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1. Introduction
Adenovirus vectors are attractive for gene

transfer applications such as gene therapy and
vaccines because of their high transduction effi-
ciency of many cell types. When combined with
a high-level expression cassette the vectors are
potent, achieving expression of the protein up to
20% total cell protein (1). However, the high-
level expression of a transgene can be inhibitory
to virus growth; for example, if the transgene
product is cytotoxic to the packaging cell. Thus, a
highly expressed transgene can prevent the res-
cue of viable adenovector from naked DNA (2)
or reduce the productivity of virus growth (3).

Numerous gene regulation systems for aden-
ovirus vectors have been described to maintain high
potency of the gene transfer vector. These systems
have practical limitations for clinical use because
they incorporate the regulatory proteins into the
adenovector or in the target cell (1,4–9) or the sys-
tems require the use of inducers, such as tetracy-
cline analogs or an activator virus co-infection (9).
One group has described a system without these
disadvantages based on the lac operon where the
lac repressor was stably expressed in the packaging
cell line and lac operator sites were incorporated
into the expression cassette. They showed the res-
cue of one first-generation adenovector using the

Rescue and Production of Vaccine and Therapeutic Adenovirus
Vectors Expressing Inhibitory Transgenes

Jason G. D. Gall,* Alena Lizonova, Damodar EttyReddy, Duncan McVey,
Mohammed Zuber, Imre Kovesdi,1 Barbara Aughtman, C. Richter King, 

and Douglas E. Brough

*Author to whom all correspondence and reprint requests should be addressed: GenVec, Inc. 65 West Watkins Mill Rd,
Gaithersburg MD 20878, USA. E-mail: jgall@genvec.com. 1Current address: KILA Consultants LLC, 7713 Warbler Lane,
Rockville MD 20855, USA.

Abstract

Expression of certain transgenes from an adenovirus vector can be deleterious to its own replication. This
can result in the inhibition of virus rescue, reduced viral yields, or, in the worst case, make it impossible to
construct a vector expressing the inhibiting transgene product. A gene regulation system based on the tet
operon was used to allow the rescue and efficient growth of adenovectors that express transgenes to high lev-
els. A key advantage to this system is that repression of transgene expression is mediated by the packaging
cell line, thus, expression of regulatory products from the adenovector are not required. This provides a sim-
ple, broadly applicable system wherein transgene repression is constitutive during vector rescue and growth
and there is no effect on adenovector-mediated expression of gene products in transduced cells. Several
high-level expression vectors based on first- and second-generation adenovectors were rescued and produced
to high titer that otherwise could not be grown. Yields of adenovectors expressing inhibitory transgene prod-
ucts were increased, and the overgrowth of cultures by adenovectors with nonfunctional expression cassettes
was prevented. The gene regulation system is a significant advancement for the development of adenovirus
vectors for vaccine and other gene transfer applications.

Index Entries: Adenoviruses; vaccines; gene therapy; genetic vectors; repressor proteins; tet repressor.



mouse cytomegalovirus (CMV) promoter for
expression of the rabies virus glycoprotein (2).

Here we describe a broadly applicable approach
to alleviate the effects of transgene expression
based on the tet operon-derived tet repressor pro-
tein (tetR) and tet operator sites (tetO). Repression
of gene expression was sufficient to allow rescue
and growth, despite incomplete repression, of ade-
novectors with antigen and other transgenes. Gene
regulation is mediated through the packaging cell
line, only minimal DNA sequence needs to be
incorporated into the adenovector, and expression
of regulatory products from the adenovector is not
required. The system is based on constitutive
repression, thus inducer is not required, and
because the packaging cell line determines the
repression, there is no effect on transgene expres-
sion in transduced cells. We have used this system
to produce vectors with high-level expression of
protein that otherwise could not be rescued. These
vectors were produced with a higher yield and
without adenovirus contaminants that had non-
functional expression cassettes.

2. Materials and Methods
2.1. High-Level Expression Cassette

The CMV-driven expression cassette is posi-
tioned right-to-left with respect to the viral
genome. The CMV enhancer/promoter (GenBank
X17403, nucleotides 174,314–173,566) controls
the initiation of transcription. Within this sequence
is the enhancer, CAAT box, TATA box, the tran-
scription start site, and 5′ splice site sequences.
The CMV sequences are followed by an artificial
untranslated region (UTR) of 144 bp and 3′ splice
site sequences. The open reading frame of the
gene to be expressed follows the UTR and
the Simian Virus-40 polyadenylation signal is
positioned 3′ of the open reading frame to terminate
transcription. To build the CMV–tetO cassette, an
oligonucleotide containing two copies of the tet
operator (5′-AGCTCTCCCTATCAGTGATA
G AG AT C T C C C TAT C AG T G ATAG AG A
TCGTCGACGAGCT-3′) was self-annealed,
digested with SacI, and inserted at the SacI site
between the CMV TATA box and transcription
start site (Fig. 1A).

2.2. Plasmid Constructions
Standard molecular cloning techniques were

used such as described in Sambrook and Russell
(10). A tetR-expressing plasmid, designed to be
maintained as an episome in human cells, was
constructed from pREP10 (Invitrogen). Complete
cloning details are available upon request. In
brief, the multiple cloning and SV40 poly(A)
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Fig. 1. The adenovector/cell system for the con-
struction and propagation of adenovectors expressing
growth-inhibitory gene products. (A) Schematic rep-
resentation of the regulatable expression cassette
incorporated into adenovectors. The cassette consists
of the CMV immediate early (I. E.) enhancer/promoter
region with two copies of the tetracycline operator
sequences (TetO) inserted. Not to scale. (B) Western
blot analysis of transfectants for expression of TetR.
Lane 1: 293TetR; lane 2: 293; lane 3: 293-ORF6TetR;
and lane 4: 293-ORF6. Purified 23-kDa TetR was used
as a size standard (not shown). (C) Fluorescent micro-
graphs of noncomplementing cells transduced with
CMV-GFP adenovectors showing the regulation of
marker gene expression by TetR. The 293TetR cells
were transduced with E1-, E4-deleted adenovectors
and photographed at 48 h after infection. The aden-
ovectors consisted of CMV expression cassettes with
(AdTetO.f.11D) or without (Adf.11D) the tet operator.
Dox = doxycycline.



sites of pREP10 were replaced with an artificial
intron (pCI-neo, Promega), the tet repressor cod-
ing sequence from pNK81 (ATCC no. 77337)
with a Kozak consensus, and the BGH poly(A)
site to generate pREPrsv(Koz-tetR)BghpA.

2.3. Generation of Cells Expressing 
the tetR Protein

Cell populations of 293 and 293-ORF6 carrying
the episomal plasmid pREPrsv(Koz-tetR)BghpA
(293TetR and 293-ORF6TetR, respectively) were
generated by transfection of 2 µg of circular
plasmid and addition of hygromycin to 150
µg/mL in the cell culture medium. The transfected
cell populations were maintained under hygro-
mycin selection.

2.4. Western and Northern Blot Analysis
Cells expressing tetR were washed with ice

cold phosphate-buffered saline (PBS) three times,
scraped in PBS, pelleted in a microfuge, and
resuspended in RIPA with protease inhibitors
(Roche, no. 1836170). Protein extracts and puri-
fied tet repressor protein (MoBiTec no. TETR1)
were separated on a 15% sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-
PAGE) gel and transferred to nitrocellulose. The
membrane was blocked with 5% nonfat milk in
TBS-T, probed with anti-tet repressor monoclonal
antibodies (MoBiTec no. TETO2) at 1:1000 in
TBS-T, followed by an antimouse antibody–HRP
conjugate and chemiluminescent detection by
enhanced chemiluminescence (ECL) (Amersham).

Total RNA from infected cells was extracted
(Qiagen RNeasy no. 75144) and dissolved in 0.1%
DEPC water. Standard denaturing gel electrophore-
sis and Northern blotting conditions were used (10).
The probes were labeled with [32P]dCTP by ran-
dom primer labeling (Amersham, no. RPN 1633)
and purified through a Microspin S400HR column
(Amersham, no. 27-5140-01).

2.5. Viral DNA Extraction and PCR
Adenoviral DNA from 200 µL of cell lysate or

50 µL of cesium chloride-purified vector was
prepared for polymerase chain reaction (PCR)
analysis with the High Pure Viral Nucleic Acid Kit

(Roche Applied Science, no. 1858874). One
microliter (approx 10 ng) of DNA was added 
to a 25-µL reaction with the primers A5a3598 
(5′-GCTGCTGCAAAACAGATACA-3′) and Ad5s-
278 (5′-CGCGGGAAAACTGAATAAGA-3′) and
Taq polymerase/buffer system (Roche Applied
Science, nos. 1435094 and 1759167) per the manu-
facturer’s directions plus DMSO added to 5% final.

2.6. AdFAST Method
The AdFAST plasmids were generated through

recombination of a base plasmid and a shuttle
plasmid in Rec+ Escherichia coli. The GV10 and
GV11 base plasmids (pAdE1(BN)E3(10) and
pAdE1(BN)E3(10)E4(TIS1), respectively) con-
tained the E1-, E3-deleted, and E1-, E3-, E4-deleted
genomes described previously (11) with the BN
dual selection cassette (12) in the E1 region and
restriction sites to release the ITRs from the plas-
mid backbone. The shuttle plasmids contained
adenovirus type 5 sequences 1–355 and 3333–5793
or 3511–5793 flanking the expression cassette
and a unique restriction site in the plasmid back-
bone for linearization. Competent E. coli strain
BJDE3 were transformed with 100 ng of each
linearized plasmid and selected for growth on agar
plates containing kanamycin and IPTG to induce
the death cassette. The desired recombinant plas-
mids containing the transgene expression cassette
in place of the BN cassette were identified by
restriction digestion of DNA from individual bacterial
colonies. The plasmids were further purified by
transformation of recA- DH5α E. coli and single-
colony isolation by standard microbiological methods.
These two sequential colony growth steps in bacteria
achieved isolation of a single genetic clone of the
final adenovector genome.

The conversion (rescue) of infectious virus
from the genomic plasmids was performed essen-
tially as described (13). In brief, AdFAST plasmids
were digested with PacI to release both ITRs from
the plasmid backbone, purified by phenol:chloro-
form:isoamyl alcohol extraction and ethanol pre-
cipitation, and resuspended in 10 mM Tris, 1 mM
EDTA, pH 8.0. Complementing cell lines, ~1.5 ×
106 cells per 60-mm plate, were then transfected
with 5 µg of the digested plasmid. Five days after
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transfection the cells were harvested, subjected to
three freeze-thaw cycles, and the cell lysate was
passaged onto fresh cells. Cell–virus lysate was
serial passaged in this manner at 3- to 5-d
intervals until full cytopathic effect (c.p.e). was
observed Homogeneous, purified adenovirus vector
stocks were generated. Adenovectors were also
rescued from circular DNA and DNA with only
one free ITR, but the efficiency was low (data not
shown). The transfection method affected the
efficiency of adenovector rescue. The best success
was with calcium phosphate transfection and
Polyfect (Qiagen). To assess the conversion efficiency
using the calcium phosphate and Polyfect methods,
1 × 106 293 cells were transfected with an AdFAST
plasmid, overlaid with agar, and observed
for plaque formation. On average, approx 100
plaques were counted by 14 d after transfection
(data not shown). We have now constructed >500
adenovectors using these methods.

2.7. Cells and Viruses
All cell lines were maintained as adherent cul-

tures in DMEM with 5% to 10% fetal bovine
serum. The E1-, E3-deleted, and E1-, E3-, E4-
deleted adenovector backbones and their propa-
gation have been described (11). The E4 regions
contained the transcriptionally inert spacer, TIS1,
previously described (14). Adenovectors were
rescued from preadenoviral plasmids by transfec-
tion of ~1 × 106 complementing cells on a 60-mm
dish with 5 µg of PacI restricted plasmid DNA.
Rescued virus was expanded by the serial passag-
ing of freeze/thaw cell lysates and purified as pre-
viously described (15) with the following
modifications. Lysates were prepared without
trichlortrifluoroethane extractions in 25 mM Tris
at pH 7.5, 75 mM NaCl, 5 mM MgCl2 buffer by
three freeze/thaw cycles and treated with
Benzonase® at 100 U/mL overnight at room tem-
perature. Cesium chloride isopycnic gradient
centrifugation was performed at 22,500 rpm
overnight at 2°–8°C either one or three times.
Single cesium chloride purified vector was 1:5
(v/v) with 10 mM Tris at pH 7.8, 10 mM MgCl2,
50% glycerol for storage at −20°C. Triple cesium
chloride purified vector was diluted ~1:1 with

Final Formulation Buffer (FFB; 10 mM Tris at
pH 7.8, 75 mM NaCl, 5% Trehalose, 25 ppm
Polysorbate 80, 1 mM MgCl2) and dialyzed
against four 1-L volumes of FFB for storage at 
−80°C. Total particle unit titer was determined by
absorbance (16).

The infectious titers were determined by a
focus-forming unit (FFU) assay and all multiplic-
ities of infection (MOI) were based on FFU. 293-
ORF6 cells on collagen-coated six-well plates
(1.3 × 106 cells/well) were infected with 200 µL
of virus diluted in DMEM for 60 min, 37°C. The
inoculum was removed and replaced with 3 mL
of DMEM + 5% FBS + 100 µM ZnCl2. The cells
were washed with PBS 24 h after infection, fixed
in 2 mL of cold methanol for 15 min at room
temperature, and washed twice with PBS.
Adenovirus-infected cells were detected by a
two-step procedure by incubation with a mono-
clonal anti-DBP antibody (17) at 1:500 in PBS,
60 min, room temperature, PBS wash, FITC-
antimouse antibody at 1:100 in PBS, 45 min,
room temperature and two PBS washes or by a
one-step procedure with a FITC-anti-DBP anti-
body as above and two PBS washes. Ten fields at
×200 magnification were counted, averaged, and
converted to FFU/mL by: average number of flu-
orescent foci per field ×1013 fields per well
(Nikon Diaphot TE 300 microscope with ×10
eyepiece and ×20 objective = field diameter of
1.1 mm2) × (1/0.2 mL of infection volume per
well) × dilution factor).

3. Results

3.1. TetR/tetO Expression Regulation System
We aimed to test whether tetR could suffi-

ciently repress a viral promoter that was logarith-
mically increasing in DNA copy number during
adenovirus DNA replication. The regulated trans-
gene system uses a high level expression cassette,
similar to that of Kass-Eisler et al. (18) and
Massie et al. (1), consisting of the human CMV
immediate-early enhancer-promoter, an intron,
and a polyadenylation signal. The tet regulation
system consists of operator sites incorporated in
the adenovector expression cassette and the
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repressor protein, which binds to the operator
sites, provided in trans by the packaging cell. To
generate a tet-responsive expression cassette, two
copies of the 20-nucleotide tet operator were
inserted 10 nucleotides downstream of the TATA
box (Fig. 1A). This placed the tetO sites between
the TATA box and the endogenous transcription
start site of the CMV promoter (19).

Expression of tetR protein in the packaging cells
was confirmed by Western blot analysis (Fig. 1B).
To demonstrate functional repressor activity
293TetR cells were transduced with E1-, E3-, E4-
deleted adenovectors (14) with GFP expressed under
the control of either a CMV promoter (Adf.11D) or
the CMV-tetO promoter (AdtetO.f.11D). The fluo-
rescent intensity of 293TetR cells transduced with
AdtetO.f.11D was much lower than that of cells
transduced by Adf.11D and the addition of 2 µg/mL
doxycycline (dox) relieved the repression of GFP
expression (Fig. 1C). Taken together, these results
show that the tetR/tetO system is fully functional in
these cells and able to regulate gene expression from
adenovectors.

3.2. TetR Packaging Cells Repress 
CMV–tetO Expression

The magnitude of repression was determined
throughout the infectious process for first- and
second-generation adenovectors by measuring the
level of secreted alkaline phosphatase (SEAP)
protein expressed from CMV cassettes. The 293
cells with (293TetR) and without (293BB) tetR
were infected with E1-deleted adenovectors that
expressed SEAP from constitutive (AdSeap) and
regulatable (AdTetO.Seap) cassettes. The level of
SEAP activity was specifically reduced by the
tetR/tetO system, although repression was not
100% (Fig. 2A). The level of SEAP activity was
reduced more than 10-fold at the early time
points, although the difference had decreased to
approx threefold by 24 hours post infection
(h.p.i). The expression profiles of E1-, E3-, E4-
deleted adenovectors were similar to that of the
first-generation adenovectors. AdS.11D and
AdTetO.S.11D expressed comparable amounts of
SEAP in 293-ORF6 cells, whereas in 293-
ORF6TetR cells the expression of SEAP by

AdTetO.S.11D was markedly reduced (Fig. 2B).
The greatest differences in SEAP activity
between AdTetO.S.11D-infected 293-ORF6 and
293-ORF6TetR cells were at the early phase time
points of 6 and 8 h.p.i. (~10-fold), with smaller
differences at the later time points, ~7-fold at
12 h.p.i. and ~3-fold by 24 h.p.i. As expected
the treatment of 293-ORF6TetR cells with 2 µg/mL
dox at the time of infection with AdTetO.S.11D
derepressed the expression of SEAP.

To determine whether lower protein levels
observed with the tetR/tetO system were as a
result of reduced transcription, the relative
steady-state levels of GFP mRNA were deter-
mined by Northern blot analysis of cells produc-
tively infected with 1 or 10 FFU per cell of
AdtetO.f.11D. Steady-state GFP mRNA was
clearly reduced early (6 h.p.i.) and late (24 h.p.i.)
in 293-ORF6TetR cells compared to 293-ORF6
(Fig. 2C). Thus, the lower level of protein products
during virus replication was the result of repres-
sion of transcription. Moreover, binding of tetR
protein to adenovector DNA did not affect virus
rescue or growth (data not shown). Taken together
these results show that this system controlled
transgene expression at the transcriptional level.

3.3. Relief From Transgene-Mediated
Inhibition of Virus Replication

After the efficient generation of adenovector
plasmids (Table 1), adenovectors were generally
efficiently rescued (Table 2; hCMV.Luciferase;
and data not shown). In our experience, 10 aden-
ovector genomes with the CMV-driven expres-
sion cassette could not be converted to viable
adenovectors using standard 293 or 293-ORF6
cells. The lack of viability was demonstrated by
the inability to detect the viral genomes by PCR,
despite multiple transfections of each construct
and lengthy serial passaging of transfected cell
lysates (data not shown). The transgenes in these
constructs were human transforming growth fac-
tor beta-1 (TGF-β) (20), two peptide antibiotics,
two viral envelope glycoproteins, three viral
polyproteins, and two malaria parasite proteins.
After transfection of tetR-expressing packaging
cells with AdFAST, CMV–tetO constructs, all 10
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of the viral genomes were detected by PCR
throughout serial passaging and viral productivity
was similar to the control virus, hCMV.Luciferase
(data not shown). Thus, all of these genes could
be rescued into adenovectors by using the
tetR/tetO system. As an example of a gene with
potent growth-affecting properties, we examined
a highly active form of TGF-β (21). To determine
the effect of high level TGF-β expression on ade-
novector replication, 293 and 293TetR cells were
infected with the first-generation vector,
AdtetO.TGFβ. At 12 h.p.i. there was ~1.7-fold
more TGF-β in the culture medium of 293 cells
(Fig. 3A). However, by 24 h.p.i., significantly

more TGF-β had accumulated in the culture
medium of 293TetR cells (2.2-fold; t-test, p =
0.01). Interestingly, despite the high level of
TGF-β protein accumulation, there was a three-
fold higher yield of infectious particles from
293TetR cells at 24 h after infection (Fig. 3B).
Taken together, these data are consistent with
TGF-β interfering with Ad replication and sug-
gest that Ad replication is less sensitive to TGF-β
inhibition late in infection.

Our experience indicates that genes derived
from viruses, bacteria, and other microorganisms
can have a negative impact on adenovector repli-
cation. Rescue of an adenovector expressing high
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Fig. 2. Marker gene expression is reduced in TetR packaging cell lines during productive infection. E1-
complementing cells were infected with E1-deleted adenovectors (A) or E1 and E4 complementing cells were
infected with E1-, E4-deleted adenovectors (B) expressing SEAP from CMV cassettes at an MOI = 5 and the culture
medium assayed for SEAP enzyme activity (Phospha-Light Kit, Tropix #BP300). Values plotted are the mean ±
one standard deviation. (C) Steady-state mRNA level is reduced by the cellular TetR/adenovector TetO system.
RNA from AdtetOf.11D-infected cells (293-ORF6, lane 1; 293-ORF6TetR, lane 2) was probed for GFP and actin
transcripts. 1 = 293-ORF6; 2 = 293-ORF6TetR.



levels of a modified HIV-1 envelope gene, gp140
(22), was inefficient. Four attempts failed before
the fifth attempt was successful to generate an
adenovector. None of the other 10 transgenes
described had been rescued despite similar num-
bers of attempts, implying that the gp140 protein
did not have comparatively strong inhibition of
Ad replication. However, the yield of virus prog-
eny was 10-fold lower than expected (Table 2).
Three different approaches were attempted to
address this inhibition to vector generation and
growth. The first was to use the tet system, which
resulted in efficient viral rescue and high virus
yield (Table 2). The second approach was to alter
the transgene product to remove potential areas
of the gp140 envelope that were inhibitory yet
maintain the high level of gene expression (22).
The third approach was to reduce transgene
expression by deleting the splice sites from the
CMV expression cassette (hCMV∆), which
reduced expression of gp140 10-fold (data not
shown). Although the latter two approaches were

successful at restoring efficient generation of the
adenovectors and improved production yield, the
modifications to the transgene or expression level
were significant. In contrast, the tet system did
not require changing the gene product or reduc-
ing the potency of the adenovector (Table 2).

3.4. Reduction of Selection Pressure
Against Adenovectors Expressing 
an Inhibitory Gene

It was demonstrated previously that an E1-
deleted adenovector that expressed the human
inducible nitric oxide synthase (iNOS) could not
be grown to high titer and preparations were rap-
idly overtaken by both replication-competent ade-
novirus (RCA) (23) and mutated vectors
containing deletions of the iNOS expression cas-
sette (data not shown). To prevent RCA forma-
tion and alleviate the negative effects of iNOS
overexpression, E1-, E3-, and E4-deleted aden-
ovectors with CMV–TetO expression cassettes
were constructed. The adenovectors differed only
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Table 1
Efficiency of AdFAST Plasmid Construction

Percent positive colonies
Bacterial transformation Number of attemptsa Total colonies (range) (range. average)

AdFAST(BN) plasmid alone 4 0–2 n/a
AdFAST(BN) + E1 shuttle plasmid 8 172 70–100 (90)

aIndependent experiments.
Abbr: n/a = not applicable.

Table 2
Effect of HIV-1 Envelope Gene Expression on Viral Rescue and Yield

Viral rescue 
Adenovector Cell line Relative expression success /attempts Relative viral yieldb

hCMV.Luciferase 293-ORF6 100% 1/1a 100% (6)
hCMV.gp140 293-ORF6 100% 1/5 6% (3)
hCMV.gp140dV12 293-ORF6 100% 1/1 88% (3)
hCMV∆.gp140 293-ORF6 10% 3/3 84% (5)
hCMVtetO.gp140 293-ORF6 100% 0/1 n.a.
hCMVtetO.gp140 293-ORF6TetR Repressed 1/1 100% (4)

aForty-nine different adenovectors with the hCMV.Luciferase cassette have been rescued with 100% efficiency, therefore the
luciferase transgene is not inhibitory to adenovector rescue and growth.

bRelative to the hCMV.Luciferase adenovector with number of preparations assayed in parentheses.
Abbr: n.a. = not applicable.



in the fiber protein, expressing either a wild-type
fiber (AdtetO.hiNOS.11D) or a fiber containing a
seven amino acid carboxy-terminal addition
(AdtetO.hiNOS.F(pK7).11D) (24). Conversion of
the iNOS adenovectors was successful for both
adenovectors on both cell types. Serial passaging
of the virus–cell combinations resulted in the
appearance of classic adenovirus-induced c.p.e.
(25) of the entire monolayers except for the com-
bination of AdtetO.hiNOS.F(pK7).11D on
293-ORF6 cells. Despite the absence of aden-
ovirus-induced c.p.e. on 293-ORF6 cells the
AdtetO.hiNOS.F(pK7).11D genome was detected
by a PCR assay throughout the passaging of the
adenovector, indicating that this virus was grow-
ing at a slow rate (Fig. 4 and data not shown). To
determine whether the two adenovectors grown
on 293-ORF6TetR cells grew to high titer, cesium
chloride-purified stocks were prepared. The aver-
age titer was 2.7 × 1011 FFU/mL and average par-
ticle:FFU ratio of 8. Transgene expression and
activity of iNOS was confirmed by quantitation
of total nitric oxide in transduced cell super-
natants (R & D Systems no. DE1600; data not
shown). Because previous stocks of iNOS

adenovectors (without the tetR/tetO system) had
genomes with deletions of the expression cas-
sette, the four iNOS adenovectors at equal pas-
sage number were assayed for rearrangements of
the expression cassette by PCR analysis (Fig. 4A).
The expected full-length amplification product
was detected with all adenovectors and there were
no unexpected amplicons detectable in the
adenovector preparations performed on 293-
ORF6TetR cells (Fig. 4B). However, rescue and
propagation of the iNOS adenovectors on 293-
ORF6 cells yielded unexpected amplicons
smaller than the full-length product. DNA
sequencing of the unexpected amplicons con-
firmed deletions of the expression cassette of
approx 2.9 kb in AdtetO.hiNOS.11D and 3.8 kb
in AdtetO.hiNOS.F(pK7).11D. The deletions
were of the 3′ end of the expression cassette con-
sisting of 80% of the iNOS ORF and the entire
SV40 polyadenylation site and of the 5′ end of
the expression cassette consisting of the CMV
promoter (leaving only 232 bases of the CMV
enhancer) and the entire iNOS ORF. Thus, as a
result of transcriptional repression, the tetR/tetO
system was effective in preventing the overgrowth
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Fig. 3. Characteristics of AdtetO.TGFβ productive infection. Cells were infected in duplicate at MOI = 5 and
assayed for TGF-β1 expression and viral productivity. (A) Expression of TGF-β1 during viral replication. Culture
supernatants were assayed in duplicate by ELISA (R & D Systems #DB100). Values were normalized to cell num-
ber and presented as the mean ± one standard deviation. (B) Comparative yields of active virus particles (FFU) at
24 h after infection. The infections were assayed in duplicate for fluorescent focus-forming units. Values are the
mean ± one standard deviation.



of cultures by adenovectors with nonfunctional
expression cassettes.

4. Discussion
In this study we describe a simple system for the

rescue and growth of adenovectors and for
improving the genetic stability of adenovector
preparations. Despite the efficient rescue and
propagation of adenovectors, the tetR/tetO sys-
tem did not prevent the accumulation of transgene
product during viral replication. Thus, although
transgene expression was significantly reduced at
early times of the virus growth cycle, the number
of vector genomes affected repression. As DNA
replication proceded it appeared that the tet
repressor can become limiting and transgene
product accumulated. However, with the diverse
types of transgenes used in this study, complete
repression of transgene expression was not nec-
essary. There are transgene products that are very
potent inhibitors of adenovector replication such
as FAS ligand and fragment A of diphtheria toxin

and, although they have not been tested, this tet
system may not be appropriate for such gene
products. In addition, if a transgene inhibited ade-
noviral replication during the late phase, then the
tet system may not provide a benefit. The effect
of the timing of tet-regulated expression relative
to the stage of the viral life cycle was illustrated
by the kinetics of SEAP expression and analysis
of an adenovector expressing an inhibitory gene
product, TGF-β. The tet-regulated expression of
TGF-β expression in 293TetR cells closely
resembled the expression kinetics of the nonin-
hibitory SEAP gene. There was a 30-fold increase
of SEAP protein and a 37-fold increase in TGF-β
secreted between 12 and 24 h after infection from
infected 293TetR cells. Thus, the copy number of
TGF-β templates was increasing in the 293TetR
cells similarly to that of the SEAP-infected cells.
However, in the unregulated system of 293 cells
the level of accumulating TGF-β prevented a sim-
ilar increase in TGF-β templates by a factor of 3
as determined by only a 10-fold increase in TGF-β
during the same 12-h period and a threefold lower
yield of infectious particles at 24 h after infec-
tion. Thus, it appears that virus replication is most
susceptible to transgene inhibitory effects during
the period of time before the virus has fully
gained control over the host cell (i.e., before sig-
nificant DNA replication has occurred).

The tet-based propagation system functioned
equally well with first-generation and RCA-free,
second-generation adenovectors. The mecha-
nisms and magnitude of viral replication inhibi-
tion are likely multiple, as evidenced by the three
different phenotypes of (1) inhibition of virus res-
cue, (2) inhibition of efficient virus replication
resulting in low yields, and (3) competitive
growth advantage of nonexpressing mutants.
With the transgenes analyzed here, the inhibition
was related to the high level of gene expression
from the human CMV cassette, as ~10-fold
reduction in gene expression changed all three
phenotypes to high vector yield and genetic sta-
bility. As demonstrated here, modifying the trans-
gene can also be an effective approach to alleviate
transgene effects on virus replication. However,
changing the transgene or reducing the potency
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Fig. 4. Stable maintenance of a toxic transgene. (A)
Schematic of the high-level iNOS expression cassette
in the E1 region and PCR analysis to detect deletions
within the cassette. (B) Two CMVTetO-iNOS aden-
ovectors, differing in their fiber proteins, maintain the
iNOS expression cassette when constructed and prop-
agated on 293-ORF6TetR cells. Adenovector DNA
(lanes 2 and 3 and 5 and 6) or plasmid DNA (Ctrl,
lanes 1 and 4) were subjected to the PCR described in
(A), resolved on a 0.6% agarose gel, and visualized by
ethidium bromide staining. The expected product size
is 5 kb (arrow) and unexpected amplicons are marked
with asterisks.



of the adenovector may not always be an option
and requires transgene-specific development and
verification. Gene expression regulation by the
tet system is a simple and broadly applicable
solution without these disadvantages.

Regulation of expression was shown to be spe-
cific to the combination of TetR-TetO. Expression
from the CMV promoter with and without the
tetO sites was identical in cells without tetR, thus,
the potency of the very high-level expression cas-
sette was maintained. This provides an adenovec-
tor generation and production system wherein the
potency of the adenovector to elicit its biological
effect does not need to be compromised because
of transgene choice. In addition, because the ade-
novector contains only tetO sites and does not
carry any additional factors or products needed to
regulate expression, the system does not intro-
duce additional immunogenic factors or other
potential cell regulators that may alter the host
cell upon transduction.

The effect of transgene expression on viral
replication has implications for the develop-
ment of adenovectors for vaccines. Although
overexpression of mammalian genes can inter-
fere with adenovector replication, we have
experienced a higher frequency of inhibitory
genes from mammalian pathogens, which were
selected for their use as antigens in vaccine
development. In our experience to date, approx
40% (n = 20) of antigen genes, compared to
18% (n = 51) of mammalian genes, have been
problematic for adenovector rescue and growth.
Thus, we expect that the tetR/tetO system will
have potential significant utility in future
adenovector constructions, particularly for
vaccine-related transgenes.
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