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Mini-adenoviruses (mAd) deleted of all viral coding regions represent an emerging approach for transgene
expression. We have exploited the unique features of the adeno-associated virus (AAV) terminal repeats within
the context of an adenovirus—-adeno-associated hybrid virus (Ad/AAV) as a strategy for rapid and efficient
generation of mAd. Excision and generation of mAd from the parental Ad/AAV hybrid vector was achieved in
293 cells through recombination but without selection for mAd production. Analysis of mAd isolated from 293
cells indicated that mAd DNA exists as monomer and dimer forms within the recombinant viral capsid.
Formation of recombinant mAd was significantly increased using an AAV Rep78- or Rep68-expressing cell line
through Rep-mediated excision utilizing the AAV terminal repeat sequences present in the Ad/AAV hybrid
virus genome. The mAd viruses were infectious and able to transfer functional gene to A549 and HeLa cells.
This approach is rapid and efficient, thereby providing a simplified methodology for generating mAd with

functional transducing capabilities.

Considerable progress has been made in recent years toward
the development of viral vectors for short- and long-term gene
therapy treatment of disease. The human adenovirus (Ad) is
an exciting prospect as a vector for gene delivery (1, 4, 16). Ad
is a common DNA virus that naturally infects the airway epi-
thelia as well as other tissues in the body. The life cycle of Ad
has been well characterized, its genome may be easily manip-
ulated in the laboratory, and recombinant viruses are readily
grown to high titers. Ad has a wide host cell range that includes
nondividing cells in vitro and in vivo. It is possible to achieve
efficient gene expression in quiescent and differentiated cells.
Finally, Ad is a relatively benign human virus that is associated
with mild disease and, importantly, is not associated with the
development of any human malignancy.

Several disadvantages exist for the use of Ad as a vector for
long-term gene therapy. First, it is evident from animal studies
that Ad elicits an inflammatory response shortly after infection
and a subsequent cytotoxic-T-cell response directed against
virus-infected cells (reviewed in reference 34). The result is
immune clearance of virus-infected cells and extinction of ex-
pression of any foreign gene introduced by the recombinant
viral vector. Since one would anticipate that repeated applica-
tion of any gene therapy approach may be required for con-
tinued treatment of certain diseases, the rapid immune re-
sponse to Ad infection severely compromises the use of this
system for long-term gene therapy. It appears likely that the
expression of Ad-encoded proteins, as well as a foreign trans-
gene, leads to immune recognition (32, 37). A second disad-
vantage for long-term gene therapy is that the Ad has no direct
means to persist in infected cells (1, 4, 16). These problems
with Ad vectors apply predominantly to long-term gene ther-
apy approaches, whereas short-term treatments of cancer (8),
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for example, would not necessarily be compromised and in fact
may be enhanced.

An emerging strategy for viral vector development incorpo-
rates critical features from individual viruses as a means of
generating unique vectors with highly specialized properties.
Such “hybrid” viruses can in theory combine essential genetic
elements from one virus with those of another as a mechanism
of bypassing current limitations inherent in the parental vector.
Viral vector chimeras were generated between Ad and retro-
virus (5), Ad and Epstein-Barr virus (31), Ad and simian virus
40 (SV40) (11), and Ad and adeno-associated virus (AAV) (10,
18, 19). The unique property of the AAV terminal repeats
(TRs) has allowed a number of laboratories to generate Ad/
AAYV hybrid vectors with unique integrating capabilities (24).
Two AAV elements are required for site-specific viral DNA
integration: the TRs and either of the two larger Rep polypep-
tides, Rep68 and Rep78. Rep proteins are also required for
efficient AAV replication and excision from the host genome
(2, 21, 25).

We hypothesized that the introduction of the AAV TR se-
quences into the Ad genome flanking a heterologous DNA
insert, coupled with transient expression of the AAV Rep
protein, would allow for the excision of the AAV TR/insert
from the recombinant Ad genome and packaging into recom-
binant virions. Recently, it was demonstrated that mini-Ad
(mAd) vectors are generated as by products of first-generation
Ad/AAV hybrid virus amplification, but without selection for
mAd production. The mAd genomes contained only the trans-
gene flanked by AAV TRs, Ad packaging signals, and Ad
inverted TRs (ITRs) (18). Here we demonstrate high-yield
production of mAd using a Rep-expressing cell line (6). We
have exploited the unique features of the AAV TRs within the
context of an Ad/AAV hybrid virus as a means of generating a
mAd vector devoid of all Ad genes. Efficient excision and
generation of mAd from the parental Ad/AAV hybrid vectors
was achieved using minimal AAV elements. This approach is
rapid and efficient, thereby providing a simplified methodology
for generating mAd with functional transducing capabilities.
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FIG. 1. Viral genomic maps. (A) Ad/AAYV hybrid virus. This virus carries, from left to right, the left end of Ad5 containing the ITR and packaging domain, the AAV
TR D sequence, an EGFP/Neo expression cassette from the plasmid pTRUF2 (38) (the EGFP gene is driven from the cytomegalovirus promoter, and the Neo gene
is under the control of the polyomavirus enhancer and thymidine kinase promoter; both genes ended with the SV40 polyadenylation signal), an intact AAV TR with
a DD sequence (TR-DD), and the remainder of the Ad genome. Ad5 sequences located between nt 423 and 3329 are missing from this virus backbone (E1 deletion).
(B) Monomeric mAd. The mAd genome contains the EGFP/Neo cassette flanked by symmetrical sequences containing the AAV TR D sequence and the AdS
packaging domain-ITR region (nt 1 to 420). (C) Dimeric mAd. This mAd carries a duplicated monomeric genome with an intact AAV TR-DD at the internal junction

of the duplication.

MATERIALS AND METHODS

Plasmid and virus constructions. The Ad/AAV hybrid plasmid pAd/AAV-
EGFP-Neo was generated through multiple cloning manipulations beginning
with plasmid pBS-TR-3D (a gift of Sergei Zolotukhin and Nick Muzyczka,
University of Florida Gene Therapy Center [unpublished]). pBS-TR-3D is based
in plasmid pBluescript (pBS) and contains within the pBS polylinker region the
left AAV TR sequence (145 bp, A/B/B’/C/C'/A’/D) (21), a 1,300-bp fragment of
stuffer DNA, and the right AAV TR with a double-D (DD) sequence (160 bp,
D'/A/B/B'/C/C'/A'/D) (26, 35). The Ad5 left-end 422 bp containing the ITR and
packaging domain (14) was inserted next to the left AAV TR. Ad5 DNA se-
quences from nucleotides (nt) 3330 to 3940 were inserted next to the AAV right
TR. Finally, the 1,300-bp stuffer DNA was replaced with the EGFP-Neo expres-
sion cassettes from plasmid pTR-UF2 (38). Sequence analysis of this plasmid
showed that the intact left AAV TR was lost, and only the AAV TR D sequence
remained. The plasmid was linearized using a restriction site outside the Ad5
ITR and used for recombination into Ad5 dI309 according to the method of Stow
(30). Virus plaques were isolated on 293 cells (12) (used to complement the
deletion of the Ad5 E1 region). Virus stocks were amplified in 293 cells and
confirmed by restriction endonuclease digestion and nucleotide sequence anal-
ysis of viral DNAs.

Cells and viruses. 293, HeLa and A549 cells were maintained as monolayer
cultures in Dulbecco modified Eagle medium (DMEM) containing 10% bovine
calf serum (HyClone). C12 cells that carry the AAV Rep and Cap genes (6) were
propagated in DMEM containing 10% heat-inactivated fetal bovine serum (Hy-
Clone). For viral infections, cells were grown to ~75% confluency and infected
with viruses at low and high multiplicities of infection (MOIs) for 1 h at 37°C. For
preparation of virions, infected cell lysates were prepared by suspension of cells
in Tris-buffered saline solution following four freeze-thaw cycles. Cell lysates
were cleared by centrifugation at 3,000 X g at 15°C for 15 min, followed by
incubation with 500 U of DNase I and 250 mg of RNase A per ml in the presence
of 2mM MgCl, and 2 mM CaCl, for 30 min at 37°C. Purified virus particles were
prepared by centrifugation over a CsCl, step gradient (1.4 to 1.25 g/cc of CsCl,)
and rebanded by equilibrium centrifugation (1.35 g/cc of CsCl,) (34). Virus
particles were quantified by lysis of dilutions in buffer containing 0.1% sodium
dodecyl sulfate (SDS), and the absorbance at 260 nm was measured; 1 optical

density unit at 260 nm equals 10' particles/ml. Helper virus contamination level
was determined by plaque assay on 293 cells.

Viral replication and infectious center assays. For viral replication assays,
infected cell monolayers were washed three times with Tris-buffered saline so-
lution at 24 h after infection, and low-molecular-weight DNA was isolated by the
method of Hirt (15). For the analysis of viral DNA in purified virions, 1/10-
volume (50 pl) aliquots from each virus preparation were incubated in 50 mM
Tris (pH 8.0), 1 mM EDTA, 0.5% SDS, and 1 mg of proteinase K per ml for 1 h
at 50°C. Samples were then separated on 0.8% agarose gel and transferred to a
nylon membrane (Hybond N*; Amersham). The blots were hybridized to an Ad5
left-end DNA fragment (nt 1 to 355) or to a 3.1-kbp Bg/II fragment (EGFP/Neo
cassette) obtained from the plasmid pTRUF2 (38). mAds were assayed for
infectious units (IU) using 293 cells infected with wild-type Ad as a helper virus
(10 PFU/cell) coinfected with logarithmic dilutions of DNase I-treated mAds
purified by CsCl, equilibrium centrifugation. Infectious centers were scored by in
situ hybridization, as described earlier (27), using EGFP/Neo as a probe. The
number of infectious centers observed multiplied by the dilution factor was used
in computing the titer of the IU per milliliter. This value was compared to the
number of physical virus particles per milliliter determined spectrophotometri-
cally, and the physical particle/infectious particle ratio was calculated. For wild-
type Ads, the particle/PFU ratio is 20 to 25.

GFP expression. A549 and HeLa cells were infected with mAd (fraction E/M)
at a multiplicity of 200 particles/cell or with the parental Ad/AAV-EGFP-Neo
parental virus at the same MOI. At different times after infection, green fluo-
rescent protein (GFP) fluorescence was observed using a fluorescein filter on an
Axiovert 135 (Zeiss) microscope.

Electron microscopy. For examination of viral particles by transmission elec-
tron microscopy, CsCl,-purified viruses were adsorbed onto Formvar-carbon-
coated copper grids and stained with saturated solution of uranyl acetate.

RESULTS

Production of mAd in 293 cells. We generated a recombi-
nant Ad/AAV hybrid virus that carries the GFP (EGFP) re-
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FIG. 2. Production of mAd in 293 cells. (A) Cells were infected with Ad/AAV recombinant hybrid virus (from a third-passage virus stock) using an MOI of 10
PFU/cell. Two days after infection, cleared cellular lysates were prepared and treated with 500 U of DNase I and 250 mg of RNase A per ml. Ad/AAV and mAd viruses
were separated on a CsCl, step gradient. The lower band (F) represent full virus particles. The upper band (E/M) represents lighter particles that includes empty
particles, light intermediate particles, mAd, and protein aggregates. (B) Electron microscopy analyses of Ad/AAV and mAd particles. Samples from each population
were negative stained using a uranyl acetate saturated solution. The results demonstrate the presence of mature viral particles within the heavy band. The lighter band
contains a mixture of full and empty particles. The bar represents 50 nm. (C) Analysis of DNA in virion samples. DNA samples were prepared from each population

and analyzed by Southern blot using an EGFP/Neo probe.

porter gene and the neomycin selectable marker (Neo) gene
flanked by the AAV TR D-sequence on the left side and a
complete AAV terminal repeat on the right side containing an
additional D-sequence (TR-DD) (26, 35) (Fig. 1A). 293 cells
were infected with a cellular lysate containing the Ad/AAV
hybrid virus (293 cells complement the E1 deletion in the
hybrid virus to allow virus replication). After DNase I digestion
of a cleared, infected cell lysate, viruses were separated on a
CsCl, step gradient (1.4 to 1.25 g of CsCl, per ml). Based on
their density, two major bands were visualized (Fig. 2A, F and
E/M). Electron microscopy demonstrated that the viral parti-
cles in the E/M (i.e., empty/mini) fraction have the same mor-
phology as mature wild-type Ad (F, full fraction). Negative
staining showed that viral particles found in the F fraction are
homogeneously electron dense (Fig. 2B). The lighter band
contained a mixture of two populations: empty and DNA-
containing particles with the same size and shape as wild-type
Ad (Fig. 2B). The DNA in these particles was DNase I resis-
tant, confirming that it is packaged within the virions.

During normal replication of wild-type AAV with an Ad
helper virus, both monomer-length as well as dimer-length
AAV genome products were observed as part of the replica-
tion pathway (2, 21, 25). DNA analysis from each virus popu-
lation (Fig. 2A) demonstrated that full virus particles con-
tained the parental Ad/AAV hybrid virus genome as a single
DNA molecule of about 36 kbp (Fig. 2C). The E/M virus
particles contained two small genomes of ~4 and ~8 kbp.
Extensive characterization of these molecules by PCR, restric-
tion enzyme digestion, and nucleotide sequence analysis dem-
onstrated that they correspond to monomer (Fig. 1B) and
dimer (Fig. 1C) forms of mAd. The approaches used to analyze

the mAd genomes is depicted in Fig. 3A and B and a repre-
sentative Southern blot is also shown (Fig. 3C). Restriction
endonuclease digestion of monomeric and dimeric mAd ge-
nomes resulted in the release of DNA fragments of specific
length whose origin was determined by hybridization with spe-
cific probes. For example, digestion with Sall generated two
fragments (~700 and ~2.2 kbp) that were recognized by a
probe corresponding to the Ad5 left end (nt 1 to 355; Fig. 3B
and C). An ~2.2-kbp fragment was observed using an EGFP-
specific probe, and this fragment, as well as an ~1.1-kbp frag-
ment, was detected using an EGFP/Neo probe (Fig. 3A, B, and
C). This model for mAd structure was further supported by
comparable analyses using EcoRI, Xbal, and Smal digestion
(data not shown). EcoRI and Xbal digestion confirmed the
mAd genome structure indicated by Sa/l digestion. The AAV
TR contains two Smal restriction sites. Digestion of the
dimeric mAd genome with Smal confirmed the integrity of the
AAV TR structure. Specific nucleotide primers were used
within the Ad left end and the EGFP and Neo genes to amplify
DNA fragments that were predicted from the restriction map-
ping, and all PCR products were of the predicted size (data not
shown). Finally, the precise junctions of AdS DNA with the
EGFP/Neo expression cassette were determined by nucleotide
sequence analysis of the PCR products. Collectively, these
analyses confirm the structures of monomeric and dimeric
mAd genomes depicted in Fig. 1 and 3.

The monomer form (Fig. 1B) contained the EGFP-Neo
expression cassette flanked on both sides by an identical frag-
ment of Ad5S DNA (nt 1 to 420) containing the Ad5 ITR and
packaging domain, as well as the AAV TR D sequence. The
remainder of the AAV TR was missing from this mAd ge-
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FIG. 3. Characterization of the monomeric and dimeric mAd genomes. mAd genomes isolated from the E/M fraction (Fig. 2) were characterized by restriction
endonuclease digestion and Southern blotting, by PCR using specific primer pairs, and by nucleotide sequence analysis of the PCR products. (A) Analysis of the mAd
dimeric genome. (B) Analysis of the monomeric mAd genome. (C) Digestion with Sa/l yields distinct fragments that were identified by hybridization with probes
corresponding to Ad5 nt 1 to 355, EGFP, and EGFP/Neo. The Sall restriction sites are indicated (S), and the predicted Sall cleavage pattern is shown under the
schematics of the mAd genomes in panels A and B. Cleavage with other restriction enzymes was evaluated similarly using EcoRI (E), Xbal (X), and Smal (Sm). Specific
PCR products that were generated that are indicated by arrows (primers) and solid lines (products).

nome. This molecule could arise by simple homologous recom-
bination between the AAV TR D sequences present in the
parental virus genome, as proposed by Steinwaerder et al. (29)
or by homologous recombination between the two AAV D
direct repeats present in the dimer form (Fig. 1C). The dimeric
form (Fig. 1C) contained a duplicated monomer genome
where the left end of Ad5 (nt 1 to 420), the AAV TR D
sequence, and the EGFP-Neo expression cassette were dupli-
cated in an inverted manner. An intact AAV TR was present
at the junction of the duplication. This molecule could have
arisen from a recombination event between two internal D
sequences present in the parent Ad/AAV hybrid virus or
through single-strand displacement (see Fig. 6). No selection
was imposed to generate the monomeric or the dimeric mAd
genomes.

Efficient excision and replication of mAd in C12 cells. We
hypothesized that the presence of the Rep78 and Rep68 pro-
teins during the replication cycle may improve the efficiency of
mAd genome excision through the AAV TR. We first com-
pared the replication efficiency of mAd in HeLa versus C12
cells. C12 cells are a HeLa cell derivative that inducibly express

AAV Rep and Cap proteins in response to Ad infection (6).
C12 cells were coinfected with the Ad/AAV hybrid virus at a
low MOI (10 PFU/cell) with wild-type Ad helper (10 PFU/cell)
to initiate Rep expression and replication. Replicating DNA
was analyzed by Southern blot 24 h after infection using the left
end of the AdS genome (Fig. 4A) and EGFP/Neo DNA (Fig.
4B) as probes. The AdS left-end probe detected both the
wild-type Ad helper virus and the Ad/AAV hybrid virus and
excised products, while the EGFP/Neo probe was specific for
Ad/AAV hybrid virus genomes. As shown in Fig. 4, mAd ge-
nomes were produced efficiently in C12 cells in comparison to
HeLa cells, suggesting minigenome formation via AAV Rep-
mediated excision. Replication of the Ad/AAV hybrid virus
genome and production of the mAd genome required coinfec-
tion with wild-type Ad helper virus, a finding consistent with
the requirement for E1 expression for productive viral infec-
tion with El-replacement adenoviruses. In addition, we noted
the production of a small (~2 kbp) Ad/AAV hybrid virus-
specific DNA species with infections of C12 cells (arrow in Fig.
4). The size of this DNA is consistent with that expected for a
single-stranded, monomeric mAd genome. A dimeric, single-
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FIG. 4. Efficient replication of mAd genome in C12 cells (6). HeLa and C12
cells were infected with CsCl,-purified Ad/AAV recombinant virus at an MOI of
10 PFU/cell with (+) or without (—) wild-type Ad5 helper virus. Replicated
DNA (15) was isolated 24 h after infection and analyzed by Southern blot using
AdS (nt 1 to 355) (A) and EGFP/Neo (B) as DNA probes. The majority of the
replicated DNA in HeLa cells was full-length Ad/AAV DNA (F). In C12 cells
most of the replicated DNA represents monomer (M) and dimer (D) forms of
mAd genome. The arrow indicates a submonomer band that was found only in
C12 cells. Markers are indicated as kilobase pairs on the left.

stranded mAd genome would be expected to comigrate with
the ~4-kbp double-stranded, monomeric mAd genome. We
did not detect the production of any EGFP-Neo-containing
DNA molecules that lack the left terminus of the AdS genome,
indicating that the presence of a single AAV D sequence at the
left side of the EGFP/Neo expression cassette in conjunction
with an intact AAV TR on the right side was not sufficient to
give rise to AAV genomes under these experimental condi-
tions. In addition, fractions across the entire CsCl, equilibrium
gradient were probed by Southern blot for the presence of
AAV virus particles. No evidence for the production of AAV
was found in C12 cells coinfected with Ad/AAV hybrid virus
and wild-type AdS.

On the basis of these results we decided to further investi-
gate the formation of mAd in C12 cells. Cells were coinfected
with Ad/AAV hybrid virus and wild-type Ad helper at a low
MOI (10 PFU/cell) or with the Ad/AAYV hybrid virus at a high
MOI (250 PFU/cell) without helper virus. At a low MOI, Ad
E1l mutants are defective, so a helper virus is required to
ensure virus replication. At a high MOI, Ad E1 mutants are
“leaky” so viral replication may occur without helper virus
(22). Viral particles were separated by a step gradient (1.4 to
1.25 g of CsCl, per ml), followed by equilibrium centrifugation
(1.35 g of CsCl, per ml). Four major bands were visualized
(Fig. 5A). The densest band (F) represents intact, parental
Ad/AAYV hybrid virus particles and helper virus. The two light
bands (E/M) were collected and analyzed together. The middle
fraction (M) was novel to C12 cells coinfected with helper Ad
(Fig. 5A, MOI = 10 PFU/cell with helper virus compared to
MOI = 250 PFU/cell without helper virus), in comparison to
the results described above with 293 cells and was analyzed
separately. Electron microscopy showed a mixture of empty
and DNA-containing particles in both light fractions (E/M and
M) (data not shown). These particles showed the same mor-
phology as mature wild-type virus (data not shown).

Southern blot analyses were performed to identify the DNA
content of each viral population and to analyze the replicated
pool of DNA in the infected cells. Blots were hybridized with
a left-end Ad5 probe (nt 1 to 355) (Fig. 5B) or with the
EGFP-Neo transgene cassette (Fig. 5C). When the pool of
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intracellular, replicated viral DNA was analyzed (lane R), the
results showed that the newly formed mAd was produced far
more efficiently in the presence of helper virus at low MOI
than was found without helper virus at a high MOI, even
though the parental hybrid virus was capable of efficient rep-
lication alone at a high MOI. Three genomic forms were gen-
erated during the replication process: ~4 kbp corresponding to
monomers, ~8 kbp corresponding to dimers, and the high-
molecular-weight form corresponding to full-length viral DNA
(lane R). Quantification of the replicated and packaged prod-
ucts by phosphorimager analysis showed that 10% of the rep-
licated mAd DNA molecules found in the pool of intracellular
DNA were packaged into particles in comparison to 12% of
the helper virus genomes that were found to be packaged into
virus particles. The mAd genomes were protected from DNase
I digestion and thus were completely packaged genomes.

When the DNA content of the separated virus particles was
analyzed, the lighter particles (E/M) were found to contain
monomers and dimers of mAd DNA (Fig. 5B, E/M fraction).
Hybridization with the EGFP/Neo transgene cassette revealed
that these particles were free of parental hybrid virus (Fig. 5C,
E/M fraction), although some helper virus was evident in this
fraction (compare the E/M fractions from Fig. 5B and C). The
mAds were formed efficiently only in the presence of wild-type
helper virus (Fig. 5B and 4C, E/M fraction, MOI = 10 PFU/
cell versus MOI = 250 PFU/cell). At a high MOI without
helper virus no mAd virus particles were detected on CsCl,
equilibrium gradients (Fig. 5A) and in the regions of the gra-
dients corresponding to the E/M and M fractions when ana-
lyzed by Southern blot (Fig. 5B and C). Phosphorimager anal-
ysis indicated that 3% of the DNA molecules found in fraction
E/M correspond to wild-type Ad (Fig. 5B, line E/M). To mea-
sure the level of infectious particles within that fraction, plaque
assay on 293 cells was performed. The results demonstrated
that the E/M fraction contained <0.01% contamination with
infectious helper virus (data not shown).

Functional studies with mAd. To investigate whether the
mAd vector was able to infect cells and transduce gene expres-
sion, A549 and HelLa cells were infected with mAd from frac-
tion E/M (Fig. 5A) in comparison to the parental Ad/AAV
hybrid virus. In these experiments, the amounts of viruses used
for infections were standardized by quantifying virus particles
by measuring the optical density at 260 nm. A549 and HeLa
cells were infected at an MOI of 10 PFU/cell. Expression of
GFP was detected in the infected cells 24 h (data not shown)
and 48 h (Fig. 6) after infection. Transgene expression was
visualized in ~15% of the mAd-infected cells. The parental
hybrid virus was able to transduce GFP expression to nearly all
of the cells in the culture at the same MOI. These results
indicated that the mAd were less infectious than a comparable
amount of the parental Ad/AAV hybrid virus. To test this
directly, an infectious center assay was used. The number of
infectious centers observed multiplied by the dilution factor
was used in computing the titer of the IU per milliliter. This
value was compared to the number of physical virus particles
per milliliter as determined spectrophotometrically, and the
physical particle to infectious particle ratio was calculated. This
analysis demonstrated that the mAds were reduced by >100-
fold in infectivity in comparison to the parental Ad/AAV hy-
brid virus.

In conclusion, an mAd vector was formed in C12 cells by an
excision process that appears to be mediated by the AAV Rep
protein. The mAd genomes that were produced exist in both
monomeric and dimeric forms that are biologically active and
able to transfer functional genes into target cells, although with
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FIG. 5. Molecular characterization of mAd. C12 cells were infected with CsCl,-purified Ad/AAV hybrid virus at an MOI of 10 PFU/cell, together with wild-type
helper virus (MOI = 10 PFU/cell) or at an MOI of 250 PFU/cell without helper virus. (A) CsCl, equilibrium ultracentrifugation of viruses produced in C12 cells.
Recombinant mAds separated from the wild-type helper virus and the parental Ad/AAV hybrid viruses were separated by CsCl, equilibrium ultracentrifugation. E/M,
light virion mixture; M, middle fraction; F, full particles of Ad/AAV, heavy fraction. (B and C) Analysis of viral DNA from infected C12 cells. Replicated DNA was
isolated 24 h after infection and analyzed by Southern blot (lanes R). Viral DNA was prepared from each fraction from the CsCl, equilibrium gradient and analyzed
by Southern blot (lanes E/M, M, and F). Membranes were hybridized either to Ad probe (1 to 355 bp) or to the EGFP/Neo cassette from the parent Ad/AAV. Markers

are indicated in kilobase pairs on the left.

reduced efficiency compared to the parental Ad/AAV hybrid
virus.

DISCUSSION

We utilized an Ad/AAV hybrid virus containing the AAV
TR sequences in a unique configuration as a technique for
generating mAd vectors. This approach exploits the genetic
characteristics of the AAV TRs when employed in the context
of a Rep-expressing cell line. Recently, it was shown that in-
verted repeats inserted into the Ad E1 region could mediate
predictable genomic rearrangements, resulting in new vector
genomes devoid of all viral genes. These genomes contained
only the transgene cassette flanked on both sides by precisely
duplicated inverted repeats, Ad packaging signals, and Ad
ITRs (29). As an application of this method, it was demon-
strated that mAd/AAV vectors were efficiently generated as
by-products of first-generation Ad/AAV vector amplification
(18). In several previous attempts to generate Ads containing
smaller-than-unit-length viral genomes, the packaging process

Ad/AAV

A549

HelLa

FIG. 6. mAd infectivity and transgene expression. A549 or HeLa cells were
infected with mAd at an MOI of 200 particles/cell. For a control, cells were
infected with the parental Ad/AAV hybrid virus at an MOI of 200 particles/cell.
At different times after infection, GFP fluorescence was observed using a fluo-
rescein filter on an Axiovert 135 (Zeiss) microscope.
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FIG. 7. Model for mAd formation. (A) Parental Ad/AAV hybrid virus. Ad replicates using a strand displacement mechanism. During that process a single strand
is released. (B) The AAV TR-DD in that strand forms an AAV secondary structure. After Rep-mediated cleavage and DNA extension (B and C), the Ad second strand
is synthesized (D), leading to the production of the dimer genome (E). The monomeric form of mAd (F) could be generated by homologous recombination between
two AAV D direct repeats or through the mechanism proposed by Steinwaerder et al. (29).

was found to be inefficient when DNA molecules were <75%
of the Ad genome size (3, 23). In our studies and those recently
reported (18, 29) mAd genomes were found to be packaged
efficiently into stable virus particles. We notice that our mAd
vector and those vectors described by Leiber et al. (18) retain
the Ad packaging domain duplicated at both viral termini. We
would speculate that the stability of these mAd vectors, per-
tains to this unique configuration of packaging domains and to
the viral DNA packaging process. We have tested the idea that
transient expression of the AAV Rep protein will allow for
efficient excision of the AAV TR/insert following subsequent
replication and packaging into an mAd.

Our findings which are consistent with those of Lieber et al.
(18), who demonstrated mAd production in 293 cells (Fig. 2).
However, using 293 cells, we found that efficient generation of
mAd was observed only after three to four serial virus ampli-

fication cycles. When CsCl,-purified parental Ad/AAV hybrid
virus was used for 293 cell infections, inefficient excision of the
mAd DNA from the parental Ad/AAV virus was observed,
resulting in inefficient mAd production.

We improved the generation of mAd vectors using C12 cells
which inducibly express the AAV Rep/Cap proteins (Fig. 3).
We found that two distinct mAd forms were generated during
replication of the hybrid Ad/AAV vector: a monomeric form
that contains a single transgene copy (Fig. 1B) and a dimeric
form that carries duplicated copies of the transgene cassette
(Fig. 1C). Both forms were found in approximately equimolar
ratios within the virion mixture (Fig. 3, fraction E/M). We
hypothesize that these mAd genomes were formed via the
mechanism depicted in Fig. 7. Ad replicates by a strand dis-
placement mechanism, thereby releasing a single strand of
viral DNA during each replication initiation event (33). The
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AAV TR-DD in the displaced single-strand DNA molecule
would be expected to form an AAV TR secondary structure
(Fig. 7B). The DD sequence may facilitate this product. The
TR D sequence contains the site that the AAV Rep protein
targets for endonucleolytic cleavage (2, 21, 25). Production of
Rep in Cl12 cells following Ad infection should induce such a
cleavage, resulting in release of the right end of the hybrid
2virus genome (Fig. 7B). We speculate that the apparent ~2-
kbp single-stranded, monomeric mAd genome (Fig. 3, arrow)
corresponds to this cleaved product. This cleavage would yield
a 3’ end within the cleaved D segment that could be extended
by the Ad DNA polymerase as cellular DNA polymerase to
generate a fully double-stranded molecule covalently linked at
the right end (Fig. 7C). The molecule would contain an intact
double-stranded left Ad ITR that could serve as a template for
the Ad replication initiation complex (Fig. 7D) for second-
strand DNA synthesis to generate a fully duplicated mAd ge-
nome (Fig. 7E). The proposed model is fully consistent with
our analysis of the structure of the dimeric mAd genome pro-
duced in C12 cells, including the observation that the internal
AAV TR sequence is intact. We did not detect the production
of any EGFP-Neo-containing DNA molecules that lack the left
terminus of the AdS genome, indicating that the presence of a
single AAV D sequence at the left side of the EGFP/Neo
expression cassette in conjunction with an intact AAV TR on
the right side was not sufficient to give rise to AAV genomes
under these experimental conditions.

The mAd are comparable to the new-generation “gutted”
Ads, whose capability to efficiently transfer functional genes in
vitro and in vivo has been demonstrated (7, 9, 17, 20, 23, 28).
Like gutted vectors, mAds are devoid of all Ad genes minimiz-
ing the host immunological response. However, mAds provide
distinct advantages over gutted vectors. First, mAd generation
does not require stuffer fragments to maintain a certain ge-
nome size and does not require serial passage in cell lines.
Second, mAd genomes retain all or part of the AAV TRs,
thereby providing the potential for stable integration and long-
term gene expression. Third, we demonstrate that using the
mAd generation system it is possible to obtain efficient pack-
aging of mAds with a small genome size.

One limitation of the approach described here is the use of
wild-type AdS5 helper virus to complement the E1 genes
needed for efficient replication of the Ad/AAV hybrid virus.
While contamination of the purified mAd preparation with
helper virus was low (<0.01%), for gene therapy this still
represents a significant level of contamination. One way to
overcome this problem would be to use an El-complementing
cell line that inducibly expresses the AAV Rep proteins (36).
Alternatively, 293 cells could be used to complement the E1
deficiency and Rep provided by coinfection with wild-type
AAV. With this approach, mAds may be purified from con-
taminating AAV particles by CsCl, equilibrium centrifugation.
A second limitation for the production of mAd vectors is the
reduced transduction efficiency. During maturation of adeno-
virus particles, the viral protease within immature capsids
cleaves precursors of viral proteins such as pTP, pVI, pVII,
pVIII, and pllla and, in addition, it is known that viral entry
into host cells requires functional protease within the mature
virion (reference 13 and references therein). An explanation
for the reduced infectivity of mAd may be the reduced pack-
aging of protease into virus particles and/or the reduced activ-
ity of the protease that is packaged. The cosedimentation of
mAd particles with empty and light intermediate Ad particles
has confounded our efforts to examine protease activity within
mAd virions, but this remains an important question that may

J. VIROL.

be addressed when a helper-virus-free system for mAd produc-
tion is in place.

This study demonstrates proof of the concept that a mAd
vector can be efficiently generated through a genetic selection
in vivo. We have improved the method by which mAd vectors
may be generated by using the AAV Rep protein in a Rep-
expressing cell line to select for a genetic rearrangement of the
parental Ad/AAYV hybrid virus. The new mAd vector is biolog-
ically active and able to stably package and transduce small
genomes.
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