dysferlin gene containing the c937+1G>A mutation. Loca-
tion of the forward primer and reverse primer (underlined) in relation to the extension primer

(bold).

c.937+1G>A ¢.1566C>G €.2997G>T ¢3373delG

K — o w ] ] m
control |

A [v,i]
hetero

"

“homo

Figure 2. GeneScan electropherograms of the fluorescent lorimer extension reactions showing the
4 common mutations, ¢.937+1G>A, ¢.1566C>G, ¢.2997G>T and ¢.3373delG. Each genotype was de-
termined by both the position of the peak as well as by the color of the emitted flucrescence. Hetero,
heterozygous mutation; homo, homozygous mutation.

PCR product (5 ng), 5 uL of SNaPshot ready reaction mix
(ddNTP terminators, DNA polymerase) and 0.2 uM of each
of the extension primers corresponding to the 4 hot spots,
The cycling conditions were 25 cycles of 96°C for 10 sec-
ond, 50°C for 5 second and 60°C for 30 second. Post-
extension treatment was conducted with 1 unit of calf intes-
tinal alkaline phosphatase (Roche Molecular Biochemicals,
Penzberg, Germany) for 60 minute at 37°C, followed by 15
minute at 75°C for enzyme inactivation. The samples were
subjected to capillary electrophoresis on an ABI 310 Genetic
Analyzer (Applied Biosystems) and analyzed using GeneS-
can software (version 3.1, Applied Biosystems).

Results

Pairs of primers for exonic PCR were designed to flank

the mutatéd nucleotide, and the extension primers were de-
signed to end 1 nucleotide 5° of the mutated nuceotide as
shown in Fig. 1. Electropherograms of the: PCR samples af-
ter single nucleotide primer extension at the 4 hot spot mu-
tations are shown in Fig. 2. The extension products are rep-
resented as 4 different peaks that were determined by the
primer length and the incorporated fluorescently labeled

ddNTP. For the c.937+1G>A mutation, the control sample

produced a black peak (G), the homozygous mutant sample
produced a green peak (A), and the heterozygous sample
produced a black and a green peak (G and A). As expected,
cases of c.1566C>G and ¢.2997G>T mutation were also
fluorescence detected and interpreted on the electrophero-
grams. In the case of the c.3373delG mutation, the control
sample produced a black peak (G), whereas the homozygous
sample showed no peak, and the heterozygous sample pro-
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duced a smaller peak compared with the control sample. Di-
rect sequencing was performed on these samples to verify
the results of the fluorescent primer extension, and there
was a complete concordance. The time required for the pro-
cedure was approximately 8 hour. Using the developed
method, we actually screened the gene for mutations in 8
Japanese patients clinically suspected to have LGMD2B/
MM and 2 other LGMD patients (Table 1). We identified 1
homozygous mutation, ¢.2997G>T (No.1) and 2 heterozy-
gous mutations, ¢.1566C>G. (No.4) and ¢.3373delG (No.8,
total 4 alleles), out of 8 DNA samples from LGMD2B/MM

_patients (No.1-8, total 16 alleles). We further analyzed

screening-negative alleles by exonic PCR and subsequent di-
rect sequencing analyses. We detected mutations other than
the 4 hot ‘spots in the 2 heterozygous cases (No4, 8) and
confirmed the diagnosis of dysferlinopathy. One screening
negative case (No.7) was diagnosed as dysferlinopathy by
exonic sequencing alone. No mutations were detec_:,ted‘ in 2
DNA samples from other LGMD (No.9, 10) by the devel-
~ oped method.

Discussion

In this study, we developed a simple and rapid mutational
screening method, in which both the genomic PCR and the
primer extension reaction are' multiplexed, and which takes
only approximately 8 hour to detect mutatlons at any of the
4 Japanese LGMD2B/MM mutational hot spots in the dys-
ferlin gene. This method is readily available for many labo-
ratories, is easy to use and is suitable for a great many clini-

~ cal samples The design is flexible and more mutation sites: :

could be added to the rnultlplex reacuons
Over the past 9 years, we have performed SSCP analys1s
 of each exon of the dysferlin gene in over 150 samples from

 Japanese patients with clinically dlagnosed or suspected

LGMD2B/MM. Among them, we detected 28 dnfferent mu-
tations in the codmg region of the dysfcrhn gene, which

were widely distributed along the entire length of the gene
(unpublished data). However, using our newly devecloped
screening method, we easily detected mutations at hot spots
in 4 alleles out of 16 alleles in clinically suspected LGMD?2
B/MM patients. By analyzing more samples, the sensitivity
and specificity of our new method will be determined.

We propose that our rapid screening method could be ap-
plied initially to the genomic screening for dysferlinopathy,
which could detect up to 50% of the mutations in Japanese
dysferlinopathy patients. Further, precise analyses by SSCP,
gene chip or other mutation detection methods will be nec-
essary only in the screening-negative cases. This novel
screening method could facilitate the definitive diagnosis of
dysferlinopathy, thereby contributing to an understanding of
the genotype-phenotype correlations for this disease.
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