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One of the limitations of adenovirus vectors is the lack of machinery necessary for their integration into host
chromosomes, resulting in short-term gene expression in dividing cells. We analyzed frequencies of integration
and persistence of gene expression from integrated adenovirus vectors. Both E1-substituted and helper-
dependent adenovirus vectors achieved similar integration efficiencies of ;1023 to 1025 per cell, with the
helper-dependent vector showing slightly higher efficiencies. In stable cell pools, gene expression of the
integrated vector persisted for at least 50 cell divisions without selection. However, some stable cell clones
showed changes in gene expression, which were accompanied by structural changes in the integrated vector
DNA.

Recombinant adenovirus vectors are attracting increasing
attention as in vivo gene transfer vehicles for human gene
therapy (2, 31, 36). However, one of the limitations of E1-
substituted adenovirus vectors currently used in most clinical
gene therapy protocols is the relatively short-term expression
of the transferred gene in vivo. E1-substituted vectors express
viral antigens that induce a cytotoxic-T-lymphocyte-mediated
immune response against the vector-transduced cells by the
host, resulting in inflammation and short-term gene expression
from the vector in vivo (3, 28, 32–35). To overcome this prob-
lem, we and others have recently developed a helper-depen-
dent (gutless) adenovirus vector by removing all the viral cod-
ing sequences from adenovirus vector DNA (7, 11, 12, 15, 19).
Such vectors are therefore expected to minimize the immune
responses of the host that would cause rejection of the trans-
duced cells (20, 24). However, even with this system, vector
DNA is eventually lost in dividing cells because although ad-
enoviruses exist as multiple episomal copies in the infected cell
nuclei, they lack the machinery necessary for integration into
host chromosomes. Furthermore, activation of T-helper cells
and B cells in response to viral capsid proteins produces neu-
tralizing antibodies that block the efficient readministration of
vector (13, 37). Therefore, further improvement of an adeno-
virus vector that replicates or efficiently integrates into host
chromosomes is required to obtain long-term expression, even
in dividing cells. Although it is known that a wild-type adeno-
virus rarely integrates into the chromosomes of cells that are
not permissive for viral DNA replication, there have not yet
been any extensive investigations of how frequently replica-
tion-incompetent adenovirus vectors integrate into host chro-
mosomes. In this study, we analyzed frequencies of integration
of E1-substituted and helper-dependent adenovirus vectors
and stability of gene expression from the integrated vectors.

Integration efficiencies of E1-substituted and helper-depen-
dent adenovirus vectors in cell lines. To compare the efficien-
cies of integration of the E1-substituted and helper-dependent

adenovirus vectors, we rescued both types of vectors with the
b-geo marker gene, a fusion of the E. coli b-galactosidase
(b-Gal) gene and the neomycin phosphotransferase II gene
(neo) (9) that is driven by the SRa promoter (27) (SRab-geo)
(Fig. 1). The SRab-geo marker gene cassette (19) was sub-
cloned into an adenovirus transfer plasmid, pXCX2 (26).
AdSRab-geo, an E1-substituted adenovirus vector (DE1 vec-
tor), was rescued by cotransfection into the 293 cell line (Mi-
crobix, Toronto, Ontario, Canada) of the plasmid with pJM17
(18). The virus was then plaque isolated, propagated, and pu-
rified as described previously (10). The titer of the vector was
1.2 3 109 PFU/ml on 293 cells. A helper-dependent adenovirus
vector DNA was constructed as follows. First, an AvrII-SmaI
fragment of pFG140 (18) encompassing the junction of the
ligated right end (452 bp) and left end (1,009 bp) of Ad5 was
subcloned into an XbaI site of the charomid 9-22 vector (23).
This adenovirus sequence contains two inverted terminal re-
peats and the packaging signal but does not encode any intact
open reading frames of the parental human adenovirus type 5
(Ad5). Second, the SRab-geo cassette was subcloned into a
SmaI site of the plasmid. The helper-dependent AdxSRab-
geo vector (DAd vector) was rescued by cotransfection into 293
cells of the resultant plasmid with a helper-virus DNA–termi-
nal protein complex. AdHprt, an adenovirus vector with E1
and E3 deleted and with a nonfunctional genomic sequence
from the mouse Hprt locus, was used as a helper virus. The
vector was propagated and purified as described previously
(12, 19). After three rounds of purification by a CsCl density
gradient, the titer of the vector was measured in situ, using
5-bromo-4-chloro-3-indolyl-b-D-galactoside (X-Gal) as a sub-
strate, as previously described (17). The titer of the vector on
the African green monkey cell line COS7 (American Type
Culture Collection [ATCC], Rockville, Md.) was 2.4 3 109

b-Gal-transducing units (BTU)/ml, and that of the helper on
293 cells, as measured by a plaque assay, was 2.2 3 107 PFU/
ml. Therefore, the vector stock contained 0.9% helper virus
contamination.

The human cell lines HeLa (ATCC), HT1080 (ATCC), and
KB (ATCC), the African green monkey kidney cell lines CV-1
(ATCC) and Vero (provided by Harumi Kasamatsu), the baby
hamster kidney (BHK) cell line (provided by Debi Nayak), the
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Chinese hamster ovary (CHO) cell line (provided by Owen N.
Witte), and the mouse cell line NIH 3T3 (ATCC) were in-
fected with the vectors at 10 PFU/cell for the DE1 vector or 10
BTU/cell for the DAd vector. At 48 h postinfection, the in-
fected cells were diluted and replated onto 96-well plates at
densities of 105, 104, and 103 cells/plate. To avoid low plating
efficiencies at low cell densities, the total cell numbers in each
plate were adjusted to 105 by adding uninfected cells. After
24 h, medium containing G418 was added. The final concen-
tration of G418 was 500 mg/ml (HeLa, HT1080, BHK, and
NIH 3T3 cells) or 1,000 mg/ml (KB, CHO, CV-1, and Vero
cells). G418-containing medium was added again 1 week later,
and the G418-resistant colonies were counted and integration
efficiencies were calculated 4 weeks postinfection. The results
are summarized in Table 1. In most of the cell lines, both
vectors integrated efficiently at frequencies of 1024 to 1025,
but we occasionally observed a higher efficiency of 1023 in
HT1080 and KB cells. CHO cells showed relatively high inte-
gration efficiencies, particularly with the DAd vector, which
achieved levels above 1%. In the experiments with HeLa, KB,
and CHO cell lines, in which both types of vectors were tested
in parallel, integration frequencies were severalfold higher
with the DAd vector than with the DE1 vector, but both vectors
showed similar efficiencies in HT1080 cells.

The relation of the PFU titer of the DE1 vector to the BTU
titer of the DAd vector was determined as follows. Infected
HeLa cells were harvested 4 h postinfection, at which time viral
DNA synthesis had not yet started, and total DNA was ex-
tracted. The DNA was digested with HindIII and subjected to
Southern hybridization with a b-Gal fragment (nucleotides 118
to 581 of ECLACZ; GenBank no. V00296) as a probe. Based
on the intensity of the signal measured by a Storm Phospho-
rImager (Molecular Dynamics, Sunnyvale, Calif.), the copy
number of the DAd vector at 10 BTU/cell is not as high as that
of the DE1 vector at 10 PFU/cell but corresponds to the copy
number at 6.4 PFU/cell. Therefore, the integration efficiency of
the DAd vector in Table 1 might be an underestimate, com-
pared to that of the DE1 vector.

Integration efficiencies of the adenovirus vector that were
assessed by G418 resistance could be affected by vector expres-
sion levels of the selectable marker gene, b-geo (25), and/or by
the ability of vector DNA to integrate into chromosomes. To
distinguish between these two possibilities, the infected HeLa,
HT1080, KB, and CHO cells were plated into 100-mm dishes
and subjected to G418 selection to obtain pools of stably trans-
duced cells. Cell extracts were prepared from these cell pools,

and the expression levels of the b-geo marker gene were com-
pared. The levels of b-Gal activity showed no correlation to
vector or cell types (data not shown), indicating that there are
no significant differences in the levels of expression of SRab-
geo once it integrates into a host chromosome, regardless of
the vector backbones used. These results suggest that more
efficient integration by the DAd vector is mainly due to the
stronger ability of the DAd vector to integrate into cellular

FIG. 1. Structure of adenovirus vectors. H, HindIII sites used for Southern hybridization analysis of the structure of integrated vectors.

TABLE 1. Integration efficiency

Cell line Expt

Integration efficiency with vector

DE1 (10
PFU/cell)

DAd (10
BTU/cell)a

Human
HeLa 1 3.1 3 1024 9.3 3 1024

2 3.3 3 1025 5.5 3 1025

3 7.0 3 1025 2.6 3 1024

4 1.2 3 1024 NT
5 3.0 3 1025 NT

HT1080 1 3.3 3 1024 2.9 3 1024

2 2.4 3 1023 1.8 3 1023

KB 1 5.0 3 1025 2.6 3 1023

2 4.0 3 1024 3.7 3 1023

3 5.0 3 1025 NT

Nonhuman
CHO 1 4.4 3 1023 1.1 3 1022

2 3.0 3 1023 2.0 3 1022

3 2.8 3 1022 NT
4 3.0 3 1024 NT

CV-1 1 4.4 3 1025 1.0 3 1024

2 2.3 3 1024 NT
3 2.8 3 1024 NT

BHK 1 7.4 3 1024 NT
2 2.0 3 1024 NT

Vero 1 2.2 3 1024 NT
2 6.0 3 1025 NT

NIH 3T3 1 1.0 3 1025 NT

a NT, not tested.
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chromosomes. The higher integration efficiencies of the DAd
vector can be attributed to the nature of completely nonviral
genomic sequences or to the lack of leaky expression of viral
genes, some of which inhibit normal cellular machinery, unlike
those in the DE1 vector.

Although wild-type adenovirus does not integrate into the
chromosomes of the permissive cells because its infection leads
to lytic infection, it can integrate in nonpermissive cells (e.g.,
hamster cells infected with Ad12) (for a review, see reference
6). In addition, adenovirus mutants that code for a tempera-
ture-sensitive DNA-binding protein yield stable cell clones at
nonpermissive temperatures (8). Chromosomal integration of
an E1-substituted adenovirus vector in rat and simian cells has
previously been reported (30). At a multiplicity of infection
(MOI) of 200, the integration efficiencies were 0.4% for Rat2
cells and 0.75% for CV-1 cells. More recently, stable integra-
tion of E1-substituted adenovirus vector with the b-gal marker
gene in mouse NIH 3T3, human A549, and primary human
cells has been reported (38). Although the integration effi-
ciency was 15% in these cell lines when ionizing radiation was
used, the efficiency without radiation was not reported.

In our study, the DE1 and DAd vectors were used to inves-

tigate the frequencies of integration of adenovirus vectors in
different cell types (Table 1). Human epidermoid cell lines
such as HeLa and KB are known to be permissive for viral
DNA replication of wild-type Ad5. BHK and Vero cells are
semipermissive, and CV-1 and CHO cells are nonpermissive
(16). Most of the cell lines infected by the DE1 vector showed
similar integration efficiencies of ;1023 to 1025 (Table 1),
suggesting that factors determining cellular permissiveness do
not affect the integration of adenovirus vectors. Under these
conditions (MOI of 10), only up to 10 viral DNA molecules
entered per cell, in contrast to approximately 106 DNA mole-
cules per cell transferred by the calcium phosphate transfec-
tion method, in which 2.2 to 6.4% of DNA is internalized into
the nucleus (21). Our results indicate that the ability of ade-
novirus DNA to integrate into host chromosomes seems ex-
tremely high compared to that of naked plasmid DNA, even
though the end is protected by the terminal protein.

Sustained gene expression from integrated adenovirus vec-
tor. To analyze the persistence of gene expression from inte-
grated adenovirus vectors, the pools and clones of stably trans-
duced cells, obtained as described above, were cultured
without G418 selection. Expression of b-Gal in these cells was

FIG. 2. b-Gal expression from the integrated vectors over passages of the cells infected with DE1 vector (A and C) and DAd vector (B and D) without G418
selection. The stable cell pools (A and B) and HeLa clones (C and D) were maintained without G418 selection and stained by X-Gal every five passages; the percentages
of X-Gal-positive cells were determined by microscopic observation. Two independent pools were analyzed for each cell line.
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detected by X-Gal staining at every five passages (Fig. 2). In
most of the stable cell pools, b-Gal expression did not diminish
over at least 15 passages, which corresponds to approximately
50 cell divisions (Fig. 2A and B). There were no significant
differences in the time-course profiles of marker gene expres-
sion between the DE1 and DAd vectors. For more quantitative
analysis, the levels of b-Gal enzymatic activity were also mea-
sured in triplicate (with the luminescent b-Gal gene reporter
system 2; Clontech, Palo Alto, Calif.) before and after the
series of passages without G418 (Table 2). The amount of
protein in each sample was standardized by the Bradford
method (Bio-Rad protein assay; Bio-Rad, Hercules, Calif.).
Each cell pool showed different patterns of stability of b-Gal
expression from the integrated vectors. In HT1080 cells, the
levels of b-Gal activity tended to decrease with both the DE1
(0.5- and 0.7-fold) and DAd (0.4- and 0.6-fold) vectors. In KB
cells, the levels of b-Gal activity remained the same for both
the DE1 (1.0- and 1.2-fold) and DAd (0.9- and 1.4-fold) vec-
tors. In CHO cells, the levels of b-Gal activity from the inte-
grated DE1 vector (0.7- and 0.5-fold), but not from the DAd
vector (1.1- and 0.7-fold), tended to decrease. We also ana-
lyzed the persistence of gene expression of individual stable
HeLa clones (Fig. 2C and D). In two of five HeLa cell clones
with stably integrated DE1 vectors, the level of b-Gal activity
decreased from high to low over time (clones 2 and 4) (Fig.
2C). Interestingly, in HeLa clone 5, which was transduced by
the DAd vector, the percentage of b-Gal-positive cells in-
creased dramatically over time (Fig. 2D). This observation is in
contrast to the expression of viral genes from integrated wild-
type adenovirus, which is often shut off by methylation (4–6).

Structure of the integrated vector. The structure of adeno-
virus DNA integrated into host chromosomes is known to vary,

FIG. 3. Southern analysis of integrated vector DNA. DNA from HeLa cell
clones infected with the DE1 (A, C, and E) or DAd (B, D, and E) vector was
digested with HindIII and subjected to Southern hybridization with the right-end
(A and B), neo (C and D), and full-length Ad5 DNA (E) probes. (A and C)
Lanes 1 to 3, DE1 clones 1 to 3, respectively; lane 4, clone 4 before the passages
without selection; lane 5, clone 4 after the passages; lane 6, clone 5 before the
passages; lane 7, clone 5 after the passages; lane 8, AdSRab-geo DNA. (B and
D) Lanes 1 to 4, DAd clones 1 to 4, respectively; lane 5, clone 5 before the
passages without selection; lane 6, clone 5 after the passages. (E) Lane 1, DE1
clone 5; lane 2, DE1 clone 3; lane 3, DAd clone 3; lane 4, DAd clone 4, lane 5,
DE1 clone 1; lane 6, DE1 clone 2; lane 7, uninfected HeLa; lane 8, AdSRab-geo
DNA.

TABLE 2. b-Gal activity before and after passages without
G418 selection

Cell line or
clone

Vector (no. of
colonies pooled)

b-Gal activitya

Change
(fold)Before

passages
After

passages

HT1080 DE1 1 (80) 191.1 90.3 0.5
DE1 2 (37) 155.4 109.8 0.7
DAd 1 (73) 214.3 86.6 0.4
DAd 2 (48) 90.9 53.3 0.6

KB DE1 1 (9) 47.3 46.7 1.0
DE1 2 (59) 58.6 70.9 1.2
DAd 1 (;400) 173.6 157.0 0.9
DAd 2 (;240) 170.7 244.0 1.4

CHO DE1 1 (;200) 215.1 151.7 0.7
DE1 2 (28) 52.6 25.9 0.5
DAd 1 (;200) 250.6 272.1 1.1
DAd 2 (74) 50.7 37.2 0.7

HeLa clones DE1 1 43.7 9.2 0.2
DE1 2 35.4 5.9 0.2
DE1 3 15.8 148.0 9.4
DE1 4 33.3 0.0 0.0
DE1 5 90.4 59.1 0.7

DAd 1 2.6 1.7 0.7
DAd 2 182.3 169.4 0.9
DAd 3 8.4 3.8 0.5
DAd 4 66.3 70.1 1.1
DAd 5 8.3 98.7 11.9

a Values are in units (105) of enzyme per microgram of protein.
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depending on the cell line and the type of virus. Rat embryonic
cells transformed by Ad5 usually contain only the left end of
the genome, whereas cell lines transformed by temperature-
sensitive adenovirus mutants at semi- or nonpermissive tem-
peratures often contain multiple copies of all or most of the
adenovirus genome (6). To analyze the structure of integrated
adenovirus vectors, genomic DNA was extracted from stably
transduced HeLa cell clones, digested with HindIII, and sub-
jected to Southern hybridization. Fragments of the neo gene,
the right end of Ad5 (nucleotides 35032 to 35780 of
ADRCOMPGEN; GenBank no. M73260 and M29978), and
full-length Ad5 DNA were used as probes (Fig. 1). The right-
end probe hybridized with the DNA fragment between the
rightmost HindIII site in the adenovirus genome and a HindIII
site to the right of the integration site, which produced a band
representing a size unique to the integration site. In DE1 stable
clones, the right-end probe hybridized with one band in three
of five clones, indicating a single-copy integration of the right
end of the vector. However, clones 2 and 5 had three and two
bands, respectively, indicating multiple integrations of the right
end in these clones (Fig. 3A). Similarly, the neo probe with
DE1 integrants produced a band representing a size unique to
a left-end integration junction. Contrary to the results with the
right-end probe, clones 1, 2, and 5 showed single-copy integra-
tion, while clones 3 and 4 showed two integrants each (Fig.
3C). Clone 1 had one additional faint band hybridizing with the
right-end probe. This faint band might indicate that in some
cells the integrated vector is rearranged. Finally, the full-length
adenovirus probe should produce eight bands specific for the
full-length vector, with two additional bands corresponding to
the junctions of integration sites at both ends of the vector
(Fig. 1). All of the clones showed the bands common to
AdSRab-geo viral DNA (Fig. 3E, lanes 1, 2, 5, and 6). These
results indicate that all of the HeLa DE1 stable clones had at
least one copy of full-length vector integrated into their chro-
mosomes, which was often accompanied by additional integra-
tion events. In the case of the stable DAd clones, all the inte-
grants showed a single band with both the right-end and the
neo probes (Figs. 3B and D), suggesting that most of the stable
cell clones had a single-copy integration. Clone 2 had two
additional faint bands hybridizing with the right-end probe,
suggesting rearrangement of integrated vectors in some cells.
The neo probe should produce a 26-kb internal fragment en-
compassing the SRab-geo cassette and the stuffer sequence
consisting of repeats of a 2-kb fragment from pBR (Fig. 1).
However, at least two clones (clones 3 and 5) (Fig. 3D) showed
fragments smaller than those of other clones. Therefore, in
these clones, an internal fragment was deleted before or after
integration. The deletions might be associated with the nature
of the repetitive sequences of the fragment. In CV-1 cell
clones, DE1 vector showed patterns of integration similar to
those in HeLa cells (i.e., a single full-length copy with an
additional end sequence). On the other hand, DAd vector
tended to integrate at multiple sites in many clones but, unlike
in HeLa cells, no internal deletion was detected by Southern
analysis (data not shown). It is not clear why the DE1 and DAd
vectors show distinct patterns of integration.

We also examined the changes in the structure of integrated
vector in three HeLa clones before and after passages without
selection. In DE1 clone 4, the integrated vector signal disap-
peared, as indicated by both probes after 15 passages, consis-
tent with the decrease in levels of b-Gal-positive cells from 95
to 0% (Fig. 3A and C, lanes 4 and 5). In DE1 clone 5, which
had a moderate decrease in b-Gal-positive cells (from 90 to
70%), one of the two fragments hybridizing with the right-end
probe disappeared (Fig. 3A, lanes 6 and 7), while the only band

that hybridized with the neo probe remained unaltered before
and after passages without selection (Fig. 3C, lanes 6 and 7).
On the other hand, in the DAd stable clone 5, which had
increased activity (from 1 to 100%), the integrated vector
showed a rearranged pattern after 15 passages (Fig. 3B and D,
lanes 5 and 6). This rearrangement might account for the
increased b-Gal activity. Rearrangement of integrated viral
DNA was also documented in hamster cells with stably inte-
grated Ad12 (14).

In summary, although adenovirus vectors integrate into host
chromosomes relatively efficiently, unlike retroviral integra-
tion, most of the stable clones have an extra fragment(s) of the
vector or deleted vector. Gene expression from the integrated
vector is relatively stable. However, integrated vectors some-
times become further rearranged, resulting in an altered level
of gene expression. Adenovirus vectors can infect a variety of
cell types at very high efficiencies. Our results suggest that it
might be possible to use an adenovirus vector to establish
stable cell clones in cells which are refractory to other gene
delivery methods. Considering the somewhat unstable nature
of integrated adenovirus vector DNA, selection strategies for
the integrated DNA might be needed to obtain long-term
expression. It is known that gene expression from retroviral
vectors is shut off in some primary cell cultures. Therefore, it
would be of interest to analyze the integration frequencies of
adenovirus vectors and the longevity of gene expression, espe-
cially in primary cultures such as cultures of hematopoietic
cells, which are one of the main targets for human gene ther-
apy. On the other hand, because one of the advantages of an
adenovirus vector for human gene therapy is its rare chromo-
somal integration, thereby circumventing potential insertional
mutagenesis of cancer-related genes, it would be important to
determine how frequently an adenovirus vector integrates in
vivo. There are reports suggesting that stable integration of
adenovirus vectors into the host chromosome occurs after in
vivo gene transfer in animals (1, 22). Efficient production in
transgenic mice by adenovirus gene transfer into fertilized eggs
was also reported (29). Therefore, considering the high MOIs
usually used for in vivo gene transfer, elucidation of adenovirus
integration in vivo is a very important issue for evaluating the
safety of adenovirus vectors for human gene therapy.
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