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Adeno-associated virus (AAV) replication and biology have been extensively studied using cell culture
systems, but there is precious little known about AAV biology in natural hosts. As part of our ongoing interest
in the in vivo biology of AAV, we previously described the existence of extrachromosomal proviral AAV genomes
in human tissues. In the current work, we describe the molecular structure of infectious DNA clones derived
directly from these tissues. Sequence-specific linear rolling-circle amplification was utilized to isolate clones of
native circular AAV DNA. Several molecular clones containing unit-length viral genomes directed the produc-
tion of infectious wild-type AAV upon DNA transfection in the presence of adenovirus help. DNA sequence
analysis of the molecular clones revealed the ubiquitous presence of a double-D inverted terminal repeat (ITR)
structure, which implied a mechanism by which the virus is able to maintain ITR sequence continuity and
persist in the absence of host chromosome integration. These data suggest that the natural life cycle of AAV,
unlike that of retroviruses, might not have genome integration as an obligatory component.

Since its initial description over 40 years ago (1, 2, 15),
adeno-associated virus (AAV) has emerged as a unique mem-
ber of the parvovirus family. AAV is replication incompetent
and requires a helper virus (e.g., adenovirus) to produce new
infectious virions (1, 6, 17, 25, 33, 34). In the absence of helper
virus, the hallmark of AAV infection in cultured cells is site-
specific integration of the viral genome into a specific locus
(AAVS1) on human chromosome 19 (20, 21, 36). Virally en-
coded gene products, through the recognition and binding of
similar viral and cellular sequences, mediate this unique site
specificity. The integrated head-to-tail AAV DNA arrays con-
tain rearranged viral inverted terminal repeats (ITRs) and
flanking cellular sequences (22, 25, 43). Helper virus infection
of cells harboring integrated AAV DNA results in rescue of
the AAV genome, leading to the production of new infectious
particles. This unique property of site-specific integration has
been well documented in transformed cultured cells, but to
date, there is only a single report of AAVSI site-specific inte-
gration in two human testis tissue samples (24). We have not
observed AAVSI integration using a sensitive nested PCR
assay in 54 AAV-positive human (38) and nonhuman (unpub-
lished observations) primate nontesticular tissue samples.

While ubiquitous in nature, AAV has never been associated
with any disease or pathological condition in humans (3-5, 13),
and consequently, there have been relatively few studies of in
vivo AAV biology. Most observations concerning AAV biology
have utilized cultured cells, and these findings have been
widely accepted as the model for natural infection in the pri-
mate host. The continued development of recombinant AAV
vectors for human gene transfer has brought renewed interest
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in wild-type AAV infection in the natural host. A better un-
derstanding of the biology of natural infection will undoubt-
edly affect the design and use of recombinant AAV vectors in
humans.

We recently characterized AAV genomes derived directly
from human tissue samples (7). Most of the genomes were
closely related to AAV serotype 2; a single isolate shared
homology with both serotypes 2 and 3. Moreover, the majority
of the predicted amino acid substitutions (relative to AAV2)
were conserved among the individual samples, suggesting that
a specific virus isolate was circulating in the local population
during the time period of tissue sample procurement (winter
2002 to 2003). Interestingly, none of the AAV2 capsid se-
quences retained arginine residues at positions 585 and 588
(R585S and R588T substitutions), which have been shown to
be critical for heparin sulfate proteoglycan receptor binding
(18, 26). Consistent with this observation, we showed that two
infectious AAV preparations generated using methods de-
tailed herein failed to bind to heparin sulfate chromatography
columns (7). These data suggest that this receptor is not re-
quired for natural infection in humans, at least for the viruses
that we isolated for these studies (7). In contrast to the pre-
vailing wisdom that AAV genomes integrate in humans, anal-
yses of the molecular forms of the AAV DNA in these tissues
revealed that the genome sequences in these tissues were ex-
trachromosomal episomes (38). In fact, we did not identify any
integration events at the AAVSI locus, as judged by the failure
to amplify AAV-AAVSI junction fragments by using a sensi-
tive nested-PCR-based assay.

In the present study, we set out to characterize extrachro-
mosomal AAV genomes found in human tissues. In doing so,
we developed a novel sequence-specific linear rolling-circle
amplification method (SSLRCA) that amplified the extrachro-
mosomal AAV genomes directly from tissue DNA. The result-
ing circular monomeric AAV genomes were shown to be bio-
logically active when directly transfected into HeLa cells.
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Furthermore, the resulting clones gave rise to infectious
virus, and several isolates were successfully passaged in cul-
tured cells. Sequence analyses of infectious molecular
clones revealed intact rep and cap open reading frames
(ORFs), as well as a complete double-D ITR element. Con-
versely, analyses of noninfectious clones suggested that the
deletion of internal ITR regions was responsible for the lack
of infectivity. To our knowledge, these clones represent the
first direct isolation of intact, full-length infectious DNA
representing wild-type AAV.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were purchased from the American Type Cul-
ture Collection (Rockville, MD) and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and penicillin and strepto-
mycin. Wild-type adenovirus type 5 (Ad5) was grown, and its titers were deter-
mined, as described previously (9). AdS at a multiplicity of infection (MOT) of 20
was used in all assays involving helper virus.

Human tissues. All tissue samples were acquired after approval from the
Nationwide Children’s Hospital Institutional Review Board, and where required,
informed consent was obtained. Fresh human tonsil and adenoid specimens (n =
101) were collected from children aged 2 to 13 years at Nationwide Children’s
Hospital undergoing elective surgical excision. Additional human tissue samples
(n = 74) representing normal liver, spleen, muscle, heart, and lung were obtained
from the Cooperative Human Tissue Network at Nationwide Children’s Hospital
(7, 38). Samples were stored frozen at —80°C until DNA isolation.

Manipulation of nucleic acids. For DNA isolation from human samples,
freshly thawed tissue (0.2 to 0.5 g) was digested for 15 h in 3 ml of digestion buffer
(10 mM Tris, pH 8.0; 100 mM NaCl; 0.5% sodium dodecyl sulfate [SDS]; 25 mM
EDTA) supplemented with 2 mg/ml proteinase K at 55°C with constant agitation.
DNA was subjected to three phenol-chloroform-isoamyl alcohol (25:24:1) ex-
tractions. A final chloroform extraction was performed, followed by DNA eth-
anol precipitation and resuspension in 10 mM Tris, pH 8.0. Low-molecular-
weight DNA was isolated from cells using standard procedures as previously
described (7). For Southern blot hybridization analysis, DNA was fractionated
on 0.8% agarose gels and transferred to a nylon membrane. DNA hybridization
conditions were 65°C for 16 h in a buffer containing 6X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate), 1X Denhardt’s reagent, and 200 pg/ml
sonicated herring sperm DNA. Membranes were washed twice at 60°C in 2X
SSC and 0.2% SDS for 30 min and then twice at 60°C in 0.2X SSC and 0.2% SDS
for 30 min.

SSLRCA. To detect the presence of double-stranded circular AAV genomes,
1 pg of genomic DNA was first digested in a 15-ul volume with a restriction
enzyme that did not cut within the AAV genome (Spel for human samples;
EcoRYV for Detroit 6 and plasmid spike samples). Linear DNA (both double and
single stranded) was degraded by incubation with 10 U Plasmid-Safe ATP-
dependent DNase (PS-DNase; Epicentre Technologies) in a 25-pl volume for
16 h at 37°C in 33 mM Tris (pH 7.8), 66 mM potassium acetate, 10 mM
magnesium acetate, 0.5 mM dithiothreitol, and 1 mM ATP. PS-DNase was heat
inactivated for 30 min at 70°C, and 2.5 pl (equivalent to 100 ng) was used as a
template for SSLRCA using phage phi29 DNA polymerase (TempliPhi; GE
Healthcare). Template DNA was mixed in a final volume of 15 pl in 10 mM Tris,
pH 8.0, with 300 pmol each of two AAV cap primers (templ, 5'-ATTGGCAT
TGCGATTCC-3'; temp2, 5'-TGGTGATGACTCTGTCG-3") that contained a
phosphothioation linkage between the last two 3’ nucleotides. This mixture was
heated to 95°C for 3 min, cooled slowly to 4°C to allow primer annealing, and
mixed with 15 pl of TempliPhi reaction buffer containing phi29 polymerase and
incubated for 18 h at 30°C. Amplified products were heat inactivated at 65°C for
10 min and then digested with either Xbal or HindIII for Southern hybridization
(these enzymes cut once in the AAV2 genome). For cloning, SSLRCA-amplified
DNA was digested with a single-cut enzyme (Xbal or HindIII) and the unit-
length DNA fragment cloned into plasmid pBlueScript KS— (Stratagene Corp.).
DNA sequencing was performed by the Sequencing Core Laboratory. In addi-
tion, manual DNA sequencing of the AAV ITR region was accomplished using
the SequiTherm Excel II DNA sequencing kit (Epicentre) following the manu-
facturer’s protocol for isothermal sequencing with a-labeled *°S-dATP.

Analysis of SSLRCA-amplified ITR products. To examine the fidelity of the
SSLRCA assay, circular templates that contained defined ITR-ITR structures
were generated and then subjected to the SSLRCA reaction. Products were
examined by sequencing and Smith-Birnstiel end labeling of the linear amplified
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products (40). Briefly, a complete ITR-ITR end-joined template was generated
by digesting a pSub201-based rAAV vector plasmid (rAAV/CMV/eGFP) with
Pvull to release the intact TAAV expression cassette (including ITRs). This
fragment was self-ligated and then treated with PS-DNase to remove all linear
forms. A portion of this circular template (diluted 1:100) was used as the tem-
plate in an SSLRCA reaction as described above. Both self-ligated and SSLRCA
products were linearized by Sall enzyme digestion, treated with alkaline phos-
phatase, and end-labeled using polynucleotide kinase and [y->?P]ATP. After
labeling, the products were digested with Ndel to create linear, end-labeled
fragments. Selected molecular clones isolated from tonsil sample T88 also un-
derwent SSLRCA and end labeling in a similar manner as described above, but
with the following minor modifications. T88 clones were released from the
plasmid vector backbone by Xbal digestion prior to self-ligation and treatment
with PS-DNase, and then they were linearized with SnaBI before treatment with
alkaline phosphatase and polynucleotide kinase. Dralll was used to generate
linear end-labeled fragments. To determine ITR-ITR junction heterogeneity
occurring in vivo, SSLRCA products were treated identically as described above
for T88-derived molecular clones. DNA fragments were fractionated on a 6%
denaturing polyacrylamide gel and exposed directly to film. Specific band counts
were determined using a Typhoon 9400 variable mode imager (GE Healthcare)
with the ImageQuant 5.2 software.

Functional analysis of AAV molecular clones. To determine if SSLRCA-
generated AAV molecular clones could produce infectious virions, the pBlue-
Script vector backbone and cap ORF was recreated by digestion with Xbal and
self-ligation to form head-to-tail circular monomeric genomes. The ligated prod-
ucts (1 pg) were directly transfected into 4 X 10° HeLa cells by using the FuGene
6 reagent (Roche Applied Science), followed by infection with Ad5. After max-
imum cytopathic effect development (48 h), the transfected cells (P0) were
harvested and low-molecular-weight DNA prepared from half of the cells. The
recovered DNA was subsequently treated with Dpnl to digest input plasmid
DNA. A clarified cell lysate was generated from the other half of PO cells by three
freeze-thaw cycles and a 60-min incubation at 56°C to heat-inactivate AdS. The
clarified lysate (1:10 dilution) was used to infect 4 X 10° HeLa cells (along with
AdS). After 48 h, the transduced cells (P1) were harvested and low-molecular-
weight DNA isolated.

Western blot analysis. To detect the presence of Rep and Cap proteins, a cell
lysate was generated from transfected cells (PO) after 48 h and electrophoresed
on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subse-
quently transferred to a polyvinylidene difluoride membrane (GE Healthcare).
The membrane was blocked for 10 min at 25°C using TBST buffer (10 mM Tris
[pH 8.0], 150 mM NaCl, 0.1% Tween 20) plus 5% nonfat dry milk. Primary
antibodies (from American Research Products, Inc.) were used at a 1:100 dilu-
tion (Rep proteins, 1:1 mixture of anti-AAV Rep clone 303.9 and clone 226.7;
Cap proteins, anti-AAV Cap clone B1) and hybridized in blocking solution for
1 h. The blot was washed three times for 10 min in TBST buffer and incubated
for 30 min in TBST buffer plus 2.5% dry milk with a horseradish peroxidase-
conjugated anti-mouse secondary antibody (Vector Laboratories) at a 1:10,000
dilution. The blot was washed as described above and developed using the ECL
Plus detection system (GE Healthcare).

Real-time PCR. Wild-type AAV genomes and AAV plasmids were quantified by
real-time PCR using the ABI Prism 7000 sequence detection system in a standard
25-ul TagMan PCR with the following primers and probe: ForCAPSS, 5'-AACG
ACAACCACTACTTTGGC-3’, 50 nM final concentration; RevCAPSS, 5'-AAGT
GGCAGTGGAATCTGTTG-3’, 900 nM final concentration; and CAPSSProbe,
5'-[6-FAM]JCTACAGCACCCCCTGGGGGTATTTTGA[TAMRA-6-FAM]-3’,
200 nM final concentration.

RESULTS

SSLRCA. In our previous work on characterization of AAV
in human tissues, we found that the majority of AAV genomes
were extrachromosomal and that none were integrated in the
AAVSI locus (38). As part of those efforts, we developed a
novel method (SSLRCA) that allowed us to amplify extra-
chromosomal AAV genomes directly from tissue DNA. It oc-
curred to us that these amplified products might represent
intact, biologically active AAV genomes. To investigate this
possibility, templates for SSLRCA were derived from total
tissue DNA that was treated with a unique exonuclease (PS-
DNase) which preferentially degraded linear DNA fragments,
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FIG. 1. SSLRCA schematic for the isolation of infectious AAV molecular clones. Total cellular DNA is first digested with a restriction enzyme
that does not cut within the AAV genome but restricts the host genome. This results in the creation of linear fragments that are substrates for
exonuclease digestion (PS-DNase [step A]). PS-DNase does not degrade double-stranded, circular DNA molecules. To amplify remaining circular
episomes, AAV cap gene-specific primers (complementary to each strand) are annealed to the circular episome, and phi29 DNA polymerase is
used to initiate rolling-circle replication via strand displacement (step B). SSLRCA reaction products are high-molecular-weight linear AAV
concatemers (U) that can be digested with a single-cut enzyme (X) to produce unit-length AAV genomic fragments, which can be cloned for

functional analysis (step C).

leaving circular, double-stranded DNA intact (Fig. 1). This
treatment enriched the substrate DNA for circular templates
and facilitated amplification using AAV-specific primers and
phi29 DNA polymerase. Following overnight isothermic incu-
bation, the resulting high-molecular-weight amplicons were di-
gested into unit-length fragments and cloned into a standard
plasmid cloning vector for sequence and functional analyses.
Unit-length AAV genomes were generated by releasing inserts
from the vector backbone and performing an intramolecular
ligation. The resulting circular monomeric AAV genome was
then directly transfected into HeLa cells to evaluate infectivity.

To determine the limit of detection for circular AAV, de-
creasing amounts of a 15-kb plasmid containing AAV2 ITR
and rep and cap genes were spiked into 100 ng of naive tonsil
DNA and subjected to SSLRCA. The amplification over a
range of input copies was determined for four independent
replicate experiments (Table 1). This experiment showed that
we could reliably amplify as few as 25 plasmid copies (107-fold
amplification).

As an important control, SSLRCA substrate specificity was

TABLE 1. SSLRCA assay sensitivity

Plasmid Amplification (fold) for replicate:

input Total®
(no. of Y

copies)* 1 2 3 4
100 3.1 x 10 33 x10° 37x107 1.6 x10° 4of4
75 4.6 X 10° 22X 10° 27 x 10" 41 x 107 4of4
50 95X 10° 15x10° 7.4x107 15X 10° 4of4
25 0 21X 10° 1.1 X107 46 x 10" 3of4
10 0 1.0 x 10’ 0 0 1of4
7.5 0 2.1 x 107 0 0 1of 4
5 0 0 0 0 0 of 4
1 0 0 0 0 0of 4
0 0 0 0 0 0 of 4

“ Copies of a circular 15-kb plasmid, containing AAV2 rep/cap genes, were
spiked into 100 ng of total cellular DNA isolated from a naive human tonsil
sample and used as a template for SSLRCA.

> Amplification was determined by dividing the number of AAV cap copies
present after SSLRCA by the number of cap copies present before the SSLRCA
assay was performed.

¢ Number of total replicates scored as positive for the detection of circular
template.

examined using Detroit 6 cells (19), which are a well-charac-
terized transformed cell line that contains integrated AAV2
genomes (head-to-tail tandem arrays) in the AAVSI1 locus on
chromosome 19 (q19.1). As noted above, AAV genomes inte-
grated within the Detroit 6 DNA should not amplify using the
SSLRCA method. Accordingly, 1,000 and 100,000 integrated
AAV?2 copies from Detroit 6 total DNA were spiked into 100
ng of naive tonsil DNA, and SSLRCA was performed. The
AAV2 genome copy number was determined by cap gene
quantitative PCR before and after SSLRCA, and the average
amplification was 1.3- = 1.0-fold over 10 independent replicate
assays (data not shown). These data demonstrate the strict
requirement for circular templates to achieve robust SSLRCA-
dependent amplification.

Direct amplification of AAV genomes from human tissue. As
noted above, we previously identified nine human DNA sam-
ples that contained variable amounts of AAV DNA ranging
from 80 to 33,000 copies/pg of total cellular DNA (7). These
nine DNA samples were subjected to SSLRCA, and six yielded
AAV2-specific amplification. Digestion of the amplified prod-
ucts with a restriction enzyme that was predicted to cut once
inside the AAV2 genome (HindIII) yielded the expected
4.7-kb unit-length fragment (Fig. 2). In addition, both high-
and low-molecular-weight forms were present in samples T70
and T88. The high-molecular-weight forms might represent
unresolved large concatemeric DNA that was undigested due
to other genome species that do not contain the restriction
site(s). The low-molecular-weight forms might correspond to
genome species that contain an additional restriction site(s) or
could be derived from in vivo deleted viral genomes. The
amount of amplified AAV2 product correlated with the input
AAV copy number previously determined from the various
samples (Table 1). The three AAV samples that failed to
amplify (LG15, T17, and T41) harbored copy numbers that
were at or below the limit of detection for the assay (see Table
2). The low level of amplification for T32 and T41 was also
consistent with the low AAV2 copy numbers in these tissues.

Isolation of infectious AAV molecular clones. Having ampli-
fied AAV genomes from human tissue samples, we next asked
whether SSLRCA could be used to isolate intact full-length
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FIG. 2. SSLRCA method detects episomal AAV in human tissue
DNA. Human total cellular DNA (100 ng) was subjected to SSLRCA,
and the resulting product was digested with HindIII (cuts once within
the AAV genome) and subjected to Southern blot hybridization using
a 1-kb PCR-amplified AAV2 rep-cap DNA fragment as the probe. A
4.7-kb unit-length head-to-tail (H-T) DNA fragment was detected in
six of the AAV-positive samples, along with high- and low-molecular-
weight DNA in samples T88 and T70. No evidence of SSLRCA-
mediated amplification of integrated AAV genomes was seen using
100 ng of Detroit 6 (Det 6) DNA (corresponding to 83,000 integrated
copies).

molecular clones representing infectious wild-type AAV. The
unit-length amplified AAV2 DNA (Fig. 1 and 2) was inserted
into a plasmid vector by using the unique HindIII restriction
enzyme site located in the AAV2 cap gene. To determine
whether the resulting clones would give rise to infectious virus,
the AAV DNA was released from the cloning vector backbone
and self-ligated to restore the cap ORF and regenerate a cir-
cular monomeric AAV genome. The ligation reaction was di-
rectly transfected into AdS-infected HeLa cells (MOI = 20).

pBS T88-41 T88-62 T88-79 T71-1
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After adenovirus-induced cytopathic effect was observed, a cell
lysate was prepared, clarified, and passed onto naive HelLa
cells (again, in the presence of adenovirus). Hirt DNA was
isolated from both the transfected cells (P0O) and the infected
cells (P1) and analyzed by Southern blot hybridization. Anal-
yses of nine clones isolated from three individual tonsil-ade-
noid tissue samples are shown in Fig. 3. DNA replication in PO
was observed for all clones, as judged by the presence of
characteristic AAV monomeric (Rfm) and dimeric (Rfd) rep-
licating DNA forms. Also present in the PO Hirt DNA was a
distinct 2.5-kb hybridizing fragment that was derived from the
transfected DNA following Dpnl enzyme digestion. Impor-
tantly, all the molecular clones gave rise to infectious virus, as
judged by replicating AAV DNA in P1 cells. In summary, we
were able to isolate infectious molecular clones from five of the
six SSLRCA-positive tissue samples (Table 2). For sample S17,
it remains possible that we simply did not isolate enough clones
to identify an infectious clone.

Characterization of AAV produced from infectious molecu-
lar clones. To further characterize AAV produced by our
clones, we serially passaged infectious virions derived from
clones T70-43 and T88-41 and showed that particles were
DNase I resistant and purified at the predicted density in
iodixanol gradients (data not shown). The cap gene sequence
for both of these isolates predicted replacement of charged
arginine residues at positions 585 and 588 with serine and
threonine, respectively. As predicted, purified virions repre-
senting both clones did not bind to a heparin sulfate matrix (7).
We also analyzed AAV Rep and Cap protein expression pro-
files of these and selected other molecular clones (Fig. 4). As
expected, all of the infectious molecular clones produced the
four Rep and three Cap proteins. Interestingly, the Cap pro-
teins (VP1, VP2, and VP3) derived from prototype AAV2
migrated faster than did the Cap proteins derived from the

T71-5 T71-10 T70-19 T70-43 T70-64

0 1 0 1 0 1 10 1

i 0 1 0 1 0 1 0

1 €—Passage

k—Rfd

£— Rfm

Input
plasmid

FIG. 3. Identification of infectious AAV molecular clones. Nine individual AAV molecular clones isolated from three tonsil tissue samples
(T70, T71, and T88) were analyzed for their ability to replicate their respective genomes and produce infectious particles. Shown is an
autoradiograph of a Southern blot hybridization (a 1-kb AAV2 rep-cap DNA fragment as the probe) of Hirt DNA isolated from cells at pass 0 (P0)
and pass 1 (P1). Residual input plasmid in PO Hirt DNA was digested with Dpnl to reduce the input plasmid molecular weight (seen as a 2.5-kb
DNA fragment). Replicating monomeric (Rfm) and dimeric (Rfd) AAV DNA forms were observed in PO and P1 cells, indicative of replication
competency (P0) and formation of infectious virus (P1). Upon prolonged exposure, the autoradiograph showed both Rfm and Rfd forms of AAV

DNA in sample T70-19.
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TABLE 2. Summary of molecular clones isolated by SSLRCA

Ti No. of AAV ~ SSLRCA  No. of clones % Infectious
issue sample g b c d
copies' result analyzed clones'
T17 56 - 0 NA
T32 21 + 11 100 (1/1)
T40 655 + 6/60 17 (1/6)
T41 59 - 0 NA
T70 780 + 15/80 93 (14/15)
T71 760 + 6/26 67 (4/6)
T88 3,300 + 14/80 71 (10/14)
S17 20 + 3/3 0(0/3)
LGI15 8 - 0 NA
Detroit 6 83,000 - 0 NA

“ AAV copy number in 100 ng of total cellular DNA based on cap quantitative
PCR.

® SSLRCA-positive result based on Southern blot detection of AAV genomes.

¢ The fraction represents the number of molecular clones that were analyzed
for infectivity (passage) over the number of total clones isolated by bacterial
colony hybridization.

4 Since only a subset of clones was screened for passage, the percentage
reflects our ability to obtain replicating monomeric and dimeric AAV genomic
species following passage (P1). Fraction in parentheses represents the number of
infectious clones over the number of clones analyzed for infectivity. NA, not
applicable.

infectious molecular clones. This difference in migration was
not predicted based on the calculated molecular weights. We
(data not shown) and others (30) have observed this phenom-
enon with Cap proteins from multiple serotypes. It is possible
that the differences in electrophoretic mobility might be due to
particle charge, residual secondary structure, or possibly post-
translational modifications, such as capsid phosphorylation, as
recently reported by Zhong et al. (44).

Full nucleotide sequence determination of several selected
molecular clones was performed. The cap sequences obtained
via SSLRCA were identical to the original sequences derived
by nested PCR, which were previously reported (7). rep gene
sequences from samples T88, T70, T71, S17, T32, and T40
were highly homologous to each other and to AAV2 (>98%
amino acid identity). Sequence analysis of the 5" and 3" ITR
regions revealed the presence of ITR D regions from either
direction, characteristic of a double-D ITR structure. The ITR
sequence for multiple infectious clones (T88-41, T88-79, T70-
19, T70-43, T70-64, T71-1, T71-5, T71-10) was determined, and
all except one contained a complete double-D ITR structure;
both “flip” and “flop” forms were represented. Interestingly,
the single imperfect double-D ITR infectious clone (T88-62)
possessed an A region duplication with a partial deletion of the
sequence between the two A elements (Fig. 5). In addition,
double-D ITR structures from several noninfectious molecular
clones (T88-16, T88-78B) were determined and shown to pos-
sess significant internal deletions in A, B, and C hairpin regions
(Fig. 6).

Double-D ITR structures present in tissues. Based on ITR
sequence analysis, we concluded that infectious molecular
clones contained a complete double-D ITR element. Con-
versely, limited ITR sequence analysis of noninfectious clones
suggested that the deletion of internal ITR regions was respon-
sible for the lack of infectivity, since these clones expressed the
expected Rep and Cap proteins (data not shown). Conse-
quently, we were interested to know if double-D ITR junction
formation in vivo yielded predominately complete nonrear-
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ranged structures or if the ITR deletions were imprecise and
only a subset contained the complete double-D ITR.

To answer this question, SSLRCA was performed directly
on tissue genomic DNA because ITR rearrangements have
been observed to occur during passage in bacteria. Preceding
in vivo analysis of ITR forms, we characterized the fidelity of
the SSLRCA assay by using several complex ITR structures,
the first of which possessed two complete ITRs joined at their
ends (Fig. 6). Following amplification, the ITR-ITR construct
(input) and SSLRCA-amplified material were end-labeled and
fractionated on an acrylamide gel. The end-joined ITR-ITR
template was amplified faithfully, with no deletions evident
based on identical mobility through the gel (Fig. 6, lane “TR-
TR”). Additionally, when T88 molecular clones possessing
four distinct double-D structures (Fig. 6, lanes “DD+,” “DD,”
“ADD,” and “D”) were similarly analyzed, all SSLRCA-am-
plified material was replicated faithfully.

After the preliminary analyses of these known substrates,
SSLRCA was then performed on genomic DNA isolated di-
rectly from tonsil-adenoid sample T88 (Fig. 6, lane “T88”).
Multiple discrete species were easily identified, and when these
amplified fragments were compared on the same gel to the
known tonsil T88 molecular clones, the predominant in vivo
form corresponded in size to the complete double-D structure
(Fig. 6, white arrowhead). Quantitative densitometry re-
vealed that 48% of the total signal corresponded to intact
double-D ITR structures. Significantly, there was no specific
band present at the predicted size of an end-joined ITR-ITR
structure (Fig. 6, white arrow), suggesting that in this particular
sample, this was not an in vivo form. Moreover, the presence of
numerous ITR species (some larger and many smaller) indi-
cated that double-D formation is imprecise.

DISCUSSION

Molecular details regarding wild-type AAV replication,
gene expression, and genome integration have been largely
elucidated through the use of in vitro mammalian cell culture
infection systems. These studies spawned a life cycle paradigm
that holds site-specific virus integration as a central tenet.
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FIG. 4. Rep and Cap expression of T88 molecular clones. Individ-
ual molecular clones were analyzed for AAV Rep (Rep78, 68, 52, 40)
and Cap (VP1, VP2, VP3) protein expression. Shown are Western blot
hybridization blots of transfected cell lysates (P0). “U” designates an
untransfected cell lysate, while “wt” denotes a wild-type AAV2-in-
fected lysate.

o Cap
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Tes-41 [REP| D | A |c|c]B|B] A | D [capP]
T8879 [REP| D | A |[B[B]c|c|] A | D [car]

11 bp deletion 5 bp deletion
Tes62 |[REP| D | A [B|B|c|c|aa | aa | D |[cAP]

FIG. 5. Structure of the AAV ITR junctions from selected molecular clones. Shown schematically are ITR structures observed in several
infectious molecular clones, with the palindromic ITR sequences designated as D, A, B, B, C, C’, A’, and D’, in accord with standard nomenclature.
The complete ITR sequence was determined for clones T88-41, T88-62, and T88-79. Clones 41 and 62 contain a complete double-D ITR (in both
flip and flop orientations). T88-62 contains an imperfect double-D ITR junction with two A’ regions, both of which contain small deletions. In
addition, three T70 clones (no. 18, 42, and 64) and three T71 clones (no. 1, 5, and 10) also possessed a complete double-D structure that was
identical to that of T88-79. All ITR sequences were identical to the published AAV2 ITR sequence.

Integration in this model is mediated by the virally encoded events in vitro (16). Only a single study to date has looked at
large Rep proteins (Rep78 or Rep68) and involves recognition experimental AAV infection in the primate host (14). The
of cognate binding sites within the virus and host genome authors encountered difficulty in detecting the presence of the
(GAGGC tetra-nucleotide repeats). While targeted integration virus postinoculation in the oropharynx or respiratory tract,
into chromosome 19 can be readily detected in cultured cells, even in the presence of coinfecting adenovirus. This complex-
it is driven by high MOIs and is actually a rare event that is ity illustrates the challenges associated with virus recovery and
estimated to occur once in every 1,000 productive transduction sampling effects when using large animal models. Studies using

ITR Junction Structure TR-TR T88 DD+ DD DD D

+ & -+ -+ - 4 T 1 <—SSLRcA
- 460 bp
- 421bp

TR-TR [R[p[a[s]e]c[c]a]a]c]c]e]efa[o]c]

DD+ [R]p]a]B]B]c]c] Al A]pc]

DD [Rr]p]a]e]e]c]c]a]p]c]

ADD [R[o] Al c[ao]c]

D [R]p]c]

FIG. 6. Episomal AAV contains double-D ITR structures in vivo. Various circular AAV templates were subjected to SSLRCA. The input
templates (—) and the amplified products (+) were end-labeled and analyzed by acrylamide gel electrophoresis. Schematics of the ITR structure
of various templates are shown to the left of the autoradiograph, with the various ITR regions denoted as A, B, C, and D. The ITR junction is
oriented with respect to the AAV rep (R) and cap (C) genes. Black arrowheads designate the specific input (—) and SSLRCA (+) bands. The
ITR-ITR template contains two individual end-joined ITRs. The DD+ template was derived from clone T88-62, DD from clone T88-41, ADD
from clone T88-16, and D from clone T88-78B. In all cases, the input template was amplified correctly by SSLRCA, as evidenced by identical band
migration before and after SSLRCA. When SSLRCA products from tonsil sample T88 were analyzed in this fashion, several distinct bands were
identified. The most prevalent band (48% of the overall signal; white arrowhead) corresponded in size to the complete DD template. The predicted
size of an end-joined ITR-ITR junction from tonsil sample T88 is represented by a white arrow.

- 152 bp
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AAYVSI transgenic mice have documented targeted integration
(32, 35), illustrating that there are probably inherent differ-
ences between cell culture and in vivo models of infection.

We took an alternative approach to understanding molecu-
lar aspects of AAV natural infection by characterizing the
molecular form of AAV genomes in human tissues. The SSL-
RCA method enabled the isolation of episomal molecular
clones, from which structure function data were derived.

Our analyses led to four fundamental observations. First,
based on our previous analysis (38), the predominant in vivo
forms were extrachromosomal circles. Second, episomal circles
possessed complete or partially deleted double-D ITR struc-
tures. Third, infectious DNA clones possessed complete dou-
ble-D structures. Finally, the cellular mechanism for circular-
ization appeared to be imprecise and resulted in multiple
double-D ITR forms within a single tissue (but preferentially
yielded the complete double-D element). The observation that
almost 50% of the circular forms within a human tonsil sample
were perfect double-D structures suggested sufficient recom-
binational specificity to maintain I'TR continuity in a significant
proportion of viral genomes to enable subsequent virus rescue.
Additionally, the fact that infectious molecular clones were
also adenovirus DNA negative (7) argues that the episomal
forms amplified were not simply circular replicative forms.

These data have significant implications for our understand-
ing of the AAV life cycle. The presence of the double-D ITR
structure has been demonstrated to be the sole cis element
required for AAV propagation (42). Upon double-D ITR res-
olution (which occurs in the presence of a coinfecting helper
virus), a no-end substrate is generated, and subsequent nicking
at one of the two available terminal resolution sites by the large
Rep proteins would allow AAV DNA replication to proceed
via leading-strand synthesis and infectious virus formation. The
direct implication is that AAV can proceed through its life
cycle in the complete absence of an integration intermediate in
vivo, and in fact, this has been shown in cell culture (30).
Additionally, we and other investigators have reported identi-
cal double-D ITR elements for recombinant AAV vectors in
muscle tissue, suggesting that AAV ITRs contain all the cis
sequence information necessary to undergo rep-independent
circularization (11, 37, 42). Thus, these data make the case for
an additional cis ITR property, namely, circularization. It is
logical that the viral ITR has evolved to promote accurate
circularization via homologous recombination to preserve a
critical structural element (double-D ITR) that appears essen-
tial for viral infectivity upon rescue following helper virus in-
fection.

The mechanism of ITR circularization is unknown, but data
using self-complementary vectors suggest that it occurs
through a double-stranded intermediate, following second-
strand synthesis (23). In cell culture, ITR circularization is a
rapid process, and higher-order forms (concatemers) appear to
form through the interaction of double-D ITR elements on
separate circles (10, 11). Additional research using cells in
culture has focused on characterizing those cellular enzymes
involved in the circularization process. To date, multiple DNA
double-strand break repair enzymes are implicated and include
ATM, Mrell, DNA-PKcs, KU 70/86, and Rad 50, 51, and 52
proteins (8, 12, 39, 41). These recombination proteins could be
envisioned to either promote circularization (e.g., Mrell and

J. VIROL.

ATM) or act to inhibit integration (e.g., DNA-PKcs). The
multiple-sized double-D ITR structures observed in tonsil sam-
ple T88 are consistent with either homologous recombination
or nonhomologous end-joining repair pathways facilitating
ITR-ITR ligation. The failure to detect complete head-to-head
ITR junctions and the presence of complete double-D iso-
forms argue that recombination via nonhomologous end join-
ing may not be the favored pathway of ITR circularization but
could still play a role in ITR-ITR ligation. In fact, it might be
beneficial for AAV to use multiple pathways for circulariza-
tion, thereby avoiding free hairpin ends that can be sensed as
abnormal by the cell and, under specific circumstances, trigger
apoptotic stimuli (31).

Under conditions of high virus inputs, the circularized viral
form may act as an integration intermediate. Two observations
are consistent with this supposition. First, most proviral inte-
grants are arranged in head-to-tail arrays, which are thought to
require a circular template and limited DNA replication to
generate the arrays. Second, efficient AAVS1 integration in
cell culture is heavily dependent on the MOI (28). Thus, at low
MOI (<100 to 1,000), integration in cell culture is a rare event,
and the viral genomes are lost during subsequent passage. It is
unclear why a threshold MOI is needed for targeted integra-
tion; perhaps a relatively high intranuclear concentration of
circular AAV molecules is needed for juxtaposition and for-
mation of viral ITR/AAVS1 complexes. Whether similar input
viral loads are necessary in vivo for integration is unknown, but
we have observed no detectable integration into the AAVSI1
locus by wild-type AAV genomes in excess of 400 copies per
cell in nonhuman primate tissues (unpublished observation).

Although we were unable to isolate infectious molecular
clones from episomal AAV genomes from all AAV-positive
tissue samples (T17, T41, and LG15) by using SSLRCA, we
were nonetheless unable to detect AAVSI integration in these
same tissue samples by using a very sensitive nested PCR assay
(five integration events in 1.67 X 10° cell equivalents) (38).
Thus, it seemed that integration within the AAVSI locus was
unlikely. Clearly, an integration event could have occurred at
other sites within the genome, but we documented only a single
event in sample T71 after use of a sensitive linear amplifica-
tion-mediated PCR assay (one integration event in 1 X 10> cell
equivalents) (38). Our inability to isolate infectious molecular
clones seems more likely due to the fact that the AAV copy
numbers in these tissues were at or below the limit of sensitivity
for SSLRCA.

Taken together, our data compel us to take a fresh look at
the role of integration in the AAV life cycle. On the one hand,
we have shown that AAV DNA does not appear to integrate
with any measurable frequency at the AAVS1 locus in human
tissues (38). Importantly, we have now shown that integration
is not required to generate infectious viral genomes. These
observations have been confirmed in AAV-infected nonhuman
primates (our unpublished observations). Furthermore, others
have shown that in cell culture, only 0.1% of infectious AAV
particles integrate into AAVSI (28, 29). Thus, these consider-
ations make it difficult to argue for a prominent role of virus
integration in AAV natural infection. On the other hand, in-
tegration would clearly be of benefit in actively dividing cell
populations, and perhaps this might occur at higher frequen-
cies under “favorable” intracellular conditions (e.g., sufficient



VoL. 83, 2009

Rep expression and high virus inputs). Testing of this latter
hypothesis will await controlled nonhuman primate infection
studies.

In conclusion, our data convincingly suggest that the natural
AAV life cycle, in contrast to that of retroviruses, does not
have DNA integration as an obligatory component. Rather,
AAV genomes appear to persist in tissues as monomeric and
concatemeric circles. Importantly, the molecular form (dou-
ble-D ITR) of these extrachromosomal circles probably per-
mits virus rescue and replication upon helper virus infection,
and it allows for a viral life cycle that does not require inte-
gration for propagation in the human host. Given that recom-
binant AAV vectors contain wild-type ITRs, it now seems
likely that recombinant vector genomes behave in an analo-
gous manner to wild-type genomes, and this has been borne
out in the literature (11, 27, 37, 38).
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