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Current adeno-associated virus (AAV) gene therapy vectors package a transgene flanked by the terminal
repeats (TRs) of AAV type 2 (AAV2). Although these vectors are replication deficient, wild-type (wt) AAV2
prevalent in the human population could lead to replication and packaging of a type 2 TR (TR2)-flanked
transgene in frans during superinfection by a helper virus, leading to “mobilization” of the vector genome from
treated cells. More importantly, it appears likely that the majority of currently characterized AAV serotypes as
well as the majority of new novel isolates are capable of rescuing and replicating AAV2 vector templates. To
investigate this possibility, we flanked a green fluorescent protein transgene with type 2 and, the most divergent
AAV serotype, type 5 TRs (TR2 or TRS5). Consistent with AAV clades, AAVS5 specifically replicated TRS vectors,
while AAV2 and AAV6 replicated TR2-flanked vectors. To exploit this specificity, we created a TR5 vector
production system for Capl to Cap5. Next, we showed that persisting recombinant AAV genomes flanked by
TR2s or TR5s were mobilized in vitro after addition of the cognate AAV Rep (as well as Rep6 for TR2) and
adenoviral helper. Finally, we showed that a cell line containing a stably integrated wt AAV2 genome resulted
in mobilization of a TR2-flanked vector but not a TR5-flanked vector upon adenoviral superinfection. Based on
these data and the relative prevalence of wt AAV serotypes in the population, we propose that TR5 vectors have

a significantly lower risk of mobilization and should be considered for clinical use.

The adeno-associated virus (AAV) genome is a single-
stranded DNA molecule flanked by two inverted terminal re-
peats (TRs) that are necessary for replication and packaging of
the genome into viral capsids (2). AAV gene therapy vectors
are typically designed from AAV serotype 2 (AAV2), the first
and most thoroughly characterized AAV serotype. In tissue
culture, the AAV2 TRs (TR2s) are involved in the establish-
ment of latency through site-specific integration of wild-type
(wt) AAV2 genomes into the host genome at the q arm of
chromosome 19 by the viral replication proteins (Rep) (29). In
addition, AAV TRs are capable of intermolecular recombina-
tion to integrate randomly into the host chromosome (21) or to
form concatemeric episomes, the most common fate for TR-
flanked genomes in nondividing cells (6, 23). When the host
cell experiences environmental stress or coinfection with a
helper virus, such as adenovirus (Ad) or herpesvirus, the latent
AAYV genome is “mobilized” to enter the lytic phase of its life
cycle and produce new AAYV virions (2).

Recombinant AAV (rAAV) vectors for gene therapy studies
use AAV genomes in which the Rep and capsid (Cap) genes
are replaced with a transgene expression cassette, leaving no
part of the original AAV genome except the 145-bp TRs. As
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Rep is not present in rAAV vector constructs, the ability to
drive specific integration into chromosome 19 is lost. Long-
term persistence of rAAV occurs primarily through the forma-
tion of extrachromosomal episomes, accompanied by a low
frequency of nonspecific integration events into the host chro-
mosome (21, 23). These methods of persistence appear to be
consistent between serotypes regardless of the TR (10, 36).
The stability of episomal or chromosomally integrated rAAV
genomes suggests that rAAV and wt AAV genomes could
cohabit the same cell indefinitely. Moreover, helper virus su-
perinfection would activate wt Rep and Cap expression, setting
up conditions capable of rescuing, replicating, and encapsidat-
ing the rAAV genome in frans. The packaged rAAV genome
could then be mobilized to nontarget cells or between individ-
uals in the same manner as wt AAV.

The potential of rAAV mobilization has been demonstrated
using molecular substrates. For example, the excision of the
rAAV genome from a plasmid backbone used in rAAV pro-
duction demonstrates the potential of the rAAV vector to be
rescued from DNA in cis (27). Mobilization of wt AAV ge-
nomes from cells in culture has been demonstrated conclu-
sively (2, 4) and mimicked to various degrees using rAAV (34).
The closest example of AAV vector mobilization in vivo in a
primate model was carried out by Afione and colleagues
where, by using three different rescue assays, they observed
AAV CFTR vector mobilization only when large doses of wt
AAYV were first seeded in the lower lung and then followed by
vector and Ad superinfection (1).

All of these studies point to the potential risk of rAAV
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mobilization. Because of the fact that AAV Rep proteins are
largely nonspecific in their ability to recognize and act on the
TRs of other serotypes and because numerous novel serotypes
have been identified, the risk of rAAV vector mobilization
seems to increase. For example, TR2 vectors can be replicated
by AAV serotypes 1 to 4 and 6 (10, 11). This cross-compati-
bility exacerbates the potential of TR2-flanked rAAV vector
mobilization since coinfection by a wide array of AAV sero-
types could lead to replication and packaging of the transgene.
Interestingly, AAV5 Rep (Rep5) cannot utilize TR2s as viral
origins of replication, nor can Rep2 drive the replication of
TRS vectors (5, 18). The Rep proteins of AAV serotypes 1, 2,
3,4, and 6 to 12 all share approximately 90% sequence homol-
ogy within the N-terminal 200 amino acids of the large Rep
proteins (Rep78 and Rep68), the portion of Rep responsible
for binding and nicking the TR (8) (see Fig. 1A). Other re-
cently identified simian AAVs also share 94% protein homol-
ogy to Rep2 in this region. (30) In contrast, Rep5 shares only
58% sequence homology with AAV?2 in this region. Addition-
ally, TRS has a cleavage site (AGTG/TGGC) and a predicted
secondary structure distinct from those found in the TRs of
other AAV serotypes, as well as an additional 30 nucleotides in
overall length (5) (see Fig. 1B). The incompatibility of TRSs
with the Reps of other serotypes offers the potential to create
TRS5 rAAV vectors with lower risk of mobilization. Since
AAVS5 is much less prevalent in the human population than are
AAV2 or TR2-compatible serotypes (35 to 80% of adult hu-
mans are seropositive for AAV2 and 30% for AAV6, com-
pared to 10 to 20% for AAVS) (13, 14, 20, 33), rAAV vectors
flanked by TRS5s should have a lower risk of mobilization.

Although rAAV vector mobilization requires three hit
kinetics in an individual cell (e.g., infected by rAAV, wt
AAV, and helper virus), the chances of mobilization outside
a laboratory setting are largely unknown and the concept
warrants further investigation. Possible solutions may en-
able researchers to avoid the problem of rAAYV mobilization
before it becomes one. To develop assays for the investiga-
tion of rAAV mobilization, we have designed and used
novel vectors carrying green fluorescent protein (GFP)
flanked by TR2s or TRSs (see Fig. 2A). We assayed the
ability of Rep2, Rep5, or Rep6 to replicate our GFP vectors,
confirming previous reports that only Rep5 is able to repli-
cate TRS vectors while Rep2 and Rep6 can drive the repli-
cation of TR2 vectors. To exploit the specificity of the Rep5-
TRS interaction, we created a TR5 rAAYV production system
for the packaging of TRS vector genomes into Capl to
Cap$5, achieving similar titers and only slightly altered trans-
duction efficiency in a capsid-specific manner relative to
those of TR2 rAAV previously described (24). With the
ability to produce TR5 rAAV vectors, we hypothesized that
TRS5 vectors would be at lower risk of vector mobilization
due to relative frequencies of type 5 in the populace and the
promiscuity of TR2s with respect to other AAV serotypes
(13, 14, 20, 33). Here, we demonstrate that Rep-TR speci-
ficity for rAAV production is conserved for the mobilization
of rAAV genomes, suggesting that only AAVS could lead to
the mobilization of a TRS5-flanked vector. Thus, vector ge-
nomes produced using TRSs should possess a significant
safety advantage over the TR2-flanked genomes currently
in use.

J. VIROL.

MATERIALS AND METHODS

Plasmids. Plasmids were constructed by subcloning AAVS5 replication genes
(RepS) and AAV1 to AAV4 capsid genes (Capl-4) into a Bluescript backbone
(see Fig. 3A). The Rep5 fragment was amplified from the plasmid AAV5-2 (gift
from R. M. Kotin, hereafter referred to as pRep5Cap5) via PCR using the
forward primer rep-5 F1 5'-CGAGCTCGGCGCGTATGAGTTCTCGC-3’" and
the reverse primer rep-5 R15'-GACTACTCGCTTTATTTACTGTTC-3', which
added an upstream Sacl restriction site. The Cap2 fragment was amplified from
the plasmid pXR2 (24), using forward primer 5'-ATGGCTGCCGATGGTTAT
CTTC-3" and reverse primer 5'-TGGTGATGACTCTGTCGCCC-3’, which in-
cluded a NotlI restriction site downstream from Cap2. The Rep5 and Cap2
fragments were ligated back into the pXR2 plasmid via the Sacl and Notl
restriction sites, in a triple-fragment ligation, to make pRepS5Cap2. The
pRep5Cap2 plasmid was used as a template for construction of the remaining
plasmids. The Capl, Cap3, and Cap4 fragments were amplified from plasmids
pXR1, pXR3, and pXR4, respectively, (24). The pXR plasmid series contain rep2
or chimeric replication genes with the cap genes from AAV serotypes that
correspond to the plasmid number (24). The forward primers were pxrl/3 F
(5'-ATGGCTCGGCATCCTTATCTTC-3") and pxr4F (5'-ATGGCTGCTGAC
GGTTACC-3"), and the reverse primers were pxrl/3 R (5'-CTATGACCATG
ATTACGCCAAGC-3") and pxr4 R (5'-CAGCTATGACCATGATTACGC-3").
The amplified region included a NotlI restriction site downstream from the capsid
genes. The Rep5 and Cap fragments were ligated into the pRep5Cap2 backbone
via the PpuMI and Notl restriction sites. Rep5Cap1-4 plasmids were confirmed
by restriction site analysis and DNA sequencing. Vector plasmids included the
transgene enhanced GFP (eGFP) preceded by the cytomegalovirus (CMV) pro-
moter and followed by the simian virus 40 polyadenylation [poly(A)] signal,
flanked by AAV2 TR (TR2-eGFP) or AAV5 TR (TR5-¢GFP) (see Fig. 2A). A
neomycin cassette lies downstream, driven by a thymidine kinase promoter and
the bovine growth hormone poly(A) signal. Note that the TR5-eGFP plasmid has
an additional 500-bp insert upstream of the 3’ TR in order to distinguish it from
TR2-eGFP on a gel. The pRep6Cap6 plasmid was obtained from David Russell
(26).

Cell culture. HEK 293 and Cosl cell lines were originally obtained from the
American Type Culture Collection (ATCC). Detroit 5 (D5) and Detroit 6 (D6)
human bone marrow cells were a gift from K. Berns. The D5 cell line was
originally cultured as a clone of wt AAV2 latently infected D6 cells (4) and
contained wt AAV2 DNA integrated into the chromosomal DNA. All cells were
maintained at 37°C with 5% CO, saturation in media supplemented with 10%
fetal bovine serum (Sigma) and 20 units/ml penicillin-streptomycin. HEK 293,
Cosl, D5, and D6 cells were cultured in Dulbecco modified Eagle medium, while
CHO pgsD-677 cells were grown in Ham F-12 medium. CHO pgsD-677 cells were
obtained from the ATCC (Manassas, VA) (32).

Production of rAAV. Approximately 8 X 10° HEK 293 cells were triple trans-
fected with 5 pg Rep- and Cap-encoding plasmid (pRep5Capl1-5 or pXR1-5), 15
g XX680 (Ad helper plasmid), and 5 pg of either TR5-eGFP or TR2-eGFP
plasmid transgene vector. These constructs were mixed with 50 pl of 2.5 M
CaCl,, 440 pl double-distilled H,O, and 500 pl 2X HEPES, and then added
dropwise to the HEK 293 cells. At 48 h posttransfection, cells were harvested for
the collection of cell lysate, Hirt DNA, and protein. Virus particles were col-
lected from cell lysates produced from triple freezing and thawing of cells and
centrifugation to remove cell debris.

Hirt DNA analysis. At 48 h posttransfection, DNA from transfected cells was
isolated using the Hirt method previously described (15). Fifteen micrograms of
each DNA sample was digested with the Dpnl enzyme, and both digested and
undigested DNA were separated by electrophoresis on a 0.8% agarose gel.
Following transfer to a nylon membrane, the Southern blot was probed with
either a 735-bp GFP fragment or a fragment containing the Rep2 and Cap2 open
reading frames (ORFs). The GFP probe was obtained from the digestion of a
TR-eGFP plasmid with the Agel and Notl enzymes. The Rep2Cap2 fragment
was isolated from the digestion of pXR2 with Pvull.

In vitro transduction assay. Lysate from each transfection was tested for
infectivity to ascertain virus production. A total of 1 X 10° HEK 293 or Cosl cells
was seeded in each well of 48-well plates. Cosl and CHO pgsD cells were used
to assay AAV4 and AAVG6, respectively, since they transduce HEK 293 cells at
a low efficiency. Original cell lysates harvested from transfections were diluted to
a range from 1 X 107! to 1 X 10~% One hundred microliters of each serial
dilution in addition to Ad (multiplicity of infection [MOI] of 5) were added
to cells. Each infection was done in duplicate. At 24 h postinfection, GFP-positive
cells were visualized. Under X200 magnification, the number of GFP-positive
cells per field was counted. Ten fields per well were counted, and the average
number of GFP-positive cells/field was determined. This number was multiplied
by the number of fields per well and then divided by the amount of lysate added
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to each well (as given by the dilution factor) to determine the number of
transducing units (TU) per pl of cell lysate.

Quantitative PCR for virus titer. The number of virus particles per microliter
was determined for each virus preparation. Ten microliters of partially purified
cell lysate (see “Production of rAAV” above) was added to 90 pl DNase I
solution (10 pg DNase I, 10 mM Tris [pH 7.5], 10 mM MgCl,, 2 mM CaCl,) and
incubated for 1 h at 37°C and stopped with the addition of 6 ul of 0.5 M EDTA.
Then, 120 pl of proteinase K solution (1 M NaCl, 1% Sarkosyl, 20 pg proteinase
K) was added, and each sample was incubated for 2 h at 55°C. Each sample was
heated at 95°C for 10 min, diluted 1:500 or 1:5,000, and used directly as a
template for quantitative PCR.

For quantitation of DNase-resistant viral genomes in the sample, 2 pl were
used as a template in a 10 pl real-time PCR. The LightCycler FastStart DNA
master SYBR green I kit (Roche catalog number 12239264001) was used by
following the manufacturer’s instructions, using 3 mM MgCl, and 500 nM of
each primer. All reactions were carried out on a Roche diagnostic real-time PCR
LightCycler 2.0 kit. For each reaction, the cycling parameters were as follows: 10
min at 95°C; 5 cycles at 95°C for 15 s, 64°C for 5 s, and 72°C for 15 s; 5 cycles at
95°C for 15 s, 62°C for 5 s, and 72°C for 15 s; 40 cycles at 95°C for 15 s, 60°C for
5's, and 72°C for 15 s. At the end of each run, a melting curve analysis was
performed, in which the PCR products were annealed at 72°C and the temper-
ature was gradually raised to 99°C. In all cases, the PCR products melted in a
narrow temperature range, indicating a pure PCR product without detectable
nonspecific amplification. The following primers were used: QGFP1-F (5'-AGC
AGCACGACTTCTTCAACTCC-3") and QGFP1-R (5'-TGTAGTTGTACTCC
AGCTTGTGCC-3"). A plasmid containing GFP, pTR2-GFP, was used to gen-
erate the standard curve.

Dot blot analysis. Dot blot analyses were performed using 10 wl of purified cell
lysate from the various transduction assays, as described previously (8). The
samples were blotted onto a nylon membrane, using a dot blot manifold, and UV
cross-linked at 60 mJ (UV Stratalinker 1800; Stratagene). The Southern blot was
hybridized to a radiolabeled GFP probe (see “Hirt DNA analysis” above) and
exposed to film or visualized using a Storm PhosphorImager (Molecular Dynam-
ics, Sunnyvale, CA).

DNA alignment and generation of phylogenetic trees. Clustal W2 was used for
all DNA alignments and to generate phylogenetic trees (17). The amino-terminal
200 amino acids of the large Rep proteins from AAV1 to AAV12 were used to
generate a phylogenetic tree by the PHYLIP method. This program also calcu-
lated the percent homology between the Rep proteins of different serotypes.

Creation and mobilization of AAV genomes from HEK 293 stable GFP-
expressing cell lines. A total of 1 X 10° HEK 293 cells were infected with 10,000
vector genomes/cell of TR2- or TR5-eGFP rAAV and were then cultured for 18
days. Cells (approximately 1% GFP positive) were then trypsinized and subjected
to flow sorting with a Beckman-Coulter Dako MoFlo cell sorter to isolate
GFP-positive cells. A total of 1,500 GFP-positive cells were pooled into one well
of a 96-well plate and allowed to propagate. GFP expression was monitored to
ensure a homogeneous GFP-positive population in which the transgene was
maintained. AAV helper plasmids were transfected into these cells in 10-cm
dishes and incubated for 48 h prior to Hirt DNA extraction and preparation of
crude lysate.

TR5 and TR2 vector mobilization assay. D6 and D5 cell lines were infected
under four different conditions. A 10-cm plate of each cell line, approximately
75% confluent, was incubated overnight at 37°C in 5% CO, saturation with 50 .l
AAV2 TR2-eGFP or AAV2 TR5-eGFP cell lysate. Cells were then washed four
times with 10 ml Dulbecco modified Eagle medium and coinfected with Ad
(MOI of 10). Control plates were infected with only AAV2 TR2-eGFP or only
Ad. At 96 h postinfection, cell lysate and Hirt DNA from each infection were
harvested as described above. Hirt DNA was separated by electrophoresis on a
0.8% agarose gel and transferred to a nylon membrane. The blot was probed for
GFP as described above. The membrane was stripped by boiling with 1% sodium
dodecyl sulfate. The membrane was rehybridized with a probe specific for Rep2
and Cap2. Additionally, cell lysates from each infection and Ad (MOI of 5) were
used to infect 1 X 10° fresh HEK 293 cells. Cells positive for GFP were visualized
24 h postinfection.

RESULTS

Rep5-TRS interaction is unique among fully characterized
AAV serotypes. As previously reported, Repl to Rep4 and
Rep6 are unable to catalyze replication of TRS5-flanked ge-
nomes, while Rep5 is unable to catalyze the replication with
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vectors flanked by TR1 to TR4 and TR6 (10, 11). Due to
high sequence homology, it is likely that AAV7 to AAV12
are also compatible with TR2s and not TR5s (Fig. 1A). In
order to demonstrate the specificity of the Rep5-TRS inter-
action, two GFP vectors were utilized (Fig. 2A). These con-
structs, TR2-eGFP and TR5-eGFP, are flanked by either
TR2s or TRSs and express GFP from a CMV promoter. The
rAAV vectors were transfected into HEK 293 cells along
with an Ad helper plasmid (pXX680) and either Rep2Cap2,
Rep5Cap2, or Rep6Cap6. Rep6 was included to confirm the
cross-compatibility of AAV2 and AAV6 replication, as well as
to underscore the ability of other naturally occurring serotypes
to replicate TR2 vectors. After 48 h, cells were harvested for
Hirt DNA and crude lysate. Hirt DNA (15) was analyzed by
Southern blotting with a probe for the GFP ORF. A Dpnl
digestion was performed to remove transfected methylated
plasmid DNA, but not unmethylated genomes which had been
replicated in the cell. The results validated Rep-TR specificity
for the serotypes used, with Rep2 and Rep6 driving replication
of only TR2 vectors and Rep5 driving replication of only the
TRS5 vector (Fig. 2B). Crude lysate from these cells was used to
transduce HEK 293 cells (highly transducible by Cap2) and
CHO pgsD cells (transducible by Cap6) (Fig. 2C). Specificity in
the production of rAAYV vectors followed the same pattern as
that of replication, with Rep2 and Rep6 each able to produce
infectious TR2 rAAYV particles and Rep5 able to produce only
infectious TR5 rAAV particles.

Creation and characterization of RepS5 helper constructs for
Capl-5. As the prevalence of AAVS in the human population
is lower than that of AAV2 or AAV6, and considering the
unique specificity between Rep5 and TRS, we decided to cre-
ate an rAAV TRS production system for transcapsidation into
Capl-5 that is similar to a previously described system for
AAV type 2 (24). In order to confirm the efficacy of TRS
vectors with respect to that of existing TR2 vectors, Rep5
helper constructs were created (Fig. 3A). This new system for
producing virus vectors utilizes triple transfection with AAV
helper plasmids containing the AAVS5 Rep gene and one of the
AAV1 to AAVS Cap genes (pRep5Capl-5), a reporter trans-
gene plasmid with GFP flanked by TRSs, and an Ad helper
plasmid (XX680). HEK 293 cells were transfected with
pRep5Capl-5, an Ad helper plasmid, and TR2 or TRS eGFP.
Analyses of Hirt DNA extracted from these cells showed that
Rep5 functioned properly, generating the expected Dpnl-re-
sistant AAV monomer and dimer replication intermediates
when delivered with TR5-eGFP but not the TR2-eGFP vector
(Fig. 3B). Additionally, cell lysate harvested from each trans-
fection was tested for infectivity to ascertain the system’s ability
to produce functional recombinant virus. HEK 293 or Cosl
cells were exposed to lysate from the TRS transfections and
assayed for GFP expression at 24 h postinfection. Lysates car-
rying capsid-specific sequences (types 1 to 5) all produced
GFP-positive cells when TRS was complemented with Rep5
expression plasmids during vector production (Fig. 3C, panels
1 to 5). Cells exposed to lysate from TR2 transfections in the
presence of Rep5 proteins were negative for transgene expres-
sion (Fig. 3C, panel 6).

Having developed a functional AAYV capsid production sys-
tem using TRSs, we sought to compare it to current Rep2-TR2
production yields. The protocol designed by our lab (24) for
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FIG. 1. Rep and TR homology between AAV serotypes. (A) A phylogenetic tree of amino acids 1 to 200 of the large Rep proteins of AAV
serotypes 1 to 12. The distance from the root of the tree represents relative amino acid substitutions. The GenBank accession number for each
serotype is shown, as well as the percent sequence homology of the amino terminus of each serotype to that of AAV2. (B) A nucleotide alignment
of the TRs of AAV serotypes 1 to 7. The complementary strands of the A" and D loops are omitted. The stems of the TRs are indicated, as are
the Rep binding element (large box), terminal resolution site (arrow), and predicted stem-loop involved in nicking (dashed boxes). Nucleotides
conserved between serotypes 1 and 4 and serotypes 6 and 7 are indicated with asterisks.

the production of transcapsidated rAAV2 (i.e., using helper
plasmids that contain AAV Rep2 and serotype 1 to 5 capsid
genes, a reporter transgene [GFP] in a TR2 vector cassette,
and an Ad helper plasmid) was used as a comparison to eval-
uate the new Rep5-TRS system. Cell lysate was harvested from
each transfection and assayed for virus production by titer
determination using quantitative PCR to determine the num-
ber of virus particles per unit volume of lysate (Fig. 3D). The
measurements obtained from the dot blot analysis are compa-
rable for TR2 and TRS5 vectors when packaged in AAV sero-
type 1 to 4 capsids. Interestingly, TR2 vector titers were no-
ticeably reduced when the vectors were packaged in an AAVS
capsid, possibly due to the evolutionary divergence of AAVS
with respect to the other serotypes (Fig. 1A). Both TRS and
TR2 vector production systems were also assayed for infectivity
as measured by the number of transducing viral units per
vector genome (Fig. 3E). A total of 1 X 10° HEK 293 cells
were exposed to serial dilutions of cell lysate from each trans-
fection, and the number of resulting transgene-positive cells
was used to calculate the number of transducing units per
microliter (TU/ul) of cell lysate. This was then divided by the
viral titer (vg/ul) to yield the transducing units per vector
genome (TU/vg). TRS vectors displayed a minor drop in trans-
duction efficiency compared to that of TR2 vectors, ranging
from 5- to 10-fold in Capl to Cap3, while TRS vectors per-
formed better in Cap5. These data demonstrate the transduc-
tion potential of each individual vector genome, again suggest-
ing that due to evolutionary divergence, TRS vectors may have
slightly better transduction potential when encapsidated in an
AAVS capsid. Transduction of the HEK 293 cells by Cap4 was

below the detection threshold of the assay. The results indicate
that while the yields of TR5 rAAV vector production are
equivalent to the widely utilized TR2 system, there may be a
capsid-specific effect on the ability of these vectors to trans-
duce cells efficiently.

AAYV genomes conferring long-term transgene expression in
cultured cells can be rescued, replicated, and packaged. Dur-
ing infection, AAV genomes not degraded have two fates:
episomal formation or chromosomal integration (6, 21). While
wt AAV2 has been shown in tissue culture cells to integrate
into the human chromosome in a site-specific fashion (4, 29),
it has been demonstrated that Rep is required for this form of
latency (2). Ideally, rAAV vectors should be delivered in the
absence of Rep, wherein numerous studies have determined
that rAAV genomes remain episomal, typically circularizing or
forming into concatemers as a mechanism of vector persistence
(7, 31, 35). Thus, the infrequent event of integration by rAAV
genomes is not site specific (21). Regardless of the method of
molecular persistence, AAV genomes are able to excise them-
selves from the chromosome or episome upon Ad superinfec-
tion to enter the lytic phase of the AAV life cycle, suggesting
that wt AAV persists in a conservative manner, keeping at least
one TR sequence intact (28).

To test whether persisting rAAV vectors could be rescued
after infection in the absence of site-specific integration, HEK
293 cells were infected with 10,000 vector genomes/cell of
either TR2 or TRS GFP virus, as determined by dot blot
analysis. After 18 days, GFP cells were sorted and pooled to
approximate a population of cells infected by the vector. While
we did not confirm that these vectors had integrated into the
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FIG. 2. The Rep5-TRS interaction is unique among the fully characterized AAV serotypes. (A) Vector constructs used in this study. GFP
expression was driven by a CMV promoter and simian virus 40 poly(A) element. The neomycin cassette included the thymidine kinase promoter
and the bovine growth hormone poly(A) element. TR2s or TRSs flanked the vectors. pTR5-eGFP contained an additional 500 bp ahead of the
3’ TR. (B) Southern blot of Hirt DNA comparing the abilities of Rep2Cap2, Rep5Cap2, and Rep6Cap6 to replicate TR2s or TR5-flanked vector
genomes. Hirt DNA was isolated 48 h after transfection. Dpnl cuts only the input plasmid, not the newly replicated AAV genomes. The two major
replicative forms of AAV are indicated (m, double-stranded monomer; d, double-stranded dimer). Higher-order replicative forms are also visible.
+, present; —, absent. (C) Transduction of HEK 293 cells (transducible by Cap2) or CHO pgsD cells (transducible by Cap6 or Cap2) with crude
lysate from cells harvested 48 h after transfection of an Ad helper plasmid only or triple transfection of an Ad helper plasmid, TR2 or TR5 GFP,
and either Rep2Cap2, Rep5Cap2, or Rep6Cap6. The numbers shown correspond to the lane of the gel in Fig. 2B.

host chromosome, we did confirm that after sorting, GFP re-
mained in 100% of the cells for longer than 2 months.
Rep2Cap2, Rep5Cap2, or Rep6Cap6 and an Ad helper plas-
mid were transfected into the mock, TR2-, or TR5-containing
cell lines, and both Hirt DNA and crude lysate were isolated.
Figure 4A reveals that both TR2 and TRS genomes were
capable of being rescued and replicated (lanes 6, 8, and 11).

Specificity remained consistent for these vectors, with both
Rep2 and Rep6 able to rescue and replicate TR2s and only
Rep5 able to replicate TRSs. The pTR5-eGFP panel was ex-
posed longer than were the TR2 or mock cell lines due to the
small amount of replicated vector DNA isolated from these
cells.

To determine if these rescued, replicating genomes could be



pS plo p4ao

= =
pRep3Capl AAVS Rep (Rep3) AAV1 Capsid (Capl)
pRep5Cap2 I AAVS Rep (Rep3) AAV2 Capsid (Cap2)
pRep3Cap3 I AAVS Rep (Rep3) AAV3 Capsid (Cap3)
pRep3Cap4 [ AAVS Rep (Rep3) AAV4 Capsid (Cap4)
pRep3Cap3s AAVS Rep (Rep3) m
T
PpuMI Notl
Sadl
TR5 TR5 TR2
Dpnl (-) Dpnl (+) Dpnl (+)
Lane: 6 7 8 9 10 11 12 13 14 15
9kb —
3.1 kb — - '
Capsid: 1 2 5 2 3 4 5

--
--

Titer (vgul) of TR2 vs. TRS Vectors in Capl1-8

100E+10

100E409
ol 100E+G8 mTR2
> OTRS

100E+07

100E406 .

1 2 3 B 5
Cap
Transducing Units Vector Genome
100E+06 -I
= 100E+05
= 100E+D4
o ®TR2
~  100E+03 —
— RS
=1 00E#02
.N.
»  100E+01 ﬁ”‘[»
1 00E+00 T v T - )
1 2 3 B 5
Cap

3924



VoL. 83, 2009

encapsidated and mobilized to naive cells, lysate was added to
HEK 293 or CHO pgsD cells. Figure 4B shows that rescued
genomes were encapsidated and that persisting rAAV ge-
nomes can be mobilized into previously nontransduced cells
(HEK 293, panels 6 and 11, and CHO pgsD, panel 8). Predict-
ably, the transduction profile of the mobilized TR2 or TRS
vector genomes was dependent on the capsid into which they
were packaged (Cap2 or Cap06), highlighting the potential dan-
ger of TR2 vector mobilization being driven by a range of wt
AAV serotypes.

TR2 vectors, but not TRS, are mobilized by latent wt AAV2
and Ad coinfection. AAV?2 has been consistently demonstrated
to be the most prevalent natural AAV serotype in the human
population (13, 14, 20, 33); thus, there is a strong likelihood
that a high percentage of human individuals harbor a latent
AAV?2 infection (22). For that reason, we obtained D5 cells
demonstrated to contain a latent wt AAV2 infection in order
to model the potential for TR2 or TRS vector mobilization
upon rAAYV and Ad infection. The D5 cell line contains the wt
AAV2 genome, which is stably integrated at chromosome 19
and is rescuable upon infection by helper virus (4, 29). The
parental line, D6, is negative for wt AAV and was used as a
control. Cell lysate containing TR2- or TR5-flanked rAAV
GFP genomes encapsidated into Cap2 was harvested from
triple-plasmid transfections of HEK 293 cells. Each type of
lysate was used to infect DS and D6 cells. After 24 h of incu-
bation, cells were washed and coinfected with Ad helper virus.
Control plates were exposed to lysate containing either AAV2
TR2-eGFP only or Ad only. Transgene GFP expression was
observed in all cells receiving the original cell lysate, confirm-
ing the infectivity of AAV2 TR2-eGFP and AAV2 TR5-eGFP
in D5 and D6 cells (data not shown). Hirt DNA analysis of
infected cells revealed rescue of latent AAV2 genes, in the
form of AAV2 replication intermediates, in D5 cells infected
with Ad (Fig. 5A). As expected, D6 cells without latent AAV
or DS cells without Ad did not show AAV2 replication inter-
mediates (Fig. 5A). In addition, rescued latent wt AAV2 ge-
nomes were able to complement rAAV vector genomes when
assayed by Southern blot analysis. For example, replication
intermediates were observed in D5 cells exposed to the TR2
vector, while no vector replication was observed in the cells
exposed to the TRS vector (Fig. 5B). Longer exposure revealed
minor TRS vector signal in D5 cells, comparable to back-
ground levels of TRS and TR2 vector signals found in D6 Hirt
DNA, indicating a lack of replication in the presence of Ad.

Lysate taken from TR2 or TRS5 eGFP vector-infected D5
and D6 cells was used to infect naive HEK 293 cells (Fig. 5C).
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HEK 293 cells given lysate taken from D5 cells exposed to the
AAV2/TR2-eGFP vector and Ad were positive for GFP (Fig.
5C, panel 6), demonstrating that latent wt AAV2 was able to
provide Rep and Cap in frans to mobilize the TR2-flanked
GFP vector. In contrast, HEK 293 cells given lysate from D5
cells infected with the TR5-eGFP vector did not express GFP
(Fig. 5C, panel 7), demonstrating that the latent AAV2 was not
able to mobilize the TR5-flanked GFP vector. As expected,
control lysate from D6 cells did not produce infectious GFP
vectors using either TR, and infection of D5 cells without Ad
helper virus or without TR2-eGFP vector did not produce
infectious GFP vectors (Fig. 5C, panels 1 to 5).

DISCUSSION

For nearly 30 years, it has been known that a chromosomally
integrated AAV genome could be rescued and replicated in
order for AAV to enter the lytic phase of its life cycle (4). Ever
since AAV was first cloned into a recombinant plasmid, we
have known that the viral or vector genome could be rescued
and replicated from exogenous DNA (27). Over 10 years ago,
the first evidence for in vitro mobilization of an AAV vector
transgene was presented (1), describing a potential scheme of
vector mobilization between individuals. Yet, to date, no work
has been published on preventing AAV vector mobilization,
nor has the ever-increasing quantity of AAV vectors used for
clinical trials been adapted to address this concern.

AAV serotypes have been discovered historically as a con-
taminating factor in Ad preparations (25). AAV, having
evolved to require Ad coinfection, must persist in this manner
in order to propagate itself. While the true risk of AAV vector
mobilization is not known, there is a possibility that rAAV
vectors with wt AAV TRs could constitute an AAV-associated
virus, one which replicates in cells where productive Ad and
AAV infections are taking place. This could lead to the spread
of recombinant genetic material to healthy individuals.

More likely, however, is vector mobilization within an indi-
vidual. An enormous amount of effort has gone into the cre-
ation of novel AAV capsids with specific tissue tropism (16,
19). This can be especially important when tissue-specific pro-
moters are unavailable or incompatible with AAV therapeu-
tics. However, these elegant experiments to deliver vectors to
specific targets become meaningless if the vector genomes are
mobilized by wt AAV into other body tissues by wt capsids.

Here, we have presented a means to reduce the risk of AAV
vector mobilization. The two most prevalent human AAV
serotypes (AAV2 and AAV6) both have the ability to replicate

FIG. 3. Creation and characterization of Rep5 helper constructs for Capl to Cap5. (A) The AAV5 Rep and AAV1 to AAV4 Cap genes were
subcloned into pXR2, a non-TR-containing plasmid (see Materials and Methods for details). These new helper plasmids were used to package TRS
vectors into Capl to Cap5. (B) Southern blot using a GFP-specific probe of Hirt DNA extracted from HEK 293 cells transfected with
pRep5Capl-5, an Ad helper plasmid, and TRS-GFP or TR2-GFP. The two replicative forms of the vector are indicated. (C) Cell lysate from triple
transfections described above were used to infect naive HEK 293 cells. Cells infected with lysate from TR5-eGFP vector transfection of capsid
serotypes 1 to 5 were positive for GFP (panels 1 to 5 corresponding to AAV1 to AAVS). HEK 293 cells infected with lysate from TR2-eGFP vector
transfection of capsid serotypes 1 to 5 did not express GFP (panel 6, AAV1,; representative of AAV2 to AAVS5). (D) Graph comparing the titers
achieved in the production of TR2 versus TRS5 rAAV. Titers of samples were determined in duplicate by quantitative PCR. Standard errors are
indicated. (E) Graph comparing the transducing units per vector genome of rAAV TR2 versus TRS5 vectors. Note that values on the y axis are
multiplied by 1 X 107, Virus was serially diluted and used to infect cells. GFP-positive cells were quantitated and transducing units per microliter
calculated before conversion to transducing units per vector genome. Samples were measured in duplicate, and standard errors are indicated.
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FIG. 4. AAV genomes conferring long-term transgene expression in cultured cells can be rescued, replicated, and packaged. (A) HEK 293 cells
were infected with either TR2 or TRS eGFP vectors and passaged 18 days before cells still expressing GFP were sorted and pooled. AAV helper
plasmids (Rep2Cap2, Rep5Cap2, Rep6Cap6) in the presence (+) or absence (—) of Ad helper plasmid were then added to the assay for the ability
of persistent AAV genomes to be rescued and undergo replication in the presence or absence of Ad helper plasmid. Hirt DNA was isolated and
assayed via Southern blotting with a probe for the GFP ORF. The two major replicative forms of the vector genomes are indicated. Larger
replicative forms are also visible. The TRS with helper plasmid panel of the blot was subjected to a longer exposure in order to visualize the
replicating vector genomes. The two major replicative forms of AAV are indicated (m, double-stranded monomer; d, double-stranded dimer).
(B) Mobilized genomes were assayed for infectivity by transducing HEK 293 or CHO pgsD cells with crude lysate from the cells described for panel
A (control, TR2, or TRS persisting vector genomes transfected with the helper plasmids described) 48 h after addition of helper plasmids (all

transfections for lysate used in Fig. 4B included an Ad helper plasmid).

the TR2-flanked vectors currently used in AAV clinical trials
(10). A less widespread AAV serotype, AAVS, has a unique
Rep-TR interaction, making it the only human serotype able to
replicate TR5-flanked vectors (5, 10, 18). This replicative speci-

ficity, as well as the relative abundance of these serotypes in the
population (AAVS is >4-fold less abundant than AAV2) (13, 14,
20, 33), led us to hypothesize that TRS5-flanked vector genomes
have a significantly reduced risk of vector mobilization.
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FIG. 5. TR2 but not TRS vectors are mobilized by latent wt AAV2 and Ad coinfection. D6 (latent AAV2 [—]) or D5 (latent AAV2 [+]) cell
lines were infected with rAAV2 from crude lysate containing TR2 or TR5-eGFP in the presence or absence of Ad. Hirt DNA was isolated and
analyzed by Southern blotting 48 h postinfection, using either an AAV2 (A) or GFP (B) probe. The two major replicative forms of AAV are
indicated (m, double-stranded monomer; d, double-stranded dimer). Larger replicative forms are also visible. A size marker is denoted. (C) GFP
expression was visualized in HEK 293 cells after crude lysate was added from either D5 or D6 cells infected with the vectors indicated above the
panels. The numbers refer to the gel lanes in panel B. +, present; —, absent.

To test this hypothesis, we created a TR5-based vector pro-
duction system similar to the TR2-based system currently used
to produce rAAV (Fig. 3A). This system worked well, exclu-
sively packaging TR5-flanked vectors into Capl to Cap5 while
yielding viral titers and transduction efficiency comparable to
those yielded by the current TR2 vector production system.
While our TRS5 vectors may have shown a minor inherent
decrease in transduction efficiency (potentially in a capsid-
specific manner), optimization of our system may eliminate
this disparity. A similar comparison between TR2 and TRS
vectors in vivo showed no such bias, (10), suggesting that the
differential may be due to the sensitivity of our in vitro system
or otherwise restricted to our assay.

In order to confirm that Rep-TR replicative specificity ex-
tended to vector mobilization, we adopted two cell culture
assays. While the transformed cells used for these assays had
the potential to behave differently from the primary cell types
AAV vectors would encounter in vivo, we reasoned that
Rep-TR specificity would remain consistent regardless of cell
type. That said, demonstrating vector mobilization in primary
cells remains an important step in establishing the potential
danger to future gene therapy candidates.

We first created cell lines containing stably persisting TR2-
or TR5-flanked vector genomes. While we did not determine
whether these genomes were integrated into the host chromo-
some, the persistence of GFP signal in 100% of these cells 2
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months after sorting suggests chromosomal integration. How-
ever, the possibility that they are persisting in some other
manner lends only credence to the mobilization assay we have
developed, as such genomes may recapitulate any number of
modes of persistence in vivo. We next demonstrated that these
persisting TAAV genomes could be rescued and replicated
upon the transfection of AAV helper plasmids (Fig. 4A).
These genomes were also encapsidated and able to transduce
naive cells (Fig. 4B). Predictably, the cell/tissue tropism of
these mobilized genomes was dependent on the capsid into
which they were mobilized.

Slightly different levels of replication were detected for
pTR2-eGFP vectors in the presence of Rep2 or Rep6 (Fig.
2B). While this may suggest that Rep6 replicates TR2s with
higher fidelity than does Rep2, it is more likely that more Rep6
protein was produced by the plasmid constructs. Western blot
analyses were not performed due to the lack of a suitable Rep6
antibody. Interestingly, our TRS5 vector was rescued with lower
fidelity from 293 cells than was our TR2 vector (Fig. 4A). We
have confirmed by Western blotting that our Rep2 and Rep5
constructs produce equal amounts of protein (data not shown)
and that they drive similar amounts of vector genome replica-
tion (Fig. 2B). As such, the decreased rescue of TRS5 genomes
is most likely due to the inability of a subset of the TR5-flanked
GFP vectors in this population to be rescued due to deletions
of the integrated or concatemerized TRs as seen with AAV2
latent genomes (37). It is possible, however, that persisting
TRS5 genomes may be somewhat refractory to rescue, and
further experiments may be required to definitively answer this
question.

In addition, we showed that in cells with latent wt AAV2
infection, introduction of a TR2 vector and subsequent super-
infection by Ad resulted in replication of the wt genome and
the TR2-flanked transgene (Fig. 5SA and B) and led to the
production of infectious rAAYV particles (Fig. 5C). These re-
sults demonstrated that latent wt AAV2 plus Ad reconstituted
the replication-deficient TR2 vector system, allowing for mo-
bilization of transgene vectors. Once again, AAV2 was unable
to replicate or mobilize a TR5-flanked genome (Fig. 5B, lane
7), underlining the potential of our TR5-based system to de-
crease AAYV vector mobilization due to relative AAV2, AAVS,
and AAV6 prevalence in the population. While inclusion of a
cell line harboring a latent AAVS5 genome would have been
ideal for this study, there are no reports of AAVS integrating
site-specifically into the human chromosome. Thus, any cell
line harboring an AAVS genome should be recapitulated by
our mobilization system, shown in Fig. 4, by which a persisting
TRS5-flanked genome is rescued and replicated.

It is impossible to quantify the degree of safety TRS5-based
vectors would add to AAV clinical applications. Based on the
exclusivity of the RepS-TRS interaction, as well as the small
degree of AAVS in the population compared to AAV2 and
AAV6, we can only postulate that TRS vectors possess a sig-
nificantly lower risk of spreading after rAAV administration.
While TR5-based vectors may be markedly safer, they are not
a solution. However, at the moment, TR5-flanked vectors offer
a safer means to ensure that AAV vectors remain where they
are intended to be.

J. VIROL.
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