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Dystrophin deficiency results in lethal Duchenne mus-
cular dystrophy (DMD). Substituting missing dystrophin 
with abbreviated microdystrophin has dramatically alle-
viated disease in mouse DMD models. Unfortunately, 
translation of microdystrophin therapy has been unsuc-
cessful in dystrophic dogs, the only large mammalian 
model. Approximately 70% of the dystrophin-coding 
sequence is removed in microdystrophin. Intriguingly, 
loss of ≥50% dystrophin frequently results in severe 
disease in patients. To test whether the small gene size 
constitutes a fundamental design error for large mam-
malian muscle, we performed a comprehensive study 
using 22 dogs (8 normal and 14 dystrophic). We deliv-
ered the ΔR2-15/ΔR18-19/ΔR20-23/ΔC microdystrophin 
gene to eight extensor carpi ulnaris (ECU) muscles in 
six dystrophic dogs using Y713F tyrosine mutant ade-
no-associated virus (AAV)-9 (2.6 × 1013 viral genome 
(vg) particles/muscle). Robust expression was observed 
2 months later despite T-cell infiltration. Major compo-
nents of the dystrophin-associated glycoprotein com-
plex (DGC) were restored by microdystrophin. Treated 
muscle showed less inflammation, fibrosis, and calcifica-
tion. Importantly, therapy significantly preserved muscle 
force under the stress of repeated cycles of eccentric 
contraction. Our results have established the proof-of-
concept for microdystrophin therapy in dystrophic mus-
cles of large mammals and set the stage for clinical trial 
in human patients.
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Introduction
Duchenne muscular dystrophy (DMD) is caused by dystrophin 
deficiency. Several thousands of disease-causing mutations have 
been identified in the dystrophin gene. Replacing the defective 
gene with a functional copy offers a mutation-independent ther-
apy for all patients. Excessively truncated microdystrophin has 
been pursued for over a decade as a substitute of the full-length 

protein.1,2 The microgene is developed to overcome the 5 kb pack-
aging constrain of adeno-associated virus (AAV), the only viral 
vector with the potential of transducing all striated muscles in the 
body through vasculature delivery. It is hypothesized that ratio-
nal deletion of ~70% of the 427 kD full-length dystrophin pro-
tein may yield novel synthetic microdystrophins that still protect 
muscle. More than a dozen, ~4 kb microgenes have been tested in 
various mouse models including severely affected strains such as 
aged dystrophin null mdx, dystrophin/utrophin double null, and 
dystrophin/myoD double null mice.3–5 Collectively, these studies 
suggest that microdystrophin can ameliorate cellular and bio-
chemical defects, increase muscle force, and prolong life span.

Failure to translate therapeutic efficacy from mice to human 
patients has been a major obstacle in the field of DMD research. As 
a matter of fact, many promising therapies (such as myoblast trans-
fer and myostatin-neutralizing antibody) are stalled at this stage.6,7 
Considering the inherent anatomic, biochemical, and physiologi-
cal differences in muscles of small and large mammals, it becomes 
crucial to conduct tests in large animal models before human trial. 
Dystrophin-deficient dog is the only large mammalian model for 
DMD. Affected dogs share clinical and genetic similarity to human 
patients (reviewed in ref. 1). To further develop the promising 
microdystrophin therapy, many laboratories tried microdystro-
phin in the canine model (reviewed in ref. 1). Unfortunately, most 
studies were exclusively on gene expression and only a few papers 
examined histological and/or physiological improvement. In contrast 
to the unequivocal muscle-strengthening effect in mice, these lim-
ited dog studies have yielded conflicting results. A study based on a 
single dog suggests that microdystrophin may reduce central nucle-
ation.8 However, results from two other studies that included more 
dogs demonstrated that microdystrophin did not protect muscles 
in large mammals.9,10 Specifically, Sampaolesi et al. found that the 
performance of four microdystrophin-treated dogs declined rather 
than improved.10 Kornegay et al. delivered AAV microdystrophin to 
three newborn dystrophic puppies. Instead of disease amelioration, 
surprisingly, treatment resulted in growth delay, limb muscle atrophy, 
and contracture.9

The initial idea of dystrophin minimization came from a study 
reporting very mild symptoms in an old patient who missed 46% 
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of dystrophin due to in-frame deletion.11 However, patients who 
have lost ≥50% dystrophin are almost invariably associated with 
a severe phenotype even if the truncated protein is expressed at 
a fairly high level.12–19 Clinical reports from human patients and 
the results of dog studies seem to suggest that excessively abbre-
viated microdystrophin may not meet the need of large species 
such as dogs and humans. To address this fundamental question, 
we expressed the ΔR2-15/ΔR18-19/ΔR20-23/ΔC microdystrophin 
gene in a forelimb muscle of dystrophic dogs using tyrosine mutant 
AAV-9. We report here that microdystrophin gene therapy reduced 
macrophage infiltration, fibrosis, and calcification. When challenged 
with eccentric contraction, AAV-injected muscle significantly out-
performed untreated muscle. Our results establish the premise for 
microdystrophin therapy in muscles of large mammals.

Results
Y731F tyrosine mutant AAV-9 resulted in robust 
microdystrophin expression in dystrophic dogs
To determine whether excessive truncation of dystrophin com-
promises muscle protection in large mammals, we packaged a 
flag-tagged codon-optimized canine ΔR2-15/ΔR18-19/ΔR20-23/
ΔC microgene using Y731F tyrosine mutant AAV-9.20 We first 
tested this vector in mdx mice. Tail vein injection of 6.5 × 1012 
viral genome (vg) particles of AAV significantly reduced central 
nucleation and fibrosis, increased specific muscle force, and mini-
mized eccentric contraction-induced force drop (Figure 1).

Next, we delivered 2.6 × 1013 vg particles/muscle of virus to 
the extensor carpi ulnaris (ECU) muscles of six dystrophic dogs 
(Table 1). Four dogs (Caesar, Chipotle, Jack, and Lanai) received 
AAV microdystrophin treatment in one ECU muscle. Two dogs 
(Honey Dijon and Sonic) received treatment in both ECU muscles 
(Table 1). To minimize viral capsid and/or microdystrophin-in-
duced immune rejection, we applied a transient immune suppres-
sion protocol using cyclosporine and mycophenolate mofetil.21 
At 2 months after gene transfer, AAV transduction, histopathol-
ogy, and muscle force were examined. Saturated microdystro-
phin expression was confirmed in every treated ECU muscle by 
immunostaining and western blot (Figure  2, Supplementary 
Figure S2). Consistently, abundant vector genomes were 
detected in injected ECU muscles (Figure  2). T-cell response 
was not detected to either AAV capsids or microdystrophin by 
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Figure 1 E valuation of the flag-tagged codon-optimized canine ΔR2-15/ΔR18-19/ΔR20-23/ΔC microgene by systemic Y731F tyrosine 
mutant AAV-9 gene transfer in mdx mice. 6.5 × 1012 vg particles of the AAV vector were injected to 5-week-old male mdx mice via the tail vein. 
Microdystrophin expression, muscle pathology, and force were evaluated at 2 months after gene transfer. (a) Representative immunofluorescence 
staining photomicrographs showing microdystrophin expression. Serial muscle sections were stained with antibodies specific for the indicated 
epitopes. Microdystrophin carries epitopes for the flag tag, dystrophin H1 region and dystrophin R16 but not dystrophin R6-8. Microdystrophin 
expression also restored sarcolemmal nNOS expression. *, a revertant fiber that was transduced by the AAV microgene vector. This fiber is not only 
positive for the flag tag and the H1 antibody but was also stained by R6-8 antibody; †, an area that was not transduced by AAV microdystrophin 
vector. (b) Quantitative evaluation of muscle pathology in the anterior tibialis muscle. AAV microdystrophin therapy significantly reduced degenera-
tion/regeneration and fibrosis as reflected by the reduction of central nucleation (CN) and the hydroxyproline (HP) content, respectively. (c) Canine 
microdystrophin significantly increased the contractility of the extensor digitorum longus muscle and prevented eccentric contraction-induced force 
drop in mdx mice. Left panel, cross-sectional area normalized specific muscle force; right panel, relative force changes during 10 rounds of eccentric 
contraction. The sample size for b and c are n = 7 for untreated, and n = 10 for AAV treated. *, significantly different from the other group. AAV, 
adeno-associated virus; nNOS, neuronal nitric oxide synthase; vg, viral genome.

Table 1 S ummary of AAV microdystrophin-infected dogs

Name Sex Age (years) Weight (kg) AAV injection

Caesar M 1.45 16.7 One ECU

Chipotle F 0.85 10.9 One ECU

Honey Dijon F 1.43 15.5 Both ECU

Jack M 0.84 14.7 One ECU

Lanai F 2.36 12.8 One ECU

Sonic M 0.84 12.4 Both ECU

Abbreviations: AAV, adeno-associated virus; ECU, extensor carpi ulnaris.
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interferon-γ enzyme-linked immunosorbent spot (ELISPOT) 
assay (Figure  3a). However, compared with that of uninjected 
muscles, AAV-injected ECU muscles showed much more infil-
tration of CD4+ and CD8+ T cells (Figure 3b).

Microdystrophin restored the dystrophin-associated 
glycoprotein complex, ameliorated histopathology, 
and mitigated eccentric contraction-induced injury in 
dystrophic dogs
We examined major components of the dystrophin-associated 
glycoprotein complex (DGC) by immunofluorescence staining 
(Figure 4). Expression of β-dystroglycan, β-sarcoglycan, syntrophin, 
and dystrobrevin was substantially enhanced in microdystrophin-
transduced myofibers (Figure  4). We also examined utrophin, an 
autosomal paralog of dystrophin. Staining intensity for utrophin was 
clearly reduced in microdystrophin-positive myofibers compared 
with that of the neighboring untransduced myofibers (Figure 4).

Untreated ECU muscles showed typical dystrophic pathology 
such as inflammation, degeneration/regeneration, fibrosis, and 
calcification (Figure 5a).22 AAV microdystrophin therapy attenu-
ated most but not all morphological lesions. Treated muscles had 
much less myofiber calcification (Figure  5a). Macrophage infil-
tration and fibrosis were also substantially reduced (Figure  5a, 
Supplementary Figure S1). Further, myofiber size distribution 
showed a trend towards normalization (Figure 5b). Interestingly, 
treatment did not alter cellular markers of regeneration such as 
the percentage of centrally nucleated myofiber and the quantity 

of embryonic myosin heavy chain (eMHC)-positive myofibers 
(Figure 5c).

To determine whether microdystrophin therapy improved mus-
cle physiology, we measured ECU force in situ (Figure 6).22 AAV 
injection did not affected anatomic properties of the ECU muscle 
(Table  2). Despite clear histology improvement, specific tetanic 
muscle force was not significantly changed following microdystro-
phin therapy (Figure  6a). Heightened susceptibility to repeated 
eccentric contraction-induced injury is a hallmark of dystrophin-
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Figure 2  AAV gene transfer leads to robust microdystrophin expres-
sion in the ECU muscle of dystrophic dogs. (a) A representative 
montage immunofluorescence staining photomicrograph showing 
widespread microdystrophin expression in the AAV-injected ECU muscle 
from Chipotle. (b) A representative western blot showing microdystro-
phin expression at the expected size. Two AAV-injected dystrophic 
ECU muscles were from Jack and Lanai. Untreated dystrophic muscle 
was the non-injected ECU muscle from Lanai. Dys, dystrophic dog; WT, 
normal dog. Open arrowhead, full-length dystrophin; filled arrowhead, 
microdystrophin. (c) Quantification of AAV genome copy. EDL, extensor 
digitorum longus muscle; one side, only one ECU muscle received AAV 
injection. The contralateral ECU muscle served as the uninjected con-
trol; two sides, both ECU muscles were injected with AAV. *, significantly 
higher than that of non-injected EDL and contralateral ECU muscles. 
AAV, adeno-associated virus; ECU, extensor carpi ulnaris.
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Figure 3  AAV microdystrophin expression accompanies T-cell infiltra-
tion in dystrophic dog muscle but without a positive ELISPOT response. 
(a) Interferon-γ ELISPOT responses to pools of AAV-9 capsid peptides or 
microdystrophin peptides. Lymphocytes were isolated from the spleen at 
the time of necropsy (2 months after AAV injection) and stimulated with 
each of three pools (A,B,C) of AAV-9 capsid peptides, each of five pools 
(A,B,C,D,E) of microdystrophin peptides, or phorbol 12-myristate 13-
acetate (PMA)/ionomycin (positive control). Medium alone served as the 
no stimulation negative control. Results are presented as spot-forming units 
(SFU) per 106 splenocytes for experimental groups and as SFU per 2 × 104 
splenocytes for PMA/ION control. Neither AAV-9 capsid nor microdystro-
phin induced the ELISPOT positive T-cell response. (b) Representative 
immunohistochemical staining montage photomicrographs from normal, 
dystrophic, and AAV-treated dystrophic dog ECU muscles. Top panel, 
CD4+ T cells; bottom panel, CD8+ T cells. Robust CD4+ and CD8+ T-cell 
infiltration were seen only in dystrophic dog ECU muscles that received 
AAV injection. AAV, adeno-associated virus; ECU, extensor carpi ulnaris; 
ELISPOT, enzyme-linked immunosorbent spot; ION, ionomycin.
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deficient muscle.22,23 We thus applied five rounds of eccentric con-
traction. Strenuous lengthening contraction resulted in negligible 
force loss in the normal ECU muscle (Figure 6b).22 Untreated dys-
trophic muscles showed dramatic force reduction when challenged 
by eccentric contraction (Figure 6b).22 AAV microdystrophin ther-
apy significantly protected the dystrophic ECU muscle from eccen-
tric contraction-induced force decline (Figure 6b).

Discussion
Despite remarkable success in the murine models of DMD, 
microdystrophin therapy has encountered great challenges when 

tested in dogs and humans.9,10,24 Untoward cellular immune 
response has been considered as the primary barrier because such 
immune rejection eliminates therapeutic microdystrophin expres-
sion in treated muscles.24 While overcoming immunological hurdle 
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Figure 4  AAV-9 microdystrophin gene transfer restores the major 
components of the dystrophin-associated glycoprotein complex 
(DGC). (a) Immunofluorescence staining was performed with epitope-
specific antibodies on serial muscle sections. The canine microdystro-
phin gene used in this study carries the N-terminal domain, spectrin-like 
repeat 16 (R16), an engineered Dys2 epitope at the C-terminal end, 
and a flag tag at the N-terminal end. However, it does not contain R4-6 
and R11. The results confirmed flag-tagged canine microdystrophin 
expression in AAV-treated ECU muscle. Top panel, normal ECU muscle; 
middle panel, untreated dystrophic ECU muscle; bottom panel, AAV 
microdystrophin-treated ECU muscle. *, the same myofiber in serial sec-
tions. (b) Representative photomicrographs of serial immunofluorescence 
staining for laminin, major DGC components including β-dystroglycan 
(β-DG), β-sarcoglycan (β-SG), syntrophin (Syn), dystrobrevin (Dbr), and 
utrophin. These stainings were on the same serial tissue sections as in a. 
*, the same myofiber in serial sections. Laminin staining outlines indi-
vidual myofiber. Expression of the major DGC components (β-DG, β-SG, 
Syn, and Dbr) was greatly reduced in untreated dystrophic muscle. AAV 
microdystrophin therapy increased expression of these DGC compo-
nents. AAV, adeno-associated virus; ECU, extensor carpi ulnaris.

Figure 5  AAV microdystrophin therapy ameliorates histological lesions 
in dystrophic dogs. (a) Representative photomicrographs of histopathology 
in untreated and AAV microdystrophin-treated ECU muscles from Caesar. 
Treated muscle had much less macrophage infiltration, minimal calcifica-
tion, and substantially reduced fibrosis. Dys, dystrophin immunostaining; 
Mφ, nonspecific esterase staining for macrophage (insert is the high power 
magnification image of the boxed area in the same image). Macrophages 
show deep, dark brown staining; Cal, Alizarin red staining for calcification, 
calcified myofibers stained in red. (Macrophage immunostaining and low 
magnification view of Alizarin red staining are shown in Supplementary 
Figure S3); MT, Masson trichrome staining for fibrosis (fibrotic tissue is in 
blue color). *, the same myofiber in serial sections. Arrow, calcified myo-
fiber in untreated ECU muscle. (b) Myofiber size distribution in normal 
(8,844 myofibers from five normal dogs), untreated (5,055 myofibers 
from four untreated dogs) and AAV microdystrophin-treated ECU muscles 
(8,374 myofibers from six AAV-injected dogs). (c) Quantification of central 
nucleation (top panel) and embryonic myofibers (bottom panel). Central 
nucleation shows percentage of myofibers containing centrally localized 
nuclei. N = 448 myofibers for normal dogs; N = 3,964 myofibers for dystro-
phic dogs (from four dystrophic dogs); and N = 8,530 myofibers for AAV-
treated dystrophic dogs (from eight ECU muscles of six treated dystrophic 
dogs). The results of embryonic myofiber quantification are obtained from 
ECU muscles of two normal dogs and four dogs that received AAV injec-
tion in one side of the ECU muscle. *, significantly lower than other two 
groups. There was no significant difference between treated and untreated 
ECU muscles. AAV, adeno-associated virus; ECU, extensor carpi ulnaris; HE, 
hematoxylin and eosin.
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remains an important research area (especially for human trials), 
several effective regimes have been developed to allow robust 
microdystrophin delivery in dystrophic dogs.9,10,21,25 Surprisingly, 
successful microgene expression has so far not resulted in convinc-
ing physiological improvement in the canine DMD model.9,10,21,25 
Validating therapeutic efficacy in dystrophic dogs is thus a top pri-
ority for microdystrophin-based DMD therapy. With this in mind, 
we delivered a codon-optimized canine microdystrophin gene to 
the ECU muscle in young adult dystrophic dogs. Consistent with 
our earlier publications,22,26 untreated muscles displayed severe 
histological lesions and force deficit characteristic of a DMD phe-
notype. AAV gene transfer resulted in widespread expression of 
microdystrophin and restoration of major components of the DGC 
(Figures 2 and 4, Supplementary Figure S2).21,25 Morphology 
studies revealed appreciable reduction of macrophage invasion, 
fibrosis, and myofiber calcification in treated muscles (Figures 5, 
Supplementary Figure S3). Importantly, microdystrophin therapy 
significantly prevented lengthening contraction-induced force drop, 
a cardinal feature of dystrophin-deficient muscle (Figure 6).

While our results are very encouraging, it is important to 
exclude possible “contribution” from immune suppressive drugs 
used in the study.27 Conflicting data have been reported from 
small, uncontrolled clinical studies on the therapeutic effect of 
immunosuppressants in DMD. One research group concluded 
that cyclosporine increased muscle strength in DMD patients.28 
However, Mendell and colleagues found that immune sup-
pressive drugs (such as cyclosporine and azathioprine) had no 
clinical benefit in DMD.6 Similarly, results from mdx mice are 
also inconsistent.29,30 To accurately determine therapeutic ben-
efits of microdystrophin in our study, we intentionally deliv-
ered AAV to only oneside of the ECU muscle in four dogs. The 
results from the contralateral non-AAV–injected ECU muscle 
were compared with those of dystrophic dogs that have never 
received immunosuppressants.22 We did not see any apparent 
difference in muscle pathology. The eccentric contraction pro-
files were identical with or without immune suppression. In 
support of our results, Cerletti et al. found that cyclosporine 
therapy in newborn dystrophic dogs did not reduce fibrosis.31 
Dell’Agnola et al. reported that cyclosporine did not improve 
clinical course in dystrophic dogs.32 Rouger et al. compared 
dystrophic dogs that either received or did not receive immune 
suppressive drugs. They found that immune suppression did 
not improve clinical condition neither did it reduce fibrosis 
nor calcification.33 Recently, a placebo-controlled, double blind 
multicentered clinical trial has finally settled the controversy.34 
This randomized study suggests that cyclosporine has no ben-
eficial effect for DMD.34 Taken together, we believe histological 
and physiological improvement observed in this study is due to 
AAV microdystrophin therapy.

The microdystrophin vector used in this study effectively 
reduced muscle disease in both mdx mice and dystrophic dogs 
(Figures 1,4,5 and 6). However, we found important differences 
between the murine and canine model. Central nucleation was 
significantly reduced in mdx mice but remained unchanged in 
dystrophic dogs (Figures 1 and 5). The frequency of embryonic 
myofiber, another marker of degeneration/regeneration was not 
altered in dystrophic dogs either (Figure 5). In physiological assay, 
treatment significantly increased specific muscle force in mdx 
mice but not in dystrophic dogs (Figures 1 and 6). It is currently 
unclear why the exact same vector has yielded different results in 
these aspects of muscle disease in mice and dogs. There are several 
possibilities. First, the inherent differences between mouse mus-
cle and dog muscle may have contributed to our findings. In this 
regard, mouse muscle shows a much higher regenerative capac-
ity than that of dog muscle. In the absence of treatment, centrally 
nucleated myofibers reached ~80% in mdx mice but only ~20% 
in dystrophic dogs (Figures 1 and 5). Second, there may exist a 
species-related difference in the structure-function relationship of 
dystrophin. C-terminal domain truncation has minimal impact on 
muscle histology and function in mice.35 Interestingly, both mild 
and severe cases have been reported in patients whose C-terminal 
domain is partially or completely deleted in humans.36–40 While it 
is clear that C-terminal truncation may have compromised mRNA 
and/or protein stability, it is also possible that other yet unknown 
species-related factors may have played a role. Future studies are 
needed to clarify these intriguing observations.
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Figure 6  AAV microdystrophin therapy protects dystrophic dog mus-
cle from eccentric contraction-induced injury although it does not 
increase specific muscle force. (a) Specific tetanic muscle force in nor-
mal, dystrophic, and AAV-treated dystrophic ECU muscles. PCSA, physi-
ological cross-sectional area. *, the value from normal dogs is significantly 
higher than dystrophic dogs (treated or untreated). (b) Relative change 
of the tetanic force during five cycles of eccentric contraction in normal, 
untreated, and microdystrophin-treated ECU muscles. AAV-treated muscles 
were significantly more resistant to eccentric contraction-induced force 
loss than untreated muscles. *, significantly different from those of normal 
and untreated. For both a and b, N = 8 dogs for normal, N = 8 dogs for 
dystrophic, and N = 6 dogs for AAV treated. AAV, adeno-associated virus; 
ECU, extensor carpi ulnaris.

Table 2 D og age, body weight, and anatomic properties of the ECU 
muscle

 Normal n Affected n AAV treated n

Age (months) 24.14 ± 5.44 8 17.60 ± 3.51 8 15.53 ± 2.94 6

Body weight (kg) 18.93 ± 2.78 8 15.83 ± 1.54 8 13.83 ± 0.88 6

ECU muscle
  Weight (g) 7.77 ± 1.69 8 5.74 ± 0.88 8 4.13 ± 0.34 6

  Weight (g/kg  
  body weight)

0.39 ± 0.04 8 0.35 ± 0.03 8 0.30 ± 0.02 6

  Length (cm) 14.07 ± 1.28 8 15.56 ± 0.85 8 14.17 ± 0.21 6

  PCSA (cm2) 10.78 ± 1.59 8 7.43 ± 0.75 8 6.76 ± 0.52 6
Abbreviations: AAV, adeno-associated virus; ECU, extensor carpi ulnaris muscle; 
PCSA, physiological cross-sectional area.
n, number of dogs studied.
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A recent study examined microdystrophin therapy in a sin-
gle dystrophic dog.8 At 2 months after gene transfer in the cra-
nial tibialis muscle, the authors quantified central nucleation in 
four random fields and found a fivefold reduction in the treated 
muscle.8 We counted ~4,000 myofibers from four untreated ECU 
muscles and ~8,500 fibers from eight AAV-injected ECU muscles 
(Figure 5). No significant difference was detected. Using eMHC 
immunostaining, another marker of regeneration, we also did not 
see a significant difference between treated and untreated ECU 
muscles (Figure 5). It is currently unclear whether the difference 
between our results and that of Koo et al. is due to small versus 
large sample size or the cranial tibialis muscle versus the ECU 
muscle.

Another interesting finding is persistent microdystrophin 
expression despite infiltration of CD4+ and CD8+ T cells (Figure 3). 
We have previously shown that the immune suppression protocol 
used in the current study resulted in long-term microdystrophin 
expression for at least half year in dystrophic dogs.21 However, cellu-
lar immune reaction was not examined in the previous study. Here, 
we performed ELISPOT assay and immunohistochemical staining 
for CD4+ and CD8+ T cells (Figure 3). Using pooled peptide librar-
ies, we did not detect interferon-γ response to either viral capsids or 
microdystrophin (Figure 3a). However, CD4+ and CD8+ T cells 
were detected on immunostaining in microdystrophin-transduced 
muscles (Figure 3b). Future mechanistic studies are needed to clar-
ify the atypical immune reaction results seen in our study (negative 
ELISPOT in the presence of T-cell infiltration). A T-cell–mediated 
response has been shown to erase AAV-transduced hepatocytes 
within 2 months of gene transfer in a hemophilia trial.41 It is puz-
zling that T-cell infiltration did not eliminate AAV transduction in 
our study. Nevertheless, our results are in line with another muscle-
directed AAV trial in which Flotte and colleagues found that the 
T-cell response did not compromise AAV transduction following 
direct muscle injection.42

In contrast to the disappointing outcome in previous dog 
studies by Sampaolesi et al. and Kornegay et al.,9,10 our results sug-
gest that microdystrophins can at least partially protect skeletal 
muscle in large mammals. While precise reasons remain to be 
determined, we suspect it may relate to the experimental design/
protocol such as the differences in immune suppression regi-
men, gene delivery method (stem cell versus AAV, AAV-9 versus 
tyrosine mutant AAV-9), and dog age (newborn versus adult). 
Another important factor is the microdystrophin construct, espe-
cially the origin (human gene versus canine gene) and configura-
tion (specific repeats and hinges used in the synthetic microgene, 
number of repeats and hinges etc.). Different regions of the dys-
trophin rod domain exhibit great disparities in their biophysical 
properties and/or function.3,43,44 Further, the arrangement of non-
native protein junction also influences the folding and stability of 
the synthetic dystrophin proteins.43,45–47

In summary, our results have cleared uncertainty on 
microdystrophin therapy arisen from other dog studies.9,10 
However, compared with what was reported in the mouse model, 
the improvement we saw in dystrophic dogs remained suboptimal. 
Future studies are needed to optimize the microgene configura-
tion, expression cassette, AAV serotype, and immune suppression 
protocol.

Materials and Methods
AAV microdystrophin vector. The codon-optimized canine microgene 
ΔR2-15/ΔR18-19/ΔR20-23/ΔC was synthesized by GenScript (Piscataway, 
NJ). It contains the N-terminal domain, three hinges (H1, H3, and H4), 
four spectrin-like repeats (R1, R16, R17, and R24), and the cysteine-
rich domain. To unambiguously detect microdystrophin, we engineered 
a flag tag at the N-terminus and a Dys-2 epitope at the C-terminus. The 
expression cassette was under transcriptional regulation of the cytomega-
lovirus promoter and the SV40 pA. The AAV plasmid was called pSJ46. 
Endotoxin-free Y731F tyrosine mutant AAV-9 was generated and titrated 
using our published protocol.48 The stock virus titer was 1.625 × 1013 vg 
particles/ml. The biological activity and the safety of the virus were evalu-
ated by systemic injection of stock virus to mdx mice (Figure 1).3 We did 
not observe any gross abnormality in injected mice. Histological examina-
tion of the liver and kidney was not remarkable (data not shown).

Experimental mice and gene transfer. All mouse experiments were 
approved by the Animal Care and Use Committee of the University of 
Missouri and were performed in accordance with National Institutes of 
Health guidelines. Experimental dystrophin null mdx mice were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed 
in a specific pathogen-free animal facility. Only male mice were used in 
the study. For systemic gene transfer, 6.5 × 1012 vg particles of codon-op-
timized canine ΔR2-15/ΔR18-19/ΔR20-23/ΔC microgene Y731F tyrosine 
mutant AAV-9 viruses were injected to 5-week-old male mdx mice in a 
total volume of 100 μl via the tail vein. At 2 months after AAV gene trans-
fer, muscles were harvested and muscle pathology and force were exam-
ined. Age- and sex-matched untreated mdx mice were used as the control.

Experimental dogs and gene transfer. All dog experiments were approved 
by the Animal Care and Use Committee of the University of Missouri and 
were performed in accordance with National Institutes of Health guidelines. 
Experimental dogs were produced and genotyped as described before.49 A 
total of 22 dogs were recruited for the study (Table 2). Six affected dogs 
received AAV microdystrophin injection under a 5-week transient immune 
suppression using cyclosporine (10–20 mg/kg/day, Novartis, East Hanover, 
NJ) and mycophenolate mofetil (40 mg/kg/day; Genentech, South San 
Francisco, CA) (Table 1).21 For AAV injection, dogs were gently restrained 
on the surgery table. The ECU muscle was identified by palpating the ana-
tomical markers on the body surface. The proximal end of the ECU muscle 
was located at the lateral epicondyle of the humerus at the elbow. The distal 
end of the ECU muscle was located at the styloid process of the ulna at the 
wrist. A total of 2.6 × 1013 vg particles were delivered to each ECU muscle in 
four separate injections in a total volume of 1.6 ml.

Mouse muscle function assay. Experimental mice were anesthetized via 
intraperitoneal injection of a cocktail containing 25 mg/ml ketamine, 
2.5 mg/ml xylazine, and 0.5 mg/ml acepromazine at 2.5 μl/g body weight. 
The extensor digitorum longus muscle was gently dissected and mounted to 
an intact muscle test system (Aurora Scientific, Aurora, Ontario, Canada).50 
The maximum isometric tetanic force was measured at 150 Hz. Specific 
muscle force was determined by dividing the maximum isometric tetanic 
force with the muscle cross-sectional area as we described before.50 The 
eccentric contraction protocol was performed according to our published 
protocol.50

Dog muscle function assay. Dogs were sedated with ketamine (15 mg/
kg body weight) and acepromazine (0.12 mg/kg body weight). Anesthesia 
was induced with 4% isoflurane and maintained with 2% isoflurane. Dogs 
were intubated and the breath rate was set at 15–18 per minute and the 
tidal volume at 10–15 ml/minute/kg body weight. 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 
maintained at 37 °C during the assay. The subject was placed in the supine 
position on the in situ muscle function assay force transducer plate. The 
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entire ECU muscle was exposed and the muscle length was measured. 
The distal ECU tendon was cut at its insertion and fastened onto the force 
transducer (SM-250-38; Interface, Scottsdale, AZ). The forearm was sub-
sequently fixed with two bone pins to align the ECU muscle with the force 
transducer. The radial nerve was carefully dissected and mounted on a 
bipolar electrode. Muscle force was measured using 8 V and 0.2 ms pulse 
duration electric stimulation (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 was calculated according to the equation physiologi-
cal cross-sectional area = (muscle weight in gram × cos10.03)/(1.056 g/
cm3 × optimal fiber length in cm). 1.0597 g/cm3 is the muscle density. 
10.03 is the pennation angle of the ECU muscle.22 The optimal fiber length 
(Lf) was determined by multiplying the measured Lo of the muscle by the 
ECU muscle Lf/Lo ratio of 0.0448.22 The specific muscle force was calcu-
lated by normalizing the tetanic muscle force by the physiological cross-
sectional area.

For eccentric contraction, the ECU muscle was stimulated for a total 
of 1,200 ms. In the last 1,100 ms, the ECU muscle was stretched by ~5% 
of its original length. After a 2-minute rest, a second cycle of eccentric 
contraction was applied. A sequence of eccentric contraction was 
conducted in each ECU muscle. The percentage of force drop after each 
cycle of eccentric contraction was calculated.

At the end of study, the subject was euthanized with Euthasol (Virbac 
Animal Health, Fort Worth, TX). Tissues were collected for subsequent 
studies.

Morphology studies. General muscle histopathology was revealed with 
hematoxylin and eosin staining. Nonspecific esterase staining, Alizarin red 
staining, and Masson trichrome staining were used to reveal macrophage 
infiltration, myofiber calcification, and muscle fibrosis according to our 
published protocols.26 Macrophage infiltration was further confirmed by 
immunostaining with the canine macrophage-specific antibody (1:2,000; 
AbD Serotec, Raleigh, NC). CD4+ and CD8+ T cells were detected by 
immunohistochemical staining using the canine-specific antibodies at 
the dilution of 1:1,000 and 1:200, respectively (AbD Serotec). The cross-
sectional area of individual myofiber was determined from the digitized 
images using the quantitative image analysis module of the extended ver-
sion of the Photoshop CS5.5 software (Adobe Systems, San Jose, CA). 
Dystrophin expression was detected using seven dystrophin-specific anti-
bodies (two polyclonal and five monoclonal). The N-terminal domain of 
dystrophin was detected with a rabbit polyclonal antibody (1:600) (a gift 
from Dr Jeffrey Chamberlain at the University of Washington). Spectrin-
like repeats 4-6 (R4-6) was detected with the H-300 rabbit polyclonal anti-
body (1:400; Santa Cruz Biotechnology, Santa Cruz, CA). Hinge 1 (H1) 
was detected with DysB (1:80; Novocastra, Newcastle, UK). R6-8 was 
detected with Dys1 (1:100; Vector Laboratories, Burlingame, 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). Dys-2 epitope at 
the C-terminal end was detected with Dys2 (1:20; Novocastra). The flag 
tag was revealed with the anti-FLAG M2 antibody (1:400; Sigma). The 
DGC components were evaluated with monoclonal antibodies against 
β-dystroglycan (1:50; Novocastra), β-sarcoglycan (1:50; Novocastra), dys-
trobrevin (1:200; BD Biosciences, San Diego, CA), and syntrophin (1:200; 
Abcam, Cambridge, MA). Laminin was revealed with a rabbit polyclonal 
antibody (1:200; Sigma). Utrophin was examined with a mouse mono-
clonal antibody against the utrophin N-terminal domain (1:20; Vector 
Laboratories). Embryonic myofiber was detected with a monoclonal anti-
body against eMHC (1:250; Developmental Studies Hybridoma Bank, Iowa 
City, IA). The quantity of the eMHC-positive myofiber was determined by 
dividing the eMHC-staining positive area with the total cross-sectional 
area of the entire muscle section.

Western blot. Whole muscle lysate (100 μg/lane) was loaded on an 8% 
sodium dodecyl sulfate-polyacrylamide gel and protein was transferred to 
a polyvinylidene difluoride membrane. Dystrophin was detected with an 
antibody against the Dys2 epitope (1:100; Novocastra). As a loading con-
trol, membrane was also probed with an anti-α-tubulin antibody (1:3,000; 
Sigma). The full-length dystrophin protein migrated at 427 kD. The canine 
ΔR2-15/ΔR18-19/ΔR20-23/ΔC microdystrophin protein migrated at 140 
kD. α-Tubulin migrated at 50 kD.

AAV genome copy determination. The AAV genome copy in mus-
cle was determined by quantitative PCR in an ABI 7900 HT QPCR  
machine (Applied Biosystems, Foster City, CA).48 The primers are  
DL560 (TTACGGTAAACTGCCCACTTG) and DL561 (CATAAGGTCAT 
GTACTGGGCATAA). The threshold cycle value was converted to copy 
number by measuring against the copy number standard curve of known 
amount of pSJ46 plasmid. The copy number was normalized by DNA 
concentration.

Interferon-γ ELISPOT assay. Splenocytes were isolated from the spleen 
strips (1 × 2 × 3 cm) freshly harvested at the time of necropsy. The 15-mer 
peptide library was made for codon-optimized canine microdystrophin 
and the AAV-9 VP1 capsid protein (Mimotopes, Clayton, Australia). In 
the library, each peptide shared 10 amino acids overlap with the neigh-
boring peptides. The microdystrophin peptide library was comprised of 
237 peptides and these peptides were grouped into five pools with pool A 
containing peptide 1 to 47, pool B containing peptide 48 to 95, pool C con-
taining peptide 96 to 142, pool D containing peptide 143 to 188, and pool 
E containing peptide 189 to 237. A total of 146 peptides were made for the 
AAV-9 capsid library and they were divided into three pools with pool A 
containing peptide 1 to 50, pool B containing peptide 51 to 100, and pool 
C containing peptide 101 to 146. The entire lyophilized library was recon-
stituted with dimethyl sulfoxide to reach a concentration of 100 mg/ml for 
each peptide. In the peptide pool, the concentration of each peptide was 
2 mg/ml. To test the T-cell response, splenocytes were incubated with the 
peptide pools at the individual peptide concentration of 2 μg/ml. No pep-
tide stimulation (medium containing dimethyl sulfoxide at the same con-
centration used for peptide stimulation) was used as the negative control. 
Phorbol 12-myristate 13-acetate (50 ng/ml, Sigma) and ionomycin (1 μg/
ml; Sigma) were used as the positive control. Interferon-γ ELISPOT was 
set up using the canine ELISPOT EL781 kit following instructions from 
the manufacturer (R&D Systems, Minneapolis, MN). Spot formation was 
quantified with an immunospot reader (CTL, Cleveland, OH). A positive 
T-cell response was defined as a value at least three times higher than the 
background (medium alone control). Results are presented as spot-form-
ing units per 106 splenocytes for experimental groups and as spot-forming 
units per 2 × 104 splenocytes for the phorbol 12-myristate 13-acetate/iono-
mycin control.

Statistical analysis. Data are presented as mean ± SEM. For multiple 
group comparison, we analyzed data by one-way analysis of variance using 
the IBM SPSS software (IBM, Armonk, NY). Statistical difference between 
treated and untreated muscle of the same dog was assessed with paired 
Student’s t-test. A P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIAL
Figure  S1.  Schematic outline of the experimental timeline.
Figure  S2.  AAV gene transfer results in widespread microdystrophin 
expression in dystrophic dog ECU muscle.
Figure  S3.  Microdystrophin gene therapy reduces macrophage infil-
tration in dystrophic dog muscle.
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