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Abstract

Duchenne muscular dystrophy (DMD) is the most common lethal muscle disorder in children. It is caused by
mutations of the dystrophin gene. Adeno-associated virus (AAV)-mediated gene replacement therapy has been
actively pursued to treat DMD. However, this promising therapeutic modality has been challenged by the small
packaging capacity of the AAV vector. The size of the full-length dystrophin cDNA is >11 kb, while an AAV
virus can carry only a 5 kb genome. Innovative high-capacity AAV vectors may offer an opportunity to express
the full-length dystrophin coding sequence. Here we describe several sets of tri-AAV vectors for full-length
human dystrophin delivery. In each set, the full-length human dystrophin cDNA was split into three fragments
and independently packaged into separate recombinant AAV vectors. Each vector was engineered with unique
recombination signals for directional recombination. Tri-AAV vectors were coinjected into the tibialis anterior
muscle of dystrophin-deficient mdx4cv mice. Thirty-five days after injection, dystrophin expression was ex-
amined by immunofluorescence staining. Despite low reconstitution efficiency, full-length human dystrophin
was successfully expressed from the tri-AAV vectors. Our results suggest that AAV can be engineered to
express an extra-large (up to 15 kb) gene that is approximately three times the size of the wild-type AAV
genome. Further optimization of the trivector strategy may expand the utility of AAV for human gene therapy.

Introduction

UCHENNE MUSCULAR DYSTROPHY (DMD) is caused by

mutations in the dystrophin gene. Currently, there is no
cure for this relentless muscle disease. Restoring dystrophin
expression by gene replacement therapy holds great promise
in changing the clinical course and improving the life quality
of DMD patients. Among various viral and nonviral gene
delivery vectors, adeno-associated virus (AAV) is particu-
larly attractive (Atchison et al., 1965). Wild-type AAV is
nonpathogenic and recombinant AAV vector is weakly im-
munogenic (Mays and Wilson, 2011; Mingozzi and High,
2011a). Further, AAV is the only gene transfer vector that can
effectively transduce all striated muscles in the body in small
and large mammals (Bostick et al., 2007; Yue et al., 2008,
2011; Pan et al., 2013). Despite all these advantages, there is
a big hurdle for AAV-based DMD gene therapy. The full-
length dystrophin coding sequence is approximately 11.2kb
(Koenig et al., 1989). This is far beyond the 5 kb packaging
capacity of a single AAV vector (Srivastava et al., 1983;
Dong et al., 2010; Lai et al., 2010b). For this reason, the

current AAV gene therapy is forced to use the massively
truncated micro- or mini-dystrophin genes (Duan, 2011; Lai
and Duan, 2012). While these abbreviated genes may offer
some help, they are unlikely to accomplish all the functions
of the full-length gene. Innovative approaches have to be
developed in order to deliver the full-length dystrophin
coding sequence with AAV.

We have previously developed a number of dual-vector
strategies to double AAV carrying capacity to 10kb (re-
viewed by Lai et al., 2010a). However, these vectors still do
not have enough room for the full-length dystrophin coding
sequence. In dual AAV vectors, an intact expression cassette
is split into two parts and each part is separately delivered to
the cell by an AAV virion. Gene expression is achieved after
intergenome recombination of the two incoming AAV
viruses. On the basis of the same logic, one may envision
splitting the full-length dystrophin expression cassette into
three AAV vectors in the hope of reconstituting the full-
length protein upon coinfection and recombination. To ex-
plore this possibility, we engineered several independent
sets of full-length dystrophin tri-AAV vectors. Basically, the
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entire full-length human dystrophin expression cassette was
split into three fragments and each piece was packaged into
an AAV vector. Three AAV vectors were then coinjected into
the tibialis anterior (TA) muscle of dystrophin-deficient
mdx4cv mice, a murine DMD model with minimal revertant
myofibers (Danko et al., 1992). Thirty-five days after injec-
tion, we examined dystrophin expression by immunofluo-
rescence staining. Despite a low efficiency of reconstitution,
we detected full-length human dystrophin expression in tri-
AAV coinfected mdx4cv TA muscles. Our results have
provided the proof of principle that AAV can be used to
express a super large gene. With additional optimization, we
may further improve tri-AAV transduction efficiency and
apply it for gene therapy.

Materials and Methods
Animals

All animal experiments were approved by the Animal Care
and Use Committee of the University of Missouri and were
in accordance with National Institutes of Health guidelines.
The original breeding pairs of B6Ros.CgDmdmdx-4Cv/J
(mdx4cv) mice were purchased from The Jackson Labora-
tory. Experimental mice were generated by in-house breed-
ing. Approximately 3-month-old male mdx4cv mice were
used in the study. All mice were housed in specific pathogen-
free animal care facilities and kept under a 12hr light (25
lux)/12 hr dark cycle with free access to food and water.

Generation of proviral plasmids

A total of 14 different cis proviral plasmids were used for
AAYV production (Tables 1 and 2). Eight plasmids were used
for generating mini-dystrophin dual AAV vectors, and six
were used for generating full-length dystrophin tri-AAV
vectors. All the cis plasmids were flanked by the AAV-2
inverted terminal repeats (ITR). In the expression cassette,
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transcriptional regulation is controlled by the cytomegalo-
virus (CMV) promoter and the simian virus 40 poly-
adenylation signal (SV40 pA). The full-length human
dystrophin cDNA was used as the template for cloning.

The mini-dystrophin dual AAV vectors were used to
screen for highly recombinogenic regions in the dystrophin
rod domain. Four sets of cis plasmids were used in this
study. The first pair of cis plasmids (pYZ27 and pYZ22) has
been published before (Zhang and Duan, 2012; Zhang et al.,
2013). This set of vectors was originally generated to ex-
press a mini-dystrophin gene that is approximately half the
size of the full-length dystrophin cDNA. In this pair of
vectors, dystrophin spectrin-like repeat 20 (R20) was used to
reconstitute mini-dystrophin expression via homologous
recombination (Zhang and Duan, 2012). To identify addi-
tional highly recombinogenic regions, we replaced R20 with
R7,R8, or R9 in pYZ27 and pYZ22 (Table 1). The resulting
plasmid sets were (1) pWL40 and pWL43 (in this set of
plasmids, R7 is shared as the common region); (2) pWL41
and pWL44 (these two plasmids share R8 as the common
region); and (3) pWL42 and pWLA45 (this set of plasmids
uses R9 for homologous recombination) (Table 1).

A total of six cis plasmids were used to generate split
vectors to express the full-length dystrophin coding sequence
(Table 2). The head vector (pWL30) carries the 5" one-third
of the full-length cDNA (exons 1-26) (Table 2). Briefly, a
3,548 bp DNA fragment was amplified by polymerase chain
reaction (PCR) using the full-length human dystrophin cDNA
(a gift from Dr. Jeffrey Chamberlain at the University of
Washington) as the template. The forward primer is WL12
(5’-TTTCTCGAGATGCTTTGGTGGGAAGAAGTAGA
GG). The underlined nucleotides represent the Xhol site.
The reverse primer is WL13 (5-TTTGCGGCCGCTTTCC
GCGGACATCCAGCAGTATAAAACAAAAAAAAAA
ATCTCTACTTACCTTCATCTCTTCAACTGCTTTCTG
TAATTCATCTGG). The underlined nucleotides mark the
Notl and Sacll sites. The nucleotides in bold font represent

TABLE 1. DUAL-AAV CoNsTRUCTS USED IN THE STUDY

Name Description Reference
YZ27  The upstream vector of the R20 overlapping dual-vector set. It contains the CMV  Zhang and Duan (2012)
promoter, 5" half of the GFP-fused mini-dystrophin gene (till the end of R20). and Zhang et al. (2013)
YZ22  The downstream vector of the R20 overlapping dual-vector set. It contains the 3" half =~ Zhang and Duan (2012)
of the GFP-fused mini-dystrophin gene (starting from R20) and the pA signal. and Zhang et al. (2013)
WL40 The upstream vector of the R7 overlapping dual-vector set. It is similar to YZ27 Fig. 1 (this study)
except that the R20 is replaced by R7.
WL43  The downstream vector of the R7 overlapping dual-vector set. It is similar to YZ22  Fig. 1 (this study)
except that the R20 is replaced by R7.
WL41 The upstream vector of the R8 overlapping dual-vector set. It is similar to YZ27 Fig. 1 (this study)
except that the R20 is replaced by RS.
WL44  The downstream vector of the R8 overlapping dual-vector set. It is similar to YZ22  Fig. 1 (this study)
except that the R20 is replaced by RS.
WL42  The upstream vector of the R9 overlapping dual-vector set. It is similar to YZ27 Fig. 1 (this study)
except that the R20 is replaced by RO.
WL45 The downstream vector of the R9 overlapping dual-vector set. It is similar to YZ22  Fig. 1 (this study)

except that the R20 is replaced by RO.

AAV, adeno-associated virus; CMV, cytomegalovirus.
All vectors are flanked by AAV inverted terminal repeat.
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TABLE 2. TRI-AAV CoNsTRUCTS USED IN THE STUDY
Name Description Reference
WL30 The head vector of the tri-AAV vector set. It contains the CMV promoter, human Figs. 2A, 2B,
dystrophin exons 1-26, a splicing donor from Ad41Ela intron, and the highly and 3A (this study)
recombinogenic AP1 sequence.
WL34 The body vector of the hybrid-overlapping (HO) tri-AAV vector set. It contains the Fig. 2A (this study)
AP1 sequence, a splicing acceptor from Ad41E1A intron, human dystrophin
exon 27 to the middle of exon 53).
WL37 The tail vector of the HO tri-AAV vector set. It contains exons 50-79, and the pA  Fig. 2A (this study)
signal.
WL33 The body vector of the hybrid—hybrid (HH) tri-AAV vector set. It contains the AP1  Figs. 2B and 3A (this study)
sequence, a splicing acceptor from Ad41E1A intron, human dystrophin exons
27-48, a synthetic splicing donor from pCI intron, and the highly
recombinogenic AP2 sequence.
WL35 The tail vector of the HH tri-AAV vector set. It contains the AP2 sequence, a Fig. 2B (this study)
synthetic splicing acceptor from pClI intron, human dystrophin exons 49-79, and
the pA signal.
WL38 The tail vector of the flagged HH tri-AAV vector set. It is identical to WL35 except  Fig. 3A (this study)

for a flag tag fused at the C-terminal end.

The constructs are listed in the order they appear in the figures. All vectors are flanked by AAV inverted terminal repeat.

the intronic splicing donor signal derived from adenovirus
41 E1A (Ad41E1A) intron. In addition to the dystrophin
sequence, pWL30 also contains the APl sequence, a
~0.3kb highly recombinogenic DNA fragment from the
first one-third of the middle part of the human placental
alkaline phosphatase (AP) gene cDNA (Supplementary Fig.
S1; Supplementary Data are available online at www.liebert
pub.com/hum) (Ghosh et al., 2011). The AP1 fragment was
generated by PCR using the forward primer WL14 (5'-
TTTCTCGAGTTTCCGCGGTCGACCCCCGGGTGCGCG
GCGTCGG). The underlined nucleotides mark the XAol and
Sacll sites. The reverse primer is WL15 (5-TTTGCGGCCG
CGAAACGGTCCAGGCTATGTGCTCAAGGACGGCGC
CCGGCCGG). The underlined nucleotides stand for the
Notl site. The Sacll/NotI double-digested fragment was then
cloned between the CMV promoter and the 3’-ITR of pDD2,
a multiple cloning site cis plasmid we published before (Yue
and Duan, 2002).

The body vector (pWL33) of the hybrid-hybrid (HH)
strategy trivectors was generated by amplifying a 3,678 bp
DNA (exons 27-48) fragment from the full-length human
dystrophin cDNA (Table 2). The forward primer is WL18
(5-TTTATGCATTTTGCTAGCCCTAGGTGTGTGGG
GGTTAACGTGGCTTTTTTGTGCTTACTAGAGA
GAGCTAAAGAAGAGGCCCAACAAAAAGAAGCG).
The underlined nucleotides mark the Nsil and Nhel sites.
The nucleotides in bold font represent intronic acceptor
signal from Ad41E1A intron. The reverse primer is WL19
(5-TTTGGATCCTTTCTCGAGCCTCAGAAACGCAAG
AGTCTTCTCTGTCTCGACAAGCCCAGTTTCTATT
GGTCTCCTTAAACCTGTCTTGTAACCTTGATAC
TTACCTGAACGTCAAATGGTCCTTCTTGGTTTGGTT
GG). The underlined nucleotides represent the BamHI and
Xhol site, respectively, while the nucleotides in bold font
represent the intronic donor signal of a synthetic intron from
a commercial plasmid pCI (Promega, Fitchburg, WI) (Duan
et al., 2001). pWL33 also contains two DNA fragments
from different regions of the AP gene. The ~0.3kb AP1

fragment is identical to that of pWL30. However, in pWL33
this AP1 fragment was amplified using the forward primer
WL16 (5-TTTATGCATTCGACCCCCGGGTGCGCGGC
GTCGG; the underlined nucleotides represent the Nsil site)
and the reverse primer WL17 (5-TTTGGATCCTTTCTC
GAGTTTGCTAGCGAAACGGTCCAGGCTATGTGCTC
AAGGACGGCGCCCGGCCGG; the underlined nucleo-
tides represent the BamHI, Xhol, and Nhel site, respective-
ly). A second highly recombinogenic AP fragment (AP2)
was obtained from the last one-third of the middle part of
the AP gene (Supplementary Fig. S1) (Ghosh et al., 2011).
The AP2 fragment was placed near the 3’-end of pWL33.
The AP2 fragment is ~0.3 kb long, and it was amplified
using the forward primer WL20 (5-TTTATGCATTTTC
T C G A GTCGACCGCAGGGCAGCCTCTGTC ATCTCC
ATCAGGGAGGGG; the underlined nucleotides represent
the Nsil and Xhol site, respectively) and the reverse primer
WL21 (5-TTTGGATCCATCCTGGAGGCCGAAAGTAC
ATGTTTCGCATGGG; the underlined nucleotides mark the
BamHI site). The PCR products including the dystrophin
fragment, and two AP fragments were then cloned between
the 5’- and 3’-ITR of pDD4 (Yue and Duan, 2002).

The tail vector (pWL35) of the (HH) strategy trivectors
was generated by amplifying a 3,864bp DNA fragment
(exons 49-79) using the full-length human dystrophin
cDNA as the template (Table 2). The forward primer is
WL24 (5-TTTATGCATTTTTCTAGATAGGCACCTAT
TGGTCTTACTGACATCCACTTTGCCTTTCTCTCC
A CA GGAAACTGAAATAGCAGTTCAAGCTAAACAA
CCGG; the underlined nucleotides represent the Xbal and
Nsil sites, respectively; the nucleotides in bold represent the
intronic acceptor sequence). The reverse primer is WL25
(5’-TTTGCGGCCGCCTACATTGTGTCCTCTCTCATTG
GCTTTCCAGGGG; the underlined nucleotides represent
the Notl site). This PCR fragment contains the splicing ac-
ceptor signal derived from the pCI intron and the 3’-part of
the human dystrophin gene. The 5’-end of the pWL35
plasmid also contains the ~0.3kb AP2 sequence. In
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pWL35, the AP2 sequence was generated by PCR using the
forward primer WL22 (5-TTTATGCATTGCATGCCG
CAGGGCAGCCTCTGTCATCTCCATCAGGGAGGGG;
the underlined nucleotides represent the Nsil site) and the
reverse primer WL23 (5-TTTGCGGCCGCTTTTCTAGAT
GGAGGCCGAAAGTACATGTTTCGCATGGGAACCCC;
the underlined nucleotides represent Notl and Xbal site, re-
spectively). Finally, the Nsil/Notl double-digested fragment
was cloned between 3’-ITR and SV40 pA signal in pDD4
(Yue and Duan, 2002).

An alternative form of the pWL35 plasmid was made in
which a flag tag was included at the 3’-end (Table 2). This
flag-tagged plasmid is called pWL38. Briefly, pWL38 was
generated by amplifying a dystrophin fragment from the
full-length human dystrophin ¢cDNA using the forward
primer WL24 (see above) and a reverse primer WL29 (5-
TTTGCGGCCGCCTACTTGTCATCGTCATCCTTGTAG
TCCTTGTCATCGTCATCCTTGTAGTCCTTGTCATCG
TCATCCTTGTAGTCCATTGTGTCCTCTCTCATTGG
CTTTCCAGGGG:; The underlined nucleotides represent
the Notl site and the nucleotides in bold stand for the flag
tag).

The body vector (pWL34) of the hybrid-overlapping
(HO) strategy trivectors was generated by replacing the 3’-
end of pWL33 with a PCR-amplified dystrophin fragment
(exon 41 to the middle of exon 53) (Table 2). The forward
primer is WLO1 (5-TTTAGCGCTGGCGGGAAATTGA
GAGC; the underlined nucleotides represent the Afel site).
The reverse primer is WL26 (5-TTTGGATCCTCTTCCT
TAGCTTCCAGCC; the underlined nucleotides represent
the BamHI site).

The tail vector (pWL37) of the (HO) strategy trivectors
was generated by replacing the 5-end of pWL35 with a
PCR-amplified dystrophin fragment containing exons 50-59
(Table 2). The full-length dystrophin cDNA was used as the
template. The forward primer was WL30 (5-TTTATG
CATTGGAGGTACCTGCTCTGGC; the underlined nucle-
otides represent the Nsil site) and the reverse primer was
WLO05 (5-TTTCTCGAGGTGATCTTGGAGAGAG; the
underlined nucleotides represent the Xhol site).

Recombinant AAV production andin vivo gene delivery

Y445F AAV-6 and Y731F AAV-9 tyrosine mutant AAV
vectors were used in the study. Recombinant AAV vectors
were generated by triple-plasmid cotransfection using a cis
plasmid, an AAV helper plasmid containing the AAV-2 Rep
gene and the Y445F AAV-6 (or Y731F AAV-9) capsid gene
(gifts from Dr. Arun Srivastava at the University of Florida)
and an adenovirus helper plasmid (Stratagene, La Jolla, CA)
(Zhong et al., 2008; Qiao et al., 2010; Zhang et al., 2013).
Viral stocks were purified through two rounds of CsCl
isopycnic ultracentrifugation according to our published
protocol (Qiao et al., 2010; Shin et al., 2012). For dual-AAV
coinfection studies, we used Y445F tyrosine mutant AAV-6.
Briefly, 2.25x10'" viral genome (vg) particles of each
vector were coinjected into the TA muscle of ~ 3-month-old
male mdx4cv mice. For triple-AAV coinfection studies, we
used both Y445F tyrosine mutant AAV-6 and Y731F tyro-
sine mutant AAV-9. Y445F tyrosine mutant AAV-6 was
used to compare the transduction efficiency of two different
sets of the full-length dystrophin tri-AAV vectors (the HH
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vectors and the hybrid-overlapping vectors). In this experi-
ment, 4x 10'° vg particles/vector of each vector set were
coinjected into the TA muscle of mdx4cv mice. Y731F ty-
rosine mutant AAV-9 was used to evaluate transduction
efficiency of the flag-tagged HH tri-AAV vectors. In this
study, 4.7x 10" (low-dose group) or 1.2x10'? (high-dose
group) vg particles of each vector were coinjected into the
TA muscle of mdx4cv mice. AAV transduction was eval-
uated at 35 days postinjection.

Cell culture studies

MOS59K cell line, a human glioblastoma cell line, was
obtained from American Type Culture Collection (No.
CRL-2365; Manassas, VA) (Ghosh et al., 2008). Cells were
cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s
medium and Ham’s F12 medium (Gibco, Carlsbad, CA).
Culture medium was supplemented with 10% fetal bovine
serum, 100 unit/ml penicillin, 0.1 mg/ml streptmycin,
0.05 mM nonessential amino acids, and 0.5mM sodium
pyruvate (Gibco). Twenty-four hours after plating, cells
were infected with Y445F AAV-6 tyrosine mutant dual
AAYV vectors at the multiplicity of infection of 10,000 vg
particles/vector/cell. Cells were fixed in 4% formaldehyde
48 hr later and examined for GFP expression under a con-
focal microscope.

Immunostaining and GFP visualization in muscle

Freshly dissected muscles were snap-frozen in liquid
nitrogen-cooled isopentane in optimal cutting temperature
compound (Sakura Finetek Inc., Torrance, CA). Ten-
micrometer cryo-tissue sections were used for GFP visual-
ization or immunofluorescence staining. GFP was detected
under the FITC channel using a Nikon E800 fluorescence
microscope. Photomicrographs were taken with a Qimage
REtiga 1300 camera. Dystrophin was examined with two
antibodies—a human dystrophin-specific monoclonal anti-
body Dys 3 (Hum-Dys antibody) (1:20; Novocastra, New-
castle, UK) and a second antibody (Dys 2) that reacts with
dystrophin from any species (Pan-Dys antibody) (1:100;
Novocastra). The Dys 3 antibody reacts with an epitope
located in dystrophin hinge 1 (Yue et al., 2003; Lai et al.,
2005, 2009). The Dys 2 antibody recognizes an epitope
located at the C-terminal domain of dystrophin. The flag-tag
was examined with an anti-flag M2 antibody (1:500; Sigma-
Aldrich, St. Louis, MO).

Quantitative reverse transcription PCR

Quantitative reverse transcription PCR (qQRT-PCR) ana-
lyses were performed as described previously by Bartoli
et al. (2006). Briefly, total RNA was extracted from muscles
by the Trizol method (Life Technologies, Carlsbad, CA)
from the ground muscle lysate. Residual DNA was removed
from the samples using the Free DNA kit (Ambion, Austin,
TX). One microgram RNA was reverse-transcribed using
random hexamers according to the protocol Superscript 11
first-strand synthesis system for RT-PCR (Life Technolo-
gies). TagMan quantitative PCR was performed using the
ABI PRISM 7700 system (Life Technologies) with 0.2 mM
of each primer and 0.1 mM of the probe according to the
protocol Absolute QPCR Rox Mix (Thermo Scientific,
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TABLE 3. PRIMERS AND PROBES USED FOR QUANTITATIVE
REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION

Name Gene/location Sequence
Primer a Dystrophin exon 26 5’ gattttgaatataaaa
(WL102) (forward primer) ctccagatgaa
Primer b Dystrophin exon 27 5" ggagtttcactttc
(WL103) (reverse primer) gcttettt
Primer ¢ Dystrophin exon 48 5" aaccaaccaaac
(WL104) (forward primer) caagaagg
Primer d Dystrophin exon 49 5" getgecectttaga
(WL105) (reverse primer) caaaatctc
Rplp0 Ribosomal protein 5’ ctccaagcagat
forward large PO gcagcaga
primer
Rplp0 Ribosomal protein 5" atagccttgege
reverse large PO atcatggt
primer
Probe The junction of the 5’ agagatgaagag
WL145 dystrophin head and agctaaagaagaggccc
body vectors
Probe The junction of the 5’ tttgacgttcaggaa
WL146 dystrophin body actgaaatagcag
and tail vectors
Probe The junction of the 5’ agagatgaaggaa
WL147 dystrophin head actgaaatagcagtt
and tail vectors
Rplp0 Ribosomal protein 5" ccgtggtgctgat
Probe large PO gggcaagaa

Pittsburgh, PA). The primers and probes are listed in Table 3
(see also Supplementary Fig. S2). The probes were labeled
with 6-carboxyfluorescein at the 5-end and dihydrocyclo-
pyrroloindole tripeptide minor groove binder at the 3’-end.
The primer a/b set and the probe WL145 were used to
amplify the transcribed junction of the head and body
vectors. The primer c/d set and the probe WL146 were used
to amplify the transcribed junction of the body and tail
vectors. The primer a/d set and the probe WL 147 were used
to amplify the transcribed junction of the head and tail
vectors (Table 3 and Supplementary Fig. S2). The ubiqui-
tous acidic ribosomal phosphoprotein, large (Rplp0), was
used to normalize the data across samples. Each experiment
was performed in duplicate.

Statistical analysis

The sample size is indicated in the corresponding figure
legend. Data are presented as mean = standard error of
mean unless otherwise stated. Statistical difference for
two-group comparisons (Fig. 2D, between HO vectors and
HH vectors; Fig. 3C, between flag antibody and Pan-Dys
antibody; Fig. 3D, between WL30/33/38 coinfected and
noninfected) was assessed with the Student’s r-test. Sta-
tistical difference for multiple group comparison (Fig. 1D)
was examined by one-way ANOVA followed by Bonfer-
roni post hoc analysis using the IBM SPSS software (IBM
Corporation, Armonk, NY). A p<0.05 was considered
statistically significant.

LOSTAL ET AL.

Results

Screening for highly recombinogenic regions
in the dystrophin gene

One approach to deliver the full-length dystrophin coding
sequence is through homologous recombination (Duan et al.,
2001). In this approach, the dystrophin cDNA is split into
three overlapping fragments, including the head, body, and
tail part. The 3’-end of the head fragment shares a common
region with the 5’-end of the body fragment and the 3’-end of
the body fragment shares a common region with the 5’-end of
the tail fragment. Each fragment is packaged into an AAV
vector. After coinfection, recombination at the overlapping
regions reconstitutes full-length dystrophin. The success of
this approach depends on efficient recombination of the
overlapping sequences (Ghosh et al., 2006). Recent studies
suggest that dystrophin R20 mediates robust homologous
recombination (Odom et al., 2011; Zhang and Duan, 2012;
Zhang et al., 2013). We have thus selected R20 for body and
tail fragment reconstitution. To reconstitute the head frag-
ment and the body fragment, another highly recombinogenic
region is needed. Considering the packaging limitation of a
single AAV vector, three candidate regions (R7, R8, and R9)
were chosen for further evaluation.

We have previously described a set of mini-dystrophin
dual AAV vectors (Zhang and Duan, 2012; Zhang et al.,
2013). In this set of the vectors, R20 is used to reconstitute a
7kb GFP-fused AR2-15/AR18-19 minigene (Fig. 1A). To
determine homologous recombination efficiency of R7, RS,
and R9, we swapped each of these regions into the AR2-15/
AR18-19 minigene dual AAV vectors (Fig. 1A and Table
1). We first tested reconstitution efficiency in MO5S9K cells
(Ghosh et al., 2006). Transduction with either upstream or
downstream vector alone did not yield GFP expression (data
not shown). GFP-positive cells were observed only after
coinfection (Fig. 1B). Among four dual-vector sets, the
original R20-based dual vectors appeared to be more effi-
cient than the other three sets (Fig. 1B). To determine
in vivo reconstitution efficiency, dual vectors were delivered
to the TA muscle of adult mdx4cv mice (Fig. 1C and D). At
35 days after gene transfer, we detected GFP expression in
muscles coinjected with both the upstream and downstream
vectors, but not in muscle injected with a single vector (Fig.
1C and data not shown). Consistent with the in vitro results,
R20-based dual vectors yielded significantly more GFP-
positive cells (Fig. 1D). None of the candidate regions (R7,
R8, and R9) resulted in efficient homologous recombination.
Our results suggest that it may not be ideal to reconstitute
the head and body fragments using the overlapping strategy.

Design and construction of the full-length dystrophin
tri-AAV vectors

The trans-splicing and hybrid methods are two other strat-
egies that are often used to reconstitute a split gene using AAV.
The efficiency of the trans-splicing approach is limited by the
selection of the splicing site (Lai et al., 2005, 2006). Only the
hybrid strategy can mediate efficient reconstitution in a
transgene-independent manner (Ghosh et al., 2008, 2011).

To take the advantage of the hybrid vector strategy, we
designed two different sets of tri-AAV vectors (Fig. 2A and
B, and Table 2). In both sets of the trivectors (Fig. 2A and
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A
U{ CcMV 5'-side of mini-dys

Upstream vector

FIG. 1. Evaluation of homologous re-
combination efficiency of dystrophin R7,
R8, and R9 in overlapping dual AAV vec-
tors. (A) Schematic outline of the constructs
and the overlapping strategy. A 7kb GFP-
fused mini-dystrophin gene is split into two

AAV vectors. The upstream vector contains B R7

the CMV promoter, the GFP coding se- r
quence, and the 5’-half of the mini-dystrophin
gene. The downstream vector contains the 3’-
half of the mini-dystrophin gene and the
polyadenylation signal. The region shared by
both constructs is marked as Rn, which can be
R7, R8, RY, or R20. Homologous recombi-
nation between the Rn regions of the two
vectors reconstitutes the expression of the
GFP-fused mini-dystrophin gene. (B) In vitro
evaluation of the reconstitution efficiency in
MOS59K cells. Representative photomicro-
graphs of the bright-field and GFP images are
shown in the top and bottom panels, respec-
tively. The dual vectors used in transduction
are marked by the homologous region they
shared (R7, R8, R9, or R20). Neg ctrl, unin- C
fected negative control. Arrow marks the
same cell in the bright-field image and the
corresponding GFP fluorescence image. (C)
In vivo evaluation of the reconstitution effi-
ciency in mdx4cv mice. Representative pho-
tomicrographs of the GFP images from
muscles infected by the indicated set of the
dual vectors are shown. Neg ctrl, un-infected
negative control. (D) Quantitative evaluation D
of the reconstitution efficiency in mdx4cv
mice. N=3-5 mice/group. R7H, R8H, R9H,
and R20H refer to the muscles that were in-
jected only with the indicated head vector
instead of the paired dual vectors. Neg, the
muscle from uninfected mice. *Significantly
higher than all other groups. AAV, adeno-
associated virus; CMV, cytomegalovirus.
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GFP GFP
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B), the head vector (WL30) contains the CMV promoter,
dystrophin exons 1-26, the splicing donor from Ad41Ela
intron, and the highly recombinogenic APl sequence
(Ghosh et al., 2011). In the hybrid-overlapping (HO) vector
set, the body vector (WL34) contains the AP1 sequence, the
splicing acceptor from Ad41Ela intron, and dystrophin exon
27 to the middle of exon 53. The tail vector (WL37) of the
HO vector set contains dystrophin exons 50-79 and the
SV40 polyA signal (Fig. 2A). In the HH vector set, the body
vector (WL33) contains (starting from the 5’-end) the AP1
sequence, the splicing acceptor from Ad41Ela intron, dys-
trophin exons 27-48, the splicing donor of synthetic pCI
intron, and the highly recombinogenic AP2 sequence. The
tail vector (WL35) of the HH vector set contains the AP2
sequence, the splicing donor of synthetic pCI intron, and the
SV40 polyA signal (Fig. 2B).

To evaluate full-length dystrophin reconstitution, we used
two antibodies: a Hum-Dys Ab that only recognizes the hinge 1
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]
o
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-
o
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Y
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o

Neg ctrl

0 ."t’
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R20 R7H R8H R9H R20H Neg

region at the N-terminal end of human dystrophin, and a Pan-
Dys Ab that reacts with the C-terminal domain of both human
and mouse dystrophin. The HO and HH tri-AAV vectors were
packaged in Y445F AAV-6 and injected into the TA muscle of
mdx4cv mice at the dose of 4x10'° vg particles per vector.
Dystrophin expression was examined 35 days later. Recon-
stituted human dystrophin was positive by both Pan-Dys and
Hum-Dys antibody immunostaining (Fig. 2C, left two panels).
In contrast, endogenous mouse dystrophin revertant fibers were
positive by Pan-Dys antibody immunostaining only (Fig. 2C,
right two panels). Hum-Dys-positive myofibers were not de-
tected in muscles injected with single vector (WL30, WL33,
WL34, WL35, or WL37 alone) or various dual-vector combi-
nations (WL30+WL34, WL34+WL37, WL30+WL37,
WL30+WL33, WL33+WL35, or WL30+ WL35) (data not
shown). As expected, human dystrophin reconstitution was
achieved in muscles coinjected with all three vectors (WL30 +
WL34+WL37 for the HO trivectors and WL30+WL33 +
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FIG. 2. Expression of full-length human dystrophin with two different sets of tri-AAV vectors. (A) Schematic outline of the
hybrid-overlapping (HO) tri-AAV vectors. The first (WL30) and the middle (WL34) one-third of the dystrophin coding
sequences are split at the junction of exons 26 and 27. A highly recombinogenic alkaline phosphatase gene sequence (AP1) is
engineered at the end of the first vector (WL30) and the beginning of the second vector (WL34). Splicing donor (circle) and
acceptor (triangle) signals are also engineered in WL30 and WL34, respectively, at the indicated position. Reconstitution of
these two vectors can be achieved by either homologous recombination of the AP1 sequence (vertical gray lines) or end-to-end
joining of the inverted terminal repeat (ITR). In either case, the open reading frame can be re-established in mRNA after
splicing (dotted lines). The recombination between the middle one-third of dystrophin (WL34) and the last one-third of
dystrophin (WL37) is mediated by homologous recombination of dystrophin spectrin-like repeat 20 (R20) (vertical gray
lines). (B) Schematic outline of the hybrid—hybrid (HH) tri-AAV vectors. The full-length dystrophin expression cassette is
carried in three AAV vectors (WL30, WL33, and WL34). The recombination between the first (WL30) and middle (WL33)
one-third of dystrophin is identical to that of the HO tri-AAYV vectors. A similar approach is used to reconstitute the middle
(WL33) and the last (WL35) one-third of dystrophin. The dystrophin coding sequence is split at the junction of exons 48 and
49. A different but also highly recombinogenic region of the AP gene (AP2) and a different set of splicing signals (gray circle
and gray triangle) are engineered in WL33 and WL35 to mediate recombination. (C) Representative immunofluorescence
staining photomicrographs of serial muscle sections that are stained by two different dystrophin antibodies. The Pan-Dys
antibody recognizes dystrophin from any species. The Hum-Dys antibody reacts only with human dystrophin. The two panels
at the left show human dystrophin expression in a myofiber (positive for both Pan-Dys and Hum-Dys antibodies). The two
panels at the right show expression of mouse dystrophin in a revertant myofiber (positive with the Pan-Dys antibody but
negative with the Hum-Dys antibody). *The same myofiber in serial sections. (D) Quantitative evaluation of dystrophin
expression in muscles infected by the HO or HH tri-AAV vectors. N=4 for each group.

WL35 for the HH trivectors) (Fig. 2C). However, only a few
full-length human dystrophin-positive cells were detected.
Further, there was no significant difference between the HO
and HH trivectors (Fig. 2D).

Characterization of the flag-tagged tri-AAV vectors

In the original HH trivector set, the C-terminal end of
human dystrophin was detected by the Pan-Dys antibody.

This antibody cross-reacts with endogenous mouse dystro-
phin (Fig. 2B and C). To further increase the detection
specificity, we engineered a flag tag at the C-terminal end of
human dystrophin and generated the flag-tagged HH tri-
AAYV vectors (Fig. 3A). This set of vectors is identical to the
original HH trivectors except for the flag tag added to the 3-
end of the tail vector (Fig. 3A). The flag-tagged HH tri-
vectors were packaged in Y731F AAV-9 and injected into
the TA muscle of mdx4cv mice at the dose of 4.7 x 10" vg
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FIG. 3. Quantitative examination of the flag-tagged HH tri-AAV vectors in mdx4cv mouse muscle. (A) Schematic outline
of the flag-tagged HH tri-AAV vectors. The structure is identical to the original HH tri-AAV vectors except the addition of a
flag tag at the C-terminal end of the human dystrophin coding sequence. Locations of the primers used for quantitative RT-
PCR are marked (see Table 3 for details). (B) Representative Pan-Dys and flag antibody immunofluorescence staining
photomicrographs. Top two panels show a revertant myofiber (positive for Pan-Dys staining but negative for flag staining).
*The same myofiber in serial sections. (C) Quantification of human dystrophin reconstitution in mdx4cv mice infected by
one, two, or all three vectors of the flag-tagged HH tri-AAV vectors. N= 14 for WL30/WL33/WL38 coinfected mice; N=6
for WL30 infected mice; N=38 for WL30/W L38 coinfected mice; N=8 for WL38 infected mice. *Significantly higher than
other groups by flag antlbody staining. Slgmﬁcantly higher than other groups by Pan-Dys antibody staining. Cross,
significantly higher than that of flag antibody staining in the same group. (D) Quantitative RT-PCR results. The primer set
used in each qRT-PCR is indicated in the x-axis. N=14 for tri-AAV infected mice; N=6 for noninfected control mice.
*Significantly higher than that of uninfected. (E) Representative flag, Pan-Dys, and Hum-Dys antibody immunofluorescence
staining photomicrographs. *The same myofiber in serial sections. (F) Quantification of human dystrophin reconstitution in
mdx4cv mice infected with high-dose flag-tagged HH tri-AAV vectors. N=2 mice for each group. The error bar stands for
the difference between the mean value and each individual value. RT-PCR, reverse transcription polymerase chain reaction.

particles per vector (Fig. 3B and C). Dystrophin expression
was examined 35 days after injection. As expected, human
dystrophin was detected by both the Pan-Dys and flag an-
tibodies, while revertant mouse dystrophin was only rec-
ognized by the Pan-Dys antibody (Fig. 3B). Importantly,

fected muscles when the primer/probe set that is specific to
the head/tail junction was used.

High-dose coinfection enhances tri-AAV reconstitution

coinfection with WL30, WL33, and WL38 resulted in sig-
nificantly more flag and Pan-Dys double-positive myofibers
(50-fold higher than that of single- or dual-vector trans-
duction) (Fig. 3C).

To confirm full-length dystrophin reconstitution at the
mRNA level, we performed quantitative RT-PCR using total
RNA (Fig. 3D). Compared with that of uninfected muscles,
tri-AAV (WL30+WL33 +WL38) coinfected muscles yiel-
ded significantly more transcripts with the primer/probe sets
specific for the head/body and body/tail junctions (Fig. 3D
and Supplementary Fig. S2). Importantly, similar levels of
transcripts were detected in uninfected and tri-AAV coin-

The proof-of-principle studies with the HO, HH, and flagged
HH vectors demonstrated the feasibility of trivector-mediated
full-length dystrophin expression. However, reconstitution
efficiency was low (<2 positive myofibers/mm?) (Figs. 2D
and 3C). To determine whether increasing AAV dose can
improve recombination, high-dose flag-tagged HH trivectors
(1.2x10" vg particles/vector, Y731F AAV-9) were deliv-
ered to the TA muscles of two mdx4cv mice. We examined
dystrophin expression 35 days later using the Pan-Dys, Hum-
Dys, and flag antibodies (Fig. 3E). Positive staining with all
three antibodies unambiguously confirmed successful re-
constitution of full-length flag-tagged human dystrophin (Fig.
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3E). Surprisingly, doubling the dose resulted in a five-fold
increase in the number of full-dystrophin-transduced myofi-
bers (~ 11 positive myoﬁbers/mmz) (Fig. 3F).

Discussion

In this study, we showed successful expression of full-
length human dystrophin with the tri-AAV vectors. Speci-
fically, the full-length human dystrophin cDNA expression
cassette was divided into three fragments and each fragment
engineered into an AAV vector. The complete expression
cassette was reconstituted in muscle after coinfection with
all three vectors.

Over the last few years, AAV-based gene therapy has
shown indisputable clinical benefit in several diseases
(Carter, 2005; Mingozzi and High, 2011b; Buning, 2013). A
common feature in these successes is that they all have a
relatively small therapeutic gene that can fit into a single
AAV virion. The wild-type AAV genome is ~4.7kb (Sri-
vastava et al., 1983). Recombinant AAV virus can accom-
modate a slightly larger genome (up to 5kb). The packaging
efficiency drops sharply when the genome size exceeds 5 kb
(Dong et al., 1996). The small packaging capacity creates a
significant hurdle for larger therapeutic genes.

Several innovative dual-vector strategies have been ex-
plored to deliver a large therapeutic gene with AAV. The
basic idea is to break the intact expression cassette into two
pieces so that each piece can fit into a single AAV vector.
Subsequently, the fragmented cassette is restored through
intermolecular recombination between independent vector
genomes. The trans-splicing and the overlapping vectors are
the two prototypes (Duan et al., 2001). In the trans-splicing
vectors, recombination is achieved via end-to-end joining of
AAV ITRs. After removing the junction by the engineered
splicing signals, transgene expression is restored. In the
overlapping vectors, two split fragments share a common
region. Homologous recombination between the common
regions reconstitutes the intact expression cassette. Theore-
tically, both vector systems can deliver a large gene. How-
ever, there are dramatic variations in the efficiency depending
on the unique properties of the target gene. The trans-splicing
vectors require an optimal gene-splitting site, while the
overlapping vectors require a highly recombinogenic se-
quence (Xu et al., 2004; Lai et al., 2005; Ghosh et al., 2006).
The hybrid vectors are developed to overcome these limita-
tions (Ghosh et al., 2008). In the hybrid vectors, reconstitu-
tion can be achieved either via ITR joining or homologous
recombination. The development of dual-AAV vectors has
partially addressed the size barrier by doubling the packaging
capacity to 10kb. Yet, this still cannot meet the need of the
11.2kb full-length dystrophin coding sequence.

The dystrophin gene is one of the largest genes in the
body. Out-of-frame mutations in the dystrophin gene lead to
DMD. Early studies suggest that some regions of the dys-
trophin gene might be dispensable. For example, deletion of
a large section of the dystrophin rod domain or the dystro-
phin C-terminal domain is tolerated in human patients and
mice (England et al., 1990; Crawford et al., 2000; Harper
et al., 2002). However, recent findings from several groups
suggest that the structure—function relationship of the dys-
trophin gene is more complicated than previously thought
(Lai et al., 2009, 2013; Koo et al., 2011; Rumeur et al.,
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2012; Taghli-Lamallem et al., 2013). Ideally, a full-length
dystrophin ¢cDNA should be used for gene replacement
therapy because full-length dystrophin offers better protec-
tion than abbreviated micro/mini-dystrophins (Phelps et al.,
1995). Considering the 5 kb maximal packaging capacity of
a single AAV vector, we will need three independent AAV
vectors to carry a full-length dystrophin expression cassette.
We initially hypothesized that reconstitution can be
achieved via any one of the recombination strategies dis-
cussed above (the trans-splicing, overlapping or hybrid).
Since the cloning of the overlapping vectors is simple and
straightforward, we explored this strategy first. Studies from
several laboratories have shown that dystrophin R20 can
mediate efficient homologous recombination (Odom et al.,
2011; Zhang and Duan, 2012; Zhang et al., 2013). R20 is
encoded by exons 51-53. Thus, it can be used to reconstitute
the body and tail parts. To identify a highly recombinogenic
region for the head fragment and body fragment reconsti-
tution, we screened R7, R8, and R9. Unfortunately, none of
these regions resulted in robust homologous recombination
(Fig. 1). The exact reason why R20 is more recombinogenic
is currently not clear. However, in the context of the over-
lapping vectors, similar differences have been seen between
different genes (the AP gene versus the LacZ gene) or among
different parts of the same gene (Ghosh et al., 2006, 2011).

Next, we tested the hybrid approach-based tri-AAV
vectors. To capitalize on the high recombination efficiency
of R20, we designed two different sets of tri-AAV vectors.
In both sets of the vectors, reconstitution of the head and
body parts is achieved via homologous recombination of a
foreign sequence (AP1) and/or ITR-mediated end joining
(Fig. 2A and B). To reconstitute the body and tail parts, we
used either R20-mediated homologous recombination (for
the HO trivectors) or the hybrid method based on a different
foreign sequence (AP2) (for the HH trivectors). In vivo
studies in mdx4cv mice suggest that both HO and HH tri-
vectors can lead to low-level human dystrophin expression
(Fig. 2C and D). To further confirm full-length human
dystrophin cDNA reconstitution, we designed a third set of
trivectors by attaching a flag tag to the C-terminal end of the
tail vector of the HH tri-AAV vectors (Fig. 3A). Consistent
with our initial observation with the HH trivector, we de-
tected flag-positive human dystrophin expression in mdx4cv
mice infected by the flag-tagged HH trivectors (Fig. 3).

An alternative approach to determine tri-AAV reconstitu-
tion is to evaluate mRNA. We designed human dystrophin-
specific primers and probes to cover the possible junctions
between the head and body vectors, body and tail vectors, and
head and tail vectors (Supplementary Fig. S2). Because of
high sequence homology between the human and mouse
dystrophin mRNA, low-level signals were detected in non-
infected mice by qRT-PCR (Fig. 3D). Importantly, transcripts
specific to the full-length human dystrophin mRNA (head/
body recombination and body/tail recombination) were log-
fold higher in trivector-infected mice. On the other hand, no
significant difference was seen between trivector-infected and
noninfected mice for head/tail qRT-PCR, suggesting that
there was nominal recombination between the head and tail
vectors (likely because of a lack of homology between the
API and AP2 sequences) (Fig. 3D).

An important requirement in DMD gene therapy is to treat
sufficient numbers of myofibers (Chamberlain, 1997). The
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sporadic expression obtained from tri-AAV coinfection is
far from enough. To improve transduction efficiency, we
doubled the vector dose. Interestingly, we observed a five-
fold increase in human dystrophin-positive cells (Fig. 3F).
The exact mechanism underlying this disproportional dose—
response is unclear. We speculate that this may likely reflect a
threshold effect. In other words, by doubling the vector dose
we may have surpassed a critical concentration threshold for
tri-AAV recombination. Despite the improvement, the overall
transduction efficiency remains too low to have a significant
impact on muscle disease (Chamberlain, 1997). Future stud-
ies are needed to identify the rate-limiting steps and further
improve tri-AAV transduction efficiency.

In this study, we observed few Flag-positive cells in
muscles that received WL38 alone (tail vector only) or both
WL30 and WL38 (head and tail vector together) (Fig. 3C).
Our results revealed the possibility of generating toxic and/or
immunogenic products from a single vector or the head/tail-
recombined genome. Although such events are rare, they still
represent important safety and immunological concerns. Fu-
ture studies are needed to fully characterize these untoward
products, and more importantly to develop effective strategies
to minimize and/or eliminate such products.

In summary, our results suggest that tri-AAV vectors may
be used to expand the total carrying capacity of the AAV
vectors to 15kb. This not only opens the door to deliver a
large therapeutic gene (such as the full-length dystrophin
cDNA), but also provides more space for engineering var-
ious regulatory elements into the expression cassette.
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