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Isogenic, E3-deleted adenovirus vectors defective in E1, E1 and E2A, or E1 and E4 were generated in
complementation cell lines expressing E1, E1 and E2A, or E1 and E4 and characterized in vitro and in vivo.
In the absence of complementation, deletion of both E1 and E2A completely abolished expression of early and
late viral genes, while deletion of E1 and E4 impaired expression of viral genes, although at a lower level than
the E1/E2A deletion. The in vivo persistence of these three types of vectors was monitored in selected strains
of mice with viral genomes devoid of transgenes to exclude any interference by immunogenic transgene-encoded
products. Our studies showed no significant differences among the vectors in the short-term maintenance and
long-term (4-month) persistence of viral DNA in liver and lung cells of immunocompetent and immunodefi-
cient mice. Furthermore, all vectors induced similar antibody responses and comparable levels of adenovirus-
specific cytotoxic T lymphocytes. These results suggest that in the absence of transgenes, the progressive
deletion of the adenovirus genome does not extend the in vivo persistence of the transduced cells and does not
reduce the antivirus immune response. In addition, our data confirm that, in the absence of transgene
expression, mouse cellular immunity to viral antigens plays a minor role in the progressive elimination of the

virus genome.

Replication-deficient human adenoviruses (Ad) have been
widely investigated as ex vivo and in vivo gene delivery systems
for human gene therapy. The ability of these vectors to medi-
ate the efficient expression of candidate therapeutic or vaccine
genes in a variety of cell types, including postmitotic cells, is
considered an advantage over other gene transfer vectors (3,
28, 49). However, the successful application of currently avail-
able El-defective Ad vectors in human gene therapy has been
hampered by the fact that transgene expression is only tran-
sient in vivo (2, 15, 16, 33, 36, 46). This short-lived in vivo
expression of the transgene has been explained, at least in part,
by the induction in vivo of cytotoxic immune responses to cells
infected with the Ad vector. Studies with rodent systems have
suggested that cytotoxic T lymphocytes (CTLs) directed
against virus antigens synthesized de novo in the transduced
tissues play a major role in eliminating cells containing the
El-deleted viral genome (5658, 61). Consistent with the con-
cept of cellular antiviral immunity, expression of transgenes is
significantly extended in experimental rodent systems that are
deficient in various components of the cellular immune system
or that have been rendered immunocompromised by adminis-
tration of pharmacological agents (2, 33, 37, 48, 60, 64).

Based on the assumption that further reduction of viral
antigen expression may lower the immune response and thus
extend persistence of transgene expression, previous studies
have investigated the consequences of deleting both E1 and an
additional viral regulatory region, such as E2A or E4. The E2A
region encodes a DNA binding protein (DBP) with specific
affinity for single-stranded Ad DNA. The DNA binding func-
tion is essential for the initiation and elongation of viral DNA
synthesis during the early phase of Ad infection. During the
late phase of infection, DBP plays a central role in the activa-
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tion of the major late promoter (MLP) (for a recent review, see
reference 44). The E4 region, located at the right end of the
viral genome, encodes several regulatory proteins with pleio-
tropic functions which are involved in the accumulation, splic-
ing, and transport of early and late viral mRNAs, in DNA
replication, and in virus particle assembly (reviewed in refer-
ence 44). The simultaneous deletion of E1 and E2A or of E1
and E4 should therefore further reduce the replication of the
virus genome and the expression of early and late viral genes.
Such multidefective vectors have been generated and tested in
vitro and in vivo (9, 12, 17, 19-21, 23, 24, 26, 34, 40, 52, 53, 59,
62, 63). Recombinant vectors with E1 deleted and carrying an
E2A temperature-sensitive mutation (E2Afs) have been shown
in vitro to express much smaller amounts of virus proteins,
leading to extended transgene expression in cotton rats and
mice (19, 20, 24, 59). To eliminate the risks of reversion of the
E2Ats point mutation to a wild-type phenotype, improved vec-
tors with both E1 and E2A deleted were subsequently gener-
ated in complementation cell lines coexpressing E1 and E2A
genes (26, 40, 63). In vitro analysis of human cells infected by
these viruses demonstrated that the double deletion com-
pletely abolished viral DNA replication and late protein syn-
thesis (26). Similarly, E1/E4-deleted vectors have been gener-
ated in various in vitro complementation systems and tested in
vitro and in vivo (9, 17, 23, 45, 52, 53, 62). These studies
showed that deletion of both E1 and E4 did indeed reduce
significantly the expression of early and late virus proteins (17,
23), leading to a decreased anti-Ad host immune response
(23), reduced hepatotoxicity (17, 23, 52), and improved in vivo
persistence of the transduced liver cells (17, 23, 52).
Interpretation of these results is difficult, however, since all
tested E1- and E1/E4-deleted vectors encoded the bacterial
B-galactosidase (Bgal) marker, whose strong immunogenicity
is known to influence the in vivo persistence of Ad-transduced
cells (32, 37). Moreover, the results described above are not
consistent with the conclusions from other studies showing, in
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TABLE 1. Genomic organization of the recombinant Ad vectors”

Vector Virus Expression cassette E1 E2A E4
AdE1° AdRSVBgal RSV-lacZ Deleted wt? wt
AdE1° AdTG4656 MLP-lacZ Deleted wt wt
AdEI°E2A° AdTG9542 MLP-lacZ Deleted Deleted wt
AdE1°E4° AdTGS8595 MLP-lacZ Deleted wt Deleted
AdE1°E4° AdTG5643 CMV-CFTR¢ Deleted wt Deleted
AdET° AdTG6401 Deleted wt wt
AdET°E2A° AdTG9592 Deleted Deleted wt
AdE1°E4° AdTG9546 Deleted wt Deleted
AdE1"E4° AdTG9572 wt wt Deleted

“ All vectors contain a deletion (nt 28592 to 30480) in the viral E3 region.
> wt, wild type.
< CFTR, cystic fibrosis transmembrane conductance regulator.

various immunocompetent mouse models, that cellular immu-
nity to Ad antigens has no detectable impact on the persistence
of the transduced cells (37, 40, 50, 51). Furthermore, in con-
trast to results of earlier studies (19, 20, 59), Fang et al. (21)
demonstrated that injection of El-deleted/E2Ats vectors into
immunocompetent mice and hemophilia B dogs did not lead to
an improvement of the persistence of transgene expression
compared to that with isogenic El-deleted vectors. Similarly,
Morral et al. (40) did not observe any difference in persistence
of transgene expression in mice injected with either vectors
deleted in E1 only or vectors deleted in both E1 and E2A.
Finally, the demonstration that some E4-encoded products can
modulate transgene expression (1, 17, 36a) makes the evalua-
tion of El- and E1/E4-deleted vectors even more complex
when persistence of transgene expression is used for direct
comparison of the in vivo persistence of cells transduced by the
two types of vectors.

The precise influence of the host immune response to viral
antigens on the in vivo persistence of the transduced cells, and
hence the impact of further deletions in the virus genome,
therefore still remains unclear. To investigate these questions,
we generated a set of isogenic vectors with single deletions
(AdE1°) and double deletions (AdE1°E2A° and AdE1°E4°)
and their corresponding complementation cell lines and com-
pared the biologies and immunogenicities of these vectors in
vitro and in vivo. To eliminate any possible influence of trans-
gene-encoded products on the interpretation of the in vivo
results, we used E1-, E1/E2A-, and E1/E4-deleted vectors with
no transgenes.

MATERIALS AND METHODS

E2A and E4 expression plasmids. All cloning steps were performed by using
standard molecular biology techniques (43). The E2A and E4 expression plas-
mids, derived from the plasmid vector ppoly II (35), are schematically depicted
in and described in the legends to Fig. 1 and 3. The DBP expression plasmid
pTGI595 (see Fig. 1) contains the entire DBP-coding region (nucleotides [nt]
24334 to 22440) (throughout this paper, Ad type 5 [Ad5] nucleotide numbering
is according to reference 13) inserted into a mouse mammary tumor virus
(MMTYV) promoter-driven expression cassette (22). The E4 expression plasmid
pTG1653 (see Fig. 3) contains the entire AdS E4 region (nt 32800 to 35826),
including the E1A-inducible E4 promoter. The E4AORF6+7 expression plasmid
pTGS5606 (see Fig. 3) contains the E4 open reading frame 6 (ORF6) and -7 genes
(nt 32800 to 34219).

Generation of E1/E2A, E1/E4, and E1/E4ORF6+7 cell lines. The respective
expression plasmids were transfected into 293 cells (29) by standard calcium
phosphate precipitation methods (30). All cells were grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum. Selection,
isolation, and expansion of stable cell lines were done by standard procedures
(43). 293-E2A cells and 293-E4ORF6+7 cells were selected in the absence of
dexamethasone and in the presence of tetracycline, respectively.

Screening of complementation cell lines. 293-E2A cell lines were screened by
Western blot analysis for the expression of DBP (see below) in the presence of
dexamethasone. Clone 9-72 was chosen among the clones with the highest

steady-state level of DBP protein to generate the doubly deleted AdE1°E2°
vectors (see Table 1). The ability of 293-E4 clones to provide E4 functions in
trans was initially tested with an E4 deletion mutant of Ad2, H24I808 (10).
Growth of H2dI808 on pTG1653 cells was monitored by a microinfection-mi-
crotitration procedure. In brief, individual pTG1653 clones were infected with
H2dI808 at a multiplicity of infection (MOI) of 2. Viral progeny was recovered
at 48 h postinfection (p.i.) and titrated by serial dilution in 96-well microtiter
plates on W162 cells, an indicator Vero cell line containing and complementing
the E4 functions (54). 293 cells infected with H2dI808 were used as a negative
control, whereas 293 cells infected with an El-deleted Ad vector served as a
positive control. pTG1653 clones scoring positive in this assay were selected, and
the best clone (293/1653il) was used to establish the doubly deleted AdE1°E4°
vectors (see below). Similarly, individual pTG5606 clones were screened for E4
complementation in the presence and absence of tetracycline, using AJE1°E4°
vectors previously generated on pTG1653 clones.

Viral vectors. The viral vectors are shown in Table 1. All viral genomes
described in this study were constructed as infectious plasmids by homologous
recombination in Escherichia coli as described by Chartier et al. (11). In brief, all
vectors except AdTG9572 contain a deletion (nt 459 to 3327) in E1 (Table 1),
and all vectors contain a deletion (nt 28592 to 30470) in E3. Where indicated,
vectors contain a transgene in place of E1. The E2A deletion in the AdE1°E2°
vectors comprises nt 22440 to 24036. The E4 deletion in the AdE1°E4° vectors is
identical to the H24I808 deletion in Ad2 (10), removing most of the E4 coding
sequences (nt 32994 to 34998) but not E4 ORF1. For the generation of viruses,
the viral genomes were released from the respective plasmids by Pacl digestion
and transfected into the appropriate complementation cell lines, as described
previously (11). Viral stocks were prepared from the transfected cells, and
viruses were purified by standard procedures (27) and stored in viral storage
buffer (1 M sucrose, 10 mM Tris-HCI [pH 8.5], 1 mM MgCl,, 150 mM NaCl,
0.005% [vol/vol] Tween 80).

Viral growth and titration. The efficiency of E1/E2 and E1/E4 complementa-
tion in the respective cell lines was assessed with single-step growth curves. 293,
293-E2A, 293-E4, and 293-E4ORF6+7 cells were infected with AdE1°,
AdEI°E2°, and AdEI1°E4° vectors as indicated in the legend to Fig. 2. Viral
progeny was recovered at various time points by three rounds of freezing and
thawing of the infected cells, and titers were determined. PFU were determined
by standard plaque assays (27) with the appropriate indicator cells. Plaques were
scored for AAE1° and AJE1°E2° vectors at 14 days p.i. and for AdE1°E4° vectors
at 21 to 24 days p.i. Titers of infectious viral progeny were determined as
infectious units (IU) by quantitative DBP immunofluorescence or as gal trans-
ducing units (BU) by quantitative Bgal staining. To determine the IU titer, 293
cells were infected with serial dilutions of virus; this was followed by immuno-
fluorescence staining at 16 h p.i. with B6a72K, an anti-DBP monoclonal antibody
(41), and quantitation. Similarly, the BU titer was determined by infection of 293
cells with serial virus dilutions followed by X-Gal (5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside) staining at 24 h p.i. and quantitation.

Viral gene expression in compl ting and noncomplementing cell lines.
The ability of 293-E2A and 293-E4 cells to efficiently complement the doubly
deleted viral vectors was monitored by the analysis of early and late viral pro-
teins. 293-E2A and 293-E4 cells were infected with the indicated vectors. At
various times, whole-cell extracts were prepared in lysis buffer (5 mM KCI, 50
mM Tris-HCI [pH 7.5], 1 mM MgCl,, 1 mM EDTA, 150 mM NaCl, 1% [vol/vol]
Triton X-100). Protein concentration was measured by the Bradford assay (Bio-
Rad, Ivry sur Seine, France) with bovine serum albumin as the standard.
Polypeptides (10 pg of total protein) were denatured and resolved on sodium
dodecyl sulfate (SDS)-12% polyacrylamide gels according to the instructions of
the manufacturer (Novex-prolabo, Fontenay-sous-Bois, France). The B6a72K
monoclonal anti-DBP antibody (41), a polyclonal antiserum directed against the
knob domain of the Ad5 fiber (serum E642; obtained from R. Gerard, Leuven,
Belgium [31]), and a polyclonal antiserum directed against the AdS5 penton base
(serum SE262; obtained from P. Boulanger, Montpellier, France), combined
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with the enhanced chemiluminescence detection system (ECL; Amersham, Les-
Ulis, France), were used to detect the respective proteins on Western blots. To
monitor viral gene expression in noncomplementing cells, human lung epithelial
A549 cells were infected with the vectors and protein analysis was performed as
described above.

Animal studies. The mice used in this study were 6- to 8-week-old female
immunocompetent CBA/J (H-2%) and immunodeficient C.B17-scid/scid (5) mice
(IFFA Credo, Lyon, France). The mice were administered the vectors without
transgenes via tail vein injection in 100 pl of viral storage buffer at various doses.
The ratios of total virus particles to IU were 38:1 for the AdE1° and AdE1°E4°
vectors and 175:1 for the AJE1°E2A vector. Animals were sacrificed at the times
indicated in the figure legends. Organs were removed, cut into equal pieces, and
immediately frozen in liquid nitrogen until analysis.

DNA analysis. Total DNA was extracted from the organs as described previ-
ously (38). Briefly, the tissues were digested overnight with proteinase K solution
(1 mg of proteinase K in 1% SDS) in DNA lysis buffer (10 mM Tris-HCI [pH 7.4],
400 mM NaCl, 2 mM EDTA). The DNA was isolated by phenol-chloroform
extraction followed by ethanol precipitation. DNA (10 pg) was digested with
BamHI and analyzed by Southern blot analysis (43) with a “?P-labeled
EcoRI-HindIII restriction fragment purified from Ad5 genomic DNA (nt 27331
to 31993). DNA signals were quantitated by densitometry scanning of the auto-
radiographs with a GS-700 Imaging Densitometer (Bio-Rad), followed by anal-
ysis of the data with Molecular Analyst/PC Software (Bio-Rad). All data are
presented as means = standard errors (SE).

CTL and lymphoproliferation assays. Six-week-old female CBA/J mice were
immunized intraperitoneally at days 0 and 14 with AdE1°, AdE1°E2A°, and
AdEI1°E4° vectors in 100 ul of saline buffer. Negative control mice were mock
injected with saline alone. All mice were sacrificed 4 days after the second
immunization, and their spleens were removed. Stimulation of splenocytes and
determination of cytolytic activity by the standard 4-h chromium release assay
were performed as previously described (37). To assay lymphoproliferation,
CBA/J mice were immunized as described above. Proliferation of splenocytes
was as previously described (37).

Anti-Ad antibody assay. Anti-Ad antibodies were measured by enzyme-linked
immunosorbent assay (ELISA). Preparations of ELISA plates, incubations with
mouse sera followed by a biotinylated second antibody, and streptavidin ampli-
fication were as described previously (37). Substrate conversion was initiated
with 3,3',5,5"-tetramethyl benzidine (Sigma) (stock solution; 100 mg in 10 ml of
dimethyl sulfoxide) diluted 100-fold, immediately before use, in 0.1 M citric
acid-0.1 M sodium acetate (pH 4.0) containing H,O, (1.5 ul of 30% H,O, per
10 ml of substrate solution). The reaction was stopped by the addition of 100 pl
of 0.3 M H,SO,, and absorbance was read at 450 nm in an ELISA reader. Each
plate contained the same positive and negative control sera.

RESULTS

Generation of AAE1°E2A° vectors and packaging cells coex-
pressing E1 and E2A. An E2A expression plasmid (pTG9595)
(Fig. 1A) containing the Ad5 E2A sequences (nt 22440 to
24334) under the control of the glucocorticoid-inducible
MMTYV long terminal repeat was transfected into 293 cells.
G418-resistant clones were selected in the absence of dexa-
methasone and screened for E2A gene expression in the pres-
ence of dexamethasone. As shown in Fig. 1B for two individual
clones (293/9-16 and 293/9-72), steady-state levels of DBP pro-
tein were low in the absence (Fig. 1B, lanes 3 and 5) and
efficiently induced in the presence (Fig. 1B, lanes 4 and 6) of
dexamethasone. The induced level of DBP expression was
comparable to that observed in control HeLa cells transfected
with an MMTV-E2A expression cassette (gmDBP6 cells [8])
after dexamethasone induction. Clone 293/9-72 was chosen for
the remainder of the study to explore its ability to complement
and propagate doubly deleted AdEI1°E2A° vectors. In these
cells, the induced steady-state level of DBP protein was similar
(Fig. 1C, lane 5) to that observed in 293 cells 24 h after
infection with an AdE1° vector (Fig. 1C, lane 2).

Deletion of the entire E2A coding region (nt 22440 to
24036) from an El-defective Ad was engineered by homolo-
gous recombination in E. coli (11) with an infectious plasmid
containing an E1/E3-deleted AdS genome carrying the bacte-
rial Bgal (lacZ) gene, in place of E1, under the control of the
Ad2 MLP. Infectious viral DNA was released from the result-
ing plasmid backbone (pTG9542) and transfected into 293/
9-72 cells in the presence of dexamethasone. Viral progeny
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FIG. 1. Structure of the E2A expression plasmid and steady-state levels of
DBP protein in stable cell lines and after viral infection. (A) Schematic repre-
sentation of the DBP expression plasmid pTG9595. Ad5 E2A sequences (nt
22440 to 24334) were inserted into an MMTYV promoter-driven expression cas-
sette (22) containing the rabbit B-globin splicing (B-SP) and polyadenylation
(B-pA) signals. Expression of the neomycin resistance gene (NeoR) is regulated
by the Simian virus 40 early promoter (SVpro) and late polyadenylation signal
(SV-pA). LTR, long terminal repeat. (B) Western blot analysis of DBP protein
in stable E1/E2A complementation cell lines. 293-E2A clones (9-16 and 9-72),
established with pTG9595, and the control E2A complementation cell line
gmDBP-6 (9) were compared for DBP expression in the presence (+) or absence
(—) of dexamethasone (Dex). Total protein was extracted at 24 h postinduction,
polypeptides (10 pg of protein) were separated on a 12% polyacrylamide-SDS
gel, and the DBP protein was detected with the B6a72K anti-DBP monoclonal
antibody (41) combined with enhanced chemiluminescence. (C) Comparison of
DBP expression in 293-E2A cells (clone 9-72) and 293-E4 cells (clone 5-19; see
Fig. 3) infected at an MOI of 6 IU/cell with AJE1°, AdE1°E2A°, and AJE1°E4°
vectors. Total protein was extracted at 16 h p.i. (lanes 1 to 4) and 24 h after
induction with dexamethasone (lane 5). DBP analysis was as described above.

(AdJEI°E2A°/MLP-lacZ [AdTG9542]) was isolated and ampli-
fied in 293/9-72 cells. Analysis of the purified AdTG9542 viral
DNA confirmed the E1 and E2A deletions. The kinetics of
growth of AdE1°/Rous sarcoma virus (RSV) Bgal (48) (Table
1) and AdE1°E2A°/MLP-lacZ (AdTG9542) viruses, measured
as BU (see Materials and Methods), were compared in 293 and
293/9-72 cells (Fig. 2A). This in vitro analysis showed that (i)
the growth of AdE1°/RSV Bgal was not affected by expression
of E2A, indicating that introducing E2A sequences into 293
cells did not interfere with E1 complementation; (ii) the
growth kinetics of AdE1°E2A°/MLP-lacZ in dexamethasone-
induced 293/9-72 cells was similar to that seen with AdE1°/
RSV Bgal; and (iii) as expected, no growth of AdE1°E2A°/
MLP-lacZ was observed in 293 and noninduced 293/9-72 cells.
However, the final yield of infectious AdE1°E2A° vector in
induced 293/9-72 cells was 5- to 30-fold reduced compared to
that of the AdE1° vector. Efficient complementation and viral
growth were confirmed by plaque assays. AdE1°E2A°/MLP-
lacZ could readily form plaques on monolayers of 293/9-72
cells in the presence but not in the absence of dexamethasone
(data not shown). From these results we conclude that 293/9-72
cells can efficiently complement the growth of AdEI’E2A°
vectors.

Generation of AdE1°E4° vectors and packaging cells coex-
pressing E1 and E4. To establish an E1/E4 complementation
system, 293 cells were initially transduced with an E4 expres-
sion plasmid (pTG1653) (Fig. 3A) containing the entire E4
region (nt 32800 to 35826) under the control of the E1A-
inducible homologous E4 promoter. One clone, 293/1653il,
supporting the growth of an AdE1"E4° vector (Ad2H2dI808
[10]) with the highest efficiency, was selected to generate a
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FIG. 2. Kinetics of viral growth. (A) Kinetics of AdE1° and AdE1°E2A° virus propagation in 293 and 293-E2A cells. Cells were infected at an MOI of 0.2 BU/cell.
Titration of infectious viral progeny (in BU) at the indicated times p.i. was performed on 293-E2A cells. AAE1° (AdTG4656) (#®, O, and @) was used to infect 293 cells
() and 293-E2A-9-72 cells in the presence (@) and absence (O) of dexamethasone induction. Similarly, AAE1°E2A° (AdTG9542) (m, [J, and *) was used to infect 293
cells () and 293-E2A-9-72 cells in the presence (w) and absence (CJ) of dexamethasone induction. (B) Kinetics of AdE1° and AdE1°E4° virus propagation in 293,
293-E4 (clone 293/1653il), and 293-E4ORF6+7 (clone 293/5-19) cells. Cells were infected at an MOI of 0.05 IU/cell. Titration of infectious viral progeny (in 1U) at
the indicated times p.i. was performed on 293 cells. AAE1° (AdTG4656) (® and 3*) was used to infect 293 cells (®) and 239-E4ORF6+7 cells (3¥); similarly, AAE1°E4°
(AdTG8595 [@, [0, and *] or AdTG5643 [O]) was used to infect 239-E4ORF6+7 (@ and O), 293-E4 (OJ), and 293 (*) cells.

doubly deleted vector, AAE1°E4°/MLP-lacZ. An E4 deletion
(nt 32994 to 34998), equivalent to that of H24I808, was intro-
duced into pT'G4656 by homologous recombination in E. coli
(11) (see above). This E4 deletion removed all E4 ORFs ex-
cept ORF1. Infectious viral DNA was released from the re-
sulting plasmid (pTG8595) and transfected into 293/1653il
cells to generate and propagate the doubly deleted viral ge-
nome AdE1°E4°/MLP-lacZ (AdTG8595). In the course of
these studies, we noted that the final yields of infectious
AdE1°E4° vectors produced in 293/1653il cells were always
much lower (1,000- to 10,000-fold) than the yields of AdE1°
viruses (Fig. 2B). E4-mediated cytotoxicity (6) could have re-
sulted in the survival of a population of 293-E4 cells (293/
1653il) with levels of E4 proteins insufficient for optimal
complementation of AdE1°E4° vectors. Alternatively, a distur-
bance of the appropriate balance between the various E4
ORFs might have occurred through integration of the E4 re-
gion into the host cell chromosome. For example, E4 ORF4
was shown to efficiently inhibit the E1A-mediated transactiva-
tion of the E4 promoter, leading to a down-regulation of the
E4 ORF3 and ORF6 genes, which are essential for optimal
virus propagation (4, 7). A comparative determination of the
ratio of infectious viruses (IU) (see Materials and Methods) to
productive viruses (PFU) revealed an IU/PFU ratio of 1:1 to
2:1 for AdE1° and 200:1 to 1,000:1 for AdE1°E4° (Table 2).
This indicates that the majority of the AdE1°E4° viruses pro-
duced on 293/1653il cells were infectious but were unable to
efficiently replicate and generate new virus progeny. There-
fore, the total viral yields of AdE1°E4° vectors in 293-E4 cells
were significantly reduced compared to those obtained with
AdE1° viruses.

To improve the E1/E4 complementation system, we took
advantage of the observation that the E4 ORF6 gene product
is sufficient for efficient virus growth in vitro (6). In addition, in
order to bypass possible E4-mediated cytotoxicity, we designed
an inducible E4 ORF6 expression plasmid, pTG5606 (Fig. 3B),
containing the E4 ORF6 and ORF7 genes (nt 32800 to 34219)
under the control of a minimal cytomegalovirus (CMV) pro-

moter linked to seven copies of the fet operator. The VP16-tetR
chimeric gene (tTA), whose expression is itself autoregulated
by the tetO-CMYV promoter, was inserted in cis downstream of
the E4 genes. Thus, transcription of the E4 genes should be
turned off in the presence of tetracycline (25). Stable 293-
E4ORF6+7 clones were established with pTG5606 in the pres-
ence, and screened for the complementation of AdE1°E4°
vectors in the absence, of tetracycline. Of 137 clones, 13 scored
positive in this assay. One clone, designated 293/5-19, was
selected to further compare the growth kinetics of AdE1°E4°
vectors (Fig. 2B). In contrast to 293-E4 cells, 293-E4ORF6+7
(293/5-19) cells could efficiently support the growth of AdE1°
E4°/MLP-lacZ and AdE1°E4°/cytomegalovirus immediate-early
promoter-cystic fibrosis transmembrane conductance regulator
(CMV-CFTR) (AdTG5643 [Table 1]), with a final virus yield only
5- to 10-fold lower than that of AdE1° vectors. This improved
complementation was reflected by an IU-to-PFU ratio reaching
values similar to the ratio determined for AdE1° viruses (Table
2). Growth of AAE1°/MLP-lacZ was identical in 293/5-19 and 293
cells, indicating that introducing E4 genes into 293 cells did not
impair E1 complementation. However, 293/5-19 cells did not al-
low clear plaque formation when infected with AdE1°E4° viruses.
We therefore used another 293-E4ORF6+7 clone (293/5-38) for
PFU titration of AJE1°E4° vectors.

Analysis of the steady-state levels of late viral proteins in

TABLE 2. Physical characteristics of the Ad vectors

Total virus

Vector Cells particles/IU (BU) IU (BU)/PFU
Ad5 (wild type) 293 =10:1 1
AdE1° 293 =20:1 1:1-2:1
AdEI°E2° 293-E2 =100:1 1:1-2:1
AdE1°E4° 293-E4ORF6+7 =30:1 5:1-10:1
AdEI°E4° 293-E4 ND“ 200:1-1,000:1

“ND, not determined.
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FIG. 3. Structure of E4 expression plasmids and analysis of late viral proteins
in 293-E2A and 293-E4 complementation cells. (A) Schematic representation of
the E4 expression plasmid, pTG1653, containing the entire E4 region (AdS nt
32800 to 35826), including the E4 promoter (pro) and polyadenylation signal
(pA). Expression of the puromycin resistance gene (PuroR) is regulated by the
Simian virus 40 (SV) early promoter. (B) Schematic representation of the
E40ORF6+7 expression plasmid, pTG5606. The tTA gene (26) as well as the
E4ORF6+7 (AdS nt 32800 to 34219) genes are under the control of the minimal
CMYV immediate-early promoter fused to a heptameric tet operator (26), while
the puromycin resistance gene is regulated by the simian virus 40 early promoter.
(C) Analysis of late viral proteins in infected 293-E2A (clone 293/9-72; lanes 5 to
7 and 12 to 14) and 293-E4 (clone 293/5-19; lanes 1 to 4 and 8 to 11) comple-
mentation cells. Cells were infected with the indicated viruses at an MOI of 5
IU/cell (E1°, AdTG4656; E1°E4°, AdTG8595; E4°, AdTG9572) or 5 BU/cell
(E1°E2°, AdTG9542). 293-E2A cells were induced with dexamethasone. All
viruses contained the lacZ gene in place of the E1 region (Table 1), except for the
vector AdTG9572, which contained an intact E1 region. Total protein extraction,
electrophoresis, and Western blot analysis were performed as described in the
legend to Fig. 1. Late viral proteins were detected with polyclonal antisera
directed against the knob domain of fiber (serum E642; obtained from R. Ger-
ard, Leuven, Belgium [31]) or against the penton base (serum SE262; obtained
from P. Boulanger, Montpellier, France).

293-E2A (clone 293/9-72) and 293/E4 (clones 293/1653il and
293/5-19) cells infected with AdE1°, AdE1°E2A°, AdE1°E4°,
or AJE1"E4° (AdTG5672 [Table 1]) vectors showed that the
reproducible lower AdE1°E4° virus yields in 293-E4 cells
(clone 293/1653il) correlated with a strong reduction in the
accumulation of the viral fiber protein (data not shown). In
contrast, accumulation of fiber in AdEI1°E4°-infected 293-
E4ORF6+7 cells (clone 293/5-19) was markedly augmented,
although it was still lower than that observed for AdE1° viruses
(Fig. 3C, lanes 1, 3, and 4 and lanes 8, 10, and 11). As expected,
production of fiber was similar in 293-E4 and 293-E2A cells
infected with AdE1° vectors (Fig. 3C, lanes 1, 5, 8, and 12).
Accumulation of fiber protein was also similar in 293-E2A cells
infected with AAE1°E2A° or AdE1° viruses (Fig. 3C, lanes 5, 6,
12, and 13). These observations are consistent with those re-
ported by Brough et al. (9), who in addition showed that
insertion of a transcriptional cassette in place of the E4 region
could rescue the fiber defect. Expression of penton base was
efficient for all vectors in their respective complementation
cells (Fig. 3B).

An unexpected observation was the finding that the propa-
gation of AdE1°E4° vectors was not affected by tetracycline.
While the reason(s) for the loss of tetracycline regulation in
293-E40ORF6+7 cells is not clear, we noted that expression of
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FIG. 4. Expression of early and late viral proteins in noncomplementing
human A549 cells. A549 cells were infected with the indicated vectors at an MOI
of 500 BU/cell (lanes 3, 4, and 5) or 500 IU/cell (lanes 6, 7, and 8). Wild-type Ad5
was infected with an MOI of 0.5 IU/cell. At 72 h p.i. total protein was extracted
and processed as described in the legend to Fig. 1.

E4 genes incorporated into the host cell genome could be
regulated by tetracycline over a 1,000-fold range when the tTA
gene was provided in frans by an Ad vector (36b).

In vitro expression of early and late viral antigens. The
consequences of the E2A and E4 deletions for early and late
viral antigen expression were assessed in vitro. Two series of
isogenic El-defective vectors, with (MLP-lacZ) and without
transgenes (Table 1), differing only in the E2A and E4 dele-
tions, were compared in noncomplementing cells. Human
A549 cells were infected with the vectors at an MOI of 500
IU/cell (for vectors without transgenes) or 500 BU/cell (for
vectors with MLP-lacZ). For comparison, wild-type Ad5 was
used to infect the cells at an MOI of 0.1 IU/cell. Infected cells
were collected at 3 days p.i., and steady state levels of early and
late viral proteins (Fig. 4) and mRNAs (data not shown) were
monitored. Early and late viral proteins could readily be de-
tected in A549 cells infected with AdE1° vectors (Fig. 4, lanes
3 and 6), albeit at reduced levels compared to wild-type Ad5
(Fig. 4, lane 2). Consistent with our previous data (42), addi-
tional deletion of E2A or E4 genes markedly reduced the
expression of early and late proteins: no DBP, penton base, or
fiber proteins could be detected in A549 cells infected with
AdE1°E2A° vectors (Fig. 4, lanes 4 and 7), while barely de-
tectable fiber and markedly reduced levels of DBP and penton
base were observed in A549 cells infected with AdJE1°E4° vec-
tors (Fig. 4, lanes 5 and 8). Northern blot analysis of early and
late mRNAs from these infected cells confirmed these results.
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FIG. 5. Short-term stability of the vector DNAs in the livers of CBA/J mice. (A) Southern blot analysis of liver DNAs of CBA/J mice following intravenous
administration of 4 X 10'° total viral particles of the indicated vectors. The experiment involved three mice per vector per time point. Total genomic liver DNA was
extracted at the indicated times, digested with the restriction endonuclease BamHI, and analyzed by using a 3*P-labeled restriction fragment from the E3-E4 region
as probe. Control lanes contain 20, 10, 5, 1, and 0.1 viral genome copies, each mixed with 10 pg of mouse liver DNA (1 viral genome copy is equivalent to 30 pg of
viral DNA). (B) Quantitative analysis of Ad vector DNA from the autoradiogram shown in panel A. The Southern blot was evaluated by densitometry scanning. The
data are expressed as the percentage of viral DNA with respect to the initial value at 1 h p.i. O, E1°; @, E1°E2°; O, E1°E4°.

In addition, DNA replication in A549 cells was abolished by
the simultaneous deletion of E1 and E2A or of E1 and E4
(data not shown). At lower MOIs early and late viral gene
expression could not be detected with either AAE1°E2A° or
AdE1°E4° vectors, and therefore, differences could not be
scored.

Nonspecific elimination of AdE1°, AdE1°E2A°, and AdE1°E4°
genomes. According to previous hypothesis (56-58, 61), reduced
viral antigen expression should lead to a blunted immune re-
sponse and, hence, to extended viral DNA persistence and trans-
gene expression in vivo. However, reduced antigen expression
should not influence the early elimination of the Ad genome
mediated by the innate immune system (55). In order to investi-
gate the contribution of the innate immune response to the in vivo
loss of recombinant Ad genomes, 4 X 10" virus particles of the
vectors were injected into the tail veins of immunocompetent
CBA/J mice, and the fate of the Ad DNA in the liver, spleen, and
lung was monitored at 1, 2.5, 6, 33, and 63 h postinjection. South-
ern blot analysis showed no significant differences between the
three types of vectors: 80% of all viral genomes were eliminated
from the liver during the first 6 h after administration of the
vectors (Fig. 5). A similar rapid, nonspecific elimination was ob-
served for all vectors in the lung and spleen (reference 12 and
data not shown). These findings are consistent with those of
Worgall et al. (55) and further indicate that early vector clearance
by innate immune mechanisms is not influenced by the vector
backbone.

Long-term in vivo persistence of AdE1°, AdE1°E2A°, and
AdE1°E4° genomes. In order to determine the impact of mul-
tiple viral gene deletions on long-term in vivo viral DNA sta-
bility and persistence, similar doses of infectious AdE1°,
AdE1°E2A° and AdE1°E4° vectors were administered to im-
munocompetent CBA/J and immunodeficient SCID mice by
tail vein injection. The fate of the viral genomes in the liver and
lungs was monitored over time. To eliminate all bias intro-
duced by the expression of immunogenic transgene-encoded

product, the vectors without transgenes (Table 1) were com-
pared.

In a first study, 2 X 10° IU (7.6 X 10'° virus particles) of
AdE1° (AdTG6401) and AdEI1°E4° (AdTG9546) vectors was
injected in the tail vein of each animal, and the persistences of
the viral genomes were compared at 3, 60, and 120 days postin-
jection. Twenty-four CBA/J mice were used for both vectors
(eight animals per time point), while 18 and 15 SCID mice
were used for the AJE1° and AJE1°E4 vectors, respectively
(six and five animals per time point, respectively). Southern
blot analysis was performed with total liver and lung DNAs at
the indicated times, and the intensities of the specific Ad DNA
were quantitated by densitometry scanning (Fig. 6A to D).
Two major observations were made in this experiment. (i) The
viral DNA copy numbers of the AdE1° and AdE1°E4° vectors
declined at approximately the same rate in transduced liver
and lung cells of CBA/J and SCID animals. At 120 days postin-
jection, the viral copy numbers of the AdE1° and AdE1°E4°
vectors were still at about 10 to 30% of the initial values in both
liver and lung, irrespective of the immune status of the tested
animals (Fig. 6A to D). These results suggest that loss of both
viral genomes over time was not significantly influenced by the
immune status of the animals. (ii) The persistences of E1- and
E1/E4-deleted vectors were similar in the immunocompetent
mice, indicating that additional deletion of the viral E4 region
combined with reduction of virus antigen expression did not
improve the persistence of the transduced cells in immuno-
competent backgrounds.

In a second study, the viral DNA persistences of AdE1°
(AdTG6401), AJEI°E2A° (AdTG9592), and AdEI°E4°
(AdTGY546) vectors were compared by using the same strains
of immunocompetent and immunodeficient mice. In this ex-
periment, 30 CBA/J and 30 SCID mice were used for each
virus (10 animals per time point); 10° PFU (AdE1°E2A°) and
10° IU (AdE1° and AdE1°E4°) of the vectors were injected in
the tail veins of all mice, and the fate of the viral genomes in
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FIG. 6. Long-term persistence of vector DNA in the livers and lungs of CBA/J and SCID mice. Totals of 2 X 10° IU of AdE1° (A and B) and AdE1°E4 (C and
D) and 10° PFU of AdEI°E2A° (E and F) were injected intravenously into SCID (@) and CBA/J (O) mice. DNA from livers (A, C, and E) and lungs (B, D, and F)
was prepared at the indicated times and analyzed by Southern blotting and densitometry scanning. Symbols represent the means * SE for 8 (A to D) and 10 (E and

F) CBA/J animals and for 6 (A and B), 5 (C and D), and 10 (E and F) SCID mice.

liver and lung was monitored by Southern blot analysis over a
3-month period (Fig. 6E and F and data not shown). Similar to
the case for the first experiment, no significant differences in
the declines of all viral genomes were observed, irrespective of
the immune status of the mice. The AdE1°E2A° viral genome
declined at 3 months postinjection to approximately 5% of the
initial copy number in the livers of both strains of mice and to
10 to 20% in the lungs. The more rapid decline of this virus
genome in the livers of both SCID and CBA/J mice compared
to the AdE1° and AdE1°E4° vectors might be related to the
higher initial AAE1°E2A° DNA copy number: the ratio of total
virus particles to PFU of this vector preparation was 175:1,

compared to 38:1 for the AdE1° and AdE1°E4° viruses. Thus,
at the indicated doses, the amount of total AAE1°E2A° parti-
cles injected into mice was 4.6-fold higher than that for the
other two vectors, resulting in the higher initial copy number
observed. This observation is consistent with previous reports
(14, 40) showing, in mice, a positive correlation between the
rate of elimination of the Ad genome in liver and the hepato-
toxicity induced by injection of high virus doses.

Host cellular and humoral immune responses to AdE1°-,
AdE1°E2A°-, and AdE1°E4°-infected cells. To evaluate the im-
pact of the E2A and E4 deletions on the host anti-Ad immune
response, CBA/J mice were immunized intraperitoneally with
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to the culture plates. The stimulation index is the ratio between the values of [*H]thymidine incorporation by the stimulated cells and the unstimulated cells. Results

are expressed as the means * SE for four animals per group.

5 X 10% IU of AdE1° (1.9 X 10" particles), AdE1°E4° (1.9 X
10" particles), and AJE1°E2A° (8.7 X 10'° particles) vectors
carrying no transgenes and were tested for the Ad-specific
cellular immune responses. As we previously reported (37),
injection of El-deleted vectors induced a consistent anti-Ad
CTL response. Administration of AAE1°E2A° and AdE1°E4°
vectors did not result in a detectable decrease of the antiviral
CTL activity (Fig. 7A). The CTL activity was even slightly
higher in animals injected with the AdE1°E2A° vector, but this
might be due to the higher total virus particles/IU ratio of the
AdEI°E2A viruses: injection of similar numbers of infectious
AdE1°, AdE1°E2A°, and AdE1°E4° virions led to the admin-
istration of five times more virus particles for AdE1°E2A°.
While these results do not support the hypothesis that reduc-
tion of virus protein synthesis should decrease the anti-Ad
CTL response, they are consistent with a recent report showing
that in human cells endogenous virus gene expression is not
required to sensitize cells to lysis by Ad-specific CTLs (45).
Taken together, these results suggest that infected cells can
process virus particles to present target epitopes for lysis by
CTLs without de novo synthesis of virus antigens. Alterna-
tively, the reduced levels of viral antigen synthesis in vivo could
still be sufficient to induce the immune response observed.

As expected, inoculation of AdE1°, AdE1°E4°, and
AdE1°E2A° vectors stimulated similar virus-specific prolifera-
tion of the splenocytes of the treated CBA/J mice (Fig. 7B),
reflecting the activation of CD4 lymphocytes recognizing virus
epitopes presented in the context of major histocompatibility
complex class IT molecules. Consistent with this observation,
high circulating levels of total anti-Ad antibodies were de-
tected in the sera of CBA/J mice injected with the three types
of vectors (Fig. 8).

DISCUSSION

Previous studies have indicated that current generations of
El-deleted Ad vectors still express low levels of early and late
viral proteins in infected target cells, leading to the immuno-
logical destruction of the transduced tissues (56-58, 61). To
specifically evaluate the contribution of viral antigens to the

host antiviral immune response and the impact of this response
on the in vivo persistence of the transduced cells, Ad vectors
with deletions only in E1 or with deletions in E1 and E2A or in
E1 and E4 were generated, and their biological and immuno-
logical properties were analyzed in vitro and in vivo. To elim-
inate all bias introduced by the expression of immunogenic
transgene-encoded products, we focused on a comparison of
vectors devoid of any transgenes. For these studies, a series of
isogenic singly and doubly deleted vectors was produced by
homologous recombination in E. coli (11). This method allows
the construction of identical viral genomes differing only in the
defined deletions, thus limiting the risk of genetic variations
between the various vectors to be compared.

We show that AdE1°E2A° and AdE1°E4° vectors can be
produced efficiently in 293 complementation cells expressing
the E2A or the EAORF6+7 genes, respectively. In contrast,
generation of high-titer, productive AdE1°E4° vectors in 293
cells expressing the whole E4 region was not possible, despite
an efficient production of virus particles. The molecular mech-
anisms responsible for the altered life cycle of AJE1°E4° vi-
ruses in 293-E4 cells remain unclear, but this appears to be
associated with a strong reduction of fiber protein synthesis.
Consistent with this concept, AAE1°E4° viruses generated in
293-E4ORF6+7 cells synthesized much higher, albeit not op-
timal, concentrations of fiber proteins and could replicate to
levels close to those of AdE1° vectors.

Expression of fiber, penton base, and DBP was abolished in
noncomplementing A549 cells infected with AdE1°E2A° vec-
tors at a high multiplicity (e.g., 500 BU/cell), in agreement with
previous observations (26, 42). Similarly, the AJE1°E4° vectors
were also markedly impaired for DNA replication and in their
ability to express early and late viral genes. However, low levels
of DBP and penton base could still be detected at a high
multiplicity of infection (e.g., 500 IU/cell) but not at lower
multiplicities (data not shown). Taken together, these results
confirm that deletion of E1 alone is not sufficient to prevent
expression of early and late virus genes.

The consequences of E1/E2A and E1/E4 deletions for the in
vivo persistence and immunogenicity of the vectors with no
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FIG. 8. Anti-Ad antibodies in CBA/J mice. Mice were injected intravenously
with 10° IU of AdEI° (A) and AdE1°E4° (C) and 10° PFU of AJEI°E2A° (B)
vectors. Sera were collected at days 4 (m), 35 (A), and 90 (@) postinjection and
analyzed by ELISA as previously described (37). Data are expressed as the
means of the optical density at 450 nm (O.D. 450) = SE determined for succes-
sive serial dilutions of the sera recovered from 5 to 10 mice per experimental
group. Each plate contained the same positive control serum (V).

transgenes were evaluated with immunocompetent CBA/J
mice and with immunodeficient SCID mice. To limit the ex-
perimental variations observed from animal to animal, we per-
formed two independent series of experiments and injected the
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vectors in a large number of mice (100 mice for AdE1° and
AdE1°E4° vectors and 60 mice for AAE1°E2A° vectors). This
study showed that the short-term maintenance and long-term
(4-month) persistence of the virus genomes were comparable
in the livers and lungs of immunocompetent or immunodefi-
cient mice. After a rapid elimination of 80% of all vector
genomes during the first 24 h, a progressive decline of viral
genomes was observed in all animals, irrespective of the virus
type and of the mouse immune status. Interestingly, 10 to 30%
of the day 3 DNA value was still found 4 months after the
inoculation of the vectors. This is consistent with our previous
studies showing that E1-deleted vectors can persist and express
a transgene for several months in immunocompetent mice
tolerant for that particular transgene product (37). Our data
also imply that similar long-term persistence of the singly and
doubly deleted viral genomes should not lead to significant
differences in the long-term persistence of transgene expres-
sion from these vectors, if other parameters influencing trans-
gene expression are optimized.

Administration of AAE1°E2A° and AdE1°E4° vectors to im-
munocompetent animals resulted in antiviral CTL activity
comparable to that observed with AdE1° vectors. This obser-
vation supports our previous results indicating that cellular
immunity to viral antigens plays a minor role in controlling the
persistence of the virus genomes (37) and is in agreement with
recent data from Wadsworth et al. showing that Ad-infected
cells can escape Ad-specific CTLs (51). Furthermore, the sim-
ilar in vivo persistences of El-deleted and multiply deleted
viruses are consistent with a report from Smith et al. (45)
showing that synthesis of virus protein is not required to sen-
sitize target cells to CTL recognition. The evaluation of the
antiviral CTL response was performed with vectors adminis-
tered intraperitoneally, whereas the persistence of viral ge-
nomes was monitored after intravenous administration. While
differences due to the route of administration cannot be ex-
cluded, this is unlikely since a recent study demonstrated no
significant differences in the antiviral CTL responses for dif-
ferent routes of administration of El-deleted vectors (47).
Moreover, in all our studies, the E1-deleted vector was used as
the reference vector for the evaluation of the multiply deleted
viruses. As expected, all mice developed a strong antibody
response to the El-, E1/E4-, and E1/E2A-deleted vectors.
While the in vivo parameters investigated in this study did not
reveal any significant differences between the singly and doubly
deleted vectors studied, we cannot exclude the possibility that
these vectors might behave differently in their ability to induce
an inflammatory response in the animal hosts (17, 23, 52).

Together, our results clearly challenge the hypothesis that
progressive deletions of Ad vectors combined with reduced
viral antigen expression should increase their in vivo persis-
tence and should reduce the antiviral immune response. Our
data are in contrast to those from other reports which demon-
strated an extended persistence of transduced liver cells in
animals injected with vectors defective in both E1 and E2A or
in both E1 and E4 (17, 19, 20, 23, 24, 52, 59), which was
correlated with a strongly reduced antigen expression in vivo
(23). However, our results are consistent with previous reports
indicating that mouse cellular immunity to viral antigens has a
negligible influence on the in vivo persistence of transduced
cells (37, 40, 51). All previous animal studies were performed
with viral vectors expressing bacterial or human proteins that
are recognized as foreign by the host immune system (17, 23).
Depending on the type of immune response elicited in the
treated hosts, the immunogenicity of such transgene products
might therefore significantly modify the in vivo persistence of
the transduced cells (32, 37, 40, 50). While the influence of the
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reporter gene might be minimized by using mice transgenic for
the transgene-encoded product (17, 23), tolerance to the trans-
gene may be either partial (40) or even broken by transgene
overexpression (50). Thus, in those studies, interpretation of
the respective contributions of the host antiviral and antitrans-
gene responses to the in vivo behavior of the vector genomes is
complex. Moreover, the existence of an interplay between the
anti-Ad and antitransgene immune responses and the biolog-
ical consequences of such a phenomenon on the transduced
cells remain unclear. Although we believe that the results re-
ported here have important implications for the design of
recombinant vectors for human applications, we cannot extrap-
olate these conclusions to other animals or to humans.

Despite similar immunogenicities, multiply deleted vectors
nevertheless have several clear advantages over El-deleted
viruses. (i) Emergence of replication-competent Ad is highly
unlikely, since this would require simultaneous reversions in
the E1 and E2 or E4 regions; moreover, reversions at the E2 or
E4 loci would require illegitimate recombination events, since
overlapping sequences between the E2 and E4 genes in the
packaging cells and the E2- and E4-deleted vectors are present
on only one side of the deletion breakpoint in the viral ge-
nomes. (i) Deletion of E4 should theoretically improve the
safety profile of the Ad vectors, given the oncogenic potential
of the E4 ORF6 protein (18, 39). (iii) Together with deletion
of E3, deletion of E1 and E2A or E4 allows the insertion of
larger foreign DNA sequences. However, the impact of such
multiple deletions on transgene expression is unpredictable
(35a) and should be carefully investigated, as illustrated by
several recent reports (1, 17).
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