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THE PROBLEM WITH A SINGLE-STRANDED  
GENOME
Recombinant adeno-associated virus (rAAV) vectors have gained 
a respectable track record in preclinical gene-therapy studies and 
are likely to !nd a great many uses in clinical settings over the 
next few years. Transduction e"ciencies generally range from 25 
to several hundred vector genome-containing particles (VGP) 
per transducing unit, depending on the cell type. Initial investi-
gations into the rate-limiting steps for transduction highlighted 
the importance of converting the single-strand DNA (ssDNA) 
 vector genome into double-stranded DNA (dsDNA) prior to gene 
expression.1,2 More recent studies have revealed additional bottle-
necks, including transport to the nucleus and/or uncoating from 
the capsid.3–5 #ere is also a transient period of vector genome 
instability a$er dsDNA conversion that leads to a signi!cant loss 
of gene expression.6 Losses at each of these steps are likely to con-
tribute to the overall e"ciency of the vector in terms of the dose 
of VGP required to achieve each transduction event. Regardless 
of these newly recognized hurdles, any rAAV genome that does 
reach the nucleus will still require the synthesis, or recruitment, of 
a complementary strand in order to achieve gene expression. #is 
is the critical step that can be e%ectively bypassed through the use 
of self-complementary AAV (scAAV) vectors.

Like all parvoviruses, the AAV genome is packaged as a  linear 
ssDNA molecule with palindromic inverted terminal repeat (ITR) 
sequences forming dsDNA hairpin structures at each end. #ese 
serve as replication origins during productive infection and as 
priming sites for host–cell DNA polymerase to begin synthesis 

of a complementary strand. During productive AAV replication, 
DNA polymerase delta, along with associated replication factors 
(replication factor C, proliferating cell nuclear antigen, and mini-
chromosome maintenance complex), is the only DNA synthesis 
activity required, or normally used, for the exclusively leading-
strand replication scheme.7,8 It is currently unknown whether 
these are the only factors contributing to complementary strand 
synthesis in the context of rAAV vector transduction.

While the conventional replication scheme of AAV requires 
de novo synthesis of the complementary DNA strand, there is an 
alternative mechanism, involving the base pairing of complemen-
tary strands from two infecting viruses, which does not require 
DNA synthesis.9 #is interstrand base pairing, or strand annealing 
(SA), is possible because AAV, unlike many of the autonomous 
parvoviruses, packages either the plus or minus DNA strand with 
equal e"ciency.10 #e likelihood of these two genomes forming 
dsDNA should increase with dose, following second order kinet-
ics. However, host recombination factors probably play an impor-
tant role in promoting SA, which makes it di"cult to predict how 
e"ciently this occurs in any particular cell type. #ere are other 
examples of second order interactions between rAAV genomes, in 
addition to SA, including end-to-end joining to form concatem-
ers, and homologous recombination between overlapping regions 
of co-infected vectors.9,11,12 #us, it is highly likely that SA contrib-
utes to rAAV vector transduction when the multiplicity of infec-
tion is su"cient to promote base pairing.

#e relative contributions of SA and DNA synthesis to AAV 
transduction have been investigated recently through the use of 
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specialized ssAAV derivatives that can package only one polarity of 
the vector genome, thus precluding the SA pathway.13,14 #ese sin-
gle-polarity vectors transduced cells in many tissues, including liver, 
as e"ciently as conventional ssAAV, suggesting that DNA synthesis 
is a major contributor to transduction under these conditions.

#ere are a number of host-cell treatments that increase 
the e"ciency of dsDNA conversion including co-infection 
with adenovirus (Ad), DNA-damaging agents (ultraviolet or 
γ-irradiation, hydroxyurea), and speci!c inhibition of a host-cell 
factor that binds to the AAV 3 -ITR sequence.1,2,15–18 Although 
revealing a great deal about the mechanisms behind barriers to 
dsDNA conversion, these treatments are unlikely to be useful for 
clinical gene therapy. γ-Irradiation leads directly to DNA dou-
ble-strand breaks, and hydroxyurea and ultraviolet irradiation 
induce stalled replication forks which frequently convert to dou-
ble strand breaks in dividing cells. Apart from being mutagenic, 
double strand breaks are targets for rAAV vector integration, and 
these treatments could exacerbate concerns over vector-related 
genotoxicity.19–21 A possible exception, where the use of geno-
toxic agents to promote dsDNA conversion might be more read-
ily accepted, would be in tumor cell–directed anticancer gene 
therapy, where the treated cells are likely to be cleared.22

scAAV VECTORS
#e need for dsDNA conversion, either by SA or DNA synthe-
sis, can be entirely circumvented by packaging both strands as 
a single molecule. #is can be achieved by taking advantage of 
the tendency to produce dimeric inverted repeat genomes during 
the AAV replication cycle (Figure 1).23 If these dimers are small 
enough, they can be packaged in the same manner as conventional 
AAV genomes, and the two halves of the ssDNA molecule can 
fold and base pair to form a dsDNA molecule of half the length. 
Although this further restricts the transgene carrying capacity of 
an already small viral vector, it o%ers a substantial premium in 
the e"ciency, and speed of onset, of transgene expression because 
dsDNA conversion is independent of host-cell DNA synthesis and 
vector concentration.24

An scAAV vector, sometimes called dsAAV, can be made sim-
ply by reducing the vector construct size to 2,500 base pair (bp) 
(2,200 bp unique transgene sequence plus two copies of the 145-bp 
ITR), such that the dimeric inverted repeat will be no larger than 
the normal AAV packaging capacity ( 4,700 nucleotides). In this 
case, the vector product is a mixture, containing virions with 
 self-complementary genomes and virions that have packaged 
either one or two, monomeric ssDNA molecules. #e proportion 
of dimeric to monomeric genomes varies widely between preps, 
from 5 to >50% dimer. It is not known whether two monomeric 
genomes contained within a single virion are necessarily comple-
mentary, or if so, whether their close proximity upon uncoat-
ing would favor SA. However, in a recent study in which scAAV 
 vector was made by this method, and contained only 3% dimeric 
genomes, a 600-fold increase in therapeutic e"cacy over ssAAV 
vector was reported.25 #is suggests the possibility that SA from 
two genomes contained within a single virion might have contrib-
uted to e"cient transduction.

Although the two halves of a scAAV genome are complemen-
tary, it is unlikely that there is substantial base pairing while the 

DNA is contained within the virion shell. #e structural properties 
of dsDNA are very di%erent from those of ssDNA, particularly in 
terms of 'exibility, and dsDNA viruses have speci!c mechanisms 
for condensing their genomes within the capsid. Parvoviruses 
would have no such mechanism, and much of the ssDNA within the 
parvovirus virion is situated with the bases in contact with amino 
acid residues of the inner capsid shell, and the phosphate backbone 
sequestered toward the center, which would preclude substantial 
base pairing.26 Further, the packaging of AAV DNA is dependent 
on an active viral helicase function, suggesting that the DNA is 
unwound as it enters the capsid.27 #e greater likelihood is that the 
scAAV genome anneals rapidly a$er uncoating, in a pseudo !rst 
order reaction beginning with the ITR in the middle of the genome. 
#is forms a dsDNA hairpin molecule, with a covalently closed ITR 
at one end and two open-ended ITRs at the other. #e folded mol-
ecule would essentially mimic the structure of conventional AAV 
a$er dsDNA conversion by DNA synthesis (Figure 1, step 2) and 
would be permissive for active transcription.

MUTANT ITR CONSTRUCTS TO PROMOTE  
scAAV PRODUCTION
#e generation of normal monomeric AAV genomes relies on the 
e"cient resolution of the two ITRs in turn, with each round of 
DNA synthesis (Figure 1, steps 5m–6m). #is reaction is medi-
ated by the ssDNA endonuclease activity of the two larger iso-
forms of the AAV Rep protein.28 Nicking the ITR at the terminal 
resolution site is followed by DNA elongation from the nick by 
host DNA polymerase (Figure 1, step 5m). Dimeric genomes are 
formed when Rep fails to nick the terminal resolution site before 
it is reached by the replication complex initiated at the other end 
(Figure 1, step 5d).

#e yield of dimeric genomes in a scAAV prep can be increased 
dramatically by inhibiting resolution at one terminal repeat. #is 
is readily accomplished by deleting the terminal resolution site 
sequence from one ITR, such that the Rep protein cannot gen-
erate the essential ssDNA nick.29,30 #e replication complex initi-
ated at the other ITR then copies through the hairpin and back 
toward the initiating end (Figure 1, step 5d). Replication proceeds 
to the end of the template molecule, leaving a dsDNA inverted 
repeat with a wild-type ITR at each end and the mutated ITR in 
the middle (Figure 1, step 6d). #is dimeric inverted repeat can 
then undergo normal rounds of replication from the two wild-
type ITR ends (Figure 1, steps 7d–9d). Each displaced daughter 
strand comprises a ssDNA inverted repeat with a complete ITR 
at each end and a mutated ITR in the middle (Figure 1, step 9d). 
Packaging into the AAV capsid ensues from the 3  end of the dis-
placed strand. Production of scAAV from constructs with one 
mutated ITR typically yields >90% dimeric genomes.

Production and puri!cation of scAAV vector from mutated 
ITR constructs is the same as conventional ssAAV. #ey can 
be puri!ed by density gradient or by column chromotograpy. 
Quanti!cation of VGP can be performed using either hybridiza-
tion or reverse transcriptase PCR techniques. However, for either 
dot blot or Southern blot, it is important to apply the vector DNA 
to hybridization membranes under alkaline conditions to prevent 
reannealing of the complementary strands. Additionally, there 
have been scAAV constructs in which a spurious Rep-nicking 
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site is close enough to the mutated ITR to allow terminal resolu-
tion and generation of monomer genomes. #is can generally be 
dealt with by turning the transgene cassette around with respect 
to the mutant and wild-type terminal repeats. #e yield of scAAV 
can also be a%ected by the choice of helper plasmid providing the 
AAV Rep proteins in trans.31 #e production of excess Rep may 
promote interactions with spurious nicking sites, again leading to 
the production of monomeric ssDNA genomes.

PACKAGING CAPACITY OF scAAV VECTORS
Clearly, packaging capacity is a limiting factor for scAAV vector 
applications. While ssAAV vectors generally deliver 4.4 kb of 
unique transgene sequence, scAAV should be able to carry only 
half that, with a more substantial penalty in e"ciency if this is 
exceeded because the unique sequence is doubled in the scAAV 
genome. Still, 2.2 kb is su"cient for a great number of useful 
 applications, using relatively small transgenes with simple promot-
ers, and for RNA-based therapies (short hairpin RNA and micro 
RNA, ribozymes).32 With 500–1,000 bp for transcription elements 

(promoter, polyadenylation signal, intron), proteins of 40–55 kd 
can be encoded using scAAV vectors. Because space is at a pre-
mium in these vectors, careful optimization of transcriptional and 
post-transcriptional regulatory elements, as well as codon opti-
mization, is likely to provide signi!cant reward in overall levels of 
transgene expression.33 Although it may not be possible to equal 
conventional ssAAV vectors in terms of transgene expression per 
transducing unit, scAAV can make up for that by transducing 
more cells at the same dose.

Two recent studies suggest that there may be greater latitude 
in packaging capacity than previously believed. Wu et al. have 
successfully packaged scAAV-2 constructs exceeding 3,300 bp 
and demonstrated dimeric inverted repeat genomes that were 
fully DNase resistant.31 Further, these vectors yielded the expected 
increases in transduction e"ciency over ssAAV when tested on 
cultured cells. Although it is not clear how this is happening, it 
may be a general feature of rAAV that the packaging capacity 
can be stretched beyond the previously described limits of 4.1–
5.2 kb.34,35 Allocca et al. have found that di%erent serotypes of AAV 

Figure 1 Adeno-associated virus (AAV) replication cycle and formation of dimeric inverted repeat (scAAV) genomes. Single-stranded 
virion DNA enters the host-cell nucleus and the 3ʹ-inverted terminal repeat (ITR) acts as a primer for host DNA polymerase. (1) The 3ʹ-ITR primer 
is elongated, displacing and replicating the ITR at the 5ʹ end. (2) The duplex ITR is re-folded into a double-hairpin configuration by host or viral 
DNA helicase, forming a new primer for DNA synthesis. (3) While the 3ʹ-ITR is elongated and the complementary strand displaced, AAV Rep 
protein recognizes and binds to the ITR at the downstream end. (4) To generate complete monomeric genomes, Rep endonuclease nicks the 
terminal resolution site (trs) of the downstream ITR, initiating a second DNA replication complex, to copy the ITR before being reached by the 
complex initiated at the other end. (5m) The original replication complex displaces the daughter strand, including the newly synthesized ITR, 
and completes replication to the end of the genome, recreating the template for isomerization in step 3. (6m) The displaced single-stranded 
genome is packaged into the AAV capsid. (7m) Dimeric genomes are generated when Rep fails to nick the trs before being reached by the 
replication complex from the other end. (5d) Replication continues through the ITR, and the displaced strand, to generate a dimeric dsDNA 
template (6d) which can initiate a new round of DNA synthesis either by isomerizing the open end (as in step 4) or by terminal resolution of the 
hairpin end. (7d) Isomerization allows priming of DNA synthesis from the resolved end (8d), and replication of the dimeric template displaces 
a single-strand dimeric inverted repeat genome (9d), which can then be packaged into the AAV virion (10d). dsDNA; double-stranded DNA; 
ssDNA, single-stranded DNA.
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have widely di%ering limits for the length of genome that can be 
packaged, ranging up to 8.9 kb in an AAV-5 capsid.36 Although 
others had previously noted increased packaging capacities in 
AAV vectors, this was not serotype dependent.37 Clearly, there is 
still more to be learned about the mechanisms and limitations of 
rAAV packaging, and a more complete understanding may open 
up signi!cant new applications for scAAV vectors.

APPLICATIONS AND PROPERTIES  
OF scAAV VECTORS
#e potential applications of scAAV will depend on trade-o%s 
between the ability to package the transgene and associated regu-
latory elements, and the gains in transduction e"ciency real-
ized in any particular therapeutic context. #e relative e"ciency 
of ssAAV vectors will rely more on the multiplicity of infection 
than scAAV, making the expected distribution of vector within 
the target tissue an important consideration. Because parameters 
such as the size of the tissue and the route of vector administration 
vary widely in di%erent applications, direct comparisons between 
ssAAV and scAAV transduction, as well as therapeutic e"cacy, 
are organized below by target tissue.

TRANSDUCTION IN LIVER
#e kinetics of ssAAV and scAAV vectors are best exempli!ed in 
liver due to the relative ease of delivering a high dose homoge-
neously throughout the tissue. Using ssAAV serotype 2 vectors, 
transduction had been limited to 5% of hepatocytes a$er intra-
venous injection of over 5 × 1010 VGP in mouse liver. While few 
hepatocytes expressed the transgene, most had taken up the viral 
DNA and these genomes could be rescued and expressed if the 
cells were subsequently co-infected with Ad.2,38 #is suggested 
that only a limited number of hepatocytes were competent for 
dsDNA conversion. Supporting this hypothesis, early experiments 
with scAAV demonstrated striking di%erences in the kinetics of 
gene expression from mouse liver a$er intravenous injection of 
ssAAV-2 versus scAAV-2 (2 × 1010 VGP) carrying an erythropoe-
itin reporter.24 As expected, the scAAV vector initiated expres-
sion sooner and increased at a faster rate, ultimately sustaining 
signi!cantly higher levels. Although scAAV commenced mark-
edly sooner, there was still a slow increase in expression over a 
period of 5 weeks, similar to increases observed with ssAAV vec-
tors, likely re'ecting the slow transport of AAV-2 capsids to the 
nucleus. #us, the expression kinetics represent the combined 
e%ects of ine"ciencies at each step in processing the vector, with 
the scAAV e%ectively bypassing one important step. Using a GFP 
reporter, a dose of 2–5 × 1010 VGP of scAAV-2 transduces the 
majority of hepatocytes a$er a single dose, suggesting that most of 
these cells are limited by second-strand synthesis.29,30

Because the packaging capacity of scAAV is small, there is a 
limited range of modi!cations that can be made to the transgene 
cassette to increase expression. However, careful optimization of 
these sequences can result in substantial improvements in tissue-
wide expression, easily exceeding the overall levels reached by an 
ssAAV vector at the same dose. Wu et al. have optimized regula-
tory elements and codon usage for scAAV-FIX expression in liver, 
and compared its performance with a previously characterized 
ssAAV-FIX vector.33 Expression levels per genome were compared 

at several doses by determining the vector genome copy number 
per cell and the overall Factor IX (FIX) expression level in the 
serum. While ssAAV vectors consistently produced two- to three-
fold more FIX per stable genome, the two- to fourfold increase in 
the number of available scAAV genomes in the liver allowed for 
an overall higher level of FIX in the serum. Further, the scAAV 
transgene expression was evenly distributed among hepatocytes 
throughout the liver, similar to the pattern of the endogenous 
gene, while expression from ssAAV was restricted to a relatively 
small number of cells producing large amounts of FIX product. 
It is not known whether there will be signi!cant consequences to 
these di%ering patterns of gene expression, but it will be important 
to determine their e%ects on post-translational modi!cation and 
potential transgene immune responses.

PSEUDOTYPED scAAV IN LIVER
#e ability of ssAAV to transduce hepatocytes, or other speci!c 
cell types, is greatly improved through the use of alternate AAV 
serotypes, primarily by delivering more genomes to the nucleus 
through e"cient intracellular tra"cking and uncoating.5,39,40 #is 
is likely to promote dsDNA conversion by SA, particularly in cells 
that are not permissive for second-strand DNA synthesis. Using 
ssAAV-2/8 vectors (rAAV-2 ITR genome packaged in an AAV-8 
capsid), transduction in mouse liver can approach 100% a$er a 
single tail vein or intraportal injection. #is raises the question as 
to whether the bene!ts of a self-complementary vector also apply 
to AAV serotypes capable of highly e"cient liver gene delivery.

Each of the known AAV serotypes is capable of packaging 
scAAV genomes with similar e"ciency.4 Using scAAV  vectors 
packaged in serotypes 7 and 8, transgene expression (Factor IX) 
in the livers of nonhuman primates has been increased by as 
much as 1–2 orders of magnitude over ssAAV genomes packaged 
in the same vectors, largely by tra"cking scAAV genomes more 
e"ciently to the nucleus.41–43 #is demonstrates that the increased 
e"ciency of speci!c AAV serotypes in target tissues also applies 
to scAAV vectors. Similarly, in a canine model of glucose-6-phos-
phatase de!ciency, prolonged survival was achieved at a 600-fold 
lower dose of therapeutic scAAV than the comparable ssAAV 
 vector when pseudotyped with a serotype 8 capsid.25,44

#e relatively poor tra"cking of AAV-2 vectors in some cell 
types, including liver and airway, can be improved through the 
use of proteasome or ubiquitin ligase inhibitors.3 #ese improve-
ments also apply to scAAV vectors, again, by e%ectively overcom-
ing one of the earlier hurdles to AAV transduction.45 Together, 
these studies support the idea that gains in vector transduction 
using a combination of scAAV and improved tra"cking are likely 
to be synergistic. While the use of optimal serotype and ssAAV 
vectors in some tissues may allow near 100% transduction, as 
can be achieved in mouse liver with AAV-8, the same thing could 
be accomplished with scAAV-8 at a far lower dose. #is would 
provide a signi!cant advantage in safety as well as practicality for 
gene therapy.

MUSCLE TRANSDUCTION
Direct injection into muscle results in very high local concentra-
tions of vector at the injection site, which facilitates transduction 
from ssAAV vectors, especially through the SA pathway. #is can 
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lead to ambiguity in comparisons between ssAAV and scAAV vec-
tors in these tissues, particularly when using cell associated report-
ers (GFP, β-Gal, alkaline phosphatase) which are quantitative in 
terms of how many cells are transduced, but not in the number 
of expressing vector genomes. Even secreted reporters are likely 
to reach a saturation point when high doses of vector are used. 
More quantitative comparisons can be made in dose–response 
experiments, in which the minimal dose required to achieve 
comparable e%ects can be determined. In experiments using an 
erythropoietin reporter, ssAAV and scAAV vector doses of 5 × 109 
VGP and above resulted in similar long-term levels of transgene 
expression, though the scAAV reached that level sooner.29 #is 
could lead to the interpretation that ssAAV transduction is slower 
but will eventually catch up through slow conversion to dsDNA 
in these tissues. However, at lower doses (1 × 109 and 5 × 108), the 
scAAV vector produced nearly the same increase in hematocrit as 
the higher dose, whereas the ssAAV vector had minimal e%ects. 
#is suggests that scAAV transduces muscle cells more e"ciently 
by approximately tenfold, and highlights the need for carefully 
designed dose–response experiments in evaluating transduction 
by direct injection into muscle, or other tissues where vector is 
concentrated at the injection site, to avoid saturation e%ects. #is 
may have been a factor in a study of CEA antigen expression a$er 
injection of 1011 VGP of ssAAV or scAAV into mouse muscle.46 
While the expected faster rise in scAAV-CEA expression was 
observed (by immunohistochemical staining), the expression 
from the ssAAV vector reached the same level over a period of 
3–8 weeks a$er injection.

In a similar time–course experiment using a single high 
dose (1 × 1011 particles) of GFP reporter vector, both scAAV and 
ssAAV tranduced all of the muscle cells in the region of the injec-
tion site.30 Again, the scAAV expression commenced sooner and 
was visibly stronger than the ssAAV vector, with a 15-fold di%er-
ence in expression level inferred from the camera exposure times 
required to produce equivalent signals.

In a recent study directed at transduction of heart muscle, 
Andino et al. compared ssAAV and scAAV GFP vectors pseudo-
typed with the AAV-1 capsid.47 In this case, a dose of 1.85 × 1011 
vector particles was injected into the cardiac chamber of 4-day-
old mice, rather than directly into the tissue, with the result that 
clear di%erences were observed in the numbers of cells transduced 
at each time point.

#us far, the weight of evidence suggests that scAAV will 
transduce muscle cells more e"ciently than ssAAV vector by a 
factor of at least 10- to 15-fold. While ssAAV may transduce a 
similar number of cells at a high dose, this does not necessarily 
equate to an equivalent level of transgene expression, which may, 
or may not be important for particular applications. Again, the 
ability to transduce a similar number of cells using a lower dose 
of scAAV o%ers practical, as well as safety advantages in a thera-
peutic setting. #is will be particularly relevant to systemic vascu-
lar delivery strategies to muscle cells, where vector will not be so 
highly localized.48,49

CNS
#e adult central nervous system (CNS) is largely composed of post-
mitotic cells and there have been numerous reports of  long-term 

expression from rAAV vectors.50 As in many tissues, expression from 
conventional rAAV-2 increases to a maximum over a period of 5 
weeks and then remains stable. A comparison between scAAV and 
ssAAV at this time point reveals a signi!cant di%erence in the num-
bers of cells transduced by either direct injection into the  thalamus 
or injection into the dorsal third ventricle.29 As is characteristic of 
AAV-2 with a cytomegalovirus promoter, primarily neurons were 
transduced in the direct parenchymal injection (2 × 108 particles), 
and both vectors showed detectable transduction to a radius of 

3.5 mm from the injection point. However, within that radius 
there were marked di%erences in the number of cells expressing 
GFP and the intensity of 'uorescence. #e spread of vector particles 
in the injection bolus depends on interactions between virus capsid 
and cellular receptors (heparan sulfate for AAV-2) and would not 
be in'uenced by the genome content. It is therefore unlikely that a 
widespread distribution of transduction in parenchymal tissue can 
be achieved solely through the use of scAAV vectors. #erefore, the 
primary advantage of scAAV in direct injections will be in achiev-
ing a greater saturation of transduced cells within a limited area.

A much broader distribution of CNS transduction can be 
achieved by injecting vector into the ventricular space, due to 
 di%usion and bulk 'ow in the cerebral spinal 'uid. Because of 
this wider distribution, fewer cells will be multiply infected, and 
transduction by SA is less likely. While ssAAV achieves minimal 
transduction at a dose of 5 × 108 VGP, the scAAV-2 transduces 
a large number of ependymal cells lining the ventricles, even in 
remote regions of the brain, as well as parenchymal cells close 
to the  ventricular periphery. In this context, the bene!ts of the 
scAAV vector are clear and can be generalized to other applica-
tions where vector can be widely disseminated.

Self-complementary vectors have also been useful in biodis-
tribution studies aimed at delivery to CNS tissues.51 #e ability 
to detect transduction, even at low levels of delivery, has allowed 
the optimization of vector serotype and injection protocol so that 
signi!cant delivery could be achieved. Once optimized, the proce-
dures were applied to ssAAV vectors carrying a therapeutic trans-
gene, in this case for the treatment of a lysosomal storage disease, 
which was too large to be accommodated as an scAAV vector.52 
#ough the ssAAV would be more limited in transduction, the 
distribution in tissue and cell types remains the same, and a sig-
ni!cant therapeutic e%ect was observed.

An alternate method for delivery to the CNS is retrograde 
transport of vector from peripheral axons infected by intramus-
cular injection.53–55 Gene delivery to these cells has important 
applications for the treatment of diseases including amyotrophic 
lateral sclerosis and spinal muscular atrophy. While spinal motor 
neurons can be transduced with ssAAV vectors, the e"ciency is 
low. However, signi!cantly higher transduction rates have been 
achieved recently using scAAV vectors a$er either intramuscular 
injection or direct injection into the sciatic nerve.56 Among sero-
types 1–6, scAAV-1 pseudotyped vectors yielded the highest num-
ber of transduced cells by either injection route (4.1 and 7.5% of 
target motor neurons for intramuscular and intrasciatic injection, 
respectively). In a direct comparison between this scAAV-1 vector 
and the correlate ssAAV-1 a$er intrasciatic injection, the scAAV 
transduced eightfold more neurons at a tenfold lower dose. #e 
presence of DNA from both vectors in the CNS was con!rmed by 
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PCR assay, supporting the interpretation that dsDNA conversion 
is rate-limiting in neurons.

TRANSDUCTION IN THE EYE
#e retina is an attractive application for AAV gene therapy for a 
number of reasons including relatively easy access with minimal 
exposure to other tissues, small volume and low dose require-
ments, post-mitotic target cells, and a variety of monogenic and 
complex disorders amenable to treatment.57–59 Two recent clinical 
trials for Leber Congenital Amaurosis using AAV vectors show 
promising results.60,61

scAAV vectors have been compared to ssAAV in retina and 
other ocular tissues in a number of studies. Yang et al. infected 
mouse retina with AAV serotype 2 and 5 vectors of full length 
or half length (capable of generating scAAV) and evaluated gene 
expression.62 In a direct comparison of AAV-2 long and short 
 vectors, the short vectors transduced 2,500-fold and 370-fold 
more retinal cells per particle than ssAAV at 5 and 15 weeks 
a$er infection, respectively. Interestingly, the short vectors also 
 maintained 50-fold more genome copies in retinal cells at 14 
weeks a$er infection, suggesting the loss of ssAAV genomes that 
were not converted to dsDNA in this tissue.

Yokoi et al. compared scAAV and ssAA-GFP serotype 2 
 vectors by subretinal and intravitreous injections in mice.63 
Subretinal doses as low as 107 particles of scAAV yielded rapid 
expression in retinal pigment epithelial cells and strong expres-
sion in photoreceptor cells at 28 days a$er infection. #e same 
dose of ssAAV yielded strong expression in retinal pigment epi-
thelium but little expression in photoreceptor cells. A tenfold 
higher dose yielded uniform transduction of photoreceptors and 
substantial transduction in the inner retina using scAAV vec-
tor. #e ssAAV showed signi!cantly less transduction of retinal 
pigment epithelium, and transduction of inner retina cells was 
not detectable until 28 days a$er infection. When the e%ects of 
subretinal injection were quanti!ed by area of 'uorescence, the 
scAAV transduction was higher by 4-, 2.2-, and 1.9-fold at 7, 14, 
and 28 days a$er infection, respectively. Similarly, at the low-
est intravitreous injection dose, scAAV transduced widespread 
ganglion cells, and some cells in the inner nuclear layer, while 
no expression was detected from the ssAAV at this dose until 
28 days a$er infection, when a small number of GFP-positive 
ganglion cells appeared. #ese di%erences were less pronounced 
at higher doses. #is study revealed potentially important dif-
ferences in the ability to target speci!c cell types accessible by 
subretinal injection, with both vectors e%ectively transducing 
retinal pigment epithelial cells, but the scAAV more e%ective in 
photoreceptors.

A more extensive comparison of vectors packaged in serotypes 
2, 5, and 8, in subretinal, intravitreous, and intracameral injec-
tions corroborated the earlier results.64 In all three serotypes, the 
scAAV yielded faster onset and higher stable levels of gene expres-
sion, with di%erences of 1.2-fold, 2.2-fold, and 2.3-fold for sero-
types 5, 2, and 8, respectively. Serotype 8 capsids yielded the most 
e"cient transduction in all cell types and, in contrast to AAV-2, 
allowed transduction of photoreceptors with ssAAV vector. #is 
again suggests that the ability to transduce any given cell type with 
ssAAV is highly dependent on the number of vector genomes that 

can be delivered to the nucleus, by increasing either the probabil-
ity of SA or second-strand DNA synthesis.

A study of gene delivery to the trabecular meshwork was some-
what more revealing mechanistically.65 #ese cells were not per-
missive to ssAAV-2 transduction, or to an AAV vector engineered 
to display an integrin-binding motif, even though the trabecular 
meshwork cells are rich in integrin, suggesting that receptor bind-
ing and internalization were not rate limiting.66 However, they 
were highly permissive for scAAV vectors, and transduction with 
ssAAV was increased >20-fold by co-infection with Ad, which 
promotes second-strand DNA synthesis.1,2 Gene array analysis of 
ssAAV-GFP infected and uninfected trabecular meshwork cells 
showed minimal changes in gene expression, but those that were 
changed generally correlated with reduced cell cycling and DNA 
synthesis, as had been previously observed in normal !broblasts 
infected with AAV vectors.67 In contrast, the Ad co-infected tra-
becular meshwork cells had a much larger number of upregulated 
genes, suggesting that downregulation of DNA replication was 
responsible for the low rates of transduction with ssAAV vectors. 
While these observations were consistent with second-strand DNA 
synthesis being the rate-limiting step for ssAAV transduction, one 
caveat remains in that co-infection with Ad also increases the 
intracellular translocation of AAV-2 to the nucleus, which might 
also increase the number of genomes available for SA.68

#e eye, as mentioned above, has unique attributes that a%ect 
the e"cacy of gene delivery with AAV vectors. Most important 
for this discussion is the ability to isolate high concentrations of 
 vector in the immediate vicinity of the target cells, which facili-
tates high multiplicity infection. While in every situation exam-
ined thus far, scAAV has been more e"cient in transducing the 
various cell types of the eye, therapeutically useful levels of trans-
duction could be achieved with ssAAV at higher doses, or using 
di%erent serotypes. #erefore, additional factors, such as the abil-
ity to include large, cell type–speci!c promoters, may outweigh 
the transduction e"ciency gained from scAAV even when the 
transgene-coding region is small enough to be accommodated.69

TRANSDUCTION IN BONE MARROW
#ere are a great many reasons to develop gene delivery to bone 
marrow–derived cells including reconstitution of the immune 
system, antigen presentation, and correction of hemoglobinopa-
thies. While this is generally the realm of e"ciently integrating 
gamma retrovirus and lentivirus vectors, which can exploit stem 
cell expansion, AAV vectors have also been shown to stably inte-
grate in bone marrow long term–regenerating cell populations.70–72  
However, the e"ciency of AAV infection is limited by a  number 
of factors including variable expression of cellular receptors, 
intracellular tra"cking, nuclear uncoating, and conversion to 
dsDNA, such that vector particle:cell ratios exceeding 104 per cell 
are typically required for e%ective transduction.73,74 #is level can 
be increased using scAAV vectors and optimized serotypes, and 
stable integration of the scAAV genome can be demonstrated 
in serial bone marrow transplantation in mice.75–77 However, it 
did not appear that the integration frequency was signi!cantly 
higher than ssAAV, which typically ranges 0.1–0.5% of infecting 
genomes.78 Analysis of the integration sites suggests that there was 
no preference for highly transcribed regions, as had been noted 
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for ssAAV integration in hepatocytes, which may provide a safer 
alternative to retrovirus vectors.79,80

Bone marrow–derived dendritic cells (DCs) have applica-
tions in genetic immunotherapy for cancers and chronic infec-
tions because of their ability to express and present antigens to 
induce T-cell responses. #e ability to express antigens from AAV 
vectors in DC would be advantageous because they would not 
express viral proteins, which can otherwise dominate the immune 
response. However, transduction of DC with AAV has been dif-
!cult and variable, though AAV-5 vectors have recently shown 
promise. Because only the major immunoreactive epitopes of the 
antigen need to be expressed in DC, scAAV would be an attractive 
option for these applications, and two recent studies have demon-
strated greater e"cacy with scAAV vectors in various serotypes. 
Aldrich et al. speci!cally tested bone marrow–derived DC with 
serotypes 1 through 6 and found maximimal transduction with 
AAV-6 vectors.81 A comparison of ssAAV-6 and scAAV-6 vectors 
expressing CEA antigen showed an threefold increase in trans-
duction a$er a single infection (7% versus 20%) and a$er multiple 
infections (12% versus 35%). #e DC transduced with scAAV 
were functional and induced a CEA-speci!c immune response 
upon injection into naive mice. In the second study, Veron et al. 
tested ssAAV and scAAV serotypes 1 and 2 on plasmacytoid DC, 
myeloid conventional DC, or langerhans cells.82 A$er a single 
exposure, transduction e"ciencies were four- to tenfold greater in 
the various types of progenitor and di%erentiated DCs using the 
scAAV vectors. #is di%erence was more pronounced for commit-
ted DC transduction. While the ability to transduce DCs for the 
purpose of immunotherapy is promising, it also suggests the pos-
sibility that scAAV gene therapy may carry the risk of inducing an 
immune response to the transgene through DC antigen presenta-
tion unless a cell type–speci!c promoter is used.

ANTICANCER THERAPIES
Another application where speed and e"ciency of vector expres-
sion o%ers a compelling premium is in cancer gene therapy, tar-
geting the cancer cells themselves rather than Ag-presenting cells. 
#ere are numerous reports describing the use of rAAV for the 
expression of cytokines and signaling molecules in tumor  tissues, 
to stimulate an immune response or apoptosis, or antiangiogenisis 
factors to limit tumor growth. Most of these genes are small and 
are easily accommodated in scAAV vectors. #e relative e"ciency 
of ssAAV and scAAV, pseudotyped into di%erent AAV capsids, has 
been tested in several tumor cell lines.45,83,84 As expected, trans-
duction was signi!cantly greater with scAAV, with improvements 
ranging from three- to eightfold. As noted above, synergistic 
e%ects between scAAV and proteosome inhibitor treatment were 
observed in tumor cells that were highly resistant to AAV trans-
duction. In one study, the e"cacy of an scAAV-5 vector expressing 
CD40L was demonstrated in an in vivo xenogra$ model.84 A$er 
injection of vector into an established tumor, a 66% inhibition of 
tumor growth was observed.

CELLS NOT RESPONDING TO scAAV
#ere have been at least two reports to date of cell types that 
do not appear to show improved transduction with scAAV vec-
tors. Polarized airway epithelial cells are generally resistant to 

 transduction from the apical surface with ssAAV-2 vectors, 
although this is improved dramatically by treatment with pro-
teosome  inhibitors. Transduction with ssAAV-2/5 is marginally 
higher and also increased by proteosome inhibitors. Ding et al. 
used scAAV-2 and 2/5 vectors to determine whether the barrier to 
transduction was at the level of dsDNA conversion.85 A$er careful 
characterization of the scAAV vector genome content and dem-
onstration of the expected improved transduction in HeLa cells, 
they did not see any improvement in the polarized airway cul-
tures. #is suggested that dsDNA conversion was not a barrier to 
transduction in this airway cell model.

In a second study, primary B-cell chronic lymphocytic leu-
kemia (B-CLL) cells could be transduced with ssAAV only a$er 
co-cultivation with HeLa cells expressing CD40L as a stimulatory 
molecule.86 A di%erent stimulatory treatment, CpG oligodeoxynu-
cletide, did not increase ssAAV transduction alone, but did have 
a synergistic e%ect with CD40L feeder cells. #e use of a carefully 
characterized scAAV vector did not eliminate the requirement 
for CD40L stimulation to get e"cient transduction, nor did it 
increase the level of transduction of stimulated cells compared to 
ssAAV vector. Analysis of ssAAV-transduced B-CLL cells stimu-
lated with CD40L alone, or in combination with CpG oligodeoxy-
nucletide, revealed very high vector genome copy numbers (2,480 
and 4,080/cell, respectively). Although there is as yet no de!nitive 
explanation for the inability of scAAV to improve on transduction 
in these cell types, we would speculate that when a relatively small 
population of cells takes up a large number of vector genomes, 
dsDNA conversion, either by SA or DNA synthesis, is likely to be 
very e"cient.

FATE OF scAAV GENOMES
#ere has been a great deal of e%ort made toward understand-
ing what happens to the AAV vector genome once it enters the 
nucleus, particularly in terms of the potential for genotoxicity 
through integration in the chromosome.21 It is clear at this point 
that the vast majority of vector genomes persist as episomes, either 
circular monomers or circularized concatemers.78 #is generally 
appears to be the fate of scAAV genomes as well, although subtle 
di%erences in processing by host DNA repair pathways are likely 
to emerge because the scAAV is not recognized by the host as 
ssDNA, unlike the ssAAV genome. #e circularization of scAAV 
has been characterized in a panel of DNA repair–de!cient cell 
lines and found to be highly dependent on several factors related 
to homologous recombination including ATM, NBS1, MRE11, 
WRN, and BLM, but not DNA-PKCS or ATR.87 #e ATM protein 
generally responds to DNA double-strand breaks, whereas ATR 
responds to DNA damage containing signi!cant ssDNA regions. 
When injected into muscle in vivo, circularization of scAAV DNA 
proceeds over the course of 5–6 weeks in normal mice, and is 
signi!cantly diminished in ATM and DNA-PKCS, but not NBS1-
de!cient mice. #e di%erent requirements for DNA-PKCS and 
NBS1 in cultured cells and muscle probably relates to di%ering 
cell-cycle status.

In mouse liver, a high dose of scAAV leads to the early forma-
tion of monomeric circles and linear concatemers at 1 day a$er 
injection, with the concatemers converting to concatemeric cir-
cles by 42 days a$er injection.42 Although these transformations 
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do require host–cell DNA recombination and DNA synthesis 
factors, they are not essential for e"cient vector gene expres-
sion, which can occur from linear molecules in the absence of 
speci!c DNA repair factors.87,88 Several of the studies discussed 
above have noted the relative stability, or persistence, of the 
scAAV genome, and this may be a consequence of the instabil-
ity of ssAAV during the single-stranded phase.46 However, Wang 
et al have recently characterized a transient period of instability 
of AAV vector genomes in mouse liver and found that it applies 
to scAAV as well. Further, a signi!cant loss of ssAAV genomes 
occurred a$er dsDNA conversion. #is suggests that there may 
be multiple pathways for degradation of conventional ssAAV 
genomes, some acting during the single-strand phase and some 
on the dsDNA genomes a$er conversion. Because scAAV and 
ssAAV present a biologically di%erent substrate to the cell upon 
infection, it will be important to fully characterize any di%erences 
in processing between the two.

FUTURE DIRECTIONS
Numerous studies have documented the increased transduc-
tion e"ciency of scAAV relative to the cognate ssAAV vectors 
in rodent, canine, and nonhuman primate animal models. #e 
greatest di%erences are observed in applications where the vector 
is widely disseminated, such as systemic delivery strategies to liver 
or other tissues. Smaller, though still signi!cant, di%erences are 
observed with local injection of vector into parenchymal tissues 
or constrained spaces, such as the eye. #e likely explanation for 
why scAAV improves systemic delivery more than local delivery 
strategies is that high copy numbers of ssAAV genomes favor con-
version to dsDNA by SA and increase the probability of dsDNA 
conversion by DNA synthesis. #erefore, the size and accessibility 
of the therapeutic target will be an important consideration when 
evaluating the potential bene!ts of using scAAV and weighing 
them against the reduced capacity for carrying transcriptional and 
post-transcriptional regulatory elements. While the size of scAAV 
vectors is limiting, the recent observation of larger genomes 
being packaged in AAV-5 raises the exciting possibility of greatly 
expanding the potential applications for these vectors.
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