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Dual adeno-associated virus (AAV) technology was developed in 2000 to double the packaging capacity of
the AAV vector. The proof of principle has been demonstrated in various mouse models. Yet, pivotal
evidence is lacking in large animal models of human diseases. Here we report expression of a 7-kb canine
DH2–R15 mini-dystrophin gene using a pair of dual AAV vectors in the canine model of Duchenne
muscular dystrophy (DMD). The DH2–R15 minigene is by far the most potent synthetic dystrophin gene
engineered for DMD gene therapy. We packaged minigene dual vectors in Y731F tyrosine-modified AAV-9
and delivered to the extensor carpi ulnaris muscle of a 12-month-old affected dog at the dose of 2 · 1013

viral genome particles/vector/muscle. Widespread mini-dystrophin expression was observed 2 months
after gene transfer. The missing dystrophin-associated glycoprotein complex was restored. Treatment also
reduced muscle degeneration and fibrosis and improved myofiber size distribution. Importantly, dual AAV
therapy greatly protected the muscle from eccentric contraction-induced force loss. Our data provide the
first clear evidence that dual AAV therapy can be translated to a diseased large mammal. Further de-
velopment of dual AAV technology may lead to effective therapies for DMD and many other diseases in
human patients.
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vectors, mini-dystrophin

INTRODUCTION
DYSTROPHIN GENE MUTATION leads to Duchenne
muscular dystrophy (DMD), a severe disease that
results in body-wide muscle degeneration and ne-
crosis in boys and young men. Adeno-associated
virus (AAV)–mediated dystrophin gene replace-
ment therapy is being actively pursued to treat
DMD. The 12-kb full-length dystrophin gene cDNA
was cloned in 1987.1,2 The 427-kD full-length pro-
tein is a subsarcolemmal cytoskeletal protein and
has four major domains including the N-terminal,
rod, cysteine-rich (CR), and C-terminal (CT) do-
mains. The rod domain can be further divided into
24 spectrin-like repeats (R) and four proline-rich
hinges (H). Dystrophin assembles a number of
cytosolic and transmembrane proteins into the

dystrophin-associated glycoprotein complex (DGC)
to protect the sarcolemma from mechanical stress
generated during muscle contraction.

The AAV vector is the leading vector for muscle
gene therapy. However, its maximal packaging
capacity is only 5 kb.3–5 This is clearly not enough
for the 12-kb full-length dystrophin cDNA. To
overcome this hurdle, investigators have synthe-
sized super-small microgenes. Micro-dystrophins
are about one-third the size of the full-length pro-
tein. Although micro-dystrophin can protect dys-
trophic mice, it is unclear how it will fare in human
muscle. In this regard, it is worth to point out that
a patient who expressed a truncated in-frame dys-
trophin protein of a similar size to that of micro-
dystrophin was shown to display severe disease.6
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In 1990, the Davies lab discovered a half-size
dystrophin gene from a patient who was ambulant
at age 61 years.7 The cDNA of this truncated gene
is termed the mini-dystrophin gene. The minigene
is 6.2-kb and contains an incomplete repeat 19
(R19).7 The partial repeat disrupts the normal
phasing of the protein. In 2002, the Chamberlain
lab engineered the 6-kb DH2–R19 minigene.8 The
residual R19 was removed in this minigene. The
6-kb minigene yielded much better functional res-
cue than the original 6.2-kb minigene in transgenic
mice.8 Unfortunately, none of these minigenes carry
the pivotal R16/17 neuronal nitric oxide synthase
(nNOS)-binding domain.9,10 To address this issue,
we developed a 6-kb DR2–15/DR18–19 minigene by
replacing R2 and R3 in the Chamberlain version
minigene with R16 and R17.11 Preliminary studies
in mouse models of DMD show that this new 6-kb
minigene normalized nNOS homeostasis, reduced
muscle pathology and improved muscle contractili-
ty.12 We recently discovered that R1-3 represents
a previously unappreciated membrane-binding do-
main in dystrophin.13 In light of this new finding, we
decided to shift our emphasis to the R1-3 containing
7-kb DH2–R15 mini-dystrophin gene.9

In order to deliver the minigene with AAV, we
have previously invented the dual AAV techno-
logy.14–18 In this technology, an intact expression
cassette is split into two parts and each part is de-
livered by an AAV vector. Co-infection of both vec-
tors reconstitutes transgene expression (reviewed
elsewhere19–21). In a series of studies, we and others
have further demonstrated that local and systemic
delivery of the 6-kb minigene with dual AAV can
lead to highly efficient mini-dystrophin expression
and muscle protection in dystrophic mice.11,12,17,22–25

Here we tested the hypothesis that dual AAV gene
therapy can effectively reconstitute the 7-kb DH2–
R15 minigene expression in the canine DMD model.
We found encouraging proof of principle evidence
that dual AAV-mediated gene therapy with the 7-kb
DH2–R15 minigene can greatly reduce muscle pa-
thology and improve muscle function in an adult
dystrophic dog.

MATERIALS AND METHODS
Animals

All animal experiments were approved by the
Animal Care and Use Committee of the University
of Missouri and were performed in accordance with
U.S. National Institutes of Health guidelines. A
12-month-old affected dog (ID# dog E25) was se-
lected to receive dual AAV local injection based on
the availability of the dogs in the colony at the time

of the study. This dog had a mixed genetic back-
ground of golden retriever, labrador retriever, and
beagle. It carried a point mutation in intron 6 that
disrupted dystrophin RNA splicing and the re-
sulting transcript contained a frame-shift muta-
tion and a premature stop codon. In addition, 11
adult normal dogs (age: 14.53 – 5.77 months) and
12 adult dystrophic dogs (age: 8.78 – 3.76 months)
were used as controls. All experimental dogs were
on a mixed genetic background and generated in
house by artificial insemination. All affected dogs
carry mutations in the dystrophin gene that abort
dystrophin expression. The genotype was deter-
mined by polymerase chain reaction according to
published protocols.26–28 The diagnosis was also
confirmed by the significantly elevated serum cre-
atine kinase level in affected dogs.

All experimental dogs were housed in a specific-
pathogen-free animal care facility and kept under
a 12-h light/12-h dark cycle. Affected dogs were
housed in a raised platform kennel, while normal
dogs were housed in a regular floor kennel. De-
pending on the age and size, two or more dogs are
housed together to promote socialization. Normal
dogs were fed dry Purina Lab Diet 5006, while af-
fected dogs were fed wet Purina Proplan Puppy food.
Dogs were given ad libitum access to clean drinking
water. Toys were allowed in the kennel with dogs
for enrichment. Dogs were monitored daily by the
caregiver for overall health condition and activity. A
full physical examination was performed by the
veterinarian from the Office of Animal Research at
the University of Missouri for any unusual changes
(such as behavior, activity, food and water consump-
tion, and clinical symptoms). The body weight of the
dogs was measured periodically to monitor growth.
Experimental subjects were euthanized at the end of
the study according to the 2013 American Veterinary
Medical Association Guidelines for the Euthanasia of
Animals.

Mini-dystrophin dual AAV vector construction
and recombinant Y731F tyrosine mutant
AAV-9 production

The proviral cis plasmids used in this study in-
cluded YZ37 and YZ39 (Fig. 1). They were generated
by standard molecular cloning techniques. YZ37
contains the cytomegalovirus (CMV) promoter, a
flag tag fused to the N-terminal end of the dystro-
phin gene, and the 5¢ half of the DH2–R15 mini-
dystrophin gene (including the N-terminal domain,
hinges 1 and 3, and spectrin-like repeats R1, R2, R3,
R16, R17, R18, R19, R20 and part of R21). YZ39
contains the 3¢ half of the DH2–R15 mini-dystrophin
gene (including a part of hinge 3, spectrin-like
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repeats R20 to R24, hinge 4, the cysteine-rich do-
main and the C-terminal domain), a green fluores-
cent protein (GFP) tag fused to the C-terminal end
and the SV40 polyadenylation signal. A 0.4-kb dys-
trophin gene fragment (from the late part of hinge 3
to the first part of R21) was shared by YZ37 and
YZ39 vectors (Supplementary Fig. S1; Supplemen-
tary Data are available online at www.liebertpub
.com/hum).

The Y731F AAV-9 capsid-packaging construct
was a generous gift from Dr. Arun Srivastava (Uni-
versity of Florida, Gainesville, FL).29 Recombinant
vector stock was generated using the transient
transfection protocol and purified through three
rounds of cesium chloride ultracentrifugation ac-
cording to our published protocols.30 We have pre-
viously demonstrated that Y731F AAV-9 can lead to
efficient local and systemic gene transfer in dystro-
phic dog muscle.31–33 Viral titer was determined
using the Fast SYBR Green Master Mix kit (Bio-
Rad, Hercules, CA) by real-time quantitative PCR
(qPCR) in an ABI 7900 HT qPCR machine (Applied
Biosystems, Foster City, CA).

Immune suppression and gene delivery
Immunosuppression was applied starting from

1 week before AAV injection and continued
through the course of the study (8 weeks). Cyclos-
porine (Neoral, 100 mg/mL; Novartis, East Hanover,
NJ; NDC 0078-0274-22) and mycophenolate mofetil
(CellCept, 200 mg/mL; Genentech, South San Fran-
cisco, CA; NDC 0004-0261-29) were used to achieve
immunosuppression.31,34 Cyclosporine was admin-
istered orally at the dose of 10–20 mg/kg$day to
achieve a whole blood trough level of 100–200 ng/mL.
The cyclosporine level was measured at the Clinical
Pathology Laboratory in the University of Missouri
Hospital (Columbia, MO). The blood trough level
was achieved at day 6 day after starting cyclospor-
ine. Mycophenolate mofetil was administered orally
twice a day at the dose of 20 mg/kg (40 mg/kg$day).

The dog was awake throughout the injection.
Briefly, the dog was gently restrained on the sur-
gery table and the extensor carpi ulnaris (ECU)
muscle was identified according to anatomical
markings as we have previously described.31 A total
of 2 · 1013 vector genome (vg) particles/vector were

Figure 1. A schematic outline of the dual AAV DH2–R15 mini-dystrophin vectors. YZ37 (vector size = 4.7 kb) carries the 5¢ part of the minigene and YZ39
(vector size = 4.9 kb) carries the 3¢ part. A flag gene is fused in-frame to the N-terminal end of the mini-dystrophin gene and a GFP gene is fused in-frame to the
C-terminal end. Homologous recombination between the overlapping region (indicated by dotted box) reconstitutes the complete 7-kb mini-dystrophin gene
expression cassette (size = 8.6 kb) and leads to the production of a 250-kD mini-dystrophin protein). AAV, adeno-associated virus; C, C-terminal domain of
dystrophin; CMV, cytomegalovirus promoter; CR, cysteine-rich domain of dystrophin; H, proline-rich hinges in the dystrophin rod domain; N, N-terminal domain
of dystrophin; pA, polyadenylation signal; trapezoid structures, inverted terminal repeats of AAV. Numerical digits, spectrin-like repeats (R) in the dystrophin rod
domain.
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delivered to the right ECU muscle in five sepa-
rate injections (0.4 mL per injection) in a total
volume of 2 mL. An equal volume of HEPES (N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid)
buffer was injected into the left ECU. The dog was
injected at 12 months of age and AAV transduction
was evaluated 2 months later.

AAV genome copy number quantification
Freshly dissected muscles were snap-frozen in

liquid nitrogen–cooled isopentane in the optimal
cutting temperature compound (OCT) (Sakura Fi-
netek Inc., Torrance, CA). Genomic DNA was ex-
tracted from OCT-embedded tissue samples. DNA
concentration was quantified with Qubit dsDNA
HS assay kit (ThermoFisher Scientific, Waltham,
MA). TaqMan assays were designed to detect the
vector genome copy number for YL37 and YL39.
Specifically, we designed an assay to detect R3-R16
junction in YL37. We also designed as assay to de-
tect the SV40 polyadenylation signal in YL39. For
R3–16 detection, the forward primer is 5¢ AGTCA
AGCGCCCAGATCAG, the reverse primer is 5¢ AGA
CATGGGTGATCTCAGTCAGA, and the probe is 5¢
CCAGGCTGTGGAAATT. For SV40 pA detection,
the forward primer is 5¢ ACAAACCACAACTAGAA
TGCAGTGA, the reverse primer is 5¢ TGTTGTTGT
TAACTTGTTTATTGCAGCTTA and the probe is 5¢
ATAGCATCACAAATTTC. Quantitative TaqMan
PCR assays were performed using the TaqMan
Universal PCR master mix (ThermoFisher Sci-
entific). The threshold cycle value of each reac-
tion was converted to the vector genome copy
number by measuring against the copy number
standard curve of the known amount of the re-
spective proviral cis plasmid (YL37 or YL39). The
data are reported as the vg copy number per
diploid genome.

Histopathology
Hematoxylin and eosin (HE) staining was

used to study the general histopathology. Fibrosis
was evaluated by Masson trichrome staining using
a kit from Richard-Allan Scientific (Kalamazoo,
MI). Dystrophin expression was detected using
seven dystrophin-specific antibodies according to
our published protocols.36 The N-terminal domain
of dystrophin was detected with a rabbit polyclonal
antibody (1:600) (a gift from Dr. Jeffrey Chamber-
lain at the University of Washington). Spectrin-
like repeats 4–6 (R4–6) was detected with the
H-300 rabbit polyclonal antibody (1:400; Santa
Cruz Biotechnology, Santa Cruz, CA). R11 was
detected with Mandys8 (1:200; Sigma, St Louis,
MO). R16 was detected with Mandys103 (1:20; a

gift from Dr. Glenn Morris at the Robert Jones
and Agnes Hunt Orthopaedic Hospital (Oswestry,
UK). R17 was detected with Manex 44A (1:500; a
gift from Dr. Glenn Morris). H3 was detected with
Manex 50 (1:2,000; a gift from Dr. Glenn Morris).
The C-terminal domain was detected with Dys2
(1:20; Novocastra, Newcastle, UK). The dystrophin-
associated glycoprotein complex (DGC) components
were evaluated with monoclonal antibodies against
b-dystroglycan (1:50; Novocastra, Newcastle, UK),
b-sarcoglycan (1:50; Novocastra), dystrobrevin (1:200;
BD Bioscience, San Diego, CA), and syntrophin
(1:200; Abcam, Cambridge, MA).

Slides were viewed using a Nikon E800 fluo-
rescence microscope. Photomicrographs were taken
with a QImage Retiga 1300 camera. Central nucle-
ation and the myofiber diameter were determined
from five or more random microscopic fields of an
HE-stained muscle section. The myofiber size was
determined from the digitized images using the
quantitative image analysis module of the extended
version of the Photoshop CS5.5 software as we
published before (Photoshop version CS5.5 extend-
ed; Adobe Systems Incorporated, San Jose, CA).31,35

Western blot
Whole muscle lysate was prepared from liquid

nitrogen preserved ECU muscle tissue as described
previously.36 Muscle lysates were resolved on a 6%
sodium dodecyl sulfate-polyacrylamide gel and
protein was transferred to a polyvinylidene di-
fluoride membrane. Dystrophin was detected with
a monoclonal antibody against the C-terminal do-
main (Dys2, 1:100 dilution, clone Dy8/6C5, IgG1;
Novocastra, Newcastle, UK). This antibody recog-
nized both full-length dystrophin and DH2–R15
mini-dystrophin.

Muscle function assay
The ECU muscle force was evaluated using our

previously published protocol.31,35 The dog was
sedated with ketamine (15 mg/kg body weight) and
acepromazine (0.12 mg/kg bdy weight). Anesthesia
was induced with 4% isoflurane and maintained
with 2% isoflurane. The dog was placed in the su-
pine position on a custom-made in situ muscle
function assay setup. A catheter was placed in the
thoracic aorta to monitor blood pressure. Another
catheter was placed in the jugular vein for lactated
saline infusion. Core body temperature was moni-
tored and maintained at 37�C throughout the as-
say. The entire ECU muscle was surgically exposed
and the distal tendon was attached to the force
transducer (SM-250-38; Interface, Scottsdale, AZ)
at the distal tendon. The radial nerve was carefully
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dissected and mounted on a bipolar electrode using
8 volts and 0.2-ms pulse duration electric stimu-
lation (Grass S48 Stimulator, Grass Instruments,
Quincy, MA). The optimal muscle length (Lo) was
determined using single twitch stimulation. The
tetanic force was determined by applying 200-ms
tetanic stimulation at the frequency of 100 Hz. The
physiological cross-sectional area (PCSA) was cal-
culated according to the equation PCSA = (muscle
weight in grams · cos[10.03])/(1.06 g/cm3 · optimal
fiber length in cm), where 1.06 g/cm3 is the muscle
density and 10.03 is the pennation angle of the
ECU muscle.35 The optimal fiber length (Lf) was
determined by multiplying the measured Lo of the
muscle by the ECU muscle Lf/Lo ratio of 0.0448.35

The specific muscle force was calculated by nor-
malizing the absolute tetanic muscle force by the
PCSA. Following a 20-min rest, the muscle was
subjected to 10 cycles of eccentric contraction. In
each cycle, the muscle was stimulated to reach the
maximal tetanic force for a total time of 1,200 ms.
In the last 1,100 ms the ECU muscle was stretched
by *5% of its original length. After a 2-min rest, a
second cycle of eccentric contraction was applied.
The percentage of force drop after each cycle of
eccentric contraction was calculated. The dog was
euthanized at the end of the assay and tissues
collected for further analysis.

RESULTS
Construction of the DH2–R15 mini-dystrophin
dual AAV vectors

We have previously shown that the DH2–R15
minigene can restore skeletal muscle and heart
function in transgenic mdx mice.9,37 This minigene
encodes a 250-kD protein. Specifically, it contains
the actin-binding domain, R1–3 membrane binding
domain, R16/17 nNOS-binding domain, R16–19
putative heart protection domain, R20–23 microtu-
bule binding domain, dystroglycan binding domain,
plectin binding domain, syntrophin and dystro-
brevin binding domain, ankyrin binding domain,
myospryn binding domain, and domains that in-
teract with intermediate filaments such as synemin,
synemin-2, and keratin 19 (Duan lab, unpublished
data).9,10,13,38–51 In the middle of the dystrophin
cDNA, there is a 0.4-kb highly recombinogenic re-
gion (including part of hinge 3, whole R20, and part
of R21) (Supplementary Fig. S1). This region has
been used to generate dual and tri-AAV vectors to
express the 6-kb mini-dystrophin gene and the full-
length dystrophin cDNA.11,25,52 Here, we also used
this region to mediate reconstitution of the 7-kb
mini-dystrophin gene (Fig. 1). Briefly, one vector

(YZ37) carries the 5¢-section of the minigene (from
the N-terminal domain to R21) and the other vector
(YZ39) carries the 3¢-section of the minigene (from
the second half of H3 to the C-terminal domain). As
an additional means to validate the minigene re-
constitution, we also engineered a flag tag at the N-
terminal end and fused a GFP gene in frame at the
C-terminal end (Fig. 1). The size of the completely
reconstituted expression cassette is 8.6 kb (Fig. 1). It
should also be mentioned that we built the 7-kb
mini-dystrophin gene dual vector using the canine
dystrophin gene because human dystrophin elicits
strong cellular immune responses in dystrophic
dogs.34,53

Dual AAV vectors expressed DH2–R15
mini-dystrophin in dystrophic dog muscle

To test whether dual AAV delivery can work in
large mammals, we packaged the dual AAV DH2–
R15 mini-dystrophin vectors in Y731F AAV-9 and
co-delivered to the ECU muscle of a 12-month-old
affected dog (dog E25) at the dose of 2 · 1013 vg par-
ticles/vector/muscle. The contralateral ECU muscle
received the same volume HEPES buffer (excipient).
To minimize vector-induced immune rejection, we
applied immunosuppression using cyclosporine and
mycophenolate mofetil. Two months following gene
transfer, the subject was euthanized and we evalu-
ated the AAV vector genome copy number, mini-
dystrophin expression, DGC reconstitution, muscle
histology and muscle force (Fig. 2A).

On flag antibody immunostaining, we detected
widespread mini-dystrophin expression in the en-
tire ECU muscle (Fig. 2B, Supplementary Fig. S2).
On western blot, the molecular size of the recon-
stituted mini-dystrophin protein is identical to
that of the intact mini-dystrophin protein expressed
in transgenic mdx mice (Fig. 2C). Mapping with
epitope-specific antibodies confirmed the composi-
tion of the reconstituted mini-dystrophin protein
(Fig. 2D). Epitopes that are present in DH2–R15
mini-dystrophin showed positive staining (such as
the N-terminus, R16, R17, H3, and C-terminus).
Antibodies that are specific for the regions absent in
DH2–R15 mini-dystrophin were negative in im-
munostaining (such as R4–6 and R11). Importantly,
all dystrophin positive cells were also GFP posi-
tive, suggesting they are indeed reconstituted from
dual AAV vectors rather than revertant myofibers
(Fig. 2D).

On AAV genome quantification, we detected
*200 to 250 vg copies per diploid genome of the two
vectors (YL37 and YL39) in the injected ECU
muscle (Fig. 3). Negligible vector genome copies
were detected in distant muscles (such as the
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Figure 2. Intramuscular co-injection of minigene dual AAV vectors resulted in widespread mini-dystrophin expression (A) Schematic illustration of the
timeline of the study. IS, immune suppression. (B) Evaluation of mini-dystrophin expression by immunofluorescence staining using the flag-specific antibody
(see Supplementary Fig. 2 for the enlarged image). Arrows indicate muscle tendon. (C) Evaluation of mini-dystrophin expression by Western blot using a
dystrophin C-terminal domain specific antibody. Transgenic mdx, muscle lysate from DH2–R15 transgenic mdx mice. a-tubulin was used as the loading control.
(D) Immunofluorescence staining with epitope-specific antibodies on serial sections from dual AAV treated ECU muscle. DH2–R15 mini-dystrophin carries the
N-terminal domain, spectrin-like repeat 16 (R16), 17 (R17), hinge region 3 (H3), C-terminal domain, and a GFP gene fused in-frame to the C-terminus. However, it
does not contain R4–6 and R11. Asterisks indicate the same myofiber in serial sections.
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contralateral ECU muscle and the gastrocnemius
muscle) and in the control un-injected dog (Fig. 3).

Dual AAV-mediated DH2–R15 mini-dystrophin
expression restored the DGC complex,
improved muscle histology and enhanced
muscle function

A critical biochemical function of dystrophin is to
assemble a series of transmembrane and cytosolic
proteins into the DGC complex. On immunostain-
ing, we observed restoration of these proteins (such
as b-dystroglycan, b-sarcoglycan, dystrobrevin, and
syntrophin) on the sarcolemma of mini-dystrophin
positive myofibers (Fig. 4).

On HE staining, the dual AAV treated ECU
muscle showed histology similar to that of the ECU
muscle from a normal dog (Fig. 5A and B). In sharp
contrast, the contralateral untreated ECU muscle
displayed characteristic features of dystrophic pa-
thology such as inflammation, degeneration/regen-
eration, and fibrosis (Fig. 5A and B). To further
evaluate histological improvements, we quantified
fibrosis, myofiber size distribution, and the percent-
age of muscle cells that contained centrally localized
nuclei (Fig. 5C–E). On fibrosis quantification, we saw
a *50% reduction in the treated ECU muscle com-
pared to that of untreated ECU muscle (Fig. 5C). The
myofiber size distribution was shifted towards that of
the normal ECU muscle in the dual AAV treated
ECU muscle but not in the buffer-injected contra-
lateral ECU muscle. The peak myofiber size in the
normal ECU muscle was 262 to 282 lm2 (675 to
785lm2). The peak myofiber size in the affected dog
ECU muscle was *382 lm2 (*1,440 lm2). On the

untreated ECU muscle in dog E25, the peak
myofiber size was 442 lm2 (*1,940lm2). On the
treated side, the peak myofiber size showed a sub-
stantial shift toward normalization to 312 lm2

(*960 lm2) (Fig. 5D). The presence of centrally nu-
cleated myofibers is a cellular marker for muscle
degeneration/regeneration. We detected a 50% re-
duction in dual AAV treated muscle, suggesting an
amelioration of muscle degeneration and regenera-
tion (Fig. 5E).

Improvement of muscle strength is the ultimate
goal of DMD therapy. To this end, we measured
ECU muscle function using a previously published
in situ force assay protocol (Fig. 6; Table 1).31,35

Compared with that of untreated dystrophic ECU
muscles, the specific twitch tension and specific
isometric tension were substantially increased fol-
lowing mini-dystrophin treatment (Fig. 6A). Ec-
centric contraction is a highly damaging form of
muscle contraction in which a contracting muscle is
lengthened by external force. The ability to preserve
muscle force following eccentric contraction has
been considered a gold standard in evaluating mus-
cle function in the field of muscular dystrophy gene
therapy. Remarkably, the force of the dual AAV
treated ECU muscle was better preserved than that
of untreated ECU muscles through ten rounds of
eccentric contraction (Fig. 6B).

DISCUSSION

In this study, we show proof-of-principle evi-
dence that dual AAV-delivery of a large therapeu-
tic dystrophin gene can effectively reconstitute

Figure 3. AAV genome copy quantification revealed accumulation of dual AAV vectors in the injected muscle. TaqMan quantitative PCR was performed to
measure the AAV genome copy number in the treated and untreated ECU muscles and gastrocnemius muscle in Dog E25. Tissues from an affected dog that did
not receive AAV injection were used as the negative control. (A) AAV genome copy number results for YL37. (B) AAV genome copy number results for YL39.
ECU, extensor carpi ulnaris.
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dystrophin expression in diseased muscle in the
canine DMD model. Importantly, dual AAV therapy
resulted in biochemical, histological, and physio-
logical improvements.

The development of the dual AAV technology has
been recognized as a major breakthrough in the
history of AAV gene therapy.54,55 AAV vectors
have many features that are highly desirable for
gene therapy, such as the superior safety of the wild-
type virus, gut-less nature of the vector, long-term
persistence as an episomal molecule, easy pro-
duction and purification, and versatile tissue tro-
pism through capsid modification. However, AAV
is among the smallest existing viruses. The max-
imal genome size that can be packaged in a fully
assembled AAV particle is merely 5 kb. This cre-
ates a challenge in using AAV to deliver thera-
peutic expression cassettes that are larger than
5 kb. Dual AAV vector technology offers a solution
to this problem. In dual AAV vectors, a large
therapeutic gene is expressed through intermo-
lecular recombination of the vector genomes. Ap-
plication of this technology in mouse models of
human diseases has revealed marvelous thera-
peutic promise in treating blood, retinal, and
muscle diseases.11,12,17,22–25,56

The ultimate goal of gene therapy is to treat dis-
eased large mammals, including human patients

and/or veterinary patients (such as dogs and cats).
Although others have shown efficient dual AAV-
mediated gene transfer in normal pigs and nonhu-
man primates,57,58 dual AAV technology has never
been evaluated in a diseased model in large mam-
mals. Failure to translate mouse results to human
patients has been a major bottleneck in the devel-
opment of experimental therapies for DMD and
many other diseases.59–61 This is at least partially
because mouse models (such as the commonly used
mdx model for DMD) are built on inbred mice and
they show minimal clinical disease.62 Further the
small size of the mouse makes it impossible to test
the scale-up. Studies performed in large animal
models will help bridge the translational gap be-
tween mice and patients.63,64

Against this backdrop, we explored dual AAV
gene therapy in the canine DMD model.62 To our
knowledge, this is the first study to evaluate dual
AAV vectors in a diseased large mammal. As a
starting point, we performed local therapy in a sin-
gle muscle (ECU) in a severely affected adult dog.
The contralateral ECU muscle was used as the un-
treated control. AAV genome quantification con-
firmed the delivery of the dual AAV vectors in
the treated ECU muscle (Fig. 3). We have previously
used the same local injection approach to study
single AAV micro-dystrophin (DR2–15/DR18–19/

Figure 4. Dual AAV mini-dystrophin expression restored of major components of the DGC. Immunofluorescence staining for b-dystroglycan, b-sarcoglycan,
dystrobrevin and syntrophin. Muscle in the top panels comes from the same serial sections shown in Figure 2D. Asterisk, the same myofiber in serial sections.
DGC, dystrophin-associated glycoprotein complex.
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Figure 5. Dual AAV DH2–R15 mini-dystrophin treatment ameliorated dystrophic histopathology in dog muscle. (A) Representative low magnification view of
hematoxylin and eosin stained sections from the normal ECU muscle (left panel), dog E25’s buffer-injected ECU muscle (middle panel) and dog E25’s dual AAV-
injected ECU muscle (right panel). Arrows indicate muscle tendon. (B) Representative high magnification view of hematoxylin and eosin (top panels) and
Masson trichrome (bottom) stained ECU muscle sections from the indicated dogs. On Masson trichrome staining, fibrotic tissue is in blue color. (C)

Morphometric quantification of fibrosis. (D) Myofiber size distribution in the ECU muscle of normal dogs (n = 9,661 myofibers from 6 dogs), control DMD dogs
(n = 5,055 myofibers from 4 dogs), and dog E25 (untreated side, n = 607 myofibers; dual AAV treated side, n = 560 myofibers). (E) Quantification of central
nucleation. Central nucleation shows the percentage of the myofibers with centrally localized nuclei. It is a biomarker for muscle degeneration and
regeneration. Normal, 10,449 myofibers from the ECU muscle of six normal dogs; DMD, 7,482 myofibers from eight control DMD dogs; Dog E25 untreated, 602
myofibers from the ECU muscle on the buffer injected side; Dog E25 treated, 488 myofibers from the ECU muscle on the dual AAV-injected side. Color images
available online at www.liebertpub.com/hum

j 307



DR20–23/DC) gene therapy in dystrophic dogs.31

Similar to what we have observed in the single
AAV micro-dystrophin study,31 we obtained wide-
spread mini-dystrophin expression in more than
50% of the myofibers on muscle cross-section by
immunostaining (Fig. 2B; Supplementary Fig. S2).
On western blot, the total amount of the dystrophin
protein produced from the single microgene AAV
vector reached the similar level or even above that
of a normal dog.31 Interestingly, the total amount
of the dystrophin protein produced from the mini-
gene dual AAV vectors seemed much lower than
that of a normal dog (Fig. 2C)31 There are several
possible explanations for similar expression on
immunostaining (in terms of the percentage of
dystrophin positive cells) but lower expression on
Western blot (in terms of the absolute dystrophin
quantity in muscle). Skeletal muscle cells are

multinucleated. RNA transcripts from a single
transduced myonucleus can spread through a broad
region for protein translation. On immunostaining,
the myofiber will present as dystrophin positive.
Western blot is a different measure; it quantifies the
total amount of protein generated in the muscle cell.
In the case of the single AAV approach, every vector
genome in the myonuclei is transcriptionally com-
petent. In the case of dual AAV approach, only a
fraction of the vector genome can recombine into the
transcriptionally competent expression cassette.
Hence, the absolute amount of the protein being
generated from dual AAV vectors will be less.

Next, we examined whether dual AAV minigene
therapy could benefit the dystrophic muscle. On
immunostaining, mini-dystrophin expression ef-
fectively restored components of the DGC to the
sarcolemma (Fig. 4). On HE staining and Masson
trichrome staining, the treated ECU muscle was
clearly improved (Fig. 5). To gain a better under-
standing on the level of improvement, we performed
several quantitative assays. Quantification of fibro-
sis revealed a clear reduction in the muscle that had
received the dual AAV minigene vectors (Fig. 5C).
When we compared the myofiber size distribution
curve of the untreated ECU muscle in the dog E25
(the one used for dual AAV injection) to that of the
ECU muscle of the control DMD dogs, interestingly,
we found a rightward shift of the curve (Fig. 5D).
Further the curve was broadened in dog E25’s un-
treated ECU muscle (Fig. 5D). This suggests that
dog E25 had more severe muscle disease than the
control DMD dogs. Further analysis confirmed that
this was indeed the case. For example, the untreated

Table 1. Age, body weight and anatomical properties
of the extensor carpi ulnaris muscle

Duan Lab Colony Dog E25 (DMD)

Normal (n = 11) DMD (n = 12) Treated Untreated

Age (months) 14.53 – 5.77 8.78 – 3.76 14.2
Body weight (kg) 15.26 – 1.54 9.40 – 2.18 18
ECU muscle

Weight (g) 5.07 – 1.00 3.52 – 0.54 6.53 7.13
Weight (g/kg

body weight)
0.33 – 0.07 0.39 – 0.08 0.36 0.40

Length (cm) 11.95 – 1.54 10.64 – 1.47 13.86 13.86
PCSA (cm2) 10.46 – 1.21 6.93 – 1.03 11.67 12.75

DMD, Duchenne muscular dystrophy; ECU, extensor carpi ulnaris; PCSA,
physiological cross-sectional area.

Figure 6. Dual AAV DH2-R15 mini-dystrophin therapy improved muscle contractility. (A) Left panel shows the specific twitch force (sPt). Right panel shows
the specific tetanic force (sPo). (B) Relative changes of the tetanic force over 10 cycles of eccentric contraction in the normal, control DMD, dog E25’s buffer-
injected (untreated), and dog E25’s dual AAV-injected (treated) ECU muscles. For both A and B, n = 12 for control DMD dogs and n = 11 for normal dogs.
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ECU muscle of dog E25 had more centrally nucle-
ated myofibers than the ECU muscle of the control
DMD dogs (Fig. 5E). On physiological evaluation of
the specific twitch force, specific tetanic force, and
the eccentric contraction profile, dog E25’s treated
ECU muscle outperformed that of the untreated
ECU muscle (Fig. 6). Collectively, our results sug-
gest that dual AAV mediated expression of mini-
dystrophin can ameliorate biochemical, histological,
and physiological defects in the canine DMD model.

During our quantitative analysis, we found that
the experimental dog (dog E25) appeared to have a
much more severe dystrophic phenotype than the
negative population control of untreated DMD dogs.
Two factors may account for this observation. First,
dog E25 (age 14.2 months) was older than the con-
trol DMD dogs (age 8.78 – 3.76 months) (Table 1).
DMD is a progressive muscle disease. Patients get
worse as they get older. Second, dog E25 (body
weight, 18 kg) was larger than control DMD dogs
(body weight 9.40 – 2.18 kg) used in this study (Ta-
ble 1). Mathematical modeling suggests that larger
subjects are more affected.65 Indeed, it has been
shown that larger affected dogs have more severe
disease.66

AAV-mediated micro-dystrophin gene therapy
is currently on the forefront of dystrophin gene
replacement therapy for DMD. Several groups
have publicly announced plans for clinical trials in
the near future. On the other hand, AAV mini-
dystrophin therapy has lagged behind. Although we
only have a limited sample size (n = 1 ECU muscle in
one dog), we reasoned that a comparison with our
previously published microgene therapy results
(n = 8 ECU muscles in six dogs) would provide some
perspective for future development of DMD gene
replacement.31 In the current dual AAV minigene
study, we treated a dog that appeared to have a
more severe phenotype and also we detected less
dystrophin expression on western blot (Fig. 2; Ta-
ble 1). With this in mind, we initially thought that
dual AAV therapy in dog E25 would yield less pro-
tection than what we have seen with AAV micro-
dystrophin therapy.31 Surprisingly, both qualitative
and quantitative assays suggest that this was not
the case. For example, central nucleation was not
improved by micro-dystrophin therapy.31 However,
mini-dystrophin treatment resulted in *50% im-
provement in centronucleation (Fig. 5E). Specific
muscle force was barely increased following micro-
dystrophin therapy but it was doubled following
mini-dystrophin therapy (Fig. 6A).31 The most
striking is the improvement in the eccentric con-
traction profile (Fig. 6B). After one round of ec-
centric contraction, the force drop was completely

prevented with dual AAV mini-dystrophin therapy
but only partially prevented with single AAV micro-
dystrophin therapy (Fig. 6B).31 After five rounds of
eccentric contraction, dual AAV mini-dystrophin
therapy was still able to protect the muscle from
damage-induced force drop, but protection was
completely lost with single AAV micro-dystrophin
therapy (Fig. 6B).31 While these observations re-
main preliminary and require confirmation with
comprehensive studies in the future, we speculate
that there may indeed exist a biological foundation
for the seemingly superior performance with dual
AAV minigene therapy. First, patient studies have
shown that a larger dystrophin protein is associ-
ated with a milder clinical disease.6 Second, trans-
genic studies have demonstrated consistently that
mini-dystrophin yields better rescue than micro-
dystrophin.8 Third, we believe that the addition of
more functional domains in mini-dystrophin may
have played an important role. These domains
include the R1–3 membrane binding domain,
R16–19 putative cardiac domain, R20–23 micro-
tubule binding domain, and syntrophin and dys-
trobrevin binding domain (Duan lab, unpublished
data).13,31,44,45,48,51,67

While our data are highly encouraging, there are
important limitations. First, we have only treated
one dog. Additional studies with a large sample size
are absolutely needed to corroborate the findings of
the current study. Second, we only treated the dog
for 2 months (we did this intentionally so that the
data can be compared with the micro-dystrophin
data we published before).31 Long-term study is
needed to determine whether dual AAV can provide
persistent protection. Ideally, micro-dystrophin
therapy should be included in the long-term study for
a side-by-side comparison to see if mini-dystrophin
can still outperform micro-dystrophin. Third, as a
proof-of-concept study, we have opted to do local
injection. While local therapy can benefit patients
and improve their life quality,68 systemic delivery
would be preferred for body-wide correction.69 Sys-
temic dual AAV mini-dystrophin therapy should be
explored in the future. Fourth, we only tested dual
AAV in dystrophic dog limb muscle. Considering
the prevalence of respiratory and cardiac compli-
cations in DMD/Becker muscular dystrophy pa-
tients, it will be important to evaluate therapeutic
benefit of dual AAV therapy in the diaphragm as
well as the heart, especially in light of the putative
heart protection domain in mini-dystrophin (Duan
lab, unpublished data). Lastly, little is known about
the molecular fate of the reconstituted vector genome
following long-term dual AAV therapy. This should
be included in future studies.
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