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Introduction

Adeno-associated Virus (AAV) is a human parvovirus originally isolated as a
contaminant in adenoviral stocks (Atchison, et al., 1965). It is classified as a
dependovirus, as opposed to autonomous parvovirus, because it needs a helper virus
to complete a productive life cycle (Flotte and Berns, 2005).  About 110 serotypes
have been identified and they are classifed into seven clades (Gao, et al., 2004).
Type-2 AAV (AAV-2) is the first serotype isolated.  This is also the most extensively
studied prototype AAV.  Wild type AAV-2 consists of a 4681nt single-stranded DNA
genome and is non-pathogenic (Srivastava, et al., 1983).  The ends of the genome are
palindromic repeat sequences termed the inverted terminal repeats (ITRs).  The AAV
genome consists of two open reading frames encoding structural/capsid proteins and
replication/regulation proteins, respectively (Figure 1).  AAV enters cell through
receptor-mediated endocytosis followed by endosomal sorting and trafficking into
the nucleus (Ding, et al., 2005).  After uncoating, the AAV genome is converted to
the double stranded form.  In the presence of a helper virus, AAV is reproduced
(Berns and Bohenzky, 1987) (Figure 2).  Without helper virus, a latent infection
cycle is established and AAV is propagated as an integrated provirus (Berns and
Linden, 1995).  In human cells, AAV-2 specifically integrates in the short arm of
chromosome 19 (Kotin, et al., 1990).  Recent advances in the field of gene therapy
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have led to a spurt in using recombinant AAV (rAAV) for gene delivery (Carter,
2004; Carter, 2005).  In rAAV, the native AAV genes are replaced by the therapeutic
gene(s) (Figure 3).  After infection, rAAV mainly persists as a latent circular episomal
genome in host cells (Duan, et al., 1998).  These circular genomes are thought to be
responsible for long term gene expression (Duan, et al., 1998; Duan, et al., 1999).

Figure 1. Organization of the wild-type AAV-2 genome.  The wild type AAV genome has two open reading
frames encoding four replication proteins (Rep78, Rep68, Rep52 and Rep40) and three structural proteins
(VP1, VP2 and VP3; the numerical numbers indicate MW of each capsid protein).  The replication proteins
are expressed from the p5 and p19 promoters and undergo alternative splicing to generate different transcripts.
The structural proteins are all expressed from the p40 promoter.  They are generated by alternative splicing
and/or different start codons.

AAV vectors carry several features that are advantageous for gene therapy.  These
include their ability to infect both mitotic and post mitotic cells, longterm gene
expression in a wide range of tissues and very low immune response.  Many preclinical
and clinical gene therapy studies have been performed with rAAV over the last two
decades (Carter, 2004; Carter, 2005).  Although most of the work has used the prototype
AAV-2, investigators have begun to appreciate the newly identified AAV serotypes
as gene therapy vehicles over the past few years (Gao, et al., 2005; Wu, et al., 2006).
These serotypes display unique transduction patterns in different tissues.  One of the
most striking findings is that some serotypes, in particular AAV-6, -8 and -9, can
mediate efficient whole body gene transfer (Gregorevic, et al., 2004; Inagaki, et al.,
2006; Pacak, et al., 2006; Wang, et al., 2005; Ghosh, et al., 2007).  It is interesting to
note that AAV-2 ITRs have been used as packaging signals in these studies.  The
serotype-specific differences in transduction are most likely attributed to the
differences in viral uptake and/or intracellular trafficking.
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Figure 2. Replication and packaging of the AAV genome.  AAV replication starts from a single-stranded
template.  Primed by the 3’ hydroxy group at the end of the ITR, a second strand is synthesized.  The
second strand synthesis continues across the ITR on the other end, followed by resolution at the left-hand
terminal resolution site (scissor sign).  This allows completion of the left hand ITR replication.  Finally a
pair of positive and negative single-stranded AAV genomes is produced.  These new genomes may now
serve as templates for further rounds of amplification.  Alternatively they can be packaged into pre-assembled
empty capsid.

Figure 3. Organization of a typical recombinant AAV (rAAV) genome.  In a rAAV vector, an expression
cassette containing a reporter or a therapeutic gene of choice replaces all the viral genes of the wild-type
virus.  Only the ITRs are kept to serve as the essential replication/packaging signal.

Strategies for expanding AAV packaging capacity

Despite its promise as an excellent therapeutic vehicle, AAV has been excluded for
the gene therapy of many diseases.  This is primarily due to the small packaging
capacity.  Up to a 5 kb therapeutic expression cassette can be encapsidated in a rAAV
virion, beyond which the packaging efficiency drops significantly (Dong, et al., 1996).
This works perfectly for diseases involving small genes such as hemophilia B and
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alpha 1-antitrypsin deficiency (Flotte, et al., 2004; Manno, et al., 2006).  However, it
cannot meet the need of a large therapeutic gene such as the dystrophin gene (the
gene responsible for Duchenne and Becker muscular dystrophy, DMD and BMD)
and the cystic fibrosis transmembrane conductance regulator (CFTR) gene (the gene
responsible for cystic fibrosis).

To overcome this size limitation, efforts have been made to delete the less important
regions in a therapeutic gene and to generate minimized genes that can fit into a
single AAV capsid.  However, such mini-genes may be less functional than the full-
length gene (Harper, et al., 2002; Lai, et al., 2005).  Alternative strategies are needed
to deliver a large gene with AAV vector.  It has been demonstrated that AAV genomes
undergo intermolecular recombination at their ITRs to form larger concatameres
(Duan, et al., 1999; Duan, et al., 1998; Duan, et al., 2003; Song, et al., 2001; Song,
et al., 2004; Yue and Duan, 2003).  At the junction of the viral genomes is a unique
structure called the double-D ITR (Duan, et al., 1999).  It is further observed that the
majority of the recombined genome exists in a head-to-tail orientation (Duan, et al.,
1998; Duan, et al., 1999).  This feature of the AAV genome metabolism offers a great
opportunity to double the AAV packaging capacity with two vectors (Duan, et al.,
2000; Sun, et al., 2000; Yan, et al., 2000).  Several distinctive dual vector approaches
have being developed since then.  These include cis-activation and trans-splicing
(Figure 4) (Duan, et al., 2002; Duan, et al., 2000; Yan, et al., 2000).  In the cis-
activation approach, the therapeutic expression cassette is split into two parts one
containing the regulatory elements such as the promoter and the enhancer while the
other carrying the protein coding sequence (Figure 4A).  These two parts are packaged
into independent AAV vectors.  Co-administration will reconstitute the expression
cassette.  In the trans-splicing approach, the gene itself is split into two AAV vectors
(Figure 4B).  The split gene fragments are engineered with splicing signals.  After
co-infection, a functional open reading frame is reconstituted by cellular splicing
machinery from the recombined vector genome.

Besides viral ITR-mediated recombination, intermolecular recombination between
AAV genomes also occurs through homologous recombination (Senapathy, et al.,
1984; Wang, et al., 1995).  This yields another option to expand AAV packaging
capacity called the overlapping approach (Figure 4C) (Duan, et al., 2001; Halbert, et
al., 2002).  Essentially, a large gene is split into two overlapping fragments and
packaged into two AAV vectors.  When these vectors enter the same cell, the full-
length gene is reconstituted through homologous recombination at the overlapping
region.

CIS-ACTIVATING A “PROMOTER-LESS” AAV

The size of many therapeutic genes (such as the CFTR cDNA) is in the range of ~4.6
kb.  These genes will fit into a single AAV virion themselves but there is no space for
a strong promoter/enhance to drive gene expression.  The AAV ITR has weak promoter
activity and it can drive minimal level expression when a strong exogenous promoter
is omitted in an AAV vector (Flotte, et al., 1993).  This is apparently not sufficient for
gene therapy.  One way to overcome this problem is to introduce strong enhancers
through a second AAV vector to strengthen transcription.  Duan et al tested this
approach by constructing a “super-enhancer” AAV vector (Duan, et al., 2000).  This
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Figure 4.  Schematic illustration of the different dual vector approaches to expand the AAV packaging capacity.
A, Cis-activation.  In this case, a vector carrying a promoterless transgene (or a transgene with a weak promoter)
is co-infected with a vector containing the “super-enhancer”.  The rAAV genomes undergo ITR mediated
recombination to form heterodimeric molecules.  The transgene expression is highly enhanced by the presence
of the “super-enhancer” elements in the concatamer.  B, Trans-splicing.  In this approach, the transgene is
split into two halves in the middle of an intron.  The AV.Donor molecule contains the 5’ half of the expression
cassette with the splice donor (SD) and the AV.Acceptor contains the 3’ half of the expression cassette containing
the splice acceptor (SA).  Upon co-infection with both vectors, ITR mediated heterodimers are formed.  The
transgene is transcribed from the recombined vector genome.  The splice signals from the intron will then
splice out the ITR junction and generate a full length mature mRNA transcript.  C, Overlapping.  This method
requires the transgene to be split in such a way that the two split parts share a sequence of homology between
them.  Upon co-infection, the two split parts will recombine at their homologous sequence.  This recombination
event will thus lead to the generation of an intact expression cassette.
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vector contains two enhancer elements from the simian virus 40 (SV40) and
cytomegalovirus (CMV) genomes, respectively.  They also made a “promoter-less”
luciferase AAV vector.  Co-administration of the “super-enhancer” AAV vector resulted
in 200-fold increase in transgene expression from the “promoter-less” vector.
Molecular analysis of the retrieved vector genomes revealed intermolecular
recombination between the two incoming vector genomes and the formation of a
strong expression cassette containing the ITR promoter, the luciferase gene and the
super-enhancer.  The cis-activation method has several advantages for certain gene
therapy applications.  First, it does not entail the splitting of the gene within the
coding sequence.  Second, it works irrespective of the orientation of the recombined
vector genome.  However, there are also apparent limitations.  One of the biggest
limitations is that it cannot work for the genes where the coding sequence is beyond
the packaging capacity of a single AAV.  Safety is another important concern.  Random
integration of the super-enhancer elements may lead to oncogenic expression of the
neighboring genes.

EXPANDING PACKAGING CAPACITY WITH THE TRANS-SPLICING VECTORS

Eukaryotic genes consist of coding regions called exons interspersed with non-coding
regions called introns.  At the junctions of these introns and exons are the splicing
signals. These splicing signals direct the formation of the spliceosome complex at
the appropriate locations.  Subsequently, the introns are removed and mature mRNA
is generated to make protein.  The trans-splicing approach takes advantage of the
cellular splicing process.  Basically, the transgene is divided into two parts either at
an endogenous intron or an engineered synthetic “intron”.  The vector carrying the
splicing donor signal is called the AV.Donor.  This vector also carries the promoter
and the 5’ half of the transgene.  The vector carrying the splicing acceptor signal is
called the AV.Acceptor.  This vector also carries the 3’ half of the transgene and the
polyadenylation signals.  Upon co-infection, two vector genomes form the head-to-
tail heterodimer.  The RNA transcript from such a heterodimer contains both the 5’
and the 3’ halves of the transgene as well as splicing signals and the double-D ITR at
the junction.  The junction region is then spliced out from pre-mRNA to form mature
mRNA for protein expression.

A number of therapeutic and/or reporter transgenes have been tested in the trans-
splicing vectors (Chao, et al., 2002; Duan, et al., 2001; Lai, et al., 2005; Nakai, et al.,
2000; Reich, et al., 2003; Sun, et al., 2000; Yan, et al., 2000).  Yan et al split the
human erythopoitin gene at its 3rd intron and packaged them into the trans-splicing
vectors (Yan, et al., 2000).  Co-infection in mouse skeletal muscle resulted in
therapeutic level of erythropoietin in the serum.  Single vector administration did not
lead to any erythropoietin expression.  Chao et al generated the factor 8 gene trans-
splicing vectors (Chao, et al., 2002).  In immune deficient mice, intra-portal vein co-
administration produced 2% of normal level of factor VIII in blood.  Several groups
also split the LacZ reporter gene using the synthetic splicing signals (Duan, et al.,
2001; Nakai, et al., 2000; Reich, et al., 2003; Sun, et al., 2000).  In these proof of
principle studies, the trans-splicing vectors consistently regenerated the split gene
and lead to the expression of functional protein.  However, the actual transduction
efficiency is much lower than that of a single intact AAV vector (Duan, et al., 2001).
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There are a number of potential rate limiting factors in the trans-splicing approach
(Lai, et al., 2005; Xu, et al., 2004; Yan, et al., 2005).  These include co-infection
efficiency, formation of the head-to-tail heterodimer genome, transcription and the
stability of the double-D ITR containing pre-mRNA and splicing across the double-
D ITR structure (Figure 5).  It is now clear that co-infection is not a barrier.  Even in
a diseased tissue, co-infection efficiency can reach 90% (Xu, et al., 2004).  To test
whether unidirectional heterodimer formation is a rate-limiting step, Yan et al generated
trans-splicing AAV vectors with AAV-2 ITR and AAV-5 ITR at the opposite ends of
the genomes (Yan, et al., 2005).  Recombination between AAV-2 ITR and AAV-5
ITR is very inefficient.  This leads to preferential unidirectional recombination of the
ITRs from the same serotype.  Comparing with the traditional trans-splicing vectors
which carry the same ITR at both ends, the hybrid ITR vectors resulted in 6~10-fold
enhancement in gene expression.  This study confirms that head-to-tail intermolecular
recombination is a rate-limiting barrier.

Figure 5. Rate-limiting steps in the trans-splicing AAV vectors.  There are several potential rate-limiting
barriers in the trans-splicing approach.  These include co-infection efficiency, heterodimer formation,
transcription across the double-D ITR, pre-mRNA stability and splicing.

To test whether the double-D ITR represents a critical rate-limiting factor, Xu et al
generated a mini-cassette that resembles the recombined vector genome (Xu, et al.,
2004).  Essentially, a double-D ITR structure is inserted in the intron of a synthetic
LacZ gene.  Comparing these with the original LacZ construct and an intron-containing
LacZ construct, the total mRNA transcript level was significantly reduced in the
presence of the double-D ITR structure.  Pre-mRNA stability was also reduced by
the double-D ITR structure.  Ultimately, gene expression was reduced by 50% at the
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protein level.  These results demonstrated that mRNA accumulation is also a rate-
limiting factor.

An often neglected issue is the gene splitting site.  Depending on the sequence
specificity, different exon/intron/exon junctions are spliced at different efficiencies.
Furthermore, surrounding exonic splicing enhancer elements may also modulate the
overall level of mRNA production.  To test whether the gene splitting site influences
transduction efficiency of the trans-splicing vectors, Lai et al systematically screened
a number of different exon/intron/exon junctions in a 6 kb mini-dystrophin gene
(Lai, et al., 2005).  At first, they evaluated mRNA accumulation in synthetic mini-
cassettes that contain the double-D ITR structure.  Two sets of the trans-splicing
vectors were then generated based on the sites that yielded the highest levels of mRNA.
In vivo examination in a mouse model of DMD revealed wide-spread mini-dystrophin
expression from the vector set that performed the best in mRNA accumulation
screening.  The other vector set was developed on a different site that had ~50%
mRNA level of the best site.  This second vector set failed to yield therapeutic level
transduction.

Taken together, tremendous progress has been made in the last few years in
optimizing the trans-splicing vectors.  Identification of the potential rate-limiting
factors has resulted in novel approaches to bypass these barriers.  Therapeutic levels
of both secretary and structural proteins have been achieved.  The development of
the trans-splicing vector has finally moved from the proof-of-principle stage to the
gene therapy application stage.

DEVELOPMENT OF THE OVERLAPPING VECTOR APPROACH

The overlapping vector approach provides an alternative to the trans-splicing approach
where a homologous recombination dependent strategy is employed to reconstitute
the intact transgene.  Homologous recombination has been shown to regenerate the
deleted regions in the ITR (Senapathy, et al., 1984; Wang, et al., 1995).  Recent
evidence suggests that homologous recombination may also occur between rAAV
genome and genomic DNA (Hendrie and Russell, 2005; Liu, et al., 2004; Miller, et
al., 2006; Russell and Hirata, 1998).  It is therefore expected that AAV vectors would
be capable of homologous recombination between each other should they share a
region of homology.

The possibility of using homologous recombination-based approach to expand AAV
packaging capacity was initially tested by Duan et al (Duan, et al., 2001).  They
generated two vectors including AV.Upstream and AV.Downstream, respectively.  The
AV.Upstream vector carries the promoter and the 5’ two-thirds of the LacZ gene.  The
AAV.Downstream vector carries the 3’ two-thirds of the LacZ gene followed by the
polyadenylation signal.  There is a 1 kb LacZ sequence (the middle one-third) shared
by both vectors.  After co-infection in muscle, LacZ positive fibers were detected.
Despite the proof-of-principle, transduction efficiency of the overlapping vectors is
several logs lower than that of a single intact vector (Duan, et al., 2001).  Interestingly,
when Halbert et al applied the similar strategy to the alkaline phosphatase (AP) gene
in the lung, they observed an extraordinarily high level expression, a level that was
comparable to a single intact AAV vector (Halbert, et al., 2002).  To resolve the
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difference between these two studies, Ghosh and coworkers compared the LacZ and
the AP overlapping vectors in skeletal muscle (Ghosh, et al., 2006).  Surprisingly,
despite a poor performance of the LacZ overlapping vectors, the AP overlapping
vectors were able to efficiently transduce muscle.  Using a similar quantification
method as used by Halbert et al, Ghosh et al demonstrated that transduction efficiency
of the overlapping vectors could also reach that of a single intact vector in muscle in
the context of the AP gene (Ghosh, et al., 2006).  Taken together, these results suggest
that the success of the overlapping vectors is largely dependent on the transgene
itself.  If a large gene contains a favorable recombinogenic region, one may expect to
achieve therapeutic level expression from the overlapping AAV vectors.

Summary and future perspective

The demonstration that AAV can mediate safe and longterm gene expression has
spawned a very deep interest in developing this virus for gene therapy.  Being one of
the smallest viruses, AAV faces a unique size-related challenge.  It cannot deliver a
large therapeutic expression cassette.  This has essentially excluded AAV gene therapy
for a number of common diseases such DMD/BMD, hemophilia A and cystic fibrosis.
The dual vector strategies developed over the past few years have offered a real
promise in overcoming the size limitation.   With the increased packaging capacity,
the territory of AAV gene therapy can now be expanded further.  The next important
step will be to move from the exciting results seen in rodents to large animal models
of human diseases and eventually to human patients.  Studies in several areas may
likely accelerate this process.  The first is to better understand the basic transduction
biology of rAAV.  A good example of this is the development of new vectors based
on alternative AAV serotypes.  These new vectors have not only enhanced transduction
from a single intact AAV virion, but they have also played a critical role for the
success of dual AAV vectors (Ghosh, et al., 2006; Halbert, et al., 2002; Reich, et al.,
2003).  Currently, only AAV-2 has been approved for patient use.  Clinical application
of these new serotype vectors will certainly benefit from a clear understanding of
their transduction process such as their receptor(s) and co-receptor(s), intracellular
trafficking and potential integration.  Secondly, it is important to evaluate systemic
gene delivery with dual AAV vectors.  Many diseases affect multiple tissues/organs
in the body.  Local gene transfer may only yield limited benefit to these patients.
From this standpoint, a body-wide gene therapy will be required to cure the disease.
None of the dual vector strategies has been evaluated for whole body transduction.
Current successes are all based on local gene transfer (Note, since the submission of
this manuscript, Ghosh et al have achieved efficient whole body transduction in
newborn mice with the trans-splicing AAV vectors).  And finally, the dual vector
design needs to be further streamlined and optimized.  Although we have a collection
of different dual vector strategies to choose for different applications, all these strategies
have their inherent limitations.  For example, in the trans-splicing approach, we may
need to screen a large number of potential gene splitting sites before we can find one
that works.  On the other hand, the overlapping approach may only work for the
selected genes.  Creative means have to be developed for generic application of the
dual vector approach in any gene in the future.
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