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Adeno-associated virus type 2 (AAV-2) establishes latency by site-specific integration into a unique locus on
human chromosome 19, called AAVS1. During the development of a sensitive real-time PCR assay for
site-specific integration, AAV-AAVS1 junctions were reproducibly detected in highly purified AAV wild-type
and recombinant AAV vector stocks. A series of controls documented that the junctions were packaged in AAV
capsids and were newly generated during a single round of AAV production. Cloned junctions displayed
variable AAV sequences fused to AAVS1. These data suggest that packaged junctions represent footprints of
AAV integration during productive infection. Apparently, AAV latency established by site-specific integration
and the helper virus-dependent, productive AAV cycle are more closely related than previously thought.

Adeno-associated virus (AAV) has evolved a biphasic life
cycle to ensure persistence in its primate host. It needs an
unrelated helper virus, adenovirus (Ad), or herpesvirus for
productive infection (16). In the absence of a helper, AAV
establishes latency by preferential integration into a specific
site on human chromosome 19 (chr.19), 19q13.3g-ter, called
AAVSL1 (10). AAV type 2 (AAV-2) contains a linear single-
stranded DNA genome of 4.7 kb that covers the genes rep and
cap, flanked by 145-bp inverted terminal repeats (ITRs) (27)
that serve as origins of replication and as cis elements for
chromosomal integration. The AAV regulatory proteins
Rep78 and/or Rep68 (Rep78/68) are necessary for AAV DNA
replication both in vivo and in vitro. Rep78/68 binds to the
Rep-binding site (RBS) on the AAV-ITR (26) and nicks and
unwinds the ITR at the terminal resolution site (trs) (7).
Rep78/68 also mediates site-specific AAV integration at
AAVS1 on chr.19 that comprises DNA sequences homologous
to the RBS and the s of the AAV-ITR (9, 23). In vitro studies
showed ternary complex formation of Rep68 with the AAV-
ITR and AAVS1 (31) and Rep68-mediated initiation of DNA
replication starting from an origin sequence comprised of
AAVSI (29). A 33-bp sequence spanning the chr.19 RBS, a
spacer sequence, and a frs homology element are sufficient to
mediate site-specific AAV integration in vivo (12, 14). chr.19
integration sites have been analyzed either in selected cell
clones or in 293 cells carrying AAVS1 on an Epstein-Barr
virus-based episome (1, 2, 9, 17, 20, 23, 28, 32). To analyze
integration into the authentic chr.19 preintegration locus early
after AAV-2 infection, we have recently developed a sensitive
and quantitative real-time PCR assay for AAV-ITR/AAVSI1
junctions. Within 4 days postinfection (p.i.) site-specific inte-
gration frequency reached 10 to 20% of unselected HeLa cells.
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Further analysis showed that at least 1 in 1,000 infectious
AAV-2 integrated site specifically (5, 6).

MATERIALS AND METHODS

Plasmids. The following plasmids have been described: pTAV2-0 (4), pDG
(3), pAAVSI-TR (6), and psub201 (22). Plasmid psubgfpneo was generated by
inserting the gfpneo cassette derived from pTR-UF5 (36) between the 190-bp,
Xbal-flanked AAV-ITRs of psub201.

Preparation of highly purified AAV wild-type stocks. Conventional AAV-2
stocks were produced and titrated as described previously (6). Cells were
infected at a multiplicity of infection (MOI) of 500 unless otherwise stated.
Highly purified AAV stocks were generated on pTAV2-0 transfected and Ad
type 2 (Ad2)-infected HeLa cells. The corresponding AAV-negative control
preparations were generated in parallel without pTAV2-0 transfection. Virus
purification was done according to a protocol published previously (35). In brief,
phosphate-buffered saline (PBS)-washed cells were pelleted by low-speed cen-
trifugation, resuspended in PBS, and adjusted to 0.5% deoxycholic acid. Unen-
capsidated nucleic acids were degraded by treatment with 5,000 U of benzonase
(Purity Grade IT; Merck) for 90 min at 37°C. Cell debris was pelleted at 8,100 X
g for 30 min. Supernatants were frozen, thawed, centrifuged again, and then
purified on iodixanol discontinuous density gradients. The 40% fraction contain-
ing AAV was aspirated and subjected to heparin affinity chromatography. Eluted
virions were dialyzed against PBS and stored at —80°C.

Preparation of highly purified rAAV stocks. Recombinant AAV-2 (rAAV-2)
stocks were prepared on 293 cells by cotransfection of pDG and psubgfpneo as
described by Huser et al. (6). Highly purified rAAV was prepared according to
the protocol described above for the AAV wild type.

Quantitative, real-time PCR for the determination of site-specific integration.
Targeted integration of AAV-2 into AAVSI was detected by real-time PCR of
virus-cell junctions and calculated with the aid of known concentrations of a
standard plasmid, as described previously (6). For calculations of AAV-ITR/
chr.19 junction copy numbers per cell, a DNA content of 10 pg per cell was
assumed, reflecting the hypertriploid (3n+) karyotype of HeLa cells (13).

Quantitative, real-time PCR for the determination of virion genome copies.
Genome copy numbers of AAV-2 wild-type or rAAV vector stocks were quan-
tified by by real-time PCR as follows. Aliquots of highly purified (benzonase-
treated) virion stocks (see above) were digested with proteinase K, extracted with
phenol, precipitated, and resuspended in Tris-EDTA. DNAs were purified by
adsorption chromatography on QIAquick spin columns (Qiagen, Hilden, Ger-
many). Real-time LightCycler PCR was performed with aliquots diluted to a final
volume of 20 pl. The reaction mixture included polymerase (LightCycler Kit-
Fast Start DNA Master SYBR Green I; Roche) and 5 mM MgCl,. For the
determination of AAV-2 wild-type genomes, a 500 nM concentration of primer
PAAV-F1 (GCCAACTCCATCACTAGGGG; AAV-2 nucleotides 121 to 140)
and a 500 nM concentration of primer PAAV-W1 (CCCGCTTCAAAATGGA
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FIG. 1. Quantitative real-time PCR for site-specific integration of
AAV-2 into AAVSI on chr.19. Shown is a schematic representation of
the real-time PCR assay as described by Hiiser et al. (6). Primers are
indicated by arrows; primer ITR hybridizes to AAV-2 sequences at
positions 4526 to 4545 (27), and primer AAVS1 hybridizes to AAVS1
on chr.19 at positions 1609 to 1593 (9). Sequence elements within the
ITR are as outlined in Fig. 3B. trs, terminal resolution site. Fluorescent
dye-labeled probes hybridize to the amplified DNA fragment (donor
probe, nucleotides 1541 to 1560; acceptor probe, nucleotides 1562 to
1583). Close proximity of the attached dyes elicits fluorescence reso-
nance energy transfer.

GACC; AAV-2 nucleotides 299 to 280) were used. For the determination of
rAAV-gfp, a primer pair specific for the cytomegalovirus promoter, PAAV-F3
(TGGGCGTGGATAGCGGTTTG) and PAAV-B3 (AACAGCGTGGATGGC
GTCTC), were used. Amplification was done at 95°C for 10 min to activate the
polymerase, followed by 40 cycles at 95°C for 0 s, 60°C for 4 s, and 72°C for 15 s.

Detection of virus-cell junctions in purified AAV preparations. Samples of the
highly purified AAV stock (1 ml) or of the purified negative-control preparation
(1 ml) spiked with 4 X 107 copies of pAAVS1-TR were digested for 30 min at
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37°C with 250 U of benzonase as indicated above. Controls without benzonase
were run in parallel. Samples were pelleted by using the S55-S rotor and the
RC-M120 GX ultracentrifuge (Sorvall) at 120,000 X g and 4°C for 2 h. Each
pellet was resuspended in 2 ml of PBS, centrifuged again, and resuspended in 300
wl of Tris-EDTA. Samples were adjusted to 1% sodium lauryl sarcosinate,
digested with proteinase K for 2 h at 56°C, and then extracted with phenol-
chloroform. DNA samples were precipitated with ethanol, purified with the
QIAquick PCR purification kit (Qiagen, Hilden, Germany), and eluted with 30
wl of Tris-Cl. Then, 5-pl aliquots were used for the determination of junction
copy numbers by real-time PCR as described previously (6).

Analysis of PCR products. Aliquots of the PCR products were cloned into
pCR4-TOPO (Invitrogen) and subjected to DNA sequencing as described pre-
viously (6).

RESULTS

Detection of AAV-ITR/AAVS1 junctions in highly purified
AAV preparations. The recently established real-time PCR
assay for site-specific AAV-2 integration (Fig. 1) regularly de-
tects targeted integration by 8 h p.i. (6). Repeated analyses of
earlier time points led to the consistent finding that in AAV-
2-infected cells (MOI, 500) harvested immediately after the
45-min adsorption period, low but specific PCR signals of
AAV-ITR/AAVSI junctions were detected, whereas mock-
infected parallel cultures were negative. To exclude the possi-
bility that the PCR signals resulted from fragmented genomic
DNA possibly contaminating AAV freeze-thaw stocks, AAV
stocks were purified to the high purification grade developed
for rAAV gene therapy vectors as outlined in Materials and
Methods (35). As seen in Table 1 no (0) junctions were de-
tected in 1 pg of uninfected HeLa cell DNA. AAV-infected
HeLa cell DNA extracted immediately after removal of the
virus (0 h p.i.) gave rise to 173 junction copies that increased to
2,150 junction copies at 72 h p.i. The data are similar to the
results obtained with conventional AAV preparations. Analy-

TABLE 1. Real-time PCR analysis of AAV-ITR/AAVSI junctions

No. of junction copies®

Sample Amt of DNA in PCR analysis Per reaction Per 10° virion
(PCR raw data) genomes
Mock-infected HeLa cells 1 pg 0 NA
AAV-2-infected cells at 0 h p.i.l 1 pg 173 NA
AAV-2-infected cells at 72 h p.i.? 1 pg 2,150 NA
AAV-2 mixed with HeLa cells® 1 ng of HeLa DNA and AAV DNA extracted from 69 144
5 X 10® virion genomes
AAV-2 prepn 14 Extracted from 2 X 10° virion genomes 124 729
AAV-2 prepn 2¢ Extracted from 1 X 10° virion genomes 37 34
AAV-2 prepn 3¢ Extracted from 2 X 10° virion genomes 24 13
Plasmid pTAV2-0¢ 5 X 10® copies 0 NA
Ad2-infected cells at 72 h p.i. 1 pg 0 NA
rAAV (psubgfpneo) prepn 1/ Extracted from 2 X 10! virion genomes 570 6
rAAV (psubgfpneo) prepn 2 Extracted from 2 X 10" virion genomes 3,826 32
rAAV (psubgfpneo) prepn 3 Extracted from 1 X 10° virion genomes 154 154
Plasmid psubgfpneo® 6 X 10'° copies 0 NA
Plasmid pDG# 1 % 10" copies 0 NA

¢ Junction copy numbers per reaction were determined and quantified with the aid of standards run in parallel. LightCycler analysis was performed as represented
in Fig. 2. Note that a reliable quantification of positive results is possible only for values of >200 copies per reaction. Virion genomes were determined in AAV-2
wild-type or rAAV stocks by quantitative real-time PCR as outlined in Materials and Methods. NA, not applicable.

b Cells were infected with a highly purified AAV-2 stock at an MOT of 500 (4 X 10° virion genomes at a maximum). Total genomic DNA was extracted either
immediately after the 45-min adsorption period (0 h p.i.) and removal of the virus or at 72 h p.i.

¢ Cells were mixed with highly purified AAV-2 and were extracted immediately.
4 Total DNA was isolated from independent, highly purified AAV preparations.

¢ A 2.5-fold excess of plasmid pTAV2-0 (AAV-2 wild type) over the estimated number of viral particles in the AAV-2 preparation 1 sample was subjected to PCR.

/Equal aliquots of three separately prepared AAV vector stocks were analyzed.

& Plasmids psubgfpneo and pDG were used for the production of rAAV vector stocks and served as negative controls.
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sis of the highly purified AAV preparation alone yielded 124
junction copies per 2 X 10® virion genomes, whereas the con-
trols remained negative (Table 1). Thus, highly purified
AAV-2 preparations contain low levels of AAV-ITR/AAVS1
junction DNAs that survive a rigorous virus purification
scheme. Efficient protection of the AAV-ITR/AAVSI junc-
tions by AAV capsids appears to be the most likely explanation
for this finding.

To verify this assumption, the efficiency of the benzonase
digestion step during AAV preparation had to be evaluated,
ideally by the demonstration of efficient enzymatic degradation
of an excess of added junction DNA. To address this point, a
highly purified AAV-2 preparation and an AAV-negative con-
trol preparation were generated and purified step by step in
parallel, as outlined in Materials and Methods. No AAV-ITR/
AAVSI junction copies were detected in the AAV-negative
control preparation, whereas the purified AAV-2 preparation
(AAV titer, 5 X 10® infectious units/ml) was positive. This
finding excluded DNA or virus contamination during the prep-
aration procedure. To demonstrate that an excess of added
unprotected junction DNA is efficiently degraded during ben-
zonase digestion, the AAV-negative control preparation was
spiked with the plasmid pAAVSI-TR that covers a cloned
AAV-ITR/AAVSI junction (Fig. 2). After benzonase diges-
tion (250 U for 30 min) real-time PCR detected 10® junction
copies/ml, whereas the undigested sample had 6 X 10° junction
copies/ml. The efficient, >5,000-fold reduction of unprotected
DNA was in contrast to an only 2-fold reduction of junction
copy number in the highly purified AAV preparation (Fig. 2).
This minor reduction may result from junctions packaged in
leaky or otherwise defective capsids. Benzonase accessibility of
one primer-binding site is already sufficient to render the tem-
plate undetectable by the PCR assay. In summary, the obvious
explanation for the benzonase resistance of AAV-ITR/AAVS1
junctions in highly purified AAV preparations is efficient pro-
tection by packaging in AAV capsids.

Additional AAV wild-type preparations were produced on
PCR-tested HeLa or 293 cells by (i) coinfection of AAV-2 and
Ad2, (ii) transfection of pTAV2-0 followed by Ad2 infection,
or (iii) cotransfection of pTAV2-0 and pDG, a plasmid cover-
ing the Ad helper genes. In seven of nine virus preparations
packaged AAV-ITR/AAVSI junctions were detected (Table 1
displays the quantification for three independent prepara-
tions). Junction copy numbers per 10° virion genomes were
highly variable, possibly reflecting differences in the infection
kinetics. Furthermore, rAAV vector stocks were analyzed that
were prepared as described in Materials and Methods. Three
out of three independently generated rAAV preparations con-
tained junctions detected by real-time PCR (Table 1). The
ratios of packaged junctions compared to virion genome titers
were similar to those of AAV-2 wild-type preparations. The
results, taken together, show that both AAV wild-type and
rAAV vector stocks regularly contain packaged AAV-ITR/
AAVSI junctions at variable copy numbers. Since virus stocks
were produced by plasmid transfections with tested reagents,
packaged junctions were newly generated during a single AAV
production round.

DNA sequence analysis of packaged junctions. To analyze
the packaged DNA sequences, PCR products were cloned into
pCR4-TOPO as described previously (6). DNAs of randomly
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selected clones were subjected to DNA sequence analysis (Fig.
3). AAV-ITR sequences fused to variable integration sites of
AAVS1 were found. Although the PCR assay detects only the
right-hand AAV-ITR (6), AAV p5 promoter sequences were
detected in one clone and parts of AAV cap and the polyad-
enylation signal in two others. These findings point to extensive
rearrangements of the entire AAV genome. Although the
cloning procedure and sequence analysis were identical to
those in the study of AAV site-specific integration at AAVS1
on chr.19, the DNA structures of the packaged junctions were
more rearranged than the ones derived from latently infected
HeLa cells after AAV infection (5, 6). We therefore favor the
interpretation that the detected sequence rearrangements in-
dicate that the integration, rescue, replication, and/or recom-
bination events took place before packaging rather than during
PCR amplification and subcloning of the junctions. Since we
were able to reisolate junctions with identical rearrangements
from the same AAV preparation, this notion is further under-
lined. Either of the rearranged sequences in Fig. 3 can be
explained as an intermediate of AAV integration into AAVSI.
None of the clones analyzed contained unrelated DNA se-
quences as described recently for DNAs cloned from rAAV-
transduced cells (15).

DISCUSSION

The current concept of site-specific AAV integration. Tar-
geted AAV integration requires three essential components:
Rep78/68 in trans and both the AAV-ITR and the AAVSI1 of
chr.19 in cis, which together form a ternary complex (31). A
recent report suggests that that the AAV p5 promoter ele-
ments add to the effect (19). Typical AAV DNA replication
intermediates have a head-to-head or tail-to-tail genome con-
formation (16). This is also true for AAV wild-type genomes
(8). Other studies have demonstrated integrated AAV ge-
nomes preferentially displaying head-to-tail concatemeric
structures (1, 32). These findings led Linden et al. (12) to
propose a circular AAV intermediate as a template for limited
rolling circle replication, thereby explaining the generation of
head-to-tail concatemers. After ternary complex formation of
Rep78/68, the AAV RBS and the chr.19 RBS Rep-mediated
nicking of the chr.19 #rs is assumed to initiate targeting. Rep is
then assumed to attach to the free 5’ end of the chr.19 single-
stranded nick, in analogy to the single-stranded AAV genome
in which covalent Rep binding to the free 5 end has been
described (25). The free 3" end of the nicked chr.19 sequence
may serve as primer for the polymerase that replicates along
the gap. To explain AAV integration, Rep is postulated to
switch templates between the circular AAV genome and the
chr.19 preintegration site (11), a critical component of the
model that remains to be proven. Young and Samulski (34)
recently showed that in cell culture nicking of the AAV-ITR,
trs was not required for targeted integration and that overex-
pression of Rep alone was sufficient to induce rearrangements
at AAVSI (33). Based on these findings, Rep78/68 is assumed
to initiate replication on chr.19 by interaction with RBS and #rs.
The AAV genome will be attracted to enter the Rep-AAVS1
complex. Integration of the AAV genome is assumed to rely on
cellular recombination mechanisms also active in gene ampli-
fication (34). This assumption is backed by previous in vitro
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FIG. 2. PCR analysis of AAV-AAVSI junctions packaged in AAV
capsids. A highly purified wild-type AAV-2 preparation (1 ml) and the
equivalent volume of a parallel mock purification of an AAV-negative
control preparation, spiked with 4 X 107 copies of pAAVS1-TR, were
treated with 250 U of benzonase for 30 min as indicated. (A) Raw data
of real-time PCR of AAV-ITR/AAVSI junctions in the AAV and
control preparations. Known copy numbers (10° to 10°) of standard
plasmid pAAVS1-TR were analyzed in parallel for the generation of a
standard curve as described previously (6). Note that samples and
controls, although analyzed simultaneously, are represented in sepa-
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studies that not only demonstrated ternary complex formation
of Rep with the AAV-ITR and AAVS1 (31) but also demon-
strated Rep-dependent initiation of DNA synthesis starting off
a DNA sequence within AAVSI that serves as the origin se-
quence (29). Thus, the described ability of Rep not only to site
specifically nick DNA but also to ligate free single-stranded
DNAs (24) in conjunction with ternary complex formation
could explain our finding of covalently attached AAV-ITRs
and AAVSI of chr.19. Irrespective of the mode of AAV inte-
gration, free AAV-ITR/AAVSI junction sequences can be
viewed as episomal integration intermediates that, due to the
presence of packaging signals within the AAV-ITR, can be
encapsidated in AAYV virions. The recent description of chr.19
containing AAV particles rescued from a latently infected cell
clone established by a #rs-defective AAV genome (34) further
supports the notion of AAV/AAVSI junctions being aberrant
replication intermediates. Thus far, we could only analyze the
DNA sequences between the defined primers on chr.19 and on
the AAV-ITR. At present, we have no experimental data dem-
onstrating whether other covalently attached genomic DNAs
can be packaged. Due to the low percentage of packaged
junctions in the virion stocks, cloning of complete packaged
genomes and detection of “unknown” DNAs, e.g., with some
combinations of degenerate primers, is beyond the scope of
this study.

Potential mechanisms of AAV-ITR/AAVS1 generation dur-
ing productive AAV infection. The generally accepted concept
of the bipartite AAV life cycle is represented in Fig. 4. Tar-
geted AAV integration leads to the establishment of latency in
AAV-infected cells. The helper virus-dependent, productive
AAV cycle is viewed as separate in the sense that an unrelated
helper virus, typically Ad or herpesvirus, induces high-level
AAV replication of the episomal AAV template (16). In the
case of a latently infected cell line, Ad will rescue AAV from
the integrated state. It is unclear whether this involves excision
of the AAV copy, followed by replication of the AAV episome,
or whether DNA replication uses the integrated AAV copy as
a template.

The data presented here point to a closer relationship be-
tween AAV latency and productive AAV replication as out-
lined in Fig. 4. Packaged AAV-ITR/AAVSI junctions can be
viewed as aberrant integration intermediates of productive in-
fection. AAV appears to have an inherent potential to inte-
grate at AAVSI irrespective of the presence of a helper virus.
We assume that after AAV infection the pS promoter is able to
express enough Rep to initiate site-specific integration before
the cascade of Ad helper functions has been fully expressed
and the AAV genome starts replication. Ad-induced Rep78
expression and AAV DNA replication were detected at 10 to
12 h p.i. (21). In our study of Rep expression in the absence of

rate panels to simplify the visual discrimination of the curves. (B) A
standard curve was calculated from the raw data of known standards
displayed in panel A. Sample concentrations were calculated with the
aid of the standard curve. (C) Copy numbers of AAV-ITR/AAVS1
junctions per ml of the highly purified AAV or plasmid-spiked nega-
tive-control preparations are derived from the values given in panel B.
Only one of the six samples was analyzed, so the copy numbers in panel
B had to be adjusted accordingly. The values are indicated above the
respective columns.
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FIG. 3. Sequence analysis of junctions packaged into AAV-2 viri-
ons. Junctions amplified from highly purified AAV-2 stocks were
cloned into pCR4-TOPO, and the DNA sequence was determined.
(A) Structure of the AAV-ITR sequence elements in either the “flip”
or the “flop” orientation. (B) Structural maps deduced from DNA
sequence analysis of cloned junctions. The hybridization sites of the
primers are indicated either by black arrows (PAAVS1) or gray arrows
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FIG. 4. Rep-dependent generation of packaged AAV-2/chr.19 in-
tegration intermediates during productive AAV infection. Schematic
representation of the bipartite AAV life cycle. The AAV genome is
drawn in gray with the ITRs shaded darker. Rep molecules are rep-
resented as red bullets. The human chr.19 preintegration site called
AAVSI is represented as wavy green line. Black arrows indicate the
commonly accepted steps of the AAV life cycle. Dashed arrows indi-
cate additional, bypassing steps postulated to explain the generation of
packaged junctions. Latency is established upon infection of AAV-2 in
the absence of a helper virus, leading to limited and autoregulated Rep
expression. AAV integration at AAVSI1 of chr.19 is mediated by ter-
nary complex formation of Rep with the RBS of AAV-ITR and of
AAVSI. The productive cycle is initiated by Ad coinfection, when Rep
expression is derepressed and episomal AAV DNA replication is ini-
tiated. Under these conditions, most of Rep is bound to the RBS on
the replicating AAV genomes. AAV capsid proteins package the rep-
licated AAV genomes. This concept is extended (dashed arrows) by
the assumption that limited AAV integration can take place in the
presence of Ad, leading to the generation of AAV-ITR/chr.19 inte-
gration intermediates, which may serve as templates for further repli-
cation. Since the AAV-ITR comprises the AAV packaging signals,
these integration intermediates can be packaged into AAV capsids.

a helper virus, we were able to detect Rep78 on Western blots
as early as 8 h p.i. In addition, by using sensitive immunoflu-
orescence protocols, an occasional Rep-positive cell could be
detected as early as 5 h p.i. (R. Heilbronn et al., unpublished
data). In latently infected cell clones under conditions of au-
toregulated Rep expression, a few thousand Rep molecules per
cell have been measured (33). In addition, a low level of tar-
geted AAV integration has been detected by 8 h p.i. (6). Thus,
limited targeted integration may occur very early after AAV
infection, before the onset of Ad-stimulated AAV replication.
A recent report describing site-specific integration of an AAV-

(PITR). In some sequences a second internal primer-binding site ex-
ists. The positions of the last AAVSI-specific and of the last AAV-
ITR-specific nucleotides are indicated. The numbering is according to
published DNA sequences (9, 27). Within the AAV-ITR small letters
(d’, a, b, ¢, and ¢') indicate palindromic sequence elements. p5, AAV
p5 promoter sequence; polyA™, 90 to 150 bp of AAV cap and the
common AAV polyadenylation signal sequence.
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ITR-containing Ad vector expressing Rep78 (18) and our pre-
liminary data on limited AAV integration in the presence of
replicating wild-type Ad (D. Hiiser and R. Heilbronn, unpub-
lished data) support this notion. However, upon AAV replica-
tion, the increasing copy number of the AAV-ITR is assumed
to compete for binding with the chr.19 RBS, which has been
shown to bind to Rep in vitro with reduced affinity (33). In
addition, the nuclear compartmentalization of the AAV ge-
nome and of Rep in Ad replication centers at later time points
postinfection (30) presumedly limits chr.19 targeting. Based on
these findings, we assume that chr.19-specific AAV targeting is
limited to the first few hours after AAV and Ad coinfection. In
addition, due to cell lysis AAV integration in the presence of
Ad will remain without consequences for the infected cell.

In summary, the packaged AAV-ITR/AAVSI junctions de-
tected in AAV virion stocks can be viewed as footprints of
integration events during productive AAV replication. Inter-
estingly, packaged junctions were detected irrespective of the
AAYV production method. Ad2 infection, as well as transfec-
tion of the defined Ad5 helper genes, into 293 cells led to
formation of these junctions. Obviously, the latent and the
productive AAV replication cycles are more closely related
than previously thought.

Implications for gene therapy and rAAV production proto-
cols. Packaged AAV-ITR/AAVSI junctions were not only
found in AAV wild-type preparations but rAAV vector stocks
were also found to harbor comparable amounts of packaged
junctions. Typical inoculation doses in mice and rats range
between 10" and 10'? genome equivalents. With this dose it is
expected that 10* to 10° packaged junctions will be transferred.
Due to restrictions in primer design, we only analyzed vectors
based on psub201 (22). It will be interesting to see how opti-
mized rAAV vectors such as the pUF2 series (36) and the
rAAVs derived from them will perform. We have to envision
that many, if not most, rAAV preparations harbor low and
as-yet-undetected levels of packaged junctions. This point has
to be reevaluated critically. However, to our knowledge un-
wanted side effects attributable to the presence of ITR/chr.19
junctions have not been documented so far.
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