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We have analyzed transgene (lacZ) expression from a first-generation adenovirus (Ad) vector in comparison
to helper-dependent (hd) Ads deleted for various portions of the viral coding sequences and generated by using
the Cre/loxP helper-dependent system (R. J. Parks et al., Proc. Natl. Acad. Sci. USA 93:13565–13570, 1996). An
hd vector deleted for approximately 70% of the Ad genome (AdRP1001) provided levels and durations of
transgene expression similar to those of a control first generation Ad vector containing an identical expression
cassette. Deletion of all Ad sequences from the hdAd and replacement with a ;22-kb fragment of lambda DNA
resulted in a decrease in the level and duration of lacZ expression which could not be reversed by the inclusion
of a matrix attachment region. However, substitution of the lambda stuffer in the fully deleted hdAd with
sequences from the human hypoxanthine-guanine phosphoribosyltransferase gene resulted in significantly
improved transgene expression. In vitro assays for cytotoxic T lymphocytes (CTL) directed against putative
peptides encoded by the vector backbone showed that, although CTL were generated against the vector
containing the lambda DNA, no such CTL were generated against the vector containing the hypoxanthine-
guanine phosphoribosyltransferase (HPRT) sequences. Surprisingly, the rate of loss of the HPRT- and
lambda-containing vectors from mouse liver was similar, despite the differences in expression kinetics, indi-
cating that the lambda stuffer-directed CTL were inefficient at eliminating the transduced cells. Thus, the
nature of the DNA backbone of hdAds can have important effects on the functioning of the vector. Since most
fully deleted vectors require “stuffer” DNA as part of the vector backbone to maintain optimum vector size,
these observations must be taken into account in the design of hdAd vectors.

Adenoviruses (Ads) have received considerable attention
for use in gene therapy because of their relatively large cloning
capacity, their ease of genetic manipulation and growth, and
their ability to transduce many different tissue types containing
both replicating and nonreplicating cells (6, 29). However,
first-generation Ad vectors, which are rendered replication
defective by deletion of E1, have proven to be inadequate for
the long-term, stable expression of transgene which is neces-
sary for the correction of most genetic diseases. Many re-
searchers have identified factors which may contribute to this
poor performance, including the use of foreign versus self
transgenes (42, 45, 56, 62), strong innate and inflammatory
responses to the vector (60, 61), acute and chronic toxicity due
to low level viral gene expression from the vector backbone
(45, 46), and the generation of anti-Ad cytotoxic T lymphocytes
(CTL) as a consequence of either de novo viral gene expres-
sion (11, 63, 64, 66) or perhaps processing of peptides con-
tained in the virion (31). It is likely that decay of transgene
expression is due to a combination of several, or all, of these
factors.

In an attempt to increase the efficacy of Ad-mediated trans-
gene delivery, several methods have been described to blunt
the anti-Ad immune response. Transient inhibition of immune
responses or induction of tolerance can overcome these hur-

dles, extending transgene expression and allowing repeated
administration of first-generation vectors (30, 32, 34, 38, 40, 51,
57, 60, 62, 67). However, complications and potential side
effects may make immune suppression impractical for wide-
spread clinical use. Second-generation Ad vectors, which con-
tain further deletions or mutations in other regions of the
genome, such as E2 or E4, have been shown to further atten-
uate the expression of viral proteins (3, 13–15, 17, 20, 21, 65);
however, it is unclear whether these vectors have an increased
effectiveness in vivo (13, 15, 41).

Recently, we and others have developed helper-dependent
systems for the generation of Ad vectors deleted for most or all
adenovirus protein coding sequences (16, 27, 33, 37, 39, 44, 48).
Such helper-dependent Ad (hdAd) vectors need retain only
those cis-acting elements required for virus replication and
packaging, as all proteins are provided in trans by a helper
virus. Early attempts to develop hdAd systems were relatively
unsuccessful due to the high levels of contaminating helper
virus, low recovery, and poor stability of vector during vector
propagation (16, 26, 33, 37, 44). Nevertheless, preliminary
studies of in vivo gene transfer and expression mediated by
hdAd provided very encouraging results (7, 9).

To prevent the packaging of helper virus, we developed the
Cre/loxP helper-dependent system which involves the use of a
helper virus containing a packaging signal flanked by loxP sites
(48). Upon infection of a 293-derived cell line that stably ex-
presses the bacteriophage P1 Cre recombinase (8), the pack-
aging signal is excised from almost all the helper virus DNA,
rendering its genome unpackageable. The helper virus retains
the ability to replicate and provides all of the functions re-
quired in trans for the replication and packaging of an hdAd.
This system facilitates the generation of high-titer hdAd prep-
arations with substantially reduced quantities of contaminating

* Corresponding author. Mailing address: Department of Biology,
McMaster University, 1280 Main St., West, LSB-430, Hamilton, Ontario
L85 4K1, Canada. Phone: (905) 525-9140, ext. 23545. Fax: (905) 521-
2955. E-mail: graham@mcmaster.ca.

† Present address: Centre for Molecular Medicine, Ottawa Hospital
Research Institute, Ottawa, Ontario K1H 8L6, Canada.

‡ Present address: Department of Internal Medicine, University of
Michigan Medical Center, Ann Arbor, MI 48109-0360.

8027



helper virus. HdAds can provide long-term, high-level trans-
gene expression in vivo (47, 53), with significantly reduced
vector-directed immune responses compared to first-genera-
tion vectors (46, 47). An important feature of the helper-
dependent system is that all virion components, except the
virion DNA, derive from the helper virus and thus genetically
identical vectors can be generated simply by switching the
serotype of the helper virus. Thus, should transgene expression
decrease over time, the use of hdAds of alternative serotypes
will permit effective readministration of a vector with the iden-
tical genotype (49).

In the present study, we have analyzed expression from
vectors deleted of 70 to 100% of the Ad coding sequences. Due
to the requirement for maintaining the vector size within the
limits for efficient DNA packaging, approximately 75 to 105%
of the wild-type genome length (5, 50), these deletions must be
replaced by “stuffer” segments of DNA. We show that the
nature of the stuffer segment can have a significant influence
on transgene expression.

MATERIALS AND METHODS

Cell and virus culture. All cell culture media and reagents were obtained from
Gibco Laboratories (Grand Island, N.Y.). 293 cells (23) were grown in mono-
layer in F-11 minimum essential medium supplemented with 100 U of penicillin
per ml, 100 mg of streptomycin per ml, 2.5 mg of fungizone per ml, and 10% fetal
bovine serum for cell maintenance or 5% horse serum for virus infection. Re-
combinant Ad helper viruses were grown and titers were determined on 293 cells,
as previously described (28). The 293-derived cell line that stably expresses the
Cre recombinase, 293Cre4 (8), was propagated in complete F-11 medium sup-
plemented with 0.4 mg of G418 per ml.

AdRP1001 is an hdAd deleted for sequences between 16 and 83 map units of

the Ad genome and contains the Escherichia coli b-galactosidase (b-Gal) gene
under the regulation of the murine cytomegalovirus immediate-early promoter
and simian virus 40 polyadenylation sequence (Fig. 1). AdRP1001 also contains
an 8.4-kb bacteriophage lambda DNA fragment to ensure that the vector is
within the Ad5 DNA packaging constraints (50). AdRP1030 is deleted of all Ad
protein coding sequences, encodes a lacZ expression cassette identical to that of
AdRP1001, and contains an ;22-kb fragment of lambda DNA (415 to 22425 bp
of the conventional lambda map). AdRP1035 is similar in structure to AdRP1030
but with the addition of a 692-bp DNA fragment containing the matrix attach-
ment region (MAR) from intron 1 of the human hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) gene (55). The HPRT MAR was amplified from
pSTK117, a plasmid containing a 16-kb fragment of HPRT genomic DNA
including the first intron (kindly provided by Stefan Kochanek, University of
Cologne, Cologne, Germany), by PCR with synthetic oligonucleotides 59-GAG
CCTAGGCCCATGTCCATCGAATGAG and 59-GAGTCTAGATGAGGTC
AGGA-GATGGAG and was inserted at a unique XbaI site located immediately
upstream of the murine cytomegalovirus (MCMV) promoter. AdRP1038 is also
similar to AdRP1030 but contains a 3.7-kb HindIII fragment from the HPRT first
intron (containing the MAR) inserted at the unique XbaI site of pRP1030.
AdRP1045 is similar in structure to AdRP1030 but contains a 22-kb fragment
from the human HPRT locus replacing the lambda DNA. AdRP1046 is similar
in structure to AdRP1045 but is deleted of a 1.2-kb StuI fragment from the
HPRT sequence and encodes a cDNA for human secreted alkaline phosphatase
gene (hSEAP; Tropix) in place of the lacZ gene. The HPRT genomic sequence
was obtained from Andrew J. Bett (Merck Research Laboratories, West Point,
Pa.). All hdAd vectors were amplified by using the AdLC8cluc helper virus
(E1/E3-deleted virus) in 293Cre4 cells, as previously described (48, 50), and the
DNA structures of all hdAd vectors were confirmed by restriction digestion
analysis of DNA isolated from virions. AdCA35 is a first-generation Ad vector in
which the E1 region is replaced by a lacZ expression cassette identical to that of
AdRP1001 (1). The titer of each vector was determined on 293 cells as the
number of transducing particles, or “blue-forming units” (BFU), per ml. Total
particle counts were determined spectrophotometrically (1A260 5 1.1 3 1012

particles/ml). For AdRP1030, the stock used in these experiments contained
6.6 3 1011 particles/ml, 5.2 3 109 BFU/ml, and 1.1 3 106 PFU/ml, resulting in a
particle/BFU ratio of 120:1 and a helper virus contamination of approximately
0.02%, as calculated by PFU/BFU 3 100%. For AdRP1045, the stock used in

FIG. 1. Schematic structure of helper-dependent Ad vectors. AdRP1001 is a 29.6-kb helper-dependent Ad vector deleted for Ad coding sequences between 5,789
and 29,792 bp and encodes the E. coli b-Gal gene (lacZ) under the regulation of the MCMV immediate-early promoter/enhancer (MCMV) and simian virus 40
polyadenylation sequence (pA). The E1 region of AdRP1001 is disrupted by the insertion of a bacterial origin of replication and ampicillin resistance gene (pMX2 [22])
at 1,338 bp of the conventional Ad5 sequence. AdRP1001 also contains an 8.4-kb bacteriophage lambda DNA (31,617 to 39,888 bp of the conventional lambda map).
AdRP1030 is deleted of all Ad protein coding sequences and contains the same lacZ expression cassette as AdRP1001 and a ;22-kb fragment of lambda DNA (415
to 22,425 bp of lambda). AdRP1035 is similar in structure to AdRP1030, but with the addition of a 692-bp DNA fragment containing the MAR from intron 1 of the
HPRT gene inserted at a unique XbaI site located immediately upstream of the MCMV promoter of pRP1030. AdRP1038 is also similar to AdRP1030, but contains
a 3.7-kb HindIII fragment from the HPRT first intron (containing the MAR) inserted at the unique XbaI site of pRP1030. AdRP1045 is similar in structure to
AdRP1030 but contains a 22-kb fragment from the human HPRT locus replacing the lambda DNA. AdRP1046 is similar in structure to AdRP1045 but is deleted of
a 1.2-kb StuI fragment from the HPRT sequence and encodes a cDNA for human secreted alkaline phosphatase gene in place of the lacZ gene.
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these experiments contained 5.5 3 1011 particles/ml, 5.6 3 1010 BFU/ml, and
7.5 3 106 PFU/ml, resulting in a particle to BFU ratio of 10:1 and a helper virus
contamination of approximately 0.01%.

In vitro expression studies. Semiconfluent 60-mm dishes of A549 cells (106

cells per dish) were transduced with 106 BFU of vector for 30 min at 37°C and
then overlaid with 5 ml of medium. At the indicated times postinfection, the cells
were washed twice with phophate-buffered saline (PBS), overlaid with Reporter
Lysis Buffer (Promega), and the resulting cell lysate and cellular debris collected
in a microfuge tube. The cell lysates were stored at 270°C until the end of the
experiment, at which time the lysates were thawed and vortexed briefly, and the
cellular debris were pelleted by microcentrifugation. For both in vitro and in vivo
expression studies, duplicate time points were assayed, and the average of the
two values is reported. Protein samples from time course experiments were
prepared and assayed at the end of the experiment. Repeat experiments showed
similar results, and only one representative data set is presented. The assays for
b-Gal activity were performed by using a standard colorimetric assay involving
o-nitrophenyl-b-D-galactoside (ONPG) as substrate essentially as described by
Miller (43) or a chemiluminescent assay (Boehringer Mannheim). The quantity
of b-Gal present in each sample was calculated by comparison with a standard
curve generated from serial dilution of purified b-Gal protein or is simply
reported as relative light units (RLU).

Animals and in vivo expression studies. Six- to eight-week-old FVB/n female
mice were obtained from Harlan Laboratories. The lacZ-transgenic mice used in
this study were an outbred strain (FVB/n 3 BALB/c) which encoded a hemizy-
gous copy of the lacZ gene under the regulation of the myoD promoter, as
originally described by Goldhamer et al. (18, 19). Mice were injected through the
tail vein with 108 BFU of vector and, at the indicated times postinjection, the
mice were euthanized, the livers were removed, and the tissue was frozen at
270°C until the end of the experiment.

Crude protein lysates from liver were prepared for b-Gal assays as follows.
The liver was placed in 3 ml of PBS, homogenized by using a Tekmar Tissumizer
(one-third maximum intensity, approximately 15 s), and sonicated by using a
Branson Sonifier (one-third maximum intensity, two times with 15-s bursts). The
resulting crude lysates were cleared of cellular debris by a 5-min centrifugation
at 2,000 rpm in a Beckman GPR centrifuge. The lysates were then heated for 15
min at 50°C. This heating step causes the majority of the proteins in the sample,
but not the bacterial lacZ, to denature, and the denatured proteins were removed
by microcentrifugation at 16,000 3 g for 10 min, resulting in lysates cleared of all
particulate material. The cleared lysates were assayed for b-Gal as described
above.

CTL assays. CTL assays were performed on splenocytes isolated from treated
or control mice essentially as described previously (59). Spleens were removed
from immunized mice at the indicated times after vector injection, and the
splenocytes were dissociated and stimulated with gamma-irradiated PTO516
cells infected at a multiplicity of infection (MOI) of 20 of AdCA35 (b-Gal
specific) or AdRP1030 (“lambda” specific) or 2,000 particles per cell of
AdRP1046 (“HPRT” specific) for 5 days at a ratio of 100:1. Target cells for the
51Cr-release assay were prepared by infecting PTO516 cells for 24 h with an MOI
of 50 of AdCA35, AdRP1030, or AdRP1046 (5,000 particles/cell) or were mock
infected with PBS; cells were then labeled with Na51CrO4 (51Cr, 100 mCi/2 3 106

cells; New England Nuclear). The effector cells (i.e., cocultured splenocytes)
were harvested, counted, and mixed in V-bottomed microtiter dishes with target
cells at various effector/target ratios. After a 6-h incubation at 37°C, 51Cr release
was measured by a gamma counter, and the specific release was calculated as
follows: [(experimental release 2 spontaneous release)/(maximum release 2
spontaneous release)] 3 100%.

Detection of vector DNA. The quantity of vector DNA in the livers of treated
mice was determined by using semiquantitative PCR. Briefly, total DNA was
isolated from homogenized liver samples by using DNAzol (Life Technologies)
as recommended by the manufacturer. Aliquots of the liver DNA (1 mg) was
subjected to 30 rounds of PCR amplification with the synthetic oligonucleotides
59-ACCCTGGCGTTACCCAACTTA and 59-CTGCACCATCGTCTGCACA
TC, which amplify a 1,049-bp product from the lacZ gene of all hdAds used in
this study. Equal aliquots of the PCR reaction were separated on a 0.8% agarose
gel, and the resulting DNA bands were quantitated by using ImageJ Software
(Wayne Rasband, National Institutes of Health, Bethesda, Md.). To confirm that
equal quantities of total liver DNA were included in each reaction, control PCR
reactions were performed with synthetic oligonucleotides which amplified a
b-actin product.

RESULTS

In vitro expression from AdRP1001 versus AdCA35. As a
result of the poor duration of transgene expression generally
associated with first-generation Ads, several groups of investi-
gators have hypothesized that further attenuation of these vec-
tors, either by deletion or mutation of other essential regions,
might improve the expression characteristics of Ad vectors. We
therefore constructed an hdAd, designated AdRP1001, that
was deleted of approximately 70% of the Ad protein coding

sequences but that contained an 8-kb fragment of lambda
DNA as stuffer and a lacZ expression cassette. We analyzed
transgene expression from AdRP1001 compared to a first-
generation Ad vector with an identical transgene expression
cassette, AdCA35. Although AdRP1001 induced up to sixfold-
higher levels of expression in A549 or primary rat hepatocytes
in vitro (data not shown), the levels and kinetics of expression
from AdRP1001 and AdCA35 were virtually identical in vivo.
Mice were injected intravenously with 108 BFU of AdRP1001
or AdCA35, and the livers were removed from euthanized
animals at various times postinjection. Crude protein extracts
prepared from the tissues were assayed for b-Gal expression by
using a chemiluminescent assay as described in Materials and
Methods. For AdRP1001, peak levels of b-Gal were observed
at 24 h posttransduction (7.05 6 2.10 3 109 RLU/tissue, n 5 4)
and declined to background levels by 12 days (1.08 6 0.22 3
106 RLU/tissue). The peak of expression for AdCA35 (6.06 6
2.52 3 109 RLU per tissue, n 5 4) was quantitatively similar to
that observed for AdRP1001 and again, after it reached a
maximum at 3 days post-transduction, expression declined to
background levels by day 12. Similar results were observed in
tumor tissue in a mouse model of mammary adenocarcinoma
(data not shown). These data indicate that, in immunocompe-
tent animals, AdRP1001 was initially capable of producing
high levels of transgene expression but that, as observed with a
first-generation Ad vector, transgene expression rapidly de-
creased to background levels by 2 weeks postinjection. As
expected, we could detect anti-b-Gal CTL in FVB/n mice im-
munized with AdRP1001 or AdCA35; however, this loss of
vector expression was apparently not due to immune responses
to the transgene product, since no improvement in the dura-
tion of transgene expression was observed in lacZ transgenic or
BALB/c scid mice (data not shown). These results suggest that,
although immune responses to the transgene may have been
involved, at least in part, in the elimination of expression from
AdCA35- and AdRP1001-transduced FVB/n mice, other fac-
tors must also be responsible.

Transgene expression from a “fully deleted” hdAd. In con-
trast to the transient transgene expression observed in mice
with AdRP1001, in other studies it was found that hdAd vec-
tors deleted of all Ad protein coding sequences can provide
long-term transgene expression in vivo of at least 40 weeks
(53). Thus, it is possible that the Ad5 sequences retained in
AdRP1001 were somehow preventing the long-term persis-
tence of transgene expression. To determine whether deletion
of all viral coding sequences was sufficient to improve trans-
gene expression, we constructed a second hdAd, designated
AdRP1030, deleted of all Ad protein coding sequences but
containing the MCMV-lacZ expression cassette and a ;22-kb
fragment of lambda DNA as stuffer. Unexpectedly, we found
that cells transduced with this new vector expressed b-Gal at
significantly reduced levels compared to AdRP1001 (Fig. 2A).
The peak of expression from AdRP1030 occurred at day 1
post-transduction and expression declined thereafter, whereas,
AdRP1001 produced increasing quantities of b-gal over the
duration of the experiment, reaching levels several orders of
magnitude higher than those observed for AdRP1030 (0.5 ver-
sus 1.4 3 103 ng of b-Gal per 106 cells). In vivo, AdRP1030
produced about 12-fold-less b-Gal within the liver of trans-
duced animals than did AdRP1001 (3.1 3 108 6 1.65 3 108

versus 3.6 3 109 6 0.56 3 109 RLU per tissue, respectively),
and expression did not persist (Fig. 2B). Thus, deletion of all
Ad protein coding sequences did not, in itself, confer persistent
expression from an hdAd vector either in vitro or in vivo.

Effect of a matrix attachment region. Throughout the Ad
lifecycle, the majority of the Ad DNA remains associated with
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the nuclear matrix, suggesting a prominent role for this struc-
ture in virus transcription, replication, and assembly (4, 52).
While it is clear that the interaction between the viral DNA
and the nuclear matrix is mediated primarily by the adenovirus
preterminal and terminal proteins (52) (note that, although the
expression cassette for the pTp is removed from all hdAd used
in this study, the terminal proteins are attached during viral
replication in 293Cre cells and are provided in trans by the
helper virus), it is possible that in deleting all Ad coding se-
quences we also removed other DNA segments which might be
involved in mediating interactions with the nuclear matrix and
conferring the high-level transgene expression typically noted
for Ad vectors. Furthermore, inclusion of a matrix attachment
region within retrovirus vectors can influence the persistence
of transgene expression (2), and an hdAd containing an MAR
has been shown to provide long-term, high-level expression of
human a1-antitrypsin (53). Therefore, we wished to determine
if the inclusion of a MAR could “rescue” the poor expression

associated with AdRP1030. Two additional hdAds were con-
structed, designated AdRP1035 and AdRP1038, that con-
tained either a 0.7- or a 3.7-kb fragment, respectively, encom-
passing the MAR from HPRT (54). Inclusion of the MAR had
no effect on the levels of b-Gal expression from AdRP1035 and
AdRP1038 in A549 cells compared to AdRP1030 (data not
shown). Additionally, the MAR did not have any significant
effect on transgene expression in the liver of transduced
FVB/n, where all three vectors induced expression of very
similar quantities of b-Gal and with similar kinetics (Fig. 3).
Thus, inclusion of a MAR in AdRP1030 did not enhance
transgene expression.

Effect of stuffer. The lambda DNA used in AdRP1030 is
essentially of prokaryotic origin. Since several studies have
shown that certain cell types appear to be able to “detect” the
nature of DNA (see Discussion), we next asked whether our
choice of stuffer might be leading to poor expression from
AdRP1030. We constructed a hdAd (AdRP1045) with the
same lacZ expression cassette as AdRP1030 but containing a
fragment of HPRT as stuffer instead of lambda. Initially, we
transduced 60-mm dishes of A549 cells with 106 BFU of
AdRP1030 or AdRP1045 and then examined the level of b-Gal
expression at 24-h intervals. We observed that the peak levels
of b-Gal expression within transduced A549 cells were signif-
icantly improved for AdRP1045 compared to AdRP1030 (85
versus 15 ng per 106 cells or sixfold higher; Fig. 4A). In vivo,
although AdRP1045 and AdRP1030 induced similar maximal
levels of transgene expression in the liver, AdRP1045 ex-
pressed longer and was still approximately 10-fold above back-
ground at the end of the assays (30 days postinjection; Fig. 4B).
Similar results were observed in the lacZ transgenic animals
used to avoid CTL against LacZ, although in this case the
expression levels for AdRP1045 remained constant to the end
of the experiment (day 16 postinjection; data not shown).
These results suggest that the nature of the stuffer DNA within
the hdAd can have a significant effect on transgene expression.

Stuffer-directed CTL. One explanation for the differences in
expression kinetics of AdRP1030 versus AdRP1045 in vivo
may be the production of peptides from the vector backbone
which contribute to the induction of an immune response
against the transduced cells leading to their eventual elimina-
tion. We therefore designed experiments to test for CTL di-

FIG. 2. In vitro and in vivo b-Gal expression from AdRP1001 and
AdRP1030. (A) A595 cells were transduced with 106 BFU (MOI 5 1) of
AdRP1001 or AdRP1030. The cells were harvested at the times indicated and
assayed for b-Gal. (B) Female FVB mice were injected intravenously with 108

BFU of AdRP1001 (open bars) or AdRP1030 (solid bars), and the quantity of
b-Gal present in the liver was determined at various times after vector injection
by using a chemiluminescence assay. Each datum point represents the average of
two mice, and the bars represent maximum values.

FIG. 3. Effect of a matrix attachment region on transgene expression from
fully deleted hdAd. b-Gal activity in the liver of FVB/n mice was assayed at
various times after intravenous injection of 108 BFU of AdRP1030, AdRP1035,
or AdRP1038.
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rected against peptides produced from the vector backbone of
AdRP1030 or AdRP1045. In the first experiment, lacZ trans-
genic animals were injected with 108 transducing particles of
AdRP1001 or AdRP1030. Splenocytes from these animals
were then restimulated in coculture with PTO516 cells trans-
duced with AdRP1030 and used in 51Cr-release assays with
AdRP1030-transduced targets. It is important to emphasize
that AdRP1030 and AdRP1001 do not contain overlapping
lambda DNA fragments. As shown in Fig. 5A, we observed
lysis of target cells with restimulated splenocytes from
AdRP1030-injected animals but not from animals treated with
AdRP1001 or from naive animals (data not shown). Thus, it
appeared that peptides were produced from the lambda back-
bone which were capable of eliciting a CTL response.

In a second experiment, FVB/n mice were injected with 108

BFU of AdRP1030 or AdRP1045, and splenocytes from these
animals were restimulated in coculture with PTO516 cells
transduced with AdCA35 (b-Gal stimulators) or AdRP1046,
an hdAd vector identical to AdRP1045 but encoding a cDNA
for hSEAP in place of the lacZ gene (HPRT stimulators).

Since the FBV/n mice were not previously exposed to hSEAP
and therefore would not have CTL precursors to the protein,
we could use AdRP1046 as a source for stimulating putative
backbone-specific CTL (i.e., HPRT specific). The restimulated
splenocytes were then used in a 51Cr-release assay with
AdCA35- or AdRP1046-transduced PTO516 targets. We did
not observe lysis of AdRP1046-transduced target cells from
restimulated splenocytes from AdRP1030- or AdRP1045-in-
jected animals (Fig. 5B), although similar assays for b-Gal-
directed CTL were positive for both vectors (Fig. 5C), indicat-
ing that the animals had indeed been immunized with these
vectors. It is unclear why the maximum level of b-Gal-directed
killing for AdRP1045 was less than that observed for
AdRP1030 (21% specific lysis versus 52%), since both vectors
produce similar levels of b-Gal protein in transduced mice
(Fig. 4B), but an intriguing possibility is that this difference
may reflect adjuvant effects due to the apparent immunoge-
nicity of the AdRP1030 backbone (see Discussion). Therefore,
we conclude that, although vector-backbone-directed CTL ap-
pear to be generated against lambda-encoded peptides, the
HPRT fragment used as a stuffer in AdRP1045 shows no
comparable ability to induce CTL.

Persistence of hdAd DNA in the absence of transgene ex-
pression. To determine whether the loss of transgene expres-

FIG. 4. Transgene expression from AdRP1030 and AdRP1045. (A) A549
cells were transduced with 106 BFU of AdRP1030 or AdRP1045 and assayed at
various times posttransduction for b-Gal activity. (B) FVB/n mice were trans-
duced intravenously with 108 BFU of AdRP1030 or AdRP1045, and the livers
were removed from euthanized animals at various times postinjection and as-
sayed for b-Gal activity.

FIG. 5. Generation of CTL in mice immunized with AdRP1001. AdRP1030
or AdRP1045. LacZ transgenic (A) or FVB/n (B and C) were immunized with
108 BFU of AdRP1001, AdRP1030, or AdRP1045, and splenocytes from these
animals were assayed for the presence of lambda-, b-Gal-, or HPRT-specific
CTL as described in Materials and Methods. CTL were generated by coculturing
splenocytes with PTO516 cells transduced with AdRP1030 (A), AdRP1046 (B),
or AdCA35 (C). CTL were tested for cytotoxicity on 51Cr-labeled target cells as
follows: lambda (PTO516 transduced with AdRP1030, MOI 5 50), b-Gal
(PTO516 infected with AdCA35, MOI 5 50), or HPRT (PTO516 transduced
with AdRP1046, 5,000 particles per cell).
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sion from AdRP1030 was due to elimination of the vector
DNA from transduced hepatocytes due to the action of anti-
lambda CTL, we isolated total liver DNA from mice which had
been injected through the tail vein with 108 BFU of AdRP1030
or AdRP1045 and used semiquantitative PCR to determine
the relative quantity of vector DNA within the liver at various
times posttransduction. Consistent with the differences in the
virion particle/transducing unit ratio for AdRP1030 (120:1)
and AdRP1045 (10:1), we observed approximately a 10-fold
difference in signal intensity between the two vectors at all time
points (data not shown); however, the relative rate of loss of
vector DNA was similar for the two vectors (Fig. 6). At the end
of the 1-month time course, approximately 35% of the vector
DNA was lost from the livers of animals treated with either
vector compared to day 1 levels, a finding consistent with the
observations of others (41, 61). Perhaps most strikingly, al-
though similar quantities of DNA remained for both vectors at
9 days postinjection (approximately 80% of the day 1 levels),
there was a 100-fold difference in the levels of transgene ex-
pression between AdRP1030 and AdRP1045 (Fig. 4B). Thus,
although CTL were indeed generated to peptides produced of
the lambda, but not HPRT, stuffer sequence, these CTL were
ineffective at eliminating the AdRP1030-transduced cells, as
has been observed by others (58). Moreover, our data suggest
that there exists a fundamental difference(s) between the
stuffer DNAs present in the two vectors which results in the
elimination of expression from AdRP1030 or permits en-
hanced expression from AdRP1045.

DISCUSSION

We have shown that hdAd deleted for most or all Ad protein
coding sequences can provide high levels of transgene expres-
sion, although the effectiveness of hdAd appears to be sensitive
to the type of DNA used as stuffer. Use of lambda DNA
resulted in reduced expression in vitro and in vivo compared to
a vector containing HPRT sequences. Therefore, we conclude
that, in order to optimize gene transfer and expression from
hdAd vectors, the nature of the stuffer DNA, as well as the
transgene sequences, must be carefully considered.

An hdAd deleted of approximately two-thirds of Ad protein

coding sequences was capable of providing high levels of trans-
gene expression both in vitro and in vivo. The level and kinetics
of b-Gal expression in murine liver and tumor tissue were
equivalent to those observed for a first-generation Ad vector,
although transgene expression from both vectors was only tran-
sient. These results are in clear contrast with the results of
Lieber et al. (39), who constructed a vector deleted for ;75%
of Ad coding sequences and observed that transgene expres-
sion declined to undetectable levels much more rapidly than
for a first-generation Ad vector. This instability may have been
a consequence of the reduced DNA size of the vector gener-
ated by Lieber et al. (ca. 9 kb). We have determined that the
Ad virion has a lower limit for efficient DNA packaging of
approximately 27 kb (50), and it is possible that packaging of a
9-kb vector results in virion instability, for example, due to
altered virion structure, and may somehow lead to a reduced
efficiency of DNA transduction.

Vectors deleted of all viral coding sequences have recently
been shown to provide long-term expression of both a1-antit-
rypsin (53) and leptin (47). However, in the present study, we
observed that deletion of all Ad protein coding sequences, in
itself, was not sufficient to permit long-term expression. Al-
though the vector described previously (53) contained an
MAR, it appears that this element alone may not be sufficient
for persistent expression since its inclusion in our lambda back-
bone vector did not alter transgene expression. The difference
in expression between AdRP1030 and AdRP1045 was not due
to “helper” functions provided by the small quantities of helper
virus present in our hdAd preparation, since the hdAd doses of
each vector (108 transducing units) contained approximately
equal quantities of helper virus (;104 PFU per dose).

The nature of the stuffer DNA segment, which in many cases
must be included in hdAd vectors in order to increase the size
above the lower limit for efficient DNA packaging, may have a
significant influence on transgene expression. Inclusion of a
fragment of lambda DNA led to poor transgene expression in
vivo, whereas an HPRT-derived stuffer provided significantly
improved expression, suggesting that there are DNA-related
“factors” which are involved in enhancing transgene expression
from AdRP1045 or, alternatively, reducing expression from
AdRP1030. For example, it is possible that the segment of
HPRT that we used may contain an enhancer-like element
which can increase expression from the MCMV promoter.

Another intriguing explanation for the poor performance of
the lambda stuffer vector arises from the observation that some
mammalian cell types are sensitive to the origin of foreign
DNA. Introduction of bacterial DNA into macrophages, B
lymphocytes, or NK cells results in cellular activation and the
induction of inflammatory genes, which is not observed with
eukaryotic DNA (10, 36, 54). This response is thought to be
due, at least in part, to differences in CpG methylation and/or
base composition. Indeed, depending on the context, a CpG
motif can be either stimulatory (CpG-S) or inhibitory to im-
mune activation (35). The lambda DNA contained within
AdRP1030 encodes 91 CpG-S motifs, whereas only 7 CpG-S
motifs are present in the HPRT fragment of AdRP1045.
CpG-S motifs can also enhance CTL responses to proteins
(12), and this may explain why we observed a stronger CTL
response to b-Gal from mice treated with AdRP1030 com-
pared to AdRP1045 (Fig. 5C). While DNA-mediated immune
stimulation has only been reported for hematopoietic cells, it is
possible that basic differences in the type and number of CpG
motifs, DNA base composition, or secondary structure may be
detected by many cell types, resulting in promoter downregu-
lation, compartmentalization, and/or elimination of the DNA.
Interestingly, the overall base composition of lambda (57%

FIG. 6. PCR analysis of vector persistence in mouse liver. Aliquots (1 mg) of
total mouse liver DNA was subjected to PCR amplification by using synthetic
oligonucleotides specific to the E. coli lacZ gene. The resulting DNA products
were separated on an agarose gel and quantitated. Densitometric values are
presented as a fraction of the day 1 quantities. Each point represents the average
of two mice, which were analyzed in independent experiments.
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G1C) is similar to Ad5 (55% G1C), which is substantially
different from mammalian DNA (41% G1C [40% G1C for
the HPRT fragment in AdRP1045]), suggesting that, if the cell
is able to “detect” foreign DNA based on base composition,
first- and second-generation Ad vectors and AdRP1030 may be
susceptible to a similar fate (i.e., transient transgene expres-
sion) even in the absence of any viral gene expression. Alter-
natively, Chisari and coworkers have recently described a
mechanism functioning in the liver whereby viral DNA is elim-
inated by a noncytopathic means which involves a change in
the cytokine profile in the liver microenvironment (24, 25). It
is possible that a similar mechanism is functioning in the liver
of mice treated with AdRP1030, although with the difference
that this phenomenon is sensitive to the nature of the DNA
(i.e., lambda versus HPRT) and that, in our case, gene expres-
sion is reduced without vector DNA elimination.

Previous work with hdAd suggests that vectors deleted of all
coding sequences have the potential to provide an efficient
gene delivery vehicle with an increased cloning capacity and
increased safety for gene therapy. However, the results pre-
sented here indicate that further study is clearly necessary for
the optimal design and use of such vectors.
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